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1. Motivation
Ever-rising demands of energy and environmental problems caused by the large-scale
industries encouraged the modern society to reconsider the natural resources harvesting habits.
Since the beginning of 21st century, the sustainability of human development is the biggest
concern that scientists of all the areas were faced to. As science has historically developed from
philosophy and as it still is one of the essential parts of it, I would like to start my PhD thesis
with Aristotle, who in 4th century BC used the word “energy” for the first time. Initially,
“energy” was representing a philosophical concept and had a meaning of “activity, reality,
existence”. In Late Latin, it was misinterpreted and started to be used with the meaning of
“force”, precisely “force of expression”. Heading closer to our days, in 17th century, basics of
a modern concept of energy were described by Gottfried Leibniz, which he called vis viva,
meaning a “living force”. In 19th century, “energy” was used instead of “vis viva”. However,
taking a closer look on human history, Aristotle and Leibniz seem even today correct in their
definitions of energy as a “living force”. First fire wood and later fossil fuels as sources of
energy were defining human being. However, the intensification of problems caused by wide
use of natural resources has put the sustainability of this concept under question. As a result,
clean and renewable energy sources, among all solar energy, have entered the scientists’
horizon in many fields.1 The power of Sun, worshipped by many ancient civilizations, has been
turned to humanity once again. Inspired by the potential of solar energy, scientist have
developed novel technologies powered by this, considering the estimated lifetime of Sun and
Earth, everlasting source of energy. Solar energy has already been used to power solar cells,24

has shown high potential in the generation of hydrogen from water,5-7 reduction of carbon

dioxide,8-10 and degradation of organic pollutants in wastewater treatment,11-14 as well as many
more other applications.
For several decades, utilizing solar energy to power chemical transformations is one of the
hottest topics also in chemistry. In general, photoinduced chemical reactions are already
commonly used for quite a long time and became a part of a daily routine in organic synthesis.15
However, ultraviolet (UV) light is usually used to afford these reactions. This requires the use
of sophisticated laboratory equipment and protocols. Most of the molecules are transparent to
visible light and cannot be directly excited by a photon to initiate the reaction. For such cases,
photocatalysts were designed to plug the energy of visible light into a formation of chemical
bonds.
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The idea of utilizing light power for the synthesis of useful chemicals was proposed by
Giacomo Ciamician in Science back in 1912: ”On the arid lands there will spring up industrial
colonies without smoke and without smokestacks; forests of glass tubes will extend over the
plants and glass buildings will rise everywhere; inside of these will take place the
photochemical processes that hitherto have been the guarded secret of the plants, but that will
have been mastered by human industry which will know how to make them bear even more
abundant fruit than nature, for nature is not in a hurry and mankind is.“.16-17 Namely, he
predicted the following rapid development of new approaches utilizing solar energy instead of
common harmful reagents. Since then, photochemistry is indeed constantly developing and
became a big advanced field of chemistry.
Standing on the edge of material and organic chemistry, organic heterogeneous photocatalysis
is gaining more and more attention of scientific community. In the last decades, numerous
comprehensive organic reactions were developed, however, mainly catalyzed by homogeneous
catalysts.18 Despite all the advantages, heterogeneous materials are significantly less explored.
Among heterogeneous photocatalysts, an important place is taken by carbon nitrides that are a
group of polymeric semiconductors built mainly from C and N atoms.19 Thanks to the
convenient band structure, these materials are known in material chemistry as photocatalysts,20
as a support for single metal atoms and nanoparticles,21-23 and as electrocatalysts.24 In recent
years, they have also been successfully applied in photocatalysis of organic reactions.25
Although the reported reactions still aim at the decomposition of organic pollutants, the number
of applications in synthetic reactions is constantly growing.
In this thesis, carbon nitrides as a facile tool for accomplishing complex organic synthetic
transformations will be emphasized; the application of carbon nitrides for the synthesis of small
organic building blocks will be investigated and broadened; fundamental photocatalytic
properties of carbon nitrides will be further investigated and their effect on the photocatalytic
activity will be discussed.
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2. Introduction to heterogeneous photocatalysis
2.1. Photocatalysis and its applications
Inspired by nature. Plants, microalgae and some bacteria harvest the sunlight energy to
transform H2O and CO2 into carbohydrates by the process named photosynthesis.26 In these
photosystems, green pigments absorb a photon of light, while the obtained energy is used to
excite electrons, which, in turn, power H2O oxidation and the synthesis of NADPH. Therefore,
excited electrons serve as the main drivers of photosynthesis. The similar concept is true for
photocatalysis. However, as most of the compounds cannot be excited by photon directly, an
external compound – “photocatalyst” – is used to produce excited electrons and to initiate the
chemical transformation.
History of Photocatalysis. Mentioned in Introduction, Giacomo Ciamician, was one of the
pioneers in the field to perform experiments on whether “light and light alone” would power a
chemical transformation.16-17 To power some of his reactions, he used blue and red lights.
Surprisingly, he noticed that only blue light resulted in a chemical effect. This was probably
the first observation of the photocatalytic reaction. Shortly later, in 1911, a bleaching of the
dark blue pigment, Prussian blue, by ZnO under light illumination was published by Alexander
Eibner and the keyword “photocatalysis” has entered scientific literature.27-29 This observation
initiated the interest to further experiments with ZnO as a photocatalyst, such as reduction of
Ag+ to Ag0 in 1924.30 Following these experiments, TiO2 and Nb2O5 were also reported to drive
similar reactions of reduction of silver or gold cations.31-32 In 1938, TiO2 was firstly tested for
organic reaction. It was used as a photosensitizer for bleaching of dyes in the presence of
oxygen.33 However, due to the lack of practical applications, photocatalysis was subsided for
over 25 years, up to 1970th. The “oil crisis” and environmental impacts by industrial processes
motivated researchers to search for alternative energy supplies. Many research groups started
to work on the UV light photoinduced effects on semiconducting solids, such as TiO2 and ZnO.
The first experiments on oxidation of organic substances were conducted. In 1964, Filimonov
studied the photocatalytic oxidation of isopropanol over ZnO and TiO2.34 Molecules, such as
O2 and H2O, were found to be absorbed or desorbed on the semiconductor surface under UV
light irradiation. In 1972, Honda and Fujishima reported the photosensitization effect of a TiO2
electrode for H2O electrolysis.35 They showed that electrolysis of H2O with the TiO2 electrode
under UV light irradiation proceeds at lower bias voltage than normal electrolysis. In 1977,
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Schrauzer and Guth used powdered TiO2 photocatalysts with loadings of Pt or Rh metal
particles for water splitting. Thus, they were first to report the photocatalytic water splitting
without an additional external energy input.36 In 1979, the first studies on CO2 reduction, using
inorganic semiconductors, were published by Fujishima.37 These early works showed the
potential of the photocatalytic approach for practical use and from 1980th an extensive work
began on similar reactions, in particular, using TiO2 as the photocatalyst.
In a broad view, reactions of converting chemicals with the help of light are commonly called
as artificial photosynthesis. Sometimes, it is specifically tied to water splitting and CO2
conversion. Indeed, these reactions have reasonably gained the most scientific attention,
especially water splitting.38 First, it is extremely important as it is the first step of natural
photosynthesis. And second, it also has a great potential for practical use. In the reaction of
water splitting, hydrogen is produced, which is known to be a source of clean renewable energy.
The reaction of CO2 reduction is obviously interesting due to the recent extensive global
warming discussions. Not less this reaction is interesting from a chemical point of view. It
involves up to 8 electrons and 8 protons in conversion to C1 products, such as in synthesis of
CH4, and even more than 8 in synthesis of C2 and C3 products. These reactions along with the
formation of valuable large-scale products, for example alcohols, are particularly interesting
for modern chemical industry.
Since the first discoveries, photocatalytic community has been working on the understanding
of fundamental principles, improving photocatalytic efficiencies, developing new
methodologies, designing new photocatalysts and expanding applications of the photocatalytic
approach. Photocatalysis today is a versatile tool, which has a potential of being used not only
for industrial processes, but in a daily laboratory routine to run sophisticated synthetic reactions
as well. Several applications of photocatalysis for performing organic reactions will be
discussed in Chapter 3.
2.2. Heterogeneous photocatalysis
Main principles of photocatalysis. Photocatalysis and photocatalysts, despite countless
variations, are commonly divided into two groups, homogeneous and heterogeneous,
representing the physical state of the catalyst in reaction systems. The photoexcitation effect
on the catalyst is shown in Figure 2.1. In case of homogeneous catalysis, photocatalyst and
reactants exist in the same phase. These are typically metal complexes, such as ruthenium- and
iridium-based molecular complexes or organic dyes, such as Eosin Y and Rhodamine.39-40
4

Under light irradiation, electron is exited from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO). The photogenerated electrons and holes
can further undergo redox reactions with the reactants.

Figure 2.1. Photoexcitation of homo- and heterogeneous photocatalysts.

In heterogeneous photocatalysis, a catalyst and reactants are in the different phases. These are
typically represented by metal oxides, such as TiO2 and ZnO, and other narrow band gap
semiconductors, such as carbon nitrides.41 In solid state chemistry, equivalents of HOMO and
LUMO are a valence band (VB) and a conduction band (CB) respectively. A void energy region
between VB and CB is called a band gap (BG). A photon with an energy equal to or greater
than the band gap excites an electron from the VB to the CB, generating an electron/hole (e–
/h) pair that undergoes redox reactions.
In general, processes happening during photocatalytic action can be described by four steps
(Figure 2.2): 1) light absorption and generation of electron-hole pairs; 2) separation of the
photoinduced charges; 3) transfer of charges to the surface of the catalyst; 4) utilization of
charges in redox reactions.
In an ideal reaction, both the electron and hole would move to the surface and undergo a
productive redox reaction with available reactants. However, movements of electrons and holes
are random, and most of the photoinduced e–/h pairs recombine, nullifying the photoexcitation
act. They can recombine either in the volume or on the surface of the material. The energy
released from recombination of charges can be released in the form of heat (non-radiative
recombination) or light emission (radiative recombination). Ideally, each e–/h pair should result
in a reaction with reagents and recombination processes are undesirable. The recombination
5

rate depends on the structure, crystallinity, and particle sizes of the material and usually is in
the range of ns to µs. Different methods for optimization of photocatalytic activity of carbon
nitrides are reviewed in Chapter 3.1.

Figure 2.2. Photocatalytic process described in four steps.

A successful organic synthesis with heterogeneous photocatalyst depends on several
parameters:
1. The band gap. It determines a wavelength range in which material would absorb. For
excitation of an electron on the VB, the energy of the wavelength must be equal or higher than
the energy of the BG.
2. Positions of the VB and CB of the semiconductor and redox potentials of the reactants. For
the reaction to happen, electron acceptor must have a lower reduction potential than the CB
potential of the photocatalyst. Likewise, electron donor must have a higher oxidation potential
than the VB.
3. An efficient photocatalyst should effectively convert transient charge separation into redox
half reactions. The recombination of photoinduced electrons and holes should be minimized.
The catalyst should assist an effective separation and transfer of charges.
Heterogeneous photocatalysts are a collection of numerous solid materials of different
properties. However, the most widely used among them can be grouped into metal oxides,
plasmonic photocatalysts and carbon nitrides. The latter stands for the highest interest in the
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present work and will be discussed in details in Chapter 3. Here, a short description of the other
two groups will be given.
Metal oxides. TiO2, Nb2O5 and ZnO are typical representatives of wide band gap catalysts that
absorb UV light.41 For the photoexcitation with visible light, these materials have to be
modified. Adsorption of heteroatom-containing (O, S, N) substances on the metal oxide surface
results in the formation of charge-transfer complexes between them, which makes a catalysis
in visible range possible. Therefore, non-modified metal oxides are suitable only for reactions
with heteroatom containing compounds, such as amines and alcohols.42-44 C-H bonds of
alkanes are more stable and the interaction with metal oxide is very weak. For oxidation of CH bond a terminal oxidant, such as H2O2, or external heteroatom containing compound, such
as SO2, is needed.45-46 As a result, crafting heteroatom containing compounds, for example
benzyl alcohol, on the surface of metal oxides is one of the ways used for enabling catalysis
under visible light.47 Various materials with pre-adsorbed reactant are also commercially
available. However, the capacity of this methodology is limited.
Plasmonic photocatalysts. The surface plasmon resonance (SPR) effect of nanostructured Au,
Ag and Cu is one of the effective ways to reach a visible light photocatalysis. The absorbance
spectra of the surface plasmon bands of Au spherical nanoparticles is at 530nm, Ag at 400nm,
Cu at 580 nm, which enables the effective absorption of visible light.48 The SPR effect for the
photocatalytical purposes was first examined in 2008 on Au and Ag nanoparticles.49-50
Plasmonic photocatalysts are usually supported on metal oxides, and TiO2 is the most popular
choice. The effectiveness of plasmonic metal particles can be proved by the challenging
reaction of direct oxidation of sp2 C-H bond of benzene in the synthesis of phenol.51 Overall,
despite the fact that these catalysts are effective in driving selective organic transformations,
they are based on expensive noble metals. Therefore, a practical application of plasmonic
photocatalysts is uncertain.

7

3. Photocatalysis in organic reactions: carbon
nitrides versus molecular catalysts
As any other field, organic chemistry is transforming towards more sustainable and efficient
processes. One of the key challenges in the field that remains open is the invention of novel
methodologies to achieve highly efficient assembly of structurally complex molecules. One of
the appealing approaches to pursue is to design new catalytic platforms that would enable a
wide range of chemical transformations. Therefore, visible light photocatalysis is an attractive
alternative to well-established protocols for the synthesis of fine chemicals. Due to the welldefined structure of homogeneous transition metal-based catalysts and organic 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 exclusively in environmental applications and
water splitting. However, numerous examples of carbon nitride-based organic photocatalytic
reactions have been reported within past few years.
In this chapter, synthesis methods and properties as well as different approaches for
modification of carbon nitride-based materials will be discussed; the photocatalytic efficiency
of carbon nitrides in organic reactions will be evaluated and compared to the widely used
homogeneous catalysts in the scope of similar organic reactions, including carbon-carbon or
carbon-heteroatom bond formation reactions.

This chapter is adapted from my original work: Markushyna, Y.; Smith, C. A.; Savateev, A.:
Organic photocatalysis: carbon nitride semiconductors versus molecular catalysts. European
Journal of Organic Chemistry (10), S. 1294 - 1309 (2020)
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3.1. Synthesis and properties of carbon nitrides
A historical overview. The history of carbon nitrides (CNs) dates back to 1830s, making carbon
nitride one of the oldest synthetic polymers. While attempting to achieve the formation of
(SCN)2 by decomposition of Hg(SCN)2, Berzelius noted the formation of the ample amount of
voluminous solid mass, that broke the apparatus.52 This phenomenon boosted the development
of pyrotechnic materials and was later commercialized as “Pharaoh’s serpents’.53 Years after,
Liebig was also working on thiocyanates and described the formation and properties of several
CxNyHz compounds that he named as “melamine”, “melam” and “melem”.54-56 He reported the
formation of the similar material to the one obtained earlier by Berzelius, to which he gave a
name “melon”.54 He described, that depending on the synthesis experiment, the composition
of “melon” also varies.
The history of carbon nitrides as heterogeneous photoredox catalysts started around 2006.57 In
2009, Wang at al. reported the historical work, where they used g-CN for photocatalytic water
splitting.19 Despite the low quantum efficiency (<0.1%) reported, this work has renovated the
interest in carbon nitrides as photocatalysts.
Synthesis of CNs. Modern synthesis of CN-based materials involve a thermal polymerization
of various nitrogen-rich precursors. The common choices are cyanamide19, 58 and its dimer
dicyanamide,59 melamine,60 urea,61 and thiourea62 etc. The condensation processes occurring
during the heating program are depicted in Figure 3.1.

Figure 3.1. Synthesis of carbon nitride from cyanamide.

The obtained polymer can be ascribed to a general formula CxNyHz. Following the general
tendency of the reaction, the continuous elimination of ammonia should theoretically result in
the formation of fully condensed graphitic g-CN based on linked heptazine units (Figure 3.2a).
Theoretical studies of this structure have predicted for this carbon nitride with the C/N
stoichiometric ratio 0.75 to be the most stable allotrope with the outstanding physical
9

properties, hardness and low compressibility comparable to that of diamond.63-64 Although, the
formation of fully condensed g-CN has not been observed up to now. Few examples of g-C3N4
of this stoichiometry were synthesized by alternative methods, however, they are based on the
simpler (s-triazine) structure (Figure 3.2b).65-66 This is mainly considered to be a kinetic
problem.67 Polymerization of carbon nitrides is a stepwise combination of polyaddition and
polycondensation processes happening during the heating program. These transformations are
hard to control, which results in different levels of condensation and therefore structural defects
in the final material.

Figure 3.2. Structures of carbon nitride: a) polyheptazine (tri-s-triazine) based g-CN, b) polytriazine based g-CN.

Properties and engineering of CNs. The average C/N ratio of bulk carbon nitrides is around
0.72, and a small amount of hydrogen (2%) is also usually found. The incomplete condensation
results in the presence of uncondenced amino groups, which can partially reduce the chemical
inertness of the material and lead to the interactions with present reactants. Furthermore,
excessive defects of incomplete condensation may also negatively affect charge migration and
separation. Polymers of incomplete condensation form amorphous or semi-crystalline
materials. 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 C6N7(NH2)368 and melam [(NH2)2(C3N3)]2NH69. 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 C2N2(NH) with high-pressure, high-temperature
(HP-HT) reaction conditions.70-71 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 coworkers.72-75 On the other hand, a trace amount of defects enhances the photocatalytic activity
10

of the material. Stacking defects, grain boundaries, surface terminations and structural defects
seem to serve as real active sites for the reaction. In addition, introduction of “catalytically
useful” defects, such as cyanamide groups, showed an improved photocatalytic activity in a
hydrogen evolution reaction. 12 to 16 times higher rate and apparent quantum yield efficiency
than in the reaction with unmodified catalyst were reported. 76
Despite its non-ideal structure, g-CN showed high thermal stability up to 630 ˚C in air, while
complete decomposition happens at 750 ˚C without a residue. Due to the aromatic nature of
tri-s-triazine ring, the formation of π-conjugated planar layers similarly to graphite is often seen
in carbon nitrides. This results in a high chemical stability and insolubility of CN-based
materials in organic solvents.77
Directly after a condensation of organic precursors, CN materials have a surface area less than
10 m2g-1 and their practical application in catalysis, where the amount of reactive sites is
crucial, is limited.62 Therefore, significant efforts were put to develop CNs with a high surface
area, narrow pore size distribution, tunable pore size, uniform particle size, controllable shape
and morphology. Hard and soft templating techniques allow for the formation of materials with
high surface area and ordered porous structure, while at the same time retaining the chemical
structure of the bulk g-CN. Mesoporous g-CN was successfully obtained from different
precursors using mesoporous silica matrices as a template.78-79 However, the “hard template”
method allows for the control of surface properties of CNs only to a certain extent. Depending
on the silica matrix, materials with the surface area of 86 - 439 m2g-1 can be achieved.67, 80
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 the use of toxic HF or
ammonium bifluorides.81-82 A soft templating strategy was realized by Antonietti et al. using
different surfactants or amphiphilic block polymers as structure directing agents for
polymerization of dicyandiamide.83 The application of certain templates, such as Triton X-100
(Brunauer-Emmett-Teller (BET) surface area of 76 m2g-1) and several ionic liquids (BET
surface area of 81 m2g-1) resulted in good porous structures. The “soft template” method can
be also merged with elemental doping. Buthylmethylimidazolium tetrafluoroborate as a “soft
template” provided a CN material doped with boron and fluorine (BET surface area of 444
m2g-1).84 In general, a “soft-templating” method is less efficient than using hard templates, but
is more environmentally benign.
As a semiconductor, g-CN possesses a band gap of ca. 2.7 – 2.8 eV with the onset of light
absorption around 450-460 nm.85 The positions of CB and VB are calculated as -1.2 V and 1.5
11

V vs. NHE.86 Optical and redox properties of CN-materials also depend on the synthesis
strategy and can be further tuned through some band engineering techniques. These are
elemental (metal or non-metal) and molecular doping.87 An ionothermal method of synthesis
or supramolecular preorganization of monomers allows for the control of polymerization
process and thus, have been used for the band gap engineering. For example, by changing the
molten salt from LiCl/KCl to NaCl/KCl eutectic mixtures, the band gap of a CN material
changed from 1.87 to 2.2 V vs. RHE and the conduction band from ‒0.66 V to ‒0.2 V vs.
RHE.88 Synthesis of a CN in NaCl/KCl molten salt resulted in an increase of the apparent
quantum yield up to 60% in the hydrogen evolution reaction.89
Another simple approach to control chemical and photophysical properties of CN-materials is
supramolecular preorganization of monomers before calcination. This technique allows for the
formation of specific morphologies and ordered structures before calcination by adjusting
supramolecular interactions (hydrogen bonding, π-π interactions etc.) of the CN monomer.90
For example, 3-amino-1,2,4-triazole oligomer was used for the synthesis of CN with the
starting morphology of the precursor, while with changed optical and electronic properties.91
Another unique technique available for CN-based materials is molecular doping. It can be
realized by copolymerization of the CN precursor with appropriate 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. For example, installed
hexaazatriphenylene moiety significantly narrowed the band gap of a CN.92 Doping a CN
material with carbon-rich molecules showed not only narrowing of the band gap, but also
enhanced the conductivity and light-harvesting properties due to a remarkable redshift of
optical absorption.93
Perhaps, the most widely used method for modifying electronic properties of CNs is elemental
doping. Doping with non-metals, such as oxygen, fluorine, sulfur, phosphor or boron elements,
is performed through substitution of C and N atoms in the CN framework. Doping with metals,
Fe, Cu, Zn, Ni, instead is realized by incorporation of nanoparticles into the CN matrix. A small
amount of dopant can effectively lower charge recombination rate and improve photocatalytic
performance of the material. Elemental doping is an excellent tool for effective band gap
engineering, as both introducing specific elements and their loadings affect the band gap
position. In most cases, it results in a band gap narrowing and enhancement of the charge
separation and transfer. 94-97
12

Overall, chemical and thermal stability, reusability, and relatively low cost of production make
carbon nitrides particularly interesting for potential industrial use. However, several issues
related to relatively low catalytic efficiency, such as high charge recombination rate and poor
visible light absorption, have to be solved.98 With versatile methods for tuning chemical and
photophysical properties of CNs as well as with better understanding of material composition
– material properties relations, there is an obvious potential for further development and
practical use of highly effective CN-based materials.
Potassium poly(heptazine imide) (K-PHI) – a promising carbon nitride for organic
photocatalysis
In 2017, in Max Planck Institute of Colloids and Interfaces, a new member of carbon nitride
family was synthesized - potassium poly(heptazine imide) (K-PHI) (Figure 3.3).74
Polymerization of aminotetrazole was performed by a salt-melt method in the LiCl/KCl
eutectic mixture. The obtained material showed a quite different morphology and properties
compared to g-CN. The detailed characterization of K-PHI is presented in Chapter 11.4 (Figure
A2).

Figure 3.3. Chemical structure and band energy diagram of K-PHI.

In addition to more crystalline and ordered interlayer structure of K-PHI, it shows increased
oxidative properties. The VB potential of K-PHI is 2.54 eV vs. RHE, while the one of g-CN is
1.82 eV vs. RHE.75 Therefore, the use of K-PHI is more suitable for oxidative reactions,
however reduction reactions can be catalyzed as well, as shown in Chapter 7. Despite the recent
synthesis report, K-PHI has already shown an improved photocatalytic activity in many
13

challenging organic reactions, such as oxidation of methylarenes to disulphides,99 synthesis of
thioamides from amines and elemental sulfur100 or cyclization of tetrahydroisoquinoline
(THIQ) with chalcones.101
3.2. Photocatalyzed carbon-carbon bond formation reactions
In the last years increased interest in the visible light photocatalysis by chemists produced a
huge variety of the photocatalytic organic reactions. Most of them are mediated by
homogeneous or in other words molecular catalysts. Nevertheless, homogeneous catalysts in
general possess few drawbacks, such as difficulties in separation from the product and its
recovery. That is why development and application of heterogeneous catalysts deprived of
these problems are highly desired. In this Chapter, performance of homogeneous molecular
photocatalysts and presented earlier heterogeneous carbon nitride photocatalysts will be
evaluated in the specific reactions under similar conditions. Reactions, such as carbon-carbon
bond formation, carbon-carbon radical cyclization and carbon-heteroatom bond formation, will
be considered.
One of the most important factors to be considered in photocatalytic reactions is redox potential
of catalytic species and reactants. 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-C3N4 has more
negative conduction band (CB) potential (-1.54 V vs. SCE) than that of K-PHI (-0.75 V vs.
SCE), whereas valence band (VB) potential of K-PHI (1.88 V vs. SCE) is noticeably more
positive than of g-C3N4 (1.16 V vs. SCE).
Redox potentials of the discussed catalysts are presented in Figure 3.4.
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Figure 3.4. 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-CN, b) structure and AC-HRTEM image of K-PHI, c) transition metal-based complexes, d) organic
dyes. The redox potentials of eosin Y,102 phenothiazine dye,103 and of metal-based complexes were taken from
literature.104 The band gap potentials of carbon nitrides were taken from Savateev et al.105 The potentials are given
versus SCE.

15

Direct formation of C-C bonds is a challenging research area in organic synthesis, especially
when done in an environmentally friendly manner. The tetrahydroisoquinoline (THIQ)
framework is a common element in a number of natural bioactive compounds.106 Therefore,
many techniques have been developed in order to functionalize tetrahydroisoquinoline
fragment,107 including photochemical approaches.
In general, amines are known to be very good electron donors that 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 generated iminium ion intermediates
can be subsequently trapped by the nucleophilic compounds to form a new bond at α-position.
In 2010, Stephenson et al. published the photocatalyzed aza-Henry reaction with nitroalkanes
and N-aryltetrahydroisoquinolines under visible light irradiation with an iridium catalyst
(Scheme 3.1).108

Scheme 3.1. Photocatalytic aza-Henry reaction with nitroalkanes and N-aryltetrahydroisoquinolines.

After this, König and Hari developed a transition metal free version of this reaction with eosin
Y, a common organic dye (Figure 3.4).109 Despite the high yields of the products by both
methods, the drawback of these systems is the difficulty in recycling of the catalyst. Among
heterogeneous catalysts, metal-free carbon nitride has been used by Blechert’s group.110
Mesoporous graphitic carbon nitride (mpg-CN) showed a comparable 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-phenylpyrrolidine,
however, mpg-CN gave higher yield than both homogeneous catalysts.
The Mannich-type reaction shown in Scheme 3.2 was accomplished on tetrahydroisoquinoline
substrates using proline as a co-catalyst with both mpg-CN and Ru(bpy)3(PF6)2. The reaction
proceeds via the formation of a nucleophilic enamine from the proline and ketone, followed by
subsequent addition to the iminium ion.110-111 This reaction catalyzed by Ru(bpy)3(PF6)2 has
16

been published by Rueping and coauthors,111 and with mpg-CN as published by Blechert et al.
Similar product yields were achieved by catalysis with heterogeneous carbon nitride when
compared to the homogeneous catalyst.110

Scheme 3.2. Photocatalytic Mannich-type reaction with N-aryltetrahydro-isoquinolines and ketones.

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 (CF3).112
The CF3 moiety is typically installed by transition metal catalyzed cross-coupling reactions.
However,

several

photochemical

approaches

have

been

recently

introduced.

Trifluofomethylation of arenes and heteroarenes by iridium and ruthenium photocatalysts has
been reported by MacMillan et al. (Scheme 3.3).113 A broad scope of products, benzene
derivatives and CF3-functionalized 5- and 6-membered heterocycles, were synthesized with
moderate to excellent yields.

Scheme 3.3. Photocatalytic trifluoromethylation of arenes and heteroarenes.

A method with carbon nitride photocatalyst was published by Blechert et al., but the yields in
this case were slightly lower (Scheme 3.3).114 Nevertheless, a large scope of heterocycles has
been studied. In both cases, a CF3 radical was generated by single-electron reduction of
trifluormethanesulfonyl chloride. The value of this transformation has been shown via
trifluoromethylation of biologically active molecules, e.g. caffeine.114
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Reactions such as α-aminoalkyl radical additions, allylation, and heteroarylations, are quite
well represented by homogeneous catalysis. Nevertheless, in 2018 Rueping et al. published
several reactions involving the generation of reactive α-aminoalkyl radicals with heterogeneous
g-CN.115 Desilylative addition of α-silylamine to activated alkenes, such as 2-cyclohexenone,
other cyclic unsaturated ketones (Scheme 3.4), and dicyanostyrenes (Scheme 3.5) was
performed.

Scheme 3.4. Photocatalytic alkylamination of ketoalkenes via α-aminoalkyl radical formation.

Silyl substituted amines were chosen as substrates for the selective formation of α-aminoalkyl
radicals at the desired position. This reaction catalysed by g-CN with enones required CsF as
a base.115 Variety of substituents of different electronic properties were investigated and
showed no effect on the reactivity of substrate. Moreover, a study of the reaction pathway in
case of catalysis by [Ir(ppy)2(dtbbpy)]BF4 was done. A primary product of the addition, silyl
enol ether, was isolated.116
The reaction with dicyanoalkenes with the homogeneous catalyst [Ir(ppy)2bpy)]PF6 was
performed with conventional amines without silyl substituent (Scheme 3.5).117 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-CN, acrylonitrile derivatives showed excellent reactivity and
higher yields in comparison to iridium-catalyzed approach.115 To illustrate the practicability of
the heterogeneous process, the catalyst was recycled for 8 times without losing its activity.
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Scheme 3.5. Photocatalytic alkylamination of dicyanoalkenes.

Formation of α-aminoalkyl radicals was completed from more easily available α-amino acids
(Scheme 3.6).115, 118 Secondary amine alkyl radicals were formed through a decarboxylation
process.

Scheme 3.6. Photocatalytic decarboxylative addition of α-amino acids to activated alkenes.

The reactivity of substrates was proven by achieving formation of a quaternary center by
coupling to a sterically hindered tertiary carbon, for example to 3-methylcyclohex-2-enon. The
yield was higher for carbon nitride catalyzed reactions rather than for the homogeneous catalyst
[Ir(ppy)2(dtbbpy)]PF6 (65% and 50% respectively). However, only moderate yields were
reported due to unselective polymerization and cycloaddition processes.
Following the additions to activated double bounds, heteroarylation was explored with g-CN
as an alternative to the homogeneous catalyst [Ir(ppy)2(dtbbpy)]PF6. As a result, photocatalytic
amine α-arylation was achieved by the addition of an α-amino radical to a neutral arene
(Scheme 3.7).
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Scheme 3.7. Photocatalytic arylation through α-aminoalkyl radical addition.

Heteroarylation catalyzed by g-CN was performed in a desilylative manner.115 Condensed fivemembered heterocycles, as well as monocyclic thiasole, were tolerated under these conditions.
The heterogeneous catalyzed reaction showed great performance with six-membered
heterocycles as well as five- and six-membered cyclic amines.119
3.3. Photocatalyzed carbon-carbon radical cyclizations
The Diels-Alder reaction is a common and a powerful tool in organic synthesis for the
formation of new cyclic compounds.120 It was found that radical cations generated from
electron-rich alkenes via photoredox catalysis react with dienes to give Diels-Alder adducts.
Yoon and coauthors have published a radical cation [4+2] cycloaddition with Ru(bpz)3(BArF)2
photocatalyst (Figure 3.8).121 They demonstrated the value of the proposed method by synthesis
of natural regioisomer of heitziamide A.

Scheme 3.8. Photocatalytic Diels-Alder cyclization.

The similar method, but with metal-free g-CN was proposed by Zhao and Antonietti, which
gave comparable yields and in some cases outperformed the homogeneous catalyst.122 In one
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case, 9-vinyl-9H-carbazole, g-CN catalyst showed 91% product yield after only 1 h of
irradiation compared to 65% for Ru(bpz)3(BArF)2 after 24 h of irradiation. The apparent
quantum yield for g-CN in this reaction reached an outstanding value of 47%. Aerobic
conditions for this reaction were required in both cases, as O2 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 reaction utilizing homogeneous catalysts was reported
by Stephenson et al. (Scheme 3.9).123 Bromomalonate was reduced to the corresponding radical
and subsequently cyclized to cyclopentane via reaction with the double bond. The reaction is
mediated by ruthenium (Ru(bpy)3Cl2) and iridium (Ir(ppy)2(dtbbpy)PF6) catalysts under visible
light conditions in the presence of Et3N as a sacrificial electron donor.

Scheme 3.9. Photocatalytic formation of cyclopentane via reduction of carbon-halogen bond.

Being insoluble in any organic solvent, mpg-CN was used by Blechert et al. in a packed bed
flow photoreactor in order to increase contact with the reaction media.124 This approach
increased the selectivity and reduced the reaction time. Furthermore, THF served as both a
solvent and a sacrificial electron donor.
Reductive cyclodimerization of chalcones was recently catalyzed by homogeneous
Ru(bpy)3(PF6)2 catalyst (Scheme 3.10).125 The reaction proceeds via 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(OTf)3, was required to achieve higher selectivity toward cyclopentanol. In the
heterogeneous version of this reaction, developed by Kurpil and Savateev, with the
heterogeneous K-PHI photocatalyst, a coordination additive is not required, as the catalyst
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itself plays a coordination role.105 This feature of the heterogeneous photocatalysis simplifies
reaction conditions and allows for high regioselectivity. In both reaction schemes, amine was
used as a sacrificial electron donor.

Scheme 10. Photocatalytic reductive cyclodimerization of chalcones.

Oxidation of phenols to the corresponding phenoxonium cations, followed by their coupling
with alkenes is one method to build dihydrobenzofurane rings by [3+2] cycloaddition (Scheme
3.11). This reaction was catalyzed by the relatively strong oxidation photocatalyst –
Ru(bpz)3(PF6)2. When a more popular photocatalyst Ru(bpy)3(PF6)2 was used, it was shown to
be less efficient.126 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
alkoxy substituents in 2- or 4- position in order to stabilize phenoxonium cation. The proposed
method requires the use of (NH4)2S2O8 as an additional oxidant.

Scheme 3.11. Photocatalytic dihydrobenzofurane ring formation via [3+2] cycloaddition.

Another approach for building a dihydrobenzofurane fragment was shown by mpg-CN
photocatalyzed oxidative dimerization of resveratrol and its analogues (Scheme 3.12).127
Mimicking the biosynthesis of δ-viniferin, in the proposed method free oxygen was used as an
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oxidizing reagent instead of (NH4)2S2O8, while 2,6-lutidine was used as a base. Fifteen 4hydroxy-trans-stilbenes, including resveratrol, were shown to be suitable substrates.
Additionally 3,4-dihydroxy-trans-stilbenes under the same reaction conditions gave
benzodioxane-based dimers.

Scheme 3.12. Photocatalytic synthesis of dihydrobenzofuranes via oxidative dimerization of resveratrol and its
analogues.

3.4. Photocatalyzed carbon-heteroatom bond formation reactions
The oxidation of amines is an important chemical reaction, as it is one of the key steps in
synthesis of biologically active compounds in drug discovery and agrochemistry.128-129
Photoredox catalysis has been widely presented as a suitable technique for this transformation.
Both heterogeneous and homogeneous catalysts can easily oxidize amines, especially primary
amines (Scheme 3.13).

Scheme 3.13. Oxidative formation of imines by photocatalysis.

In the oxidation of amines, reactions where O2 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 quantities of strong oxidants are
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usually required as opposed to O2 as an oxidant.130-131 The transition metal-free mpg-CN was
reported as a suitable photocatalyst for selective oxidation of benzylic amines to the
corresponding imines.132 Despite the high selectivity of this method, it requires a reaction
temperature of 80 °C. Homogeneous version of this photocatalytic reaction mediated by
Ir(ppy)2(bpy)PF6 was shown by Rueping et al.133 A metal-free homogeneous catalysis under
visible light with phenothiazine dye (structure is presented in the Figure 3.4) gave overall
higher yields and selectivities under mild conditions.103
The synthetic pathways for incorporation of fluorine atoms into potential biologically active
molecules has a significant interest for pharmaceutical and agrochemical areas.134 Until
recently there were no methods for direct photocatalytic 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 the use of 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)3Cl2 and CMB-C3N4 (carbon nitride prepared from cyanauric
acid, melamine and barbituric acid). The first example of photocatalytic fluorination with
Selectfluor was reported in 2014 with a common homogeneous catalyst Ru(bpy)3Cl2 (Scheme
3.14).135 As substrates aryloxyacetic acid derivatives were chosen. Under the reaction
conditions they release a CO2 molecule and couple with F atom.

Scheme 3.14. Photocatalytic decarboxylative fluorination.

Flow reactors enhance mass and heat transfer in reactions, enable precise control over the
reaction parameters, and increase the overall process efficiency and safety.136-137 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).138 In order to overcome these existing challenges,
Pieber developed serial micro-batch photoreactors (SMBRs).139 Using this technology,
decarboxylative fluorination was enabled by CMB-C3N4 photocatalyst (Scheme 3.14). This
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approach was further extended to fluorination of three different types of substrates. The
practical application of this method was shown by the direct fluorination of ibuprofen. The
reaction with the homogeneous catalyst Ru(bpy)3Cl2 requires the use of NaOH in excess, while
the procedure with CMB-C3N4 was performed without any additives.
A fascinating method for the synthesis of vinyl sulfones was discovered by König and
coauthors (Scheme 3.15). First, they published the method for sulfonylation of alkenes with
aryl sulfinates140 and later extended this method to alkyl sulfinates.141 These reactions were
enabled by the organic dye, eosin Y, under green light irradiation (λmax=535 nm). A
heterogeneous version of this reaction was performed with cyanamide- and urea-functionalized
graphitic carbon nitrides (NCN-CNx) under blue light irradiation (λmax=455 nm).142 The
performance of NCN-CNx in general is similar to homogeneous eosin Y. The reaction between
styrene and benzenesulfinate under green light irradiation was achieved with g-CN modified
with cyano groups.143 For this reaction PhNO2 (1 equiv.) was required as electron acceptor, and
without it the yields were significantly lower.

Scheme 3.15. Photocatalyzed oxidative sylfonylation of arylalkenes with sulfonates.

Halogenated products are versatile starting materials in organic synthesis, widely used for
transition-metal catalyzed cross-couplings, as well as broadly presented in biologically active
compounds.144-146 Among all methods of their synthesis, oxidative halogenation of
hydrocarbons is probably one of the most environmentally benign.147 A photocatalytic version
of this reaction was published by König et al. through mimicking the process in nature with
the use of organic dye riboflavin tetraacetate (RFT) (Scheme 3.16).148 In this method, they used
p-methoxybenzyl alcohol as electron donor and acetic acid as a hydrogen peroxide stabilizer.
Selective chlorination of aryl C-H bonds with Ru(bpy)3Cl2 photocatalyst was published as
well.149 In this approach NaCl was used as a chlorinating reagent and Na2S2O8 as an oxidant.
Selective chlorination of the aromatic C-H bond was achieved only when the α-H in benzylic
position was available. The utility of the method was shown by the synthesis of several drugs
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or their precursors. The heterogeneous oxidative halogenation using K-PHI photocatalyst was
reported by our group and will be discussed in details in Chapter 8 as a part of my research
work in Max Planck Institute.150 The reaction was carried out under simplified conditions,
using hydrochloric acid and oxygen as the only reagents.

Scheme 3.16. Photocatalytic oxidative halogenation of electron-rich arenes.

All methods are in agreement with the limitation for electrophilic halogenation in aromatic ring
and substitution in substrates bearing electron withdrawing groups was not achieved. Further
improvement is needed to extend the scope of substrates to electron deficient aromatic systems.
Until now, only photocatalytic mono-functionalization of substrates, i.e. installation of one
functional group or formation of one chemical bond, has been discussed. In principle,
photocatalysis can be used in sequential functionalization of substrates. Ghosh, König and
Antonietti implemented this idea in the sequential trifluoromethylation and bromination of
trimethoxybenzene as a model compound using mpg-CN (Scheme 3.17).151

Scheme 3.17. Sequential trifluoromethylation/bromination of trimethoxybenzene (top) and semiconductor
photoredox catalytic reaction mode of type B’ (bottom).
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Once all of the sodium trifluoromethylsulfinate was consumed, KBr was added to the reaction
mixture and the photocatalytic reaction was continued to obtain polyfunctionalized benzene
derivatives.
Recently, the intriguing and practical simultaneous installation of two or more functionalities
at once, i.e. semiconductor photocatalysis of type B', was explored.152-153 This concept was
validated in the reaction of simultaneous trifluoromethylation/difluoromethylation or
bromination/ alkylation of the (hetero)aromatic compounds (Scheme 3.17).151
All in all, the photogenerated electron-hole 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(sp2)−C(sp3), C(sp2)−C(sp2), and C(sp2)−heteroatom
bond forming reactions.
3.5. Dual Ni-carbon nitride photocatalysis
Transition metal-catalyzed cross-coupling reactions became a classic technique for building
carbon-carbon and carbon-heteroatom bonds in a modern organic chemistry. However, these
methods typically rely on rare transition metals, such as palladium, platinum, or gold. The high
economic and environmental cost of such catalysis makes these systems undesirable in the
long-term. Among other transition metals, nickel seems to be the most logic substitution for
Pd, Pt and Au catalysts, since it is cheap, abundant and still highly active. Therefore, nickel is
considered as an attractive alternative to rare metal catalysts.154-155 Due to the higher
thermodynamic stability of Ni species, the problematic β-hydride elimination in alkylmetallic
complexes is suppressed, which allowed to extend the scope of electrophilic component to even
sterically hindered and unactivated alkyls. Moreover, the union of nickel and photoredox
catalysis has opened a new horizon in a radical and cross-coupling chemistry.156 While
photocatalytic cycle is responsible for oxidative formation of radicals, the metal catalytic cycle
produces Ni(II)-alkyl complexes that subsequently trap the photocatalytically derived radical,
forming Ni(III) complex. Reductive elimination from the latter leads to the formation of desired
C-C (or C-Het) bond and Ni(I) complex. As the last step, photocatalyst reduces the Ni(I)
complex to Ni(0), simultaneously closing two catalytic cycles.156 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 under exceptionally mild conditions.
The combination of nickel Ni(COD)2 and iridium [Ir(dFCF3ppy)2bpy]PF6 organometallic
complexes was implemented in a coupling reaction of electronically activated potassium
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alkyltrifluoroborates with a variety of arylbromides. In 2014, Molander et al. reported a singleelectron transfer-based (SET) strategy for the activation of organoboron reagents in the crosscoupling of primary benzyltrifluorobarates with substituted arylbromides (Scheme 3.18).157
The extremely mild conditions (visible light, ambient temperature, and absence of strong bases)
resulted in the selective formation of the desired products with only unreacted arylhalide
remaining. The reported approach also showed excellent functional group tolerance.

Scheme 3.18. Photocatalytic C-C coupling of primary potassium benzyltrifluoroborates with arylbromides.

In the subsequent year, Molander and co-authors reported the use of the developed SET
strategy to secondary alkyltrifluorobarates (Scheme 3.19).158 The reaction system was slightly
modified to avoid formation of side products due to the higher reactivity of secondary borates.
This reaction was shown to also be efficient on a gram scale.

Scheme 3.19. Photocatalytic C-C coupling of secondary potassium benzyltrifluoroborates with arylbromides.

Molander and co-authors also reported a similar approach of single-electron transmetalation
for the coupling of α-alkoxymethyltrifluoroborates with aryl and heteroaryl bromides to form
benzyl ethers (Scheme 3.20).159 The proposed method showed high tolerance to both heteroaryl
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and alkoxymethyltrifluoroborate substrates. This approach was highly compatible with both
alkenes and alkynes as demonstrated by their high yields in this reaction.

Scheme 3.20. Photocatalytic C-C coupling of primary potassium alkoxymethyltrifluoroborates with arylbromides.

Although, Pt was substituted by much cheaper Ni, the catalytic system, nevertheless, depends
on using photoredox complexes of Ir that are as expensive as Pt complexes. Therefore,
alternative systems should be ideally developed. Heterogeneous semiconductors are, in turn, a
recyclable and cheap alternative to the expensive noble metal-based homogeneous
photocatalysts. Several examples utilizing CdSe quantum dots or CdS for the dual
nickel/photoredox catalysis were reported.160-161 However, due to the high toxicity of cadmium,
their use is limited and more sustainable alternatives should be found. As it was presented so
far, carbon nitrides are cheap and environmentally benign alternative to the aforementioned
metal complexes and are able to catalyze a broad scope of organic reactions with the same
efficiency as homogeneous catalysts. Therefore, combination of CNs and Ni for dual catalysis
might solve these problems. Indeed, several examples of nickel/carbon nitride dual
photocatalysis were recently reported.
Synthesis of ethers via the coupling of alcohols with arylbromides was reported by dual
catalysis of nickel with both a transition metal-based catalyst as well as with a CNs (Scheme
3.21). 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.162 This development allowed the critical C-O bond
formation step to proceed. In a similar system, CN-OA-m (a CN prepared by calcination in a
molten salt of precondenced urea with oxamide) was also found to be able to stimulate
reductive elimination via SET modification of the oxidation state of Ni complexes.163 Both
catalytic systems were effective in the selective coupling of a broad range of aliphatic alcohols
and aromatic bromides.
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Scheme 3.21. Photocatalytic C-O coupling of alcohols and arylbromides.

Another variation of carbon-oxygen coupling by CN/Ni catalysis was shown by Pieber and coauthors (Scheme 3.22). Esterification of carboxylic acids with aryl halides was performed
under mild conditions.164 The catalyst system was shown to harvest a broad range of visiblelight spectrum (up to 600nm), which was shown by in situ FT-IR analysis of the reaction
progress. The organic semiconductor was recycled 3 times without any loss of activity. No
products of the decarboxylative C-C coupling were detected, which indicates selective
photosensitization rather than the described above single-electron transfer.

Scheme 3.22. Photocatalytic C-O coupling of carboxylic acids and arylbromides.

Recently an interesting variation of the dual catalyst system was reported by Ghosh et al.165
Through the activation of C-Br bonds in electron poor aryl halides, regiospecific coupling with
amines was accomplished (Scheme 3.23). The reaction conditions did not require additional
ligands for nickel complexation. Generally, the reaction was performed in mild conditions at
room temperature, and as a result different functional groups, such as halogen, ester, aldehyde,
and cyano group, were well tolerated providing products in good to excellent yields.
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Scheme 3.23. Photocatalytic C-N coupling of amines and arylbromides.

3.6. Photocatalytic productivity of homogeneous and heterogeneous catalysts
The presented above reactions show, that overall all the catalysts show similarly good yields
of the obtained products. However, the yields in general depend on the amount of the substrate
used for the reaction. Therefore, certain photocatalysts can demonstrate virtually higher yields
when lower substrate loadings are used. To solve this issue, a graph that correlates the product
yield and the substrate amount taken for the reaction can be offered (Figure 3.5).
Three classes of the photocatalysts, i.e. transition metal based complexes, organic dyes and
heterogeneous carbon nitride materials show a similar dispersion of yields regardless of the
reaction type and substrate loading. The general tendency also shows that all photocatalysts
show good performance and give good to excellent yields in the described reactions. This, in
general, proves that photocatalytic approach is an efficient alternative to classic method of
synthesis. The heterogeneous carbon nitride-based materials in this tendency show comparable
to homogeneous catalysts productivities. With low loadings of substrates being used (up to 0.3
mmol), there is no particular difference in the performance of both molecular catalysts and
CNs, with yields in the range of 60 to 100%. On the other hand, in reactions with the higher
loading of substrate (0.3 – 1.2 mmol), carbon nitride materials show even better performance
giving 90 – 100% yields versus 60 – 100% for metal complexes. However, the high loadings
of substrate were used less frequently in CN photocatalysis, and a more thorough study should
be done to establish a general trend.
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Figure 3.5. Comparison of productivities of homogeneous catalysts and carbon nitrides catalysts. Squares
heterogeneous carbon nitride photocatalysts, triangles

–

– transition metal-based photoredox complexes, circles

– organic dyes.

3.7. Conclusion
The development of human society encouraged scientist to look for new technologies for a
better use of limited natural energy resources. Years of research work made a great step towards
solving these problems. Solar or wind power stations, solar powered houses and cars do not
surprise anymore. However, we are still just in the beginning of revolutionary changes and the
best is yet to come. Founded in the last century, photochemistry today stands for a big mature
field of chemistry. Fundamental studies on water slitting, CO2 reduction and pollutants
degradation discovered fascinating properties of a special class of materials, named
photocatalysts. The obvious issues using transition metal-based materials or UV light, make
heterogeneous visible light catalysts and especially a group of “green” carbon nitrides very
appealing for a wide use. Described in the Introduction, recent findings prove that
photocatalysis is a useful tool not only for environment remediation applications, but also for
complex organic reactions. As shown in Chapter 3.6, carbon nitrides efficiently catalyse
different carbon-carbon or carbon-heteroatom forming reactions and show equal to transition
metal-based catalysts productivity. Therefore, photocatalysis of organic reactions by CNs is a
prominent tool for novel synthetic protocols. However, further studies on heterogeneous
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photocatalysis from both, material and organic chemistry sides, are of a great importance on
the way to fulfill the needs of modern chemistry.
Leaving a design of new photocatalytically active materials for colleagues from the material
chemistry field, in this thesis, I focus on the study of photocatalytic organic reactions and
mechanisms of heterogeneous approach that influence the outcome of these reactions. In next
chapters, fundamental properties of carbon nitrides will be deeply investigated and reviewed
from the organic chemistry standpoint; the connections between material property and
photoreaction result will be established. Despite the fact that investigations at the interphase
between the surface of the catalyst and homogeneous reaction media are difficult, the
understanding of complex photocatalytic mechanisms of heterogeneous photocatalysis would
enhance our knowledge for further successful design and application of novel photoredox
active materials. With continuous progress in this field, the number of applications of
heterogeneous photoredox catalysis for both lab scale synthesis and large scale solar
productions will certainly develop. In addition, a tight collaboration of material and organic
chemistry fields might catalyze the development of both.
In Chapter 4, the ability of carbon nitrides to store electrons will be studied and a convenient
method for calculation of accumulated electrons will be proposed. The influence of this
property on organic reactions will be investigated on several examples in Chapters 5-7.
Through these findings, the understanding of mechanisms of photocatalytic organic reactions
will be further enhanced. In Chapter 7, a combination of CN photocatalysis with a sustainable
reaction media will be used for multi-electron reduction. Later on, redox properties of K-PHI
will be challenged in several reactions, such as halogen anion oxidation in Chapter 8 and
oxidative synthesis of sulfonyl chlorides and amides in Chapter 9. A fascinating example of
chromoselective photocatalysis by K-PHI will be presented in Chapter 9 for the synthesis of
three different compounds from the same starting material.

33

4. Green radicals of potassium poly(heptazine imide)
by light and benzylamine
4.1. Overview
The tinted long-lived ionic carbon nitride radicals were recently introduced and applied in
photocatalysis and energy storage. However, the reason for higher activity in the photocatalytic
reactions and optimal conditions for generating such radicals still remain vague.
In this Chapter, conditions of carbon nitrides photocharging to achieve higher charge density
are studied; a convenient method for quantifying electrons accumulated in the carbon nitride
semiconductors is proposed; also, the number of accumulated electrons is calculated for mpgCN and K-PHI.

Figure 4.1. A schematic presentation of photocharging of carbon nitrides.

This chapter is adapted from my original work: Markushyna, Y.; Lamagni, P.; Teutloff, C.;
Catalano, J.; Lock, N.; Zhang, G.; Antonietti, M.; Savateev, A.: Green radicals of potassium
poly(heptazine imide) by light and benzylamine. Journal of Materials Chemistry A 7 (43), S.
24771 - 24775 (2019)
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4.2. Results – Discussion
Recent discoveries on solar energy storage reveal that poly(heptazine imide)s are able to form
long-lived radicals in the presence of electron donors under light irradiation.166 In the present
project, a detailed study of this process was performed. For convenience, a suitable acronym
“IDEAS” that stands for Illumination-Driven Electrons Accumulation in Semiconductor was
proposed.
The mechanism of the photocatalytic reaction grounded on IDEAS, using K-PHI as a
representative photocatalyst, is sketched in Figure 4.2. On the energy scale, it can be
schematically explained as follows. By absorbing a photon, K-PHI is converted to the excited
state K-PHI*. Electron transfer from the HOMO of the electron donor (ED) lying above the
VB of K-PHI reduces the K-PHI* and gives the negatively charged radical anion K-PHI•―. For
this process, IDEAS is accompanied by a distinct color change of K-PHI and related materials
from yellow to green or blue.166-169 The energy stored in K-PHI is then released by exposing
the K-PHI•― to the electron acceptors (EA). This step leads to the recovery of K-PHI and
formation of the reduced electron acceptor (EAred).

Figure 4.2. Illumination-Driven Electrons Accumulation in Semiconductor (IDEAS) for K-PHI.

For the deep investigation of IDEAS, oxidative coupling of primary amines was chosen, while
the products of the amine coupling, imines, have value as precursors in synthesis of
oxaziridines,170 palladacycles,171 or they can be photocatalytically converted to imidazoles,172
or used in C-C reductive coupling173 etc (Scheme 4.1).
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Scheme 4.1. Photocatalytic oxidative coupling of benzylamine to imine.

For quantification of accumulated electrons by IDEAS the following method was proposed. KPHI•— was generated in situ using benzylamine as an electron donor. These species of the
charged catalyst have a greenish or blueish colour. After 24 h of stirring under irradiation with
blue LED (λmax=465 nm) a portion of methylviologen (MV2+) was added to the reaction
mixture in a glovebox under Ar atmosphere to avoid oxidation of K-PHI•— by oxygen from air.
MV2+ was reduced to the radical cation (MV•+) that has a pronounced blue colour. Figure 4.3a
summarizes these observations.
a)

b)

green K-PHI•- + MV2+
blue MV•+
green K-PHI•-

4,0
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Figure 4.3. a) Visual appearance of the reaction mixture – K-PHI, benzylamine, acetonitrile, under Ar (1 bar).
From left to right: reaction mixture (under Ar) before light irradiation (yellow), after light irradiation (green), after
methyl viologen (MV2+) addition (blue); b) Absorption spectra of green K-PHI radical anion (K-PHI·―) in MeCN;
methylviologen radical cation MV·+ ; reaction mixture upon quenching of K-PHI·― with methylviologen
dichloride.

The amount of MV•+ produced upon K-PHI•— quenching with MV2+ was determined
measuring the solution absorbance (Figure 4.3b). The maximum of absorption for MV•+ was
determined as 605 nm, while green K-PHI•— does not show significant absorption at this
wavelength. Negligible absorbance at 800 nm of the mixtures after MV2+ addition suggests that
K-PHI particles completely precipitated and neither K-PHI itself nor K-PHI·− contribute to the
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800

absorption. Therefore, the amount of MV•+ is equal to the amount of electrons accumulated in
the catalyst.
In order to find the maximum electron capacity of K-PHI, the effect of the benzylamine
concentration, i.e. electron donor concentration, on the number of accumulated electrons was
investigated. K-PHI reaches saturation at the benzylamine concentration of 60 µmol·mL –1, at
which the electron capacity approaches 957±82 µmol·g –1 (Figure 4.4a).

K-PHI capacity (mmol×g-1)
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CO2
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0

mpg-CN K-PHI K-PHI

blank

Catalyst

Figure 4.4. a) Capacity of K-PHI depending on the benzylamine concentration. Conditions of K-PHI•―
generation: MeCN 3 mL, CO2 1 bar, time 24 h, T = 35 °C. Conditions of K-PHI•― quenching: MV2+ 0.1 mmol;
b) Electron capacity of carbon nitrides and appearance of the reaction tubes after light was switched off under Ar
(1 bar) and CO2 (1 bar). In the blank experiment no carbon nitride catalyst was added. Conditions: benzylamine
50 µmol, MeCN 1 mL, time 24 h, T = 35 °C, gas pressure 1 bar.

For comparison purposes, the ability to IDEAS of another member of CN family, mpg-CN,
was investigated (Figure 4.4b). Despite mpg-CN did not show any apparent color change,
IDEAS was also observed. Using the abovementioned methodology the capacity of mpg-CN
was determined to be 43±5 µmol·g –1. The higher surface area of mpg-CN compared to K-PHI,
i.e. 180 m2·g –1 versus 89 m2·g –1, apparently is not a decisive factor for efficient IDEAS.
Instead, the microporous structure and ability of the material to stabilize negative charges
observed for K-PHI are important. As the negative charge accumulated in the material by
storage of negatively charged electrons must be compensated, the reason for the high electron
capacity of K-PHI is, perhaps, grounded on the unique ability of the material to store H+ species
in the structure in the form of H+ itself or NH4+ (Figure 4.9b). Indeed, the higher content of H
atoms was detected for K-PHI after the photocatalytic reaction. A more detailed discussion is
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presented at the end of the Chapter. In case of K-PHI, a deeper color was observed in the
presence of CO2 (the interaction between CO2 and benzylamine is investigated below), which
correlates with the higher electron capacity of 957±82 µmol·g –1 compared to 701±46 µmol·g –
1

under Ar. Nevertheless, the achieved capacity of K-PHI under Ar using benzylamine is still

5.8 times higher compared to that using benzyl alcohol as electron donor.167 This illustrates the
much better ability of amines to quench reductively the excited state of the carbon nitride
photocatalyst. In the control experiment without carbon nitride photocatalyst, MV2+ is not
reduced by benzylamine alone.
A series of experiments with different loadings of K-PHI were performed in order to evaluate
the reproducibility of the proposed method of IDEAS quantification. The number of trapped
electrons versus K-PHI mass follows a linear trend, supporting the reproducibility of the

Trapped electrons (mmol)

method in the range of K-PHI masses up to 10 mg per experiment (Figure 4.5).
8
6
4
2
0
0
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8

10

K-PHI mass (mg)
Figure 4.5. Equivalent of the number of accumulated electrons in K-PHI (y-axis) produced upon K-PHI•―
quenching with MV2+ versus K-PHI amount (x-axis). Conditions: initial benzylamine concentration 63 µmol·mL –
1

, reaction temperature 35 °C, time 24 h, MeCN 3 mL, CO2 1 bar. K-PHI•― quenching conditions: MV2+ 0.1 mmol.

In order to investigate the formation of K-PHI•—, we studied a suspension of K-PHI in
acetonitrile by EPR (Figure 4.6a). In the dark, a broad signal of low intensity at 3350 G (g =
2.016, after offset correction) was detected. The intensity of the signal remained almost the
same when the EPR spectrum was acquired while the sample was irradiated with 461 nm
(6 mW·cm –2). Upon addition of benzyl amine to the sample in the dark, the broad signal at
3350 G disappeared and a narrow signal of low intensity appeared at 3370 G (g = 2.0048).
Under light irradiation the intensity of the signal increased drastically supporting that K-PHI*
was quenched by benzylamine and K-PHI•― radical formed.
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Figure 4.6. a) EPR spectra. EPR spectra of K-PHI suspension in MeCN in dark (grey line) and under 461 nm
light (brown curve) irradiation (BA – benzylamine); b) Quenching of K-PHI•― with AgOTf. Reaction was
performed under CO2. Appearance of the reaction mixture and schematic representation of the quenching reaction.

Finally, K-PHI•― can be quenched not only with MV2+, but also with AgOTf, necessarily under
oxygen-free conditions. In this case, Ag+ is instantly reduced to Ag0 (Figure 4.6b). Formation
of Ag0 was confirmed by the presence of (111) and (200) diffraction peaks in the powder XRay diffraction pattern of the resulting solid (Figure 4.7a).
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Figure 4.7. a) PXRD pattern of Ag@KPHI generated upon K-PHI·− quenching with AgOTf. Reference X-Ray
diffraction pattern of Ag0 taken from the literature;174 b) FT-IR spectra of benzylammonium triflate isolated upon
K-PHI•― quenching with AgOTf (red, top) and prepared by neutralization of benzylamine with HOTf (black,
bottom).
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Upon the reaction mixture workup, benzylammonium triflate was isolated (Figure 4.7b). It
suggests that the negative charge of K-PHI•― is compensated partially by benzylammonium
cations. Taking into account successful quenching of K-PHI•― with AgOTf and MV2+ and their
standard redox potentials, E(Ag/Ag+)0 = +0.80 V and E(MV2+/MV•―)0 = –0.5 V vs. SHE,
energetically the SOMO of the K-PHI•― lies at the potential more positive than –0.5 V vs. SHE.
The electron capacity of K-PHI approaches 957±82 µmol·g –1 under CO2 atmosphere. Given
that the molecular weight of a K-PHI monomer unit is 223 g·mol –1 (Figure 4.8),175 it can be
concluded that every 4th heptazine unit bears an uncoupled electron.

Figure 4.8. Ideal structure of K-PHI. Every 4th heptazine unit that might bear an electron is marked with red.

Taking into account that K-PHI is represented by particles with the average diameter of 100
nm, the volume-to-surface ratio of heptazine units is 26. In other words, in order to achieve
such high density of trapped electrons, they must be stored not only on the surface of the
material, but be distributed in the bulk of the K-PHI particles. These results underline similarity
between the cathode of the electric battery and the K-PHI nano particle.
In order to elucidate a path of benzylamine oxidation, several experiments in CD3CN using
15

N-labeled benzylamine were performed. A solution of amine was purged with CO2 for several

minutes and the

15

N, 1H and

13

C NMR spectra were recorded. According to the results,

benzylamine-15N was quantitatively converted into benzylcarbamic acid (Figure 4.9a).
Therefore, benzylcarbamic acid is a more plausible electron donor than benzylamine itself, if
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the reaction is performed in the presence of CO2. Also the full reaction was performed using
benzylamine-15N. In the 15N NMR spectrum of the reaction mixture after irradiation for 24 h,
we have registered a signal of the 15N-imine at 329.3 ppm and a broad peak at -1.4 ppm that
corresponds to either

15

NH3 or

15

NH4+ (Figure 4.9b). The formation of

15

NH4+ species by

binding of H+ to released ammonia might be favorable in order to compensate the negative
charge of accumulated electrons in the material.
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Figure 4.9. a) 15N NMR spectrum of a benzylamine-15N solution in CD3CN:DMSO-d6 (4:1) before (bottom) and
after (top) saturation with CO2; b) 15N NMR spectrum of the reaction mixture in CD3CN after the photocatalytic
experiment. The up-field area was magnified and expanded for clarity.

The stoichiometry of benzylamine coupling to imine requires evolution of 1 equivalent of H2.
However, the amount of H2 detected by GC-TCD (1.48 nmol, Figure A5) was substantially
lower than expected from the reaction of benzylamines coupling (25 µmol). This is another
piece of evidence for the hypothesis that hydrogen is presumably stored in K-PHI. Elemental
analysis of the spent K-PHI showed increased content of hydrogen, 2.60±0.01 wt.% versus
2.23±0.03 wt.%, compared to the fresh catalyst. The increased hydrogen content translates into
18.5 µmol of H+ (or 9.25 µmol of H 2) that is close to the typical experiment of benzylamines
coupling, i.e. 25 µmol (reagents loading as in Figure 4.4b). These results suggest that not only
electrons, but also protons from the reaction of benzylamines coupling are stored in K-PHI and
compensate negative charge.
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4.3. Conclusion
In this Chapter, conditions of the carbon nitride radical anion generation by IDEAS were
elaborated, while the number of accumulated electrons was measured by quenching the carbon
nitride radical anion with a common redox indicator – methylviologen dichloride. The method
is generally applicable for the characterization of semiconducting materials regarding their
ability to accumulate electrons. Carbon nitride materials can be charged up to at least 957±82
µmol·g –1 using benzylamine as convenient electron donor in the atmosphere of CO2. Every 4th
heptazine unit in K-PHI thus holds an uncoupled electron, which means electrons are stored
not only on the surface of the material but also in the volume. The mechanistic studies and the
post-catalytic investigation of K-PHI catalyst revealed that apart of electrons material shows
the ability to store protons, which indeed is essential for compensation of the large negative
charge to avoid the ‘Coulomb collapse’. Therefore, the specific morphology of K-PHI in
comparison to mpg-CN allows for a storage of electrons as well as protons in the framework.
However, the structure of K-PHI-H species is not clear and further studies should be
undertaken. Optimization of the poly(heptazine imide) structure toward higher capacity in
IDEAS is one of the strategies to enhance further the photocatalytic performance of the
material. Further studies on CO2 fixation and the use of CO2 in organic synthesis may be
conducted. Also the understanding of photocharging process may enhance the development of
dark photocatalysis and multi-electron processes by carbon nitride semiconductors.
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5. Advantages in using cheap CO2 to favour
photocatalytic oxidation of benzylamines
5.1. Overview
In the previous chapter, the positive effect of CO2 on the electron accumulation process in
carbon nitrides was established. However, a deeper investigation of the CO2 role in the
benzylamine coupling to imines is needed. Considering the environmental issues related to
global warming, the utilization of CO2 as an inexpensive reaction medium during the
photocatalytic reactions stands for the high interest.
In this chapter, the role of CO2 in the photocatalytic oxidative coupling of primary amines to
the corresponding imines is investigated; the influence of water content on the imine formation
efficiency is established; CO2 as an alternative inexpensive reaction medium to commonly used
Ar is revised.

Figure 5.1. Coupling of benzylamine to imine with K-PHI.

This chapter is adapted from my original work: Markushyna, Y.; Lamagni, P.; Catalano, J.;
Lock, N.; Zhang, G.; Antonietti, M.; Savateev, A.: Advantages in using inexpensive CO2 to
favor photocatalytic oxidation of benzylamines. ACS Catalysis 10 (13), S. 7336 - 7342 (2020).
Copyright 2020 American Chemical Society
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5.2. Results – Discussion
In the previous chapter, the benefits of using benzyl amines as electron donors were disscused.
It was also found, that the model reaction of coupling of benzyl amines to imines proceeds
faster under CO2 atmosphere than under Ar. Thus, CO2 benefits the IDEAS of K-PHI.
However, the coupling of benzylamines to imines is also interesting itself. Imines are valuable
precursors in synthesis of oxaziridines,170 palladacycles,171 or they can be photocatalytically
converted to imidazoles,172 or used in C-C reductive coupling,173 etc. Imines are also used in
the synthesis of various heterocycles (e.g. piperidin-2-ones, having physiologic action)176 and
in titrimetric determination of organolithium compounds.177
Surveying some of the reaction conditions applied to the photocatalytic coupling of amines
(Scheme 5.1), Su et al. used a mpg-CN photocatalyst in combination with O2 as a terminal
oxidant to couple benzylamines.132 In a similar reaction, Raza and co-workers used WS2
nanosheets as photocatalyst.178 Similar reaction schemes are also included in the works of Yang
et al. and of Kumar et al., who used Au/TiO2 and CuO2/CQDs, respectively.179-180 Furukawa
et al. employed a Nb2O5 photocatalyst and O2 as electron acceptor.181 Liu et al. applied Pt
nanoparticles in combination with metal-organic framework (MOF) PCN-777.182 In this
chapter, the conversion of benzylamines to the corresponding imines with a CN material, KPHI, is investigated.

Scheme 5.1. Simplified comparison of the mechanisms for oxidative benzylamine coupling in this work (a) and
in other works reported in literature.
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In order to verify the possibility of using primary amines for capturing CO2 and to verify their
photocatalytic coupling using K-PHI, a series of preliminary tests in acetonitrile under various
conditions was performed (Table 5.1). Benzylamine was chosen as a representative substrate.
Table 5.1. Screening of the reaction conditions.a

a

Time (h)

Environment

H2O addition

Yieldb

Entry

Photocatalyst

1

K-PHI

24

CO2

-

88%

2

mpg-CN

24

CO2

-

38%

3

K-PHI

24

Ar

-

34%

4

K-PHI

24

Ar

10

42%

5

K-PHI

24

Ar

50

50%

6

K-PHI

24

Ar

200

73%

7c

K-PHI

24

CO2 (dry)

-

74%

8d

K-PHI

24

CO2

-

1%

9

-

24

CO2

-

4%

10

-

24

Ar

-

7%

11

K-PHI

4

CO2

-

65%

12

mpg-CN

4

CO2

-

22%

13e

K-PHI

24

CO2

-

74%

14e

mpg-CN

24

CO2

-

52%

15e

K-PHI

24

Ar

-

13%

16f

K-PHI

24

-

65%

13

C-CO2

(µmol)

Reaction conditions: benzylamine 0.05 mmol; photocatalyst 5 mg; MeCN 3 mL; pressure 1 bar; Tbath = 35 °C;

light intensity 51.70(3) mW cm–2 (blue LED, λmax 461 nm); relative standard deviation of the method is 5%; b 1H
NMR yields; c Conditions as in entry 1, but CO2 was passed through a column filled with P2O5 before entering the
reaction tube, in order to remove moisture. d conditions as in entry 1, except that the reaction was performed in
the dark; e conditions as in entries 1-3, but using 1 mL CD3CN instead of 3 mL MeCN; f conditions as in entry 1,
but using 13C-labelled CO2.

The yield of the corresponding imine, N-benzylidene benzylamine, was 88% when the reaction
mixture was degassed and subsequently purged with CO2 followed by irradiation with blue
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light (λmax=461 nm) (entry 1). When a different carbon nitride was used, i.e. mpg-CN, the
conversion decreased to 38% (entry 2). On the other hand, substitution of CO2 with Ar resulted
in imine yield of 34% (entry 3). No conversion was expected, as no electron acceptor was
added to the reaction mixture. However, the small degree of conversion can be explained by
trace amounts of moisture (Table A1).183 The experiments performed in wet acetonitrile with
variable amount of explicitly added water (entries 4-6) suggested that indeed H2O enhances the
yield of the imine. To further prove the catalytic role of H2O, CO2 was passed through a column
filled with P2O5 desiccant before being bubbled in MeCN. The imine yield decreased from
88% to 74%, revealing that H2O indeed co-participates in the photocatalytic oxidative coupling
of benzylamines (entry 7). Without light, almost no imine was produced (entry 8). Without
catalyst, benzylamine is stable under light irradiation both in the presence of CO2 and under Ar
(entries 9-10). Furthermore, in the presence of K-PHI already after 4 h of irradiation, the yield
of the imine was 65%, while in the presence of mpg-CN only 22% (entries 11, 12). Higher
yield of the imine in case of K-PHI is explained by faster benzylamine oxidation via IDEAS,
i.e. by better capacity of the photocatalyst of storing unpaired electrons and readily donating
them to an electron acceptor, described in the previous chapter. Using a more concentrated
reaction mixture in CD3CN gave the imine with slightly lower yield, but it also allowed for
quasi in situ characterisation of the reaction mixture by 1H NMR (entry 13). Under similar
conditions, mpg-CN produced the imine in 52% yield (entry 14). When the reaction was
performed under Ar, the yield of imine was 13% (entry 15). Finally, experiments were
conducted using 13C-labelled CO2 to prove that CO2, despite having a key role in mediating
these photocatalytic reactions, is not photocatalytically reduced by K-PHI (entry 16).
A modified setup was used for experiments with 13C-CO2 (Figure 5.2). Labelled 13C-CO2 was
produced by thermal decomposition of

13

C-labelled NaHCO3 and used to saturate the

photoreactor as shown at Figure 5.3. (A detailed procedure is described in section A11.6)
Chamber A was filled with 13C-NaHCO3 and connected to the flow of Ar. Then, while flushing
Ar, Chamber A was heated to 230 °C. This led to the decomposition of 13C-NaHCO3 into H2O
vapour and 13CO2 which were carried towards the second Chamber. Chamber B was used to
trap

the formed water. The CO2/Ar gas mixture was bubbled through the solution of

benzylamine and subsequently through the Ba(OH)2 solution to monitor CO2 formation
through precipitation of 13C-BaCO3. After 30 min, the tube with reaction mixture was closed
and irradiated as usually for 24h.
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Figure 5.2. Setup used for thermal decomposition of

13

C-NaHCO3 and generation of

13

C-CO2 to be used in

photocatalytic oxidative coupling of benzylamines.

These experiments showed no conversion of CO2 to any reduction products, further confirming
what was observed with other characterization techniques such as HPLC and GC-TCD. Except
for the CD3CN solvent peaks, only the signals belonging to unreacted benzylamine and to the
imine product are observed in 1H and 13C NMR spectra. (Figures A10, A11)
The scope of substrates for imine synthesis by the proposed method was further extended to
other benzylamines. The corresponding imines were obtained with 72-96% yields (Scheme
5.2). Electron donating m-CH3 and o-CH3 groups gave the products in higher yields, while pCH3 and p-OCH3 in lower yield. Similarly, electron withdrawing o-F group decreased the yield,
while p-F slightly increased the yield. Analysis of the data on Scheme 5.2 reveals that no
distinct correlation between the nature of substituents and the yield of the imine exist.
Apparently, this is a result of quite similar oxidation potentials of substituted benzylamines,
i.e. 1.203-1.242 V vs. Ag/AgCl (sat. KCl)184 and a much more positive oxidation potential of
K-PHI, 2.54 eV vs. RHE.75 (R)- and (S)-1-phenylethan-1-amines gave the imines in slightly
lower yields apparently due to steric effect of the methyl groups next to the reactive N-centre.
Furan-based amines gave the product in much lower yield presumably due to a side reaction of
furan ring oxidation.
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Scheme 5.2. The scope of substituted benzylamines investigated in this work. 1H NMR yields are given in percent.
Conversion of benzylamines is given in parentheses. Reaction conditions: amine substrate 0.05 mmol; K-PHI
5 mg; MeCN 3 mL; CO2 1 bar; Tbath = 35 °C; light intensity 51.70(3) mW cm–2 (blue LED, λmax=461 nm).

The mechanism of the benzylamine condensation was investigated using

15

N-labeled

benzylamine. The quantitative conversion of the 15N-benzylamine to 15N-benzylcarbamic acid
in excess of CO2 was already confirmed in the previous chapter (15N NMR of the carbamic acid
is presented on the Figure 4.7a). This proves that benzylcarbamic acid participates in the
photocatalytic reaction rather than benzylamine itself when CO2 is chosen as reaction
environment. Figure 5.3a shows the yield of imine depending on the load of K-PHI. The imine
yield increased when a larger amount of K-PHI was employed. This fact correlates well with
the ability of K-PHI to store electrons. This gives another piece of evidence that IDEAS plays
a role in the benzylamine oxidation, as a higher load of K-PHI can host a larger number of
electrons from the benzylamine electron donor. On the other hand, the yield of the imine under
Ar was almost the same when 5 mg and 40 mg of K-PHI were used, suggesting that even
though more catalytic sites were provided, the reaction proceeds slower in the absence of CO2.
This observation strengthens the hypothesis that the benzylcarbamic intermediate indeed
boosts the photocatalytic reaction thanks to its better electron donor properties compared to
benzylamine. As previously mentioned, the conversion in Ar, around 7-34%, is explained by
the presence of trace amounts of water, which could participate as electron acceptor and also
due to IDEAS (Table 5.1, entries 4-6). The yield of the imine was higher when the reaction
was performed at lower temperature both using K-PHI and mpg-CN (Figure 5.3b). It might be
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explained by destabilisation of the intermediates on the path of imine formation and lower
solubility of CO2 at elevated temperature.
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Figure 5.3. a) The effect of the catalyst loading on the imine yield (non-optimized conditions). Conditions:
benzylamine 0.2 mmol, T = 35 °C, MeCN 3 mL, 72 h, 461 nm; b) Temperature- and catalyst dependent yield of
the imine. Conditions: photocatalyst 5 mg, benzylamine 0.05 mmol, CD3CN 1 mL, 24 h, 461 nm; c) the effect of
CO2 pressure on the imine yield. Conditions: K-PHI 40 mg, benzylamine: 0.05 mmol, CD3CN 3 mL, 24 h, 461
nm; d) Turnover frequency (TOF) of K-PHI particles in conversion of benzylamine after several uses. The
photocatalyst was washed with water and MeCN between each cycle.

The CO2 pressure had almost no effect on the yield of the imine (Figure 5.3c), fact that suggests
that the molecule is regenerated during each photocatalytic cycle when the benzylcarbamic
acid reacts to form the final imine product. From the K-PHI particle size distribution and the
conversion of benzylamine, the turnover frequency (TOF) of a single nano photoreactor with
the average size 94 nm (Figure A1) was calculated to be 69±1 s–1 (Figure 5.3d). After four
cycles using the same photocatalyst, the TOF remained at the level of 56 s–1.
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Summarizing the obtained results, the following photocatalytic mechanism of benzylamine
condensation was proposed (Scheme 5.3). Mechanism of the reaction mediated by CO2 is
schetched in Scheme 5.3a. CO2 binds to benzylamine to form benzylcarbamic acid. When KPHI is brought in its excited state K-PHI* upon illumination, this carbamic acid promptly
donates 1 electron to K-PHI*, turning into its radical cation 1 and forming the long-lived tinted
radical anion K-PHI•― (detected by EPR). The compound 1 is suspected to release CO2 and 2
protons, maybe undergoing a first release of formic acid and its subsequent fast photolysis.
CO2 is then reintroduced in the catalytic cycle, whereas protons are absorbed by K-PHI itself
(it was disscussed in Chapter 4). Product analysis and experiments with 13C-labelled CO2 also
allowed us to confirm that CO2 is regenerated during the photocatalytic cycle rather than being
converted to other compounds (Figure A10, A11). The new intermediate 2 is presumably
generated, which reacts with a second benzylcarbamic acid molecule to produce the desired
imine product, with concomitant release of CO2 and NH3 (detected via NMR in both 15NH3
and 15NH4+ forms, Figures 4.7b and A6).
When moisture is present, H2O can act as electron acceptor instead of the benzylcarbamic acid
coupling intermediates, as already suggested in literature.132, 185-187 In this case, benzylamine is
the electron donor, and not its carbamic acid, and forms the corresponding radical cation
(Scheme 5.3b). Usually, oxygen is needed to start the photocatalytic reaction: it receives 1
electron from the excited photocatalyst to generate the reactive radical anion O2•―. In the
present case, the working conditions are oxygen-free using CO2 or Ar as reaction atmosphere.
As claimed by Yu et al., the photocatalyst may generate O2 by performing water splitting under
anaerobic conditions.187 This may indeed be the case, as poly(heptazine imide) carbon nitrides
are efficient photocatalysts for this reaction.188 O2•― and the benzylamine radical cation react
to provide H2O2 and phenylmethanimine. The latter molecule reacts with a second benzylamine
molecule to give the desired imine and ammonia. The former H2O2 leads to the same products
in a 2-step mechanism, by producing another phenylmethanimine molecule as intermediate and
subsequently the imine. In the proposed system, in photocatalysis under CO2-saturated
conditions water is also peresent. Therefore, both mechanisms are expected to be
simultaneously followed, with one being favoured over the other depending on the relative
concentration of CO2 and H2O in MeCN. In a typical reaction, in 3 mL MeCN there are
approximately 837 μmol CO2 (solubility ~ 0.279 M)189 and 19.5 μmol H2O, therefore
photocatalysis is expected to proceed mainly through formation of the benzylcarbamic acid
intermediate.
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Scheme 5.3. Proposed mechanisms for photocatalytic oxidative coupling of benzylamines to N-benzylidene
benzylamine in presence of a) CO2 or b) H2O.

In summary, according to the proposed mechanism, the consecutive push-pull of electrons
mediated by K-PHI allows for the successful coupling of two benzylamine molecules, stepping
through benzylcarbamic acid intermediates. K-PHI works similarly to a battery by charging
(i.e. reduction of K-PHI* to K-PHI•―) and discharging (i.e. oxidation of K-PHI•― back to KPHI). Showing a better ability to even out the input and output flow of electrons via IDEAS,
this material outperforms the standard choice carbon nitride photocatalyst mpg-CN.
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5.3. Conclusion
The feature of carbon nitride materials to store electrons has a clear influence on their
performance in the oxidative coupling of benzylamines in the presence of CO2. Thus, higher
conversion of benzylamine correlates with higher electron capacity of the employed
photocatalyst. Having the comprehensive data on charge storage ability of carbon nitrides and
their performance in coupling of benzylamines, we conclude that IDEAS is responsible for
faster kinetics. Benzylamine captures CO2 and stores it in the form of benzylcarbamic acid,
while IDEAS accelerates the photocatalytic reaction by rapid oxidation of the benzylcarbamic
acid. IDEAS mediated by benzylamine and combined with CO2 as amine activating agent was
applied for preparation of a series of synthetically useful imines with 72-96% yield. CO2 was
demonstrated to favour and accelerate the photocatalytic oxidative coupling of benzylamines
by producing a more efficient electron donor: benzylcarbamic acid. Moreover, the moisture
present in the solvent or in the gas steam was confirmed to promote the imine formation, as
well, by acting as electron acceptor in the photocatalytic cycle. The charged photocatalyst acts
as an “electron pump”, readily injecting unpaired electrons into an available electron acceptor
(e.g. CO2 or H2O). Therefore, matching a photocatalyst with large electron capacity with an
efficient electron donor may be envisioned as a method to boost the photocatalytic reaction.In
the light of these two experimental observations, we conclude that wet streams of CO2, such as
flue gas streams from cement industry, are a convenient and inexpensive alternative as reaction
atmosphere to highly expensive and pure inert gases used in laboratory research such as Ar.
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6. Tetramerization of benzylic amines to
diazetidines-1,3 employing intrinsic charge storage
property of semiconductors under visible light
irradiation
6.1. Overview
The role of photogenerated holes in semiconductor materials is almost exclusively associated
with the oxidation of substrates, i.e. electron transfer. Only little is known about holes acting
as Lewis acid sites. Working on the projects described above, formation of interesting
compounds, diazetidines-1,3, under Ar armosphere was noticed.
Therefore, in this chapter, the application of the standard reaction of benzylamines oxidation
will be broadened to formation of hardly-accessible diazetidines-1,3. The intrinsic property of
K-PHI to accumulate electrons is further investigated and the role of photogenerated holes in
the mentioned reaction will be studied.

Figure 6.1. Overview of the Chapter 6.

53

6.2. Results – Discussion
Diazetidines-1,3 are rather scarcely presented in the literature.190,191,192,193 This class of
compounds is prepared mainly by photolysis of imines under UV irradiation.194,195,196,197,198
The reaction is capricious and very sensitive to the substituents, even those located aside from
the reactive center.199 The situation is further complicated by instability of diazetidines-1,3 –
some of them spontaneously decompose in solution.200,195 These factors make them really
evasive class of strained heterocycles.
Oxidative coupling of benzylic amines to imines in the presence of electron acceptors, such as
O2, is one of the most studied photocatalytic reactions reported to date and the mechanism has
been thoroughly investigated. In particular, Wang et al. concluded that the photogenerated
holes are not only involved in the redox process, but it also facilitates elimination of ammonia
from the intermediary gem-diamine (Figure 6.2), i.e. hole works as Lewis acid.201 We concede
that quenching of the photogenerated holes in the reaction of benzylamines coupling, will
suppress elimination of ammonia from the gem-diamine and therefore alter the outcome of the
photocatalytic reaction. In this approach, the formation of diazetidine-1,3 as the product instead
of exclusively imine formation when the reaction is performed in the presence of electron
acceptors was observed.

Figure 6.2. Two paths of benzylamine photocatalytic oxidative coupling: 1) convenient path in the presence of
electron acceptor; 2) developed in this project path of diazetidine-1,3 synthesis.

In the very first experiment, performed dispersing K-PHI in thoroughly degassed solution of
benzylamine in MeCN under blue light irradiation (465 nm) 78% conversion of benzylamine
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along with the formation of the imine (50%) was observed. Careful examination of 1H NMR
spectrum indeed revealed formation of diazetidines-1,3 in 19% yield (Figure 6.3). Due to
significantly different boiling point, diazetidines-1,3 were separated from the imine and
unreacted benzylamine by distillation in vacuum.

Figure 6.3. Oxidation of benzylamine under Ar atmosphere: reaction scheme and 1H NMR spectra of the reaction
mixture after irradiation. Reaction conditions: benzylamine 0.05 mmol; K-PHI 5 mg; MeCN 3 mL; Ar 1 bar;
irradiation with blue LED (λmax=465 nm).

Analysis of the 1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine structure reveals that this
heterocycle can have several diastereomers. In cis-isomer the phenyl rings are located on the
one side from the plane of the four-membered ring, while in trans-isomer – on the opposite
sides (Figure 6.4a). As expected the cis- and trans-diastereomers also have different chemical
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shifts in 1H NMR spectrum. Diastereotopic benzylic protons appear as doublets. Similarly, in
15

N NMR spectrum of the crude reaction mixture obtained using 15N-labeled benzylamine two

signals, 49.8 ppm and 47.6 ppm, corresponding to the diazetidine-1,3 diastereomers were
detected (Figure 6.4b).
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b)
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BA NH3
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Figure 6.4. 1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine cis-/trans- isomers in NMR spectra: a) 1H NMR spectrum
of the diazetidines-1,3 mixture (in CDCl3). Slightly lower intensity of the cis-isomer is due to lower solubility of
this compound compared to the trans-isomer; b) 15N NMR spectrum (in CH3CN) of the reaction mixture using
15

N-benzylamine as the reagent.

As a sequence of different symmetry, cis- and trans-isomers have different physical forms –
one is a solid at room temperature, while another is a liquid. Using this feature, diazetidines
isomers were separated by fractional crystallization from acetonitrile. Chromatography was not
suitable as the diazetidines-1,3 readily decompose on silicagel. C1 and C2 carbon atoms in 13C
NMR spectra of pure 15N2-labeled diazetidines-1,3 appear as doublet of doublets, suggesting
that carbon is clutched between two

15

N atoms (Figure 6.5a). Therefore, NMR spectra

confirmed that diazetidines-1,3 and not diazetidines-1,2 were synthesized. High resolution
mass-spectra (HR-MS) of two diastereomers as well as

15

N2-labeled counterparts are similar

and agree with the calculated mass of these compounds (Figures A13-A16). FT-IR spectra of
both isomers are almost identical except that one isomer shows pronounced peak at 1260 cm-1
(Figure 6.5b). According to the results of the normal mode analysis performed at ωB97X-D//631G(d) level of theory (Table A3), this band is mainly attributed to the asymmetric stretching
vibration in the C2N2 ring in the molecule of cis-isomer (Figure A17). Correlating the
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experimental FT-IR and 1H NMR spectra with the results of modeling, we conclude that cisisomer is a solid at room temperature, while trans-isomer is a liquid.
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Figure 6.5. a)

13

C APT NMR spectrum of cis-diazetidine-1,3 and trans-diazetidine-1,3 in CD3CN. b)

Experimental (FT-IR in neat) and simulated (gas phase) IR spectra of cis- and trans-diazetidine-1,3.

A scope of substrates was extended to 20 amines (Scheme 6.1). Among them only
benzylamines bearing electron withdrawing substituents, i.e. one or several fluorine atoms and
CF3-group, gave the diazetidines-1,3 also as a mixture of cis- and trans-isomers (1:1). Amines
holding electron donating groups gave exclusively imines. These results suggest that electron
withdrawing groups stabilize the intermediate in the reaction path of diazetidines-1,3 synthesis.
The effect of fluorine atoms might also constitute in hydrogen bonding with the hydroxylated
surface of K-PHI that additionally stabilizes the intermediate on the surface of K-PHI.
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Scheme 6.1. Reactivity of substituted benzylamines. Ratio between the diazetidines-1,3 (cis- and trans-isomers),
imine and unreacted amine was calculated from the 1H NMR spectra; a 24 h; b 72 h; c 48 h.
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The gem-diamine I (Figure 6.2) has been postulated as the intermediate in benzylamines
oxidation, but it has not been observed or isolated apparently due to its high reactivity.
However, when geminal amino groups are incorporated into the cycle, the gem-diamine may
be isolated and it was, in fact, suggested as the intermediate in synthesis of diazetidines-1,3.202
In order to further confirm the mechanism of diazetidines-1,3 formation, the following
experiments were performed. Irradiation of the mixture of benzylamine, K-PHI in MeCN in
the presence of different electron acceptors, such as O2,201 S8100 and CHCl3203 gave exclusively
imine, suggesting that holes, when are not quenched, promote the path of imine formation. The
experiment without solvent resulted in 23% benzylamine conversion, while yield of
diazetidines was 15%, suggesting that under the standard conditions residual water in MeCN
(400 ppm) works as an electron acceptor.
On the other hand, addition of different electron donors such as Et3N, benzylalcohol and
triethylamine to N-benzylidene benzylamine did not give the diazetidine-1,3 either, suggesting
that diazetidines are not the products of imine dimerization. Additional experiments employing
2,3-diphenylaziridine, stanic halide complex of phenylmethaneimine SnCl2·(PhCH=NH·HCl)2
did not give the diazetidines, rulling out these compounds as the intermediates.
Screening of different common photocatalysts in the reaction of benzylamine coupling under
Ar revealed that in all these cases the major product is imine. However, semiconductors, such
as different types of carbon nitrides, CdS under blue light and TiO2 under UV irradiation
(λmax=365 nm), gave diazetidines-1,3 in 1-19% yield (Figure 6.5a), while molecular catalysts
did not give diazetidine-1,3.
Using the developed earlier procedure, a number of electrons accumulated in the tested
semiconductors was determined by titration with methylviologen (Figure 6.6b). Thus, Na-PHI
showed comparable capacity (2.74 µmol) to that of K-PHI (2.12 µmol). Other semiconductors,
mpg-CN, TiO2, CdS, and WO3, showed lower but still detectable capacity in IDEAS, 0.080.40 µmol. Reaction mixture containing molecular catalysts, such as Ir(ppy) 3, did not show
solution staining upon addition of MV2+. Therefore, only semiconductors from the tested
catalysts mediate tetramerization of benzylamine.
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Figure 6.6. Mechanistic studies. a) Catalysts screening. Conditions: benzylamine 0.05 mmol; catalyst 5 mg;
MeCN 3 mL; Ar 1 bar; time 24 h; light intensity 51.7±0.03 mW·cm –2 (blue LED). b) IDEAS of chosen
semiconductors.

Given the experimental data, the following mechanism of benzylamines coupling was proposed
(Figure 6.7). The mechanism includes utilizing intrinsic electron storage property of the
semiconductor, exemplified on K-PHI as the most studied semiconducting material in this
regard. Excitation of K-PHI with blue light leads to the formation of the hole and electron.
Quenching of the photogenerated holes by electrons from benzylamine accompanied by H+
transfer leads to the formation of phenylmethaneimine (PhCH=NH) and K-PHI-H2. The
structure of the latter is not completely clear. However, based on the recent reports we conclude
that this material is radical by nature, while H+ are weakly bound and compensate negative
charge. It is supported by distinct signal in EPR spectrum and increased hydrogen content as
evidenced by elemental analysis.204 In addition, Lau et al. showed that addition of Pt
nanoparticles to the material of similar structure leads to the evolution of H 2.205 Release of H2
under such mild conditions in our opinion would not be possible, if hydrogen was covalently
bound to the carbon nitride framework.

Nucleophilic addition of benzylamine to the

phenylmethanimine gives gem-diamine I. This intermediate can undergo two reaction paths.
In the presence of electron acceptors, ‘naked’ holes promote evolution of NH3 and formation
of the imine. However, when the holes are scavenged, two gem-diamine I molecules exist long
enough to undergo dimerization and form one diazetidine-1,3 molecule and two NH3
molecules.
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Figure 6.7. A proposed mechanism of diazetidine-1,3 formation.

diazetidines-1,3 properties
Due to the limited availability, the properties of diazetidine-1,3 are poorly studied. Therefore,
the next step of this project was to investigate basic physico-chemical properties of cisdiazetidine-1,3 and trans-diazetidine-1,3. First, the cyclic voltammetry experiments were
conducted to investigate redox properties of diazetidines-1,3. Similarly to amines, they showed
onset of oxidation current at +0.55 V vs. Ag/AgNO3 (Figure 6.8a). Next, a thermal behavior of
both was investigated. The crystalline cis-isomer melts at +135 oC (Figure 6.8b). Liquid isomer
does not crystallize down to ―150 °C. The structure of the diazetidine-1,3 was preserved after
3 cycles of fast and short-duration heating followed by cooling.

61

a)

0,022
0,020

trans-isomer
cis-isomer

b)

4,0

trans-isomer

3,5

0,018

Heat flow (mW×mg-1)

0,016

I (mA)

0,014
0,012
0,010
0,008
0,006
0,004

3,0
2,5
2,0

cis-isomer

1,5
1,0
0,5

0,002

0,0

0,000
-0,002
-0,6

-0,5
-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

-150

-100

EWE (V) vs. Ag/AgNO3

-50

0

50

100

150

T (oC)

Figure 6.8. a) Cyclic voltammetry and b) differential scanning calorimetry (DSC) of cis-/trans-diazetidine-1,3.

Considering unusual structure of diazetidines, their thermal stability was also investigated.
Surprisingly, both isomers were stable up to 200 oC upon relatively fast heating (5 °C min-1),
but lose 80% of weight at ca. 300 °C (Figure 6.9).
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Figure 6.9. Thermal gravimetric analysis (TGA) of cis-/trans-diazetidine-1,3.

Decomposition pathways of both isomers are similar as supported by a similar set of charged
species registered by TGA-MS (Figures A18-A21, Table A4). Analysis of TGA-MS data
reveals that diazetidines decomposition apparently proceeds via ring-opening followed by
formation of 1) two benzonitirle molecules and two toluene molecules or 2) two
phenylmethanimine molecules and presumably one diphenylacetylene molecule (Scheme 6.2;
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detailed path of diazetidine decomposition with suggested structures of charged intermediates
is sketched in Figure A22).

Scheme 6.2. Paths of diazetidines thermal decomposition.

6.3. Conclusion
In this chapter, K-PHI and a series of other semiconductors were shown to enable
tetramerization of benzylic amines to diazetidines-1,3. Additionally, the properties of hardlyaccessible diazetidines-1,3 have been studied. This reaction has been made possible employing
the intrinsic property of semiconductor materials to accumulate electrons without adding
apparent electron acceptors. The discussed reaction shows that photogenerated holes are
involved not only in redox process, but also act as Lewis acid sites. Given that photocatalysis
strongly relies on using sacrificial electron acceptors, performing the known reaction without
apparent electron acceptors can, in principle, alter the well-explored paths and give molecules
with unexpected properties, such as diazetidines-1,3 prepared herein.
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7. One-pot photocalalytic reductive formylation of
nitroarenes via multielectron transfer by carbon
nitride in functional eutectic medium
7.1. Overview
In the past years, organic semiconductor photocatalysis has made remarkable advances in
developing efficient chemical routes for building complex molecular structures. Until now,
most efforts were focused on optimizing the semiconducting photocatalyst, while solvents were
largely ignored. Deep eutectic solvents (DES) are prepared from abundant, sustainable
resources, which makes them an affordable alternative to ionic liquids.
In this Chapter, a combination of photocatalysis with K-PHI and sustainable media, DESs, is
used to enable a multi-electron reduction of nitro compounds. A series of DESs with adjustable
physico-chemical properties are designed for the use as both reaction medium and electron
donor; by means of two compositions of DES, two pathways for the NO2 group reduction are
proposed – the formylative reduction to N-arylformamides or the reduction to bare anilines.

Figure 7.1. Two variations of reduction of nitro group presented in this Chapter.

This chapter is adapted from my original work: Markushyna, Y.; Völkel, A.; Savateev, A.;
Antonietti, M.; Filonenko, S.: One-pot photocalalytic reductive formylation of nitroarenes via
multielectron transfer by carbon nitride in functional eutectic medium. Journal of Catalysis
380, S. 186 - 194 (2019)
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7.2. Results – Discussion
The eutectic media for this reaction were designed in the way to efficiently conduct
photocatalytic reaction, namely to form colorless transparent liquid as a main requisition for
using visible light, and at the same time to provide reagents necessary for reduction and
subsequent formylation of the substrates. The choice of components was restricted to low
molecular weight compounds, in order to overcome high viscosity intrinsic of the designed
DES, which hinders their practical use. The components are easily reachable from renewable
sources and have a much lower price compared to ionic liquids.
The use of ammonium formate for catalytic reductive formylation of nitroaromatic compounds
is already known.206-208 It is an attractive source of carbon for attaching CO, CHO, or methyl
groups and can be used similarly to formic acid as a sustainable and affordable reducing agent,
easily available as a major product of biomass processing.209-210 Therefore, ammonium formate
as an already low melting hydrogen bond acceptor (HBA) was used and complemented with
the two different hydrogen bond donors (HBDs) - neutral and acidic. The smallest α-hydroxy
acid and glycerol were used expecting to achieve lower viscosity of the mixture and to enlarge
freezing point depletion. In order to evaluate the role of the DES components in the reduction
and formylation reactions, several different eutectic mixtures were prepared, including a
number of blinds (Table 7.1), namely, combining choline chloride with glycolic or formic acid
HBD.
Table 7.1. Composition of the eutectic media and molar ratio of the components.*
Eutectic

HBA

HBD

Molar ratio

DES1

Ammonium formate

glycolic acid

1:1

DES2

Ammonium acetate

glycolic acid

1:1

DES3

Ammonium formate

glycerol

1:1

DES4

Choline chloride

glycolic acid

1:1

DES5

Choline chloride

formic acid

1:2

DES6

Choline chloride

urea

1:2

media

*Eutectic mixtures were prepared by mixing corresponding components at 40°C until a transparent liquid
formed

Ammonium acetate was combined with glycolic acid in order to test the possibility of one-pot
reductive acetylation in the eutectic medium. Choline chloride:formic acid DES5 eutectic
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mixture was prepared to reveal the activity of HCOOH in the photocatalytic reductive
formylation with K-PHI. Conventional choline chloride:urea DES6 was used as a medium for
a blank experiment.
Applicability of the medium to host the reaction largely depends on its physical properties
allowing its practical use for industrial processes. The main physicochemical properties of the
proposed DES were measured and are presented in Table 7.2.
Table 7.2. Physicochemical properties of eutectic media.
Eutectic

Density, g cm-3

Viscosity,

Glass transition

media

(25 °C)

mPas (25 °C)

temperature, °C

DES1

1.32

317.0

-60.3

DES2

1.25

1486.7

-54.1

DES3

1.24

476.2

*

DES4

1.20

-

9.6

DES5

1.16

27.3

*

DES6

1.25211

750212

12213

* No glass transition detected.

As ammonium formate was used as an electron donor before and K-PHI, thanks to IDEAS, can
accumulate up to hundred micromoles of electrons, the combination of such reaction media
and photocatalytic approach is very promising. Therefore, the formed reaction media were
tested for the reduction of nitro group. As DES1, formed from ammonium formate and glycolic
acid, can act as both reducing agent and reaction media, no other electron donor was used. As
a result, a quantitative conversion of nitrotoluene was observed (Table 7.3, entry 1).
Furthermore, the only detected product of reduction was N-(p-tolyl)formamide – derivative of
aniline. The photocatalytic reaction with K-PHI obviously leads to full reduction of nitro group
to amino group and further formylation. This proves the high potential of the designed system
for reduction reactions. Investigation of the reaction conditions through blank reactions proved
that the presence of photocatalyst and light is necessary to conduct the reaction, as no
conversion was observed. (Table 7.3, entries 2-4). The study of the effect of temperature on N(p-tolyl)formamide yield was done as well (Table 7.3, entries 5-8). The higher temperature
resulted in a higher conversion but led to a lower selectivity, which is rather typical for a
photochemical reaction. Therefore, the ambient temperature 30 °C was chosen as an optimal
temperature for this reaction.
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Table 7.3. Reaction conditions optimization of p-nitrotoluene reduction.a

Entry Photocatalyst

Light

Temperature, °C Time, h

Conversion,b%

Yield,c%

1d

K-PHI (5 mg)

465 nm

30

48 h

100

85

2

-

465 nm

30

48 h

0

0

3

K-PHI (5 mg)

-

30

48 h

0

0

4

-

-

80

24 h

0

0

5

K-PHI (5 mg)

465 nm

30

24 h

61

55

6

K-PHI (5 mg)

465 nm

45

24 h

58

52

7

K-PHI (5 mg)

465 nm

60

24 h

88

78

8

K-PHI (5 mg)

465 nm

80

24 h

85

73

9e

K-PHI (5 mg)

465 nm

30

48 h

100

87

10f

K-PHI (5 mg)

465 nm

30

48 h

100

85

11

mpg-CN (5 mg)

465 nm

30

48 h

9

8

12

H-PHI (5 mg)

465 nm

30

48 h

38

35

13

g-CN (5 mg)

465 nm

30

48 h

1

traces

a

nitrotoluene 0.1 mmol; K-PHI 5 mg; DES1 (ammonium formate : glycolic acid) 0.2 mL; T = 25 °C; Ar, LED

module 465 nm; b determined by 1H HMR; c total yield of cis-/trans- isomers determined by 1H HMR; d first
run; e second run; f third run.

Heterogeneous K-PHI can be easily recycled from the reaction mixture and used again. After
three cycles of using the same catalyst no change in the catalyst’s activity was observed (Table
7.3, entries 1, 9-10). In order to compare performance of K-PHI, the reaction with other types
of CN catalysts was carried out. The results showed that reaction with mpg-CN results in only
9% conversion (Table 7.3, entry 11), while H-PHI gives higher conversion of 38% (Table 7.3,
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entry 12), however not reaching the conversion of 100% obtained with K-PHI at the same
conditions. With g-CN catalyst only traces of the product were detected (Table 7.3, entry 13).
It should be mentioned that acid treatment of carbon nitride, as in case of H-PHI, typically
increases surface zeta-potential.214 Taking into account this fact and results from the Table 7.3,
considerably higher performance of K-PHI compared to mpg-CN and H-PHI, these can be
attributed to two factors: 1) electron buffering in the K-PHI and 2) negatively charged
poly(heptazine imide) framework (while K+ compensate the negative charge). Negatively
charged surface of K-PHI is apparently beneficial for improved interaction with the reagent
molecule.
This simple approach was further extended to a scope of nitroarenes presented in Scheme 7.1.

Scheme 7.1. Reduction of nitroarenes to N-arylformamides catalyzed by K-PHI. Conditions: substrate 0.1
mmol; K-PHI 5 mg; DES1 (ammonium formate: glycolic acid) 0.2 mL; T = 30 ˚C; Ar, LED module 465 nm.
Yield and conversion (given in parentheses) determined by 1H HMR. The yields are given for cis-/transisomers.

The proposed method can indeed be used for the reduction of both electronically rich and
electronically poor compounds. Generally, when polar organic solvents are used, substrates
with electron withdrawing groups have lower yields compared to those with electron donating
substitutes.215 Similar tendency is observed in the reactive eutectic media, which is probably
68

due to its polar nature. Overall, it is possible to say that weak electron donating groups, such
as halogens and alkyl substituents, do not have a strong influence on the conversion and yield.
However, in case of a substrate with a strong electron donating group (4methoxynitrobenzene), considerably lower yield of the product was observed, while in
conventional organic solvents it doesn’t have a considerable effect. This peculiar property
probably resulted from specific interactions between the 4-methoxynitrobenzene and
components of DES. Despite the various yields, selectivity towards formylated aniline was
preserved in all substrates.
To take the advantages of the reductive formylation, this reaction medium was used to run in
situ cyclization of the intermediary formamides. As a result, we proposed a method for
synthesis of benzimidazole as shown in Scheme 7.2. In this reaction, three steps are
accomplished in one pot: 1) reduction of nitro group, 2) formylation of NH2 group and 3)
heterocyclization. The product was obtained in 85% yield.

Scheme 7.2. Photocatalytic synthesis of benzimidazole via reductive formylation of 1,2-dinitrobenzene.

To get closer to the mechanism of the reaction, the influence of DES components on the
reaction was investigated. Combinations of ammonium formate and glycolic acid with other
compounds were studied (Table 7.4). Only DES5 (choline chlorid and formic acid) gave Nphenylformamide, however with extremely low 3% yield. Interesting result was found using
ammonium formate and glycerol medium – no N-phenylformamide was detected, but instead
aniline was formed in 86% yield. DES screening data suggest that formate (either anion or
formic acid) is crucial for the reduction of the nitro group, while to formylate the amino group
effectively formic acid is required to be generated in the eutectic media, as most formylating
agents are reactive formyl derivatives generated in situ.
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Table 7.4. Study of the different DES compositions in nitrobenzene reductive formylation.

a

Entry

DES

Yield,%

1

DES1

100

2

DES2

0

3

DES3

0a

4

DES4

0

5

DES5

3

6

DES6

0

The main product is aniline in 86% yield.

The direct selective aniline synthesis is interesting as well. A series of aromatic
nitrocompounds was reduced to aminoderivatives using the ammonium formate: glycerol
DES3 (Scheme 7.3).

Scheme 7.3. Reduction of nitroarenes to anilines catalyzed by K-PHI. Conditions: substrate 0.1 mmol; K-PHI 5
mg; DES3 (ammonium formate: glycerol) 0.2 mL; T = 30 ˚C; Ar, LED module 465 nm. Yield and conversion
(given in parentheses) determined by 1H HMR. a The other product is N-(4-methoxyphenyl)formamide.
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Similarly to formylative amination, the lower conversion of the substrate with a strong electron
donating group (p-methoxynitrobenzene) was observed. Indeed, in all cases higher yields of
the primary amines were obtained. Thus, the direction of the reduction of aromatic nitro
compounds either to N-arylformamidines or anilines was selectively controlled by choice of
the reactive medium.
The mechanism of the nitroarenes photocatalytic formylative reduction is sketched in Scheme
7.4.

Scheme 7.4. The proposed mechanism of the photocatalytic reductive formylation of nitroarenes. A) Overall
reaction equation; B) In situ formation of formic acid; C) Multi-electron photocatalytic reduction of the nitroarene
by K-PHI; D) Formylation of the arylamine.
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The overall equation describing the process is shown in Scheme 7.4a. In the first step, formic
acid is formed reversibly in situ from ammonium formate and glycolic acid (Scheme 7.4b).
The equilibrium is constantly shifted to the right as formic acid is gradually consumed. In the
second step, K-PHI is converted to the excited state K-PHI* by absorbing a photon. Due to
relatively low oxidation potential of formic acid (+0.4 V vs. RHE),216 electron transfer from
formic acid to the K-PHI* leads to the blue radical anion, K-PHI•― appearance. Charging of KPHI is accompanied by decomposition of formic acid that is converted into CO2 and 2H+.
Evolution of CO2 was proved by precipitation of BaCO3 upon bubbling reactor headspace gas
through Ba(OH)2 solution (Figure A23). During the step of K-PHI•― discharging, protons from
the formic acid decomposition and electrons stored in the semiconductor are transferred to the
nitro-compound. The photocatalyst is recovered and aniline is expelled. In the last step, free
formic acid reacts with aniline and gives the corresponding formamide.
As mentioned before, in the proposed reaction system, substrates with electron withdrawing
groups, such as nitrile group, lead to a higher conversion/yield of the reduced product. During
the photocatalytic process, charging of K-PHI as a result of reduction by formed HCOOH to
the radical-anion K-PHI•― occurs faster than the opposite discharging. This leads to
accumulation of negatively charged K-PHI•― species in the reaction mixture. Therefore, the
interactions, such as adsorption on the catalyst’s surface and discharging of the catalyst,
between negatively charged K-PHI•― and lower density substrate occur easier and faster than
with the electron rich substrates.
Only products of the full reduction of nitro group have been detected in the studied reaction.
The main product is formylated amine, while the other detected product is aniline. This also
shows that reduction and formylation are separated processes and occur sequentially. We have
not detected other intermediate reduction products, e.g. diazo-compounds. Given that K-PHI
can store up to 1000 mmol of electrons per one gram of the material by IDEAS (Chapter 4), it
can be concluded that indeed a rather concerted multi-electron reduction takes place.
7.3. Conclusion
In this project, a step forward was done to shift the organic reaction of reduction of nitroarenes
to the demands of green chemistry. Two new eutectic media were designed using affordable
and sustainable components that are able to efficiently host the photocatalytic reaction and
simultaneously provide the reagents for it. Seven N-arylformamides in 17–89% yield and seven
substituted anilines in 64-98% yield were prepared within the developed sustainable approach.
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The high charge storage ability of K-PHI proved to be benefitial for organic synthesis once
again, this time to accomplish a multi-electron reduction of nitro group. Analyzing obtained
data, the following requirements to the DES chemical structure in the reaction of nitro group
formylative reduction can be outlined: 1) DES should be liquid at the reaction temperature (in
this case, 30–80 ˚C); 2) DES should contain formate anion – an effective reductant and
formylating agent; 3) DES should contain acidic HBD, e.g. glycolic acid, to provide access to
formic acid required for the formylation step.
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8. Halogenation of aromatic hydrocarbons by halide
anion oxidation with K-PHI photocatalyst
8.1. Overview
In the previous chapters, most attention was paid to the fascinating ability of semiconductors
to store charges, especially high electron capacity of K-PHI, and its influence on the reaction
outcome. However, another crucial characteristic of semiconductors, the redox potentials of
CB and VB, were not highlighted yet.
In this Chapter, the highly positive VB potential of K-PHI is used to photooxidize halide anions
(Cl―, Br―) in aqueous media to promote oxidative halogenation of electron rich aromatic
compounds. The detailed study of the mechanism will be provided.

Figure 8.1. An overview of the Chapter 8.

This chapter is adapted from my original work: Markushyna, Y.; Teutloff, C.; Kurpil, B.; Cruz,
D.; Lauermann, I.; Zhao, Y.; Antonietti, M.; Savateev, A.: Halogenation of aromatic
hydrocarbons by halide anion oxidation with poly(heptazine imide) photocatalyst. Applied
Catalysis B: Environmental 248, S. 211 - 217 (2019)
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8.2. Results – Discussion
Reaction conditions of photocatalytic chlorination of anisole
Chlorinated and brominated hydrocarbons are a pivot of the chemical industry – they are
important reagents and solvents. From the available methods, oxidative halogenation is
probably the least harmful method to synthesize halogenated hydrocarbons.217 According to
this approach a halide-anion (Cl― or Br―) is oxidized in situ by H2O2 or S2O82― to generate an
electrophilic “Hal+” species, which in turn enable electrophilic halogenation of the aromatic
substrate.
Carbon nitrides have been already applied in H2O2 production upon O2 reduction,218 but the
possibility to couple this reaction on the photooxidation side with oxidative halogenation of
the aromatic compounds was not taken into account. This approach is beneficial compared to
non-photocatalytic version (H2O2/HCl mixture), because H2O2 is generated in situ in micro
quantities right before consumption (and does nor have to be added) and is potentially surfacebound, and still in its activated form. Therefore substrate over-chlorination or over-oxidation
is minimized.219
Hering and König have shown that a multicomponent system including riboflavin tetraacetate
(RFT) as a homogeneous photocatalyst, HCl, O2, 4-methylbenzylalcohol and acetic acid, can
be used to run oxidative chlorination of aromatic compounds under irradiation with
λ=455 nm.219 These conditions were used as a starting point in this project, except that RFT
was replaced by the heterogeneous K-PHI photocatalyst. Indeed, a quantitative conversion of
anisole along with excellent selectivity when benzylalcohol was used as electron/proton donor
was observed (Table 8.1, entry 1). The effect of temperature on the p-chloroanisole yield was
also studied. In the presence of benzyl alcohol and acetic acid, higher yield was obtained at
higher temperature (Table 8.1, entries 4-5). On the other hand, using iPrOH as electron donor
without acetic acid the dependence was opposite – lower yield of chloroanisoles was observed
at higher temperature (Table 8.1, entries 6-8). These results can be explained as follows. Benzyl
alcohol gives more stable radical upon oxidation than iPrOH. Furthermore, under the König’s
conditions acetic acid is converted into peracetic acid, the oxidazing agent, that is more stable
at elevated temperature compared to H2O2 produced under the simplified conditions. Having
these results, further experiments were performed at 30 °C, the optimal temperature for this
process. The other common alcohols, e.g. EtOH and MeOH, were also tested under these
conditions. In these cases, conversion of anisole was lower (Table 8.1, entries 9-12), which can
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be explained by lower stability of the intermediary radical cation formed during the alcohol
oxidation. However, the choice of iPrOH can be justified as an environmentally friendly
reagent as the product of its oxidation is acetone.
Table 8.1. Optimization of reaction conditions of anisole chlorination with electron donor.a

Electron donor

Temperature, °C

Time, h

Conversion,b%

Yield,c%

1

BnOH

30

13

100

97 (1:0.31)

2

BnOH

30

3

47

46 (1:0.39)

3

BnOH

45

3

49

38 (1:0.08)

4

BnOH

60

3

63

61 (1:0.4)

5

BnOH

80

3

66

65 (1:0.37)

6

i

PrOH

30

3

47

46 (1:0.39)

7

i

PrOH

60

3

52

33 (1:0.56)

8

i

PrOH

80

3

0

0

9d

BnOH

30

13

100

98 (1:0.31)

10d

i

PrOH

30

13

93

91 (1:0.41)

11d

EtOH

30

13

66

61 (1:0.35)

12d

MeOH

30

13

80

73 (1:0.38)

Entry

a

conditions: anisole 0.02 mmol; HCl (36 wt.%) 0.1 mL; K-PHI 4mg; acetic acid 0.2 mmol; alcohol 0.12 mmol;

MeCN 0.5 mL; light source 465 nm;
standard;

c

b

determined by 1H NMR using N,N-dimethylaniline as an internal

total yield of o- and p-chloroanisole. The ratio between o- and p-chloroanisole is given in

parentheses. The ratio between isomers was determined by 1H NMR using N,N-dimethylaniline as an internal
standard; d K-PHI 1 mg.
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Because of highly positive VB potential of K-PHI, +2.54 V vs. RHE, Cl― theoretically can be
oxidized to “Cl+” via a two electron process (E0 = +1.36 V) by the photocatalyst itself, without
using auxiliary reagents – acetic acid and alcohol. In this desired case, we really take the
“naked” catalyst and use both photogenerated electron and hole for the reaction. Under these
simplified conditions, 65% conversion of anisole along with the high selectivity after only 12
h was observed (Table 8.2, entry 1). When the amount of K-PHI was increased to 4 mg and the
time of irradiation to 24 h, quantitative conversion of anisole was obtained (entry 2).
Table 8.2. Reaction conditions optimization of anisole chlorination.a

Entry

Photocatalyst

T, °C

Time, h

Conversion,b%

Yield,c%

1

K-PHI (1 mg)

30

12

65

64 (1:0.32)

2d

K-PHI (4 mg)

30

24

100

99 (1:0.31)

3e

K-PHI (4 mg)

30

24

78

75 (1:0.31)

4f

K-PHI (4 mg)

30

24

61

53 (1:0.33)

5g

K-PHI (4 mg)

30

24

39

35 (1:0.35)

6h

K-PHI (4 mg)

30

24

100

99 (1:0.34)

7i

K-PHI (1 mg)

30

13

28

26 (1:0.41)

a

anisole 0.02 mmol; HCl (36 wt.%) 0.1 mL; MeCN 0.5 mL; electron scavenger – O2; LED module

(λmax=465 nm). b determined by 1H HMR using N,N-dimethylaniline as an internal standard; c total yield of o- and
p-chloroanisole. The ratio between p- and o-chloroanisole was determined from 1H NMR spectra and is given in
parentheses. d first run; e second run; f third run; g fourth run; h K-PHI was recovered and washed with KOH;
triethylammonium chloride (TEACl) 0.2 mmol was used as a source of Cl―; H2SO4 (0.2 mmol).

After few cycles of using the same catalyst, an essential drop of activity of K-PHI was
observed. (entries 3-5). The result can be explained by highly acidic reaction conditions that
led to the substitution of potassium by hydrogen. Furthermore, the hypothesis was supported
by Energy Dispersive X-Ray Analysis (EDX). Potassium content in fresh K-PHI was 10.44
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wt.%, while after the photocatalytic reaction it decreased to 0.11 wt.%. Nevertheless, potassium
can be easily and quickly returned into K-PHI structure by treatment of the spent catalyst with
KOH. As suggested by EDX analysis, potassium content in the regenerated sample was 10.07
wt.%, while X-Ray diffraction pattern and FT-IR spectrum of the regenerated sample and the
starting material were identical. The regenerated K-PHI gave the same activity as the fresh
material (entry 6). The experimental data unambiguously indicate the correlation between
potassium content in the photocatalyst and its activity in the oxidative chlorination of anisole
and may be explained as follows. Potassium cations in the structure of K-PHI compensate
negative charge localized at nitrogen atoms. Making comparison with the structures of Nchlorocompounds, e.g. N-chlorosuccineimide, chloranmine-T etc., negatively charged Natoms are essential for chlorine coordination by K-PHI. At the same time, coordination of Cl
atoms by covalent carbon nitrides, i.e. g-CN or H-PHI, is also possible, but obviously less
efficient. Therefore, covalent carbon nitrides are significantly less active in the chlorination
reaction (Table 8.3).
Table 8.3. Photocatalyst screening for chlorination of anisole.a

a

Conversion,b%

Yield,c%

K-PHI

100

99 (1:0.31)

2

Na-PHI

39

35 (1:0.32)

4

H-PHI

46

43 (1:0.33)

5

g-CN

44

42 (1:0.29)

6

Ru(bpy)3Cl2

100

97 (1:0.22)[h]

7

Ir(ppy)3

0

0

8

RFT

0

0

Entry

Photocatalyst

1

anisole 0.02 mmol; HCl (36 wt.%) 0.1 mL; photocatalyst 4 mg, MeCN 0.5 mL; T = 30 °C; electron scavenger –

O2; LED module 465 nm; b determined by 1H HMR using N,N-dimethylaniline as an internal standard; c total yield
of o- and p-chloroanisole. The ratio between p- and o-chloroanisole was determined from 1H NMR spectra and is
given in parentheses.

Under water-free conditions and using triethylammonium chloride (TEACl) as a Cl― source,
anisole gave products of chlorination (Table 8.2, entry 7) too. Nevertheless, an acidic medium
and a solvent stabilized Cl+ are essential to close the reaction path as explained in Figure 8.4.
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For comparison purposes, different forms of carbon nitrides were studied. The obtained data
are presented in Table 8.3. Thus, Na-PHI175 gave chloroanisoles in 35% yield. H-PHI220
produced chloroanisoles with 43% yield. Similarly, g-CN gave chloroanisoles with 42% yield.
Among the investigated homogenous catalysts, only Ru(bpy)3 worked in this reaction, but
recovery of this photocatalyst is still challenging. RFT, without acetic acid and alcohol, did not
furnish any chloroanisoles.
In order to evaluate the effect of H2O2 concentration on the reaction of anisole chlorination, the
experiments using a mixture of H2O2 and HCl were conducted. In this case, conversion of
anisole was 100%, while selectivity of p-chloroanisole was only 6%. The main products were
dichloroanisole (41%) and trichloroanisole (51%). These results underline the advantage of the
photocatalytic approach versus non-photocatalytic.
The structure of the photocatalyst before and after the photocatalytic reaction was investigated
by EDX and X-Ray Photoelectron spectroscopy (XPS) (Figure 8.2).

Figure 8.2. X-Ray Photoelectron spectroscopy (XPS): a) C 1s spectrum of fresh K-PHI, b) N 1 s spectrum of
fresh K-PHI, c) C 1s spectrum of K-PHI after the photochlorination reaction, d) N 1s spectrum of K-PHI after the
photochlorination reaction.
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The results suggest that under the reaction conditions the surface of K-PHI underwent some
chemical changes. Thus, XPS analysis reveals that the surface of the photocatalyst has partially
hydrolyzed as suggested by the appearance of the peak at 291.2 eV in the C 1s spectrum, which
is related to the surface C=O bonds. Similarly, in N 1s spectrum a fraction of NH x groups
observed as a peak at 400.4 eV increased. Possibly, these changes are a result of partial
hydrolysis of K-PHI, in particular C-N=C bonds. Furthermore, EDX analysis revealed that Cl
content in the catalyst increased from 0.7 wt.% to 2.31 wt.% after the reaction.
Presence of Cl in K-PHI after the reaction was also confirmed by XPS analysis (Figure 8.3).
Typically, chlorine bound to carbon atom appears above 200 eV, while peaks at 197.2 eV and
198.7 eV in Cl 2p spectrum are apparently derived from inorganic chlorine, e.g. Cl−.221 All in
all, the structure of K-PHI was subjected to partial hydrolysis during the photocatalytic
chlorination. Nevertheless, these changes are not critical for the photocatalytic activity as can
be concluded from the recycling and regeneration experiments.

Figure 8.3. X-Ray Photoelectron spectroscopy (XPS) of Cl bonds in K-PHI after photochlorination reaction.

Oxidative halogenation of aromatic hydrocarbons catalysed by K-PHI
This very practical approach, using aqueous HCl and O2 as the only reagents, was further
extended to chlorinate electron rich aromatic compounds. A series of chlorinated benzenes was
synthesized under the similar conditions (Scheme 8.1). The reaction went smoothly with the
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substrates bearing strong EDG (electron donating group). With such substrates conversion and
yield were almost quantitative. In case of moderate EDG (acetanilide), the yield and conversion
were moderate. The reaction with weak EDG did not proceed or led to chlorination of the side
chain.

Scheme 8.1. Chlorination of aromatic substrates catalyzed by K-PHI.

a

Substrate 0.02 mmol; HCl (36 wt.%)

0.1 mL; MeCN 0.5 mL; K-PHI 4 mg; electron scavenger – O2; LED module 465 nm; temperature 30 °C; 24 h.
Conversion (given in parentheses) and yield were determined by 1H NMR using N,N-dimethylaniline or anisole
(in case of N,N-dimethylaniline) as an internal standard. b The values obtained when chlorination was performed
according to the method A using alcohol as electron donor. c The ratio between p- and o-chloroanisole. d The ratio
between p- and o-chloro-N,N-dimethylaniline.

e

The ratio between N-(4-chlorophenyl)acetamide and N-(2-

chlorophenyl)acetamide; f the ratio between mono- and dichloro-1,3,5-trimethoxybenzene; g The ratio between diand trichloro-1,2,3-trimethoxybenzene.

The proposed approach of halide anion oxidation was also applied in oxidative bromination
reaction under the photocatalytic conditions using aqueous HBr as Br― source and H+ donor.
The results are summarized in Scheme 8.2. Bromination as well as chlorination worked well
with the substrates bearing strong EDG substituents, such as -OMe, -NMe2, and led to the
quantitative conversion and yield. In case of cresols, weak EDG substituents, the reaction
occurred not only in the aromatic ring but gave also substantial amount of side-chain
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brominated products. Different behavior of cresols compared to the other substrates is
explained by the ability of these molecules to give relatively stable benzyl radicals. Therefore,
the side chain bromination readily proceeds via radical substitution along with electrophilic
substitution at the aromatic ring. According to the mechanism described below, radical
bromination can be promoted by the formed hydrogen peroxide, which is well-known to act as
initiator in radical reactions.

Scheme 8.2. Bromination of aromatic substrates catalyzed by K-PHI. Reaction conditions: substrate 0.02 mmol;
HBr (48 wt.%) 0.1 mL; MeCN 0.5 mL; K-PHI 4 mg; electron scavenger – O2; LED module 465 nm; temperature
30 °C; 24 h. Conversion (given in parentheses) and yield were determined by 1H NMR using N,N-dimethylaniline
or anisole (in case of N,N-dimethylaniline) as an internal standard. a The ratio between mono- and dibromo-1,2,3trimethoxybenzene is given in brackets.

b

The ratio between aryl- and alkyl- substituted p-cresol is given in

brackets.

Given that 97% of all water on Earth is sea water with sodium chloride as a major solute, we
have used for curiosity this abundant resource (a 35 g·L -1 solution of NaCl in water) to run
photocatalytic oxidative chlorination of anisole. Chloroanisoles were indeed formed: 62%
conversion of anisole and 51% yield using NaCl solution as a source of chlorine were achieved.
In accord with the results above, in this case halogenation worked well with the substrates
bearing strong EDG too (Scheme 8.3). It should be mentioned that the yields here were not
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optimized, e.g. by pH variation, as the main purpose was to illustrate the principal possibilities
of the use of NaCl.

Scheme 8.3. Chlorination of aromatic substrates catalyzed by K-PHI with NaCl. Reaction conditions: substrate
0.06 mmol; HCl (36 wt.%) 20 µL; MeCN 5 mL; K-PHI 5 mg; electron scavenger – O2; LED module 465 nm; T
= 30 °C; 24 h. Conversion (given in parentheses) and yield were determined by 1H NMR using N,Ndimethylaniline or anisole (in case of N,N-dimethylaniline) as an internal standard. a The ratio between p- and ochloroanisole.

b

The ratio between p- and o-chloro-N,N-dimethylaniline. c The ratio between 4-chloro and 2-

chlorodimethoxybenzene.

Mechanism of the oxidative photohalogenation reaction with K-PHI
The mechanism of the oxidative halogenation photocatalyzed by K-PHI is sketched in Figure
8.4. Upon excitation with visible light a bound hole-electron pair is formed. At the conduction
band site, O2 being an electron scavenger is reduced to H2O2. As evidenced by the EPR
spectrum in the Figure 8.4a, the intensity of the signal related to the uncoupled electron in the
catalyst in the presence of the hole scavenger (benzyl amine) under irradiation is much intense
and sharper compared to the EPR spectrum in dark.222 This is explained by the formation of
the radical anion of K-PHI in the presence of electron donor. When all components of the
chlorination reaction were mixed together, under the irradiation and in the dark there was no
significant difference between the EPR spectra, proving that in this case O2 from the air acts as
an electron scavenger, while Cl― acts as an electron donor. The formation of H2O2 was
confirmed by its colored complex with Ti(IV), which gave the additional absorption at 400 nm
(Figure 8.4b). The ultimate product of O2 reduction, hydrogen peroxide, reacts readily with the
large excess of water and hydrochloric acid giving a rise to the active electrophilic species
“HOCl” as the chlorinating agent. This “HOCl” subsequently reacts with anisole in an
electrophilic aromatic substitution reaction. At the VB of K-PHI, oxidation of Cl― to Cl+ via a
two-electron process takes place by the photogenerated holes.
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Figure 8.4. A proposed mechanism of electrophilic halogenation via Hal― photooxidation and O2 reduction, both
resulting in the reactive “HOCl” species. Anisole is given as an example. a) EPR spectra of the reaction mixture
(anisole 0.02 mmol, HCl , MeCN ) in dark and under irradiation (465 nm) magnified 10 times; EPR spectrum of
K-PHI in the presence of hole scavenger (benzylamine) under light irradiation (465 nm) b) UV-vis spectra of the
reaction mixture and its complex with Ti(IV) d) active chlorine detection using Quantofix Chlorine test strip. c)
results of the reactions with different quenchers.
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The chloride anion was previously reported as a hole scavenger for both TiO2 and carbon
nitride as the photocatalysts.223-224. Quenching of the potentially surface bound Cl+ by water
under liberation of H+ leads to the active electrophilic “HOCl” species. The presence of active
chlorine was detected by Quantofix Chlorine test strips (Figure 8.4d). The relative stability of
Cl+ species in acidic media can be explained as follows. The formation of active species occurs
not in the solution, but on the surface and in the pores of the material, which might result in the
stabilization of such species by negatively charged surface of K-PHI. Furthermore, the
negatively charged nitrogen atoms in PHI structure might bind Cl+ to form N-Cl bonds as in
common organic reagents, similarly to N-Chlorosuccinimide. The exact structure of the active
species hiding Cl+ remains under debate, and herein, for the convenience of mechanism
explanation, it is denoted as “HOCl”. To prove that formation of “HOCl” occurs via two
different pathways, the reaction in the presence of few quenchers was carried out (Figure 8.4c).
As a result, triethanolamine (TEOA, hole scavenger) and catalase (H2O2 scavenger) did not
affect the product yield, which means that formation of HOCl proceeds by two different
pathways independently: 1) from H2O2 and HCl and 2) quenching Cl2 with H2O.
In agreement with the proposed mechanism is its high selectivity – only mono chlorinated
products were obtained. This implies that the process is electrophilic rather than radical.
Moreover, conversion and selectivity observed with both the original König’s method and
without hole scavenger (benzyl alcohol) are the same, which proves that the reaction proceeds
via formation of the same electrophilic agent. Interesting, when dry 1,4-dioxane saturated with
HCl was used as the solvent and the Cl― source, 1,4-dioxane polychlorination along with
chloroanisoles were detected (Figure 8.5).
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Figure 8.5. Chromatogram of anisole oxidative chlorination performed in 1,4-dioxane saturated with HCl.

This experiment suggests that the presence of water is important to quench Cl+ in situ to give
the electrophilic “HOCl” species rather than reacting with Cl― to give Cl2. The first enters the
electrophilic substitution reaction rather than the radical chlorination reaction typical for Cl 2
under light irradiation.
8.3. Conclusion
In this Chapter, the oxidation potential of K-PHI was shown to be positive enough to oxidize
halogen anions to form electrophilic “HOHal” species under visible light. According to the
mechanism of this reaction, “HOHal” species can be generated along both paths of photoredox
chemistry: 1) quenching of Hal+, the product of Hal― two electron oxidation, by water and 2)
reaction between H2O2, the product of O2 reduction, with HCl. The generated electrophilic
“HOCl” species were employed in oxidative halogenation of electron rich aromatic
compounds. A solution of NaCl in water, seawater mimic, was also demonstrated to serve as a
suitable chlorinating agent. In addition, it was shown that the proposed approach is also
applicable for bromination of aromatic compounds. Potentially, this reaction can also be
expanded to run polyhalogenation of aromatic compounds, if water is replaced by a more
oxidation stable, but ion solvating medium, e.g. ionic liquids.
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9. Chromoselective catalytic synthesis of
sulfonylchlorides and sulfamides
9.1. Overwiev
The main component of photocatalysis is obviously light. Would it not be beneficial to alter
the reaction selectivity by simply changing the light source? The recent trend in photocatalysis,
chromoselective synthesis, offers this unique opportunity. However, the applications are
limited to few examples only.
Sulfur is one of the earliest known elements, and its healing power was known to Greeks since
antiquity. Since sulfanilamide Prontosil (Daniel Bovet was awarded the Nobel Prize in 1957)
became the basis of antibiotics,225 the sulfonamide group is an ever-present motif in
biologically active compounds.226 Analysis of the common synthesis methods reveals that
sulfonyl amide group formation is usually the endpoint of the synthetic route, while other
sulfonyl derivatives, such as sulfonyl chlorides, serve as a main point for derivatization.
In this Chapter, the CN semiconductor K-PHI is used for the synthesis of three different
products from thioacetates and thiols simply varying energy of incident photons maintaining
other conditions identical. Two methods for the synthesis of sulfonyl chlorides of electronically
rich and poor structures are proposed. In addition, the application of the method will be
extended for the direct one-step synthesis of sulfonyl amides.
Sulfochloride and sulfamide synthesis
2nd method

1st method

Chromoselective catalysis
365 nm
535 nm
465 nm

or
625 nm

K-PHI

Figure 9.1. The overview of the results presented in the Chapter 9.
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9.2. Results - Discussion
The intense efforts have been focused on developing of procedures for sulfonyl amides
synthesis and numerous methods have been reported so far.227 A traditional and most common
strategy for the synthesis of complex sulfonyl amides is the addition – elimination process.
Sulfonyl chlorides are the most common substrates in this type of reaction. They react with the
alkyl or aryl amine to form the corresponding sulfonamide (Scheme 9.1).228

Scheme 9.1. Classical route to sulfonamides.

As a result, the difficulties in sulfonyl amides synthesis come not from the sulfonamide
formation step itself, but rather from the synthesis of sulfonyl chlorides. Apart from the
application in sulfonyl amide synthesis, sulfonyl chlorides are also used in common laboratory
practice for synthesis of several other important functional groups including sulfonyl fluorides,
sulfonate esters, sulfones, and sulfinic acids. In photocatalysis, upon one-electron reduction,
sulfonyl chlorides give alkyl- and aryl radicals and are used in organic reactions.229
It is more than important in organic synthesis not only to conduct the reaction, but rather to
provide good selectivity for it. The selectivity is one of the key points in catalysis, when several
reaction paths exist. Among different external stimuli that could be possibly used to change
selectivity of the reaction, photocatalysis possesses a unique one – energy of incident photons.
Several works dedicated to chromoselective catalysis represent an exclusive possibility to tune
the reaction outcome by simply changing the light color.230-232
One of the most common and classic methods for the synthesis of sulfonyl chlorides is
oxidative chlorination of thiocompounds. In this project, as substituted thioacetates are
common substrates for oxidative sulfonylchlorination, S-phenylthioacetate was chosen as a
model compound. Under blue light irradiation, using HCl in water/acetonitrile mixture and O2
as electron acceptor, K-PHI afforded phenylsulfonyl chloride in 93% yield (Table 9.1, entry
1). Analysis of the reaction conditions showed that all the components and light are necessary
to accomplish the reaction (Table 9.1, entries 2-6).
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Table 9.1. Optimization of reaction conditions for phenylsulfonyl chloride synthesis.a

Entry

a

K-PHI

HCl

Light

Atmosphere

Temperature, ˚C

Yield,%

1

4 mg

HCl/H2O

465 nm

O2

25

93

2

-

HCl/H2O

465 nm

O2

25

0

3

4 mg

-

465 nm

O2

25

0

4

4 mg

HCl/H2O

-

O2

25

0

5

4 mg

HCl/H2O

465 nm

Ar

25

0

6b

4 mg

HCl/dioxane

465 nm

O2

25

0

7

4 mg

HCl/H2O

465 nm

O2

25

0

8

4 mg

HCl/H2O

465 nm

O2

45

0

9

4 mg

HCl/H2O

465 nm

O2

60

0

S-Phenylthioacetate 0.035 mmol, K-PHI 4 mg; HCl (36 wt.% in water) 50 μL, H2O 0.2 mL, MeCN 0.5 mL, T =

25 °C, electron scavenger – O2, LED module 465 nm, b HCl in 1,4-dioxane (4 mol·L -1) 0.2 mL.

The study of the temperature effect revealed that under elevated temperatures no formation of
sulfonyl chloride was observed. This might be due to the lower stability of intermediates at
high temperatures. Therefore, all further experiments were carried out at ambient temperature.
With regards to a heterogeneous nature of K-PHI, the semiconductor was recycled after the
reaction. In the second run using the recovered material, the yield of phenylsulfonyl chloride
dropped to 10% (Table 9.2, entry 2). In Chapter 8, it was explained that loss of potassium and
partial hydrolysis takes place under the acidic conditions. Considering zeolite-like nature of KPHI, potassium cations were installed back into the poly(heptazine imide) by treatment with
KOH solution, which led to the recovery of the K-PHI activity (Table 9.2, entry 3). For
comparison purposes, other types of carbon nitrides and several common homogeneous
photoredox complexes were studied in this reaction. Surprisingly, other CN materials and
molecular photoredox complexes led to the recovery of starting phenylthioacetate (Table 9.2,
entries 4-10). Using the same setup the reaction was performed on 1.4 mmol scale (Table 9.2,
entry 11). Furthermore, the utility of the method was proven by the reaction at direct sunlight,
which led to the full conversion of the substrate in only 5 hours (Table 9.2, entry 11).
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Table 9.2. Semiconductors and molecular photoredox complexes screening. a

a

Entry

Material

Light

Time

Conversion,%

Yield,%

1

K-PHI

465 nm

20 h

100

93

2b

K-PHI

465 nm

20 h

15

10

3c

K-PHI

465 nm

20 h

100

91

4

mpg-CN

465 nm

20 h

0

0

5

g-CN

465 nm

20 h

0

0

6

H-PHI

465 nm

20 h

0

0

7

Na-PHI

465 nm

20 h

0

0

8

RFT

465 nm

20 h

0

0

9

Ru(bpy)3Cl2

465 nm

20 h

0

0

10

Ir(ppy)3

465 nm

20 h

0

0

11d

K-PHI

465 nm

20 h

100

90

12e

KPHI

sunlight

4h

100

95

S-Phenylthioacetate 0.035 mmol, photocatalyst 4 mg, HCl (36 wt.% in water) 50 μL, H2O 0.2 mL, MeCN

0.5 mL, T = 25 °C, electron scavenger – O2, LED module 465 nm; b recycled catalyst; c catalyst recovered with
KOH,

d

S-phenylthioacetate 1.4 mmol, K-PHI 4 mg; e S-phenylthioacetate 0.035 mmol, K-PHI 4 mg, HCl (36

wt.%) 0.1 mL, H2O 0.1 mL, MeCN 0.5 mL, T = 25 °C, electron scavenger – O2, sunlight 70 mW·cm -2.

Taking into account reports on chromoselective catalysis by carbon nitrides and molecular
catalysts230,231,232 and multiple reaction paths available for S-phenylthioacetate233,234,235,236
under the redox conditions, the impact of light source wavelength on selectivity of Sarylthioacetates reactivity was explored. For this experiment, three substrates with different
electronic properties were chosen: electron rich 4-methoxyphenylthioacetate, electron deficient
2-trifluorophenylthioacetate and bare phenylthioacetate. The result of the reactions of these
substrates under selected wavelengths is shown in Scheme 9.2.
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ArSO2Cl
Ar2S2
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Scheme 9.2. Chromoselective thioacetate oxidation with K-PHI. Conditions: S-Arylthioacetate 0.035 mmol; KPHI 4 mg; HCl (36 wt.%) 0.1 mL; H2O 0.1 mL; MeCN 0.5 mL; T = 25 °C; electron scavenger – O2; irradiation
with LED of specific wavelength. λmax denotes maximum emission wavelength of the LED declared by the
manufacturer or determined from emission spectra (Figure A30). W stands for LED emitting white light.
Conversion is given for reactions where formation of one substrate was observed.

Regardless of the electronic structure of substrate, under UV light irradiation the major product
was arylchloride. Phenylthioacetate and 2-trifluorophenylthioacetate under white (λ=410-800
nm) and blue light (λmax=465 nm) irradiation gave selectively sulfonyl chlorides, while for
electron rich 4-methoxyphenylthioacetate only blue light was suitable to obtain the
corresponding sulfonyl chloride with 61% yield. Moreover, under white light 4methoxyphenylthioacetate has been converted to the corresponding disulfide. For all
substrates, green (λmax=535 nm) and red (λmax=625 nm) photons resulted in formation of
diaryldisulfides. The light source screening tests suggest that UV light is preferable for the
synthesis of arylchlorides. When synthesis of arylsulfonyl chlorides from arylthioacetates is
the target reaction, blue light works the best for all substrates, while white light – for
electrondeficient ones. Irradiation with red light is preferable for synthesis of diaryldisulfides
from arylthioacetates.
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The proposed method was further used for the synthesis of various aromatic sulfonyl chlorides
using appropriate light source (Scheme 9.3).

Scheme 9.3. Scope of substrates used in oxidative synthesis of sulfonyl chlorides. Conditions: Substrate
0.035 mmol; K-PHI 4 mg; HCl (36 wt.%) 0.1 mL; H2O 0.1 mL; MeCN 0.5 mL; T = 25 °C; electron scavenger –
O2; irradiation with LED module. a irradiation with LED module 465 nm (46,2 mW cm-2); b irradiation with white
LED (139,3 mW cm-2); c irradiation with LED module 465 nm (22,6 mW cm-2); yield and conversion (given in
parentheses) are given in% and were determined by 1H NMR.

The proposed method allows for using different thioderivatives as starting substrates, such as
bare thioles, thioacetates, and isothiouronium salts. Nature of the thioprecursor does not affect
the reaction pathway and the product can be obtained in good yields. For example, phenyl
sulfonyl chloride was synthesized from phenylthiol with 85% yield and from phenylthioacetate
with 93% yield under the same conditions. Analysis of the obtained results showed that
substrates

bearing

electron

withdrawing

groups

(EWG),

such

as

4-

trifluoromethylphenylthioacetate, gave only arylchlorides. As this can be a result of harsh
reaction medium, milder reaction conditions were applied, and therefore less intense source of
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light, the white LED, was used. Indeed, sulfonyl chlorides were obtained with good yields.
Unsubstituted phenylsulfonyl chloride can be obtained under both sources of light with the
same good yields.
Despite synthesis of sulfonyl chlorides is the most challenging on the pathway towards sulfonyl
amides, it would be certainly beneficial to develop a method for the direct synthesis of the latter
in one step. Slightly modifying the described above procedure, this was achieved. Using
NH4Cl, several sulfonyl amides were synthesized, however blue light was required for all
(Scheme 9.4).

Scheme 9.4. Scope of substrates used in oxidative synthesis of sulfonyl amides. Conditions: Substrate
0.035 mmol; K-PHI 4 mg; NH4Cl 10 mg; H2O 0.2 mL; MeCN 0.5 mL; T = 25 °C; electron scavenger – O2;
irradiation with LED module 465 nm (46,2 mW cm-2); yield and conversion (given in parentheses) are given in%
and were determined by 1H NMR.

To extend the scope of sulfonyl chlorides bearing Br-, Cl-, CN- and MeO2C- groups, a strategy
proposed originally for homogeneous Ru-based catalyst was applied.237 After replacing Rucomplex by K-PHI and minor adjustments, a series of functionalized sulfonylchlorides were
obtained from diazonium salts (Scheme 9.5).
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Scheme 9.5. Scope of substrates used in a Meerwein-type synthesis of sulfonyl chlorides. Conditions: substrate
0.025 mmol; K-PHI 4 mg; SOCl2 (19 µL, 0.16 mmol); H 2O (5 µL, 0.28 mmol); MeCN 1 mL; T = 25 °C;
atmosphere – Ar; a CH2Cl2 (1 mL) instead of acetonitrile; yield and conversion (given in parentheses) are given
in% and were determined by 1H NMR

Mechanism discussion
In order to propose the mechanism for the chromoselective transformations of thioacetates,
several experiments were conducted. First, non-photocatalytic transformation of thioacetates
and sulfonyl chlorides should be excluded. Irradiation of S-phenylthioacetate with 365 nm,
465 nm and 523 nm without K-PHI resulted in zero conversion of the substrate suggesting that
chlorobenzene, phenylsulfonylchloride, and disulfide are products of the photocatalytic
process. Irradiation of phenylsulfonylchloride with 365 nm, 465 nm, and 525 nm with and
without K-PHI also gave zero conversion of the substrate, suggesting that chlorobenzene and
diphenyldisulfide did not derive from phenylsulfonylchloride, but the path of formation is
governed by the photon wavelength (Table A9, A10).
A general concept of the proposed mechanism of sulfonyl chlorides synthesis from
thioderivatives is sketched in Figure 9.2. However, a deeper investigation is needed and further
mechanistic studies will be conducted. Absorption of a photon leads to the formation of the
singlet excited state of K-PHI that undergoes singlet-triplet intersystem crossing and followed
by energy transfer produces singlet oxygen (1O2). Earlier it was shown that intraband states in
K-PHI are responsible for the sequential energy transfer and 1O2 sensitization. In the context
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of the discussed sulfonylchloride synthesis, Na-PHI did not give any desired product – indeed
there are no intraband states that could be involved in 1O2 sensitization and otherwise would
be observed as bands in the visible region of the absorption spectrum (Figure A31).

Figure 9.2. Schematic representation of the mechanism of sulfonyl chloride synthesis catalyzed by K-PHI

On the other hand, RFT, Ir(ppy)3, and Ru(bpy)3Cl2 studied in Table 9.1 are known to produce
1

O2. Nevertheless, these compounds did not give any sulfochloride either. Therefore, it can be

concluded that the property of the material to generate 1O2 is compulsory, but not sufficient for
sulfochloride synthesis. The reason for K-PHI being the only active material in the discussed
reaction (Table 9.1) is negatively charged polymeric anion that apparently serves as a
temporary storage for Cl‒ anion oxidation product – Cl+ or other chlorine species in higher
oxidation states. The local structure of the adduct between poly(heptazine imide) anion and
active chlorine might be similar of that of N-chlorosuccinimide (NCS) – a common source of
active chlorine in organic synthesis. Indeed, chemical synthesis of sulfonylchlorides from
phenylthioacetate and NCS has been reported.233
9.3. Conclusions
In this Chapter, the photocatalytic approach was explored for the synthesis of highly useful
organic compounds – sulfonyl amides and their most common precursors – sulfonyl chlorides.
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Indeed, two synthetic methods for the synthesis of aromatic sulfonyl chlorides were developed.
Oxidative halogenation was found to be an appropriate technique for the electron deficient
substrates, whereas sulfochlorination of arene diazonium salts can be used for both electron
rich and electron poor substarates. In addition, the possibility of using the method for direct
synthesis of sulfonyl amides was shown. A unique component of the photocatalytic approach,
light irradiation, allowed for the choromoselective synthesis of different products of
thioacetates oxidation. Indeed, three products can be achieved at the same reaction conditions
using different lights. The high performance and the practical potential of the proposed method
was also shown by reaction at the direct sunlight with a yield of 95% in 5 hours. The further
development of chromoselective transformations might serve as a unique platform for the
synthesis of different compounds under standardized conditions, only varying the wavelengths
of excitation photons. Regarding the chromoselective synthesis with K-PHI presented in this
project, further mechanistic studies must be conducted in order to investigate a potential of
chromoselective approach for another reactions.
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10. Conclusion and Outlook
This thesis is focused on investigation of inherent photocatalytic properties of carbon nitrides
that play a significant role in organic photoredox reactions and broadening the applications of
heterogeneous catalysis in synthetic organic chemistry. A deep understanding of the reaction
outcome – photocatalyst properties connection has been a core of my PhD project.
In the first presented project, the unique semiconductor property to store electrons upon
excitation was investigated. The process was given a name - Illumination-Driven Electrons
Accumulation in Semiconductor (IDEAS) and was examined for carbon nitrides, mpg-CN and
K-PHI. A convenient method for calculation of IDEAS using the reaction of benzylamine
oxidation and a common redox indicator, methylviologen, was proposed. Mechanistic studies
for the photoinduced electron storage in CNs were conducted. They reveal that not only
electrons but also protons are stored in semiconductor to compensate negative charge. The
number of trapped electrons for K-PHI was calculated as high as 957±82 µmol·g –1 under CO2
atmosphere and 701±46 µmol·g –1 under Ar, while for mpg-CN it is only 43±5 µmol·g –1. These
results reveal that other structural properties are more important for the process rather than just
a high surface area.
The role of CO2 in the reaction of benzylamine coupling was investigated in Chapter 5. The
results suggest that upon CO2 quenching, benzylamine forms a more efficient electron donor –
benzylcarbamic acid. This result combined with IDEAS accelerates the reaction compared to
the reaction under Ar atmosphere. Using the proposed method a scope of imines was
synthesised with 72-96% yield. In addition, the present moisture in the solvent and gas stream
was shown to favour imine formation. Therefore, wet streams of CO2 might serve as an
inexpensive alternative to Ar.
Comparing reaction mixture compositions obtained in the reaction under CO2 and Ar
atmospheres, a formation of additional product, diazetidine-1,3, was detected using Ar, while
only imines were achieved under CO2. In Chapter 6, the tetramerization of benzylic amines to
diazetidines-1,3 was studied. While diazetidines-1,3 are quite exotic structures and are not
easily achievable, using the proposed method 10 compounds were synthesized, however,
limited to the substrates with electron deficient substituents. Revising common photocatalysts,
only semiconducting materials were found to be able to catalyze the tetramerization, while
common homogeneous materials led to the formation of imines exclusively. The IDEAS was
investigated for these semiconductors (CdS, TiO2) and calculated to be several times lower
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than for carbon nitrides K-PHI and Na-PHI. Considering the fact that only limited information
available about these compounds, the physical properties of the diazetidines were studied.
Accumulated electrons in carbon nitride K-PHI can be further injected in the present electron
acceptor, working as an “electron pump”. However, charging and discharging of K-PHI have
different kinetics. Due to the high affinity of K-PHI to electrons, electron donor oxidation
happens faster than the subsequent discharging of K-PHI•―. In the presence of suitable electron
donors, this leads to the excessive accumulation of electrons in the material. Multiple electrons
can be further injected in the electron acceptor at ones to accomplish a multi-electron reduction
reaction. In Chapter 7, the multi-electron reduction of nitroarenes was combined with the novel
sustainable media – deep eutectic solvents (DES). In the developed system, DES served as both
reaction media and electron donor. Seven N-arylformamides in 17–89% yield and seven
substituted anilines in 64-98% yield were synthesized within this approach.
Overall, in Chapters 4-7, the intrinsic feature of carbon nitrides to accumulate electrons was
studied from different angles. First, understanding of the IDEAS allowed for the formation of
unique compounds – diazetidines-1,3 that are otherwise unavailable using electron acceptors;
second, allowed for the highly efficient multi-electron reduction, thanks to the boosted kinetics
of electron accumulation.
In the next chapters, the other important property of photocatalyst – redox potentials of VB and
CB – was under scrupulous revision. In Chapter 8, K-PHI was shown to be able for the direct
oxidation of halide anions to accomplish electrophilic halogenation of aromatic ring. The
mechanistic studies revealed that the reaction can occur through two independent pathways,
either through Hal― oxidation or through H2O2 formation by O2 reduction. The proposed
method was used for chlorination, as well as for bromination of eight substrates bearing
electron donating substituents. In addition, NaCl solution, a seawater mimic, was successfully
used for chlorination.
In the last project, a unique component of photocatalytic approach – light – was used as a tool
for changing the selectivity of reaction. The chromoselective synthesis of three different
compounds from S-thiacetates and thiols is presented in Chapter 9. First of all, an oxidative
chlorination was used for the synthesis of sulfonyl chlorides bearing electron withdrawing
substituents with 61 – 98 % yields. The method was extended to the direct synthesis of sulfonyl
amides under blue light irradiation. To accomplish synthesis of sulfonyl chlorides with electron
donating substituents, another method was proposed, namely sulfoclorination of arene
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diazonium salts. Using the same reaction conditions as for oxidative chlorination only varying
the irradiation wavelength, two other compounds can be synthesized form the same starting
material. Under irradiation with 365 nm and 410 nm LED, the selectivity of the reaction was
shifted towards formation of aryl chlorides. Irradiation with 465 nm and white (410-800 nm)
LED leads to the formation of sulfonyl chlorides, while with 535 nm and 625 nm LED – to the
disulfides. Furthermore, the high performance and potential for practical use of the method was
shown through the reaction under direct sunlight with a pronounced yield of 95% in 5 hours.
All in all, this thesis presents the possibilities of carbon nitrides materials beyond broadly
investigated environmental applications, such as water splitting, CO2 conversion and
wastewater treatment. In this thesis, carbon nitrides are revised from the point of rather
common laboratory use than large-scale applications, however not excluding the last. Indeed,
CNs were shown to be able to catalyze several challenging reactions from the synthetic organic
chemistry, such as synthesis of imines, diazetidines-1,3, halogenated arenes, aromatic sulfonyl
chlorides and amides. The photocatalytic approach allows for using, first of all, mild
conditions, which is one of the most important requirements for the selective synthesis.
Selective synthesis, in turn, is one of the key problems in organic chemistry, where commonly
more than one path for transformation exists. Indeed, selective transformations were achieved
in all presented projects. Photocatalysts in general and carbon nitrides in special are very
diverse materials with different physico-chemical properties and, what is more important, with
broad possibilities for modification. The application of materials out of established protocols
allows for studying the material from various prospections, sometimes revealing new
properties and potential use where not expected. Therefore, the interdisciplinary approach for
the investigation of heterogeneous catalysis, better understanding of material property –
photocatalytic effect connections, will undoubtedly lead to the design of novel efficient
materials with desired properties that will allow for selective environmentally benign methods
in chemistry, including organic synthesis.
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11. Appendix
11.1 List of abbreviations
AC-HRTEM
BA
BET
BG
CB
CN
DES
DHPIQ
DMA
DMSO
DSC
EA
ED
EDG
EDX
EPR
e–/h
EWG
EY
FT-IR
GC-MS
GC-TCD
g-CN
Hal
HOMO
HR-MS
HBA
HBD
H-PHI
IDEAS
K-PHI
LED
LUMO
Me
MeOH
MeCN
MV
MOF
mpg-CN

Aberration corrected high resolution transmission electron microscopy
Benzyl amine
Brunauer-Emmett-Teller
Band gap
Conduction band
Carbon nitride
Deep eutectic solvent
Dihydropyrroloisoquinolines
Dimethylacetamide
Dimethyl sulfoxide
Differential scanning calorimetry
Electron acceptor
Electron donor
Electron donating group
Energy Dispersive X-Ray
Electron paramagnetic resonance
Electron-hole
Electron withdrawing group
Eosin Y
Fourier-transform infrared spectroscopy
Gas chromatography-mass spectrometry
Gas chromatograhpy with thermal conductivity detector
Graphitic carbon nitride
Halogen
Highest occupied molecular orbital
High resolution mass-spectra
Hydrogen bond acceptor
Hydrogen bond donor
poly(heptazine imide)
Illumination-Driven Electrons Accumulation in Semiconductor
Potassium poly(heptazine imide)
Light-emitting diode
Lowest unoccupied molecular orbital
Methyl
Methanol
Acetonitrile
Methylviologen
Metal-organic framework
Mesoporous graphitic carbon nitride
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NHE
NCS
NMR
Na-PHI
PC
RHE
PXRD
RFT
SCE
SET
SHE
SMBR
SPR
TEOA
THF
THIQ
TGA-MS
TEM
TOF
TON
UV
VB
XPS

Normal hydrogen electrod
N-chlorosuccinimide
Nuclear magnetic resonance
Sodium poly(heptazine imide)
Photocatalyst
Reversible hydrogen electrode
Powder X-Ray diffraction
Riboflavin tetraacetate
Saturated calomel electrode
Single-electron transfer
Standard hydrogen electrode
Serial micro-batch photoreator
Surface plasmon resonance
Triethanolamine
Tetrahydrofuran
Tetrahydroisoquinoline
Thermogravimetric analysis –mass spectrometry
Transmission electron microscopy
Turnover frequency
Turnover number
Ultraviolet
Valence band
X-Ray Photoelectron spectroscopy
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11.2. Materials
(R)-(+)-α-methylbenzylamine (98%, Sigma Aldrich), (15N)benzylamine (98 atom% 15N, Sigma
Aldrich),

(1S,2R)-(+)-2-Amino-1,2-diphenylethanol

(99%,

Sigma

Aldrich),

(Ir[dF(CF3)ppy]2(dtbpy))PF6 (Sigma Aldrich), (S)-(−)-α-methylbenzylamine (99%, Sigma
Aldrich), 1,2,3,4-tetrahydroquinoline

(≥95%, TCI), 1,2-Dinitrobenzene (99%, Sigma

Aldrich), 1,3-dimethoxybenzene (≥98%, Sigma Aldrich), 1-Bromo-3-nitrobenzene (97%,
Sigma Aldrich), 1-Chloro-4-nitrobenzene (99%, Sigma Aldrich), 1-Fluoro-4-nitrobenzene
(99%,

Sigma

Aldrich),

2-(Aminomethyl)furan

(99%,

Sigma

Aldrich),

2,3-

difluorobenzylamine (97%, Alfa Aesar), 2,4-difluorobenzylamine (98%, TCI), 2,6difluorobenzylamine

(97%,

Alfa

Aesar),

2-fluorobenzylamine

(98%,

TCI),

2-

methylbenzylamine (98%, Alfa Aesar), 2-trifluoromethylbenzylamine (98%, Alfa Aesar), 2trifluoromethylthiophenole (≥95%, Maybridge), 3-methylbenzylamine (98%, Acros Organics),
4-Aminobenzylamine (98%, ACROS Organics), 4-fluorobenzylamine (98%, TCI), 4Hydroxybenzylamine (Sigma Aldrich), 4-methoxybenzylamine (98%, Acros Organics), 4methoxythiophenole (98%, Acros Organics), 4-methylbenzylamine (98%, Acros Organics), 4Nitroanisole (99%, ACROS Organics), 4-nitrobenzene thiol (≥95%, TCI), 4-Nitrobenzonitrile
(97%, Sigma Aldrich), 4-nitrotoluene (99%, Sigma Aldrich), 4-Trifluoromethyl)benzylamine
(98%, Alfa Aesar), 4-trifluoromethylbenzylchloride (98%, Alfa Aesar), Acetonitrile (≥99.8%,
Sigma Aldrich), acetonitrile-d3 (99.8 atom% D, Sigma Aldrich), acetyl chloride (≥98%, Sigma
Aldrich), Acridine orange (90%, Sigma Aldrich), ammonium acetate (98%, Sigma Aldrich),
ammonium formate (98%, AnalaR NORMAPUR), anisole (≥99%, Sigma Aldrich), argon 5.0
(99.999%, water content 3 vol. ppm), Benzonitrile (98%, Fluka), benzyl alcohol (≥99%, Sigma
Aldrich), benzyl chloride (99%, Sigma Aldrich), benzylamine (99%, Sigma Aldrich),
Cadmium sulfide (98%, Sigma Aldrich), carbon dioxide (99.5%, water content 67 vol. ppm),
chloroform-d (99.8 atom% D, Sigma Aldrich), choline chloride (98%, Acros Organics),
dichloromethane (≥99.9%, Sigma Aldrich), Diisopropyl azodicarboxylate (94%, Acros
Organics), Eosin Y (99%, Sigma Aldrich), ethanol (99.8%, Sigma Aldrich), Fluorescein
(Ph.Eur., Sigma Aldrich), Fukuzumi dye (Sigma Aldrich), glycerol (99%, Fluca BioChemika),
glycolic acid (98%, Alfa Aesar), HCl (37 wt.%, Carl-Roth), HCl in 1,4-dioxane (4 mol·L-1,
TCI), Hydrogen chloride in diethyl ether (2N solution, Acros Organics), methyl viologen
dichloride hydrate (98%, Sigma Aldrich), N,N-dimethylaniline (99%, Sigma Aldrich), Nchlorosuccinimide (≥98%, TCI), nitrobenzene (99%, Sigma Aldrich), N-phenylacetanide
(99%, Across Organic), o-chloroanisole (98%, Sigma Aldrich), p-chloroanisole (99.5%, Dr.
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Ehrenstorfer GmbH), p-Xylylenediamine (99%, Sigma Aldrich), Rhodamin B (≥95%, Sigma
Aldrich), Riboflavin (pharma grade, AppliChem), sodium sulphate (≥99%, Sigma Aldrich), Sphenylthioacetate (≥98%, Alfa Aesar), thionyl chloride (≥99%, Sigma Aldrich), thiophenol
(97%, Sigma Aldrich), Tin(II) chloride (98%, Alfa Aesar), Titanium dioxide (99,98%, Sigma
Aldrich), Triethylamine (99,5%, Sigma Aldrich), Triphenylphosphine (99%, Acros Organics),
Tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate (99,95%, Sigma Aldrich), Tris[2phenylpyridinato-C2,N]iridium(III) (99%, Sigma Aldrich), Tungsten(VI) oxide (99,8%, Sigma
Aldrich), urea (98%, Sigma Aldrich).
Light source was a LED module composed of 10 × 10 LED units. The screw-capped tubes
(total volume 5 mL) were used to perform photocatalytic experiments. Emission spectrum of
the blue LED: λ = 461(58) nm and transmittance of the tube is shown on the Figure A1.

Figure A1. Photoreactor tube used in the photocatalytic experiments (left). Emission spectrum of the LED
module (filled) and transmission of the glass tube used for photocatalytic tests (black line) (right).

11.3 Characterization methods
Nuclear magnetic resonance spectroscopy (NMR). Spectra were recorded at ambient
temperature on Agilent 400 MHz (at 400 MHz for Protons, 101 MHz for Carbon-13 and
41 MHz for Nitrogen-15). Chemical shifts are reported in ppm versus solvent residual peak:
CDCl3 - 7.26 ppm in 1H NMR, 77.16 ppm in 13C NMR; CD3CN – 1.94 ppm in 1H NMR, 1.32,
118.26 ppm in 13C NMR, 44.76 ppm in 15N NMR; D2O – 4.79 ppm in 1H NMR; DMSO – 2.50
103

ppm in 1H NMR, 39.52 in

13

C NMR). NMR spectroscopy is a non-destructive technique to

analyse the composition of the mixtures, to determine purity of the sample and chemical
structure of the analysed compound. The principle of the method relies on a nuclear spin of
elemental isotopes. The most common isotopes are 1H, 13C, 19F, 15N, 31P that have a nuclear
spin of ½.
Gas chromatography-mass spectrometry (GC-MS). GC-MS of samples were measured using
an Agilent 6890 Network GC System coupled with Agilent 5975 Inert Mass Selective detector
(electron ionization) and a capillary column (HP-5MS, 30 m, 0.25 mm, 0.25 micron). GC-MS
is an analytical technique used to identify and quantify different substances in the test sample.
The method is used for analysis of volatile compounds only as the sample is first volatized in
gas chromatograph. After the column, components are ionized and accelerated. As a result,
ions are separated based on the mass-to-charge (m/z) ratios. Sensitivity of the method is very
high as it allows to identify even trace amounts of substance and therefore, is a highly useful
technique for investigation of purity of the sample.
High-resolution mass spectral (HR-MS) data were obtained using Waters XEVO G2-XS
QTOF with Aquity H-Class (HPLC). The application of the method is the same as of GC/LCMS, but it requires the use of specialized instrumentation, such as high resolution column and
high resolution mass spectrometer. The method is used to improve identification of targeted
compound, determining its exact molar mass upon isotope dilution.
Fourier transform infrared (FT-IR) spectra were recorded on Thermo Scientific Nicolet iD5
spectrometer equipped with an attenuated total reflection unit with diamond applying a
resolution of 4 cm-1. FT-IR is a vibrational spectroscopic technique that allows for qualitative
analysis of samples as it is used to identify functional groups in compounds. The principle of
the method relies on the asymmetric molecular stretching, vibration, and rotation of chemical
bonds under IR irradiation.
Powder X-Ray diffraction (PXRD) patterns were measured on a Bruker D8 Advance
diffractometer equipped with a scintillation counter detector with CuKα radiation (λ = 0.15418
nm) applying 2θ step size of 0.05° and counting time of 3 s per step. All reference patterns are
taken from the database ICDD PDF-4+ (2012 and 2013 edition). XRD provides information
about the structure of the crystalline materials. Diffraction peaks in XRD pattern are directly
related to the atomic distances in the crystal structure. The position of the diffraction peaks is
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determined by the distance between the parallel planes of atoms. Bragg’s law describes the
diffraction of the wavelength:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃),
where θ is a diffraction angle of the X-ray beam, d is a distance between planes, and n is the
order of diffraction.
Nitrogen adsorption/desorption measurements were performed after degassing the samples at
150 °C for 20 hours using a Quantachrome Quadrasorb SI-MP porosimeter at 77.4 K. The
specific surface area was calculated by applying the Brunauer-Emmett-Teller (BET) model to
adsorption isotherms for 0.05 < p/p0 < 0.3 using the QuadraWin 5.11 software package.
Method involves the adsorption of the gaseous nitrogen by the material at different pressures.
The volume of adsorbed gas is recorded and the information is processed based on
mathematical models. The method provides information about the surface area of the sample
and its pores size distribution.
High resolution transmission electron microscopy (HR-TEM). The measurements were
acquired using a double-corrected Jeol ARM200F, equipped with a cold field emission gun
and a Gatan GIF Quantum. The used acceleration voltage was 200 kV and the emission was
set to 10 µA in order to reduce beam damage. In the TEM microscope, an electron beam of
wavelengths in the order of picometers is generated and transmitted through the sample. These
small wavelengths allow to study the sample on a nanoscale range and to visualize the sample’s
morphology, for example, on a fluorescent screen.
Scanning electron microscopy (SEM) images were obtained on a LEO 1550-Gemini
microscope. Shimadzu UV 2600 was used to reveal the optical absorbance spectra of powders.
Energy disperse X-ray (EDX) analysis and morphology observation by scanning electron
microscope (SEM) were performed on JSM-7500F (JEOL) equipped with an Oxford
Instruments X-MAX80 mm2 detector. Similarly to TEM, method employs an electron beam.
However, electrons scattered back from the sample are recordered, while in TEM, electrons
that pass through are detected. Obtained images give information about the samples structure.
Electron paramagnetic resonance (EPR) spectra at X-band (9 GHz) and room temperature
were recorded on a lab-built spectrometer comprised of an ER041 MR microwave bridge with
4122 SHQE probe head, AEG electromagnet controlled by ER081S/BH15 power
supply/controller (Bruker Biospin, Karlsruhe, Germany), a SR810 lock-in amplifier (Stanford
Research Systems, USA), and a 53181A frequency counter (Agilent Technologies, USA).
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N@C60 was used as g-standard for magnetic field calibration.238 The concept of EPR is similar
to NMR, but electron spins instead of nuclear are excited. The technic is useful for qualitative
and quantitative analysis of metal complexes and organic radicals. EPR is a useful technique
for investigation of reaction mechanisms that include formation of radicals. EPR is also used
to investigate electronic properties of intermediates, which is essential for understanding their
reactivity.
X-ray photoelectron spectroscopy (XPS) measurements were carried out in an ultrahigh
vacuum (UHV) spectrometer equipped with a VSW Class WA hemispherical electron
analyzer. A dual anode Al Kα X-ray source (1486.6 eV) was used as incident radiation. Survey
and high resolution spectra were recorded in constant pass energy mode (44 and 22 eV,
respectively). During the UPS (He I excitation energy hν=21.23 eV) measurements a bias of
15.32 V was applied to the sample, in order to avoid interference of the spectrometer threshold
in the UP spectra. The values of the valence band maximum (VBM) are determined by fitting
a straight line into the leading edge.
The XPS measurements in Chapter 7 were performed at the CISSY setup. Mg-Kα-irradiation
with an energy of 1253.6 eV was used for excitation. Photoelectrons were analyzed with a VG
CLAM 4 hemispherical analyzer. The energy calibration was performed using the Au4f7/2
line, which was set to a binding energy of 84 eV.
XPS provides qualitative and quantitative information about the surface composition of the
sample, as a typical analysis depth is less than 5 nm. In XPS, electrons from the inner shell of
the atom (core electrons) are investigated. The method gives information about elemental
composition, density of electronic states, chemical and electronic state of the elements in the
studied material.
Ultraviolet-visible

(UV-Vis)

spectroscopy

was

performed

on

a

Shimadzu

UV

2600spectrometer equipped with an integrating sphere. Method provides information about
optical and electronic properties of material through the light absorption ability. Band gaps of
semiconductors can be calculated via Tauc plots.
UV-vis absorption spectra of MV•+ in MeCN were recorded using T-70 spectrometer.
Light intensity of the LED module was measured by PM400 Optical Power and Energy Meter
equipped with the integrating sphere S142C and purchased from Thorlabs.
Elemental analysis was accomplished as combustion analysis using a Vario Micro device.
Method allows to identify the elemental ratios of C, N, H, and S atoms in a sample. The sample
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is combusted in oxygen atmosphere and gaseous products formed upon decomposition are
analysed.
Photoluminescent (PL) emission spectra were recorded on Jasco FP-8300 fluorescence
spectrometer equipped with integrating sphere. Method gives information about optical and
electronic properties of the studied compound. Under excitation with the beam of light ( for
example, 360 nm) electrons in the material are excited to the higher energy level and then relax
to the ground energy level emitting light, usually visible light. The method is useful to
determine excitonic properties and recombination rates in semiconductors.
Thermogravimetric analysis – mass specrroscopy (TGA-MS) was recorded using a thermo
microbalance TG 209 F1 Libra (Netzsch, Selb, Germany) coupled with a Thermostar Mass
spectrometer (Pfeiffer Vacuum; Asslar/Germany) with a ionization energy of 75 eV. The
method is used to measure the change in mass of a sample upon heating with a defined rate and
at the same time gives qualitative information on the evolved products.
Gas chromatograms with thermal conductivity detector (GC-TCD) were collected using
Agilent Technologies 7890B gas chromatography system equipped with a thermal conductivity
detector (TCD). Method allowed for analysis of the gas produced during the photocatalytic
experiment. The separation of the gaseous species was performed with an Agilent select
permanent gases/CO2 capillary column set. The latter was consisting of two parallel columns
that combine CP Molsive 5 Å for permanent gas analysis, and CP PoraBOnD Q for CO 2
analysis. The detector and oven temperatures used were 200 and 45 °C, respectively. Ar was
used as a carrier phase with a flow rate of 14 mL min−1. The injection was performed with a
250-μL gas-tight syringe from SGE Analytical Science. A calibration gas consisting of 20%
CO2, 5% CO, 5% CH4, 2% H2, and 1% C2H6 mixed in Ar, injected in known volumes, was
used to obtain the calibration curve that allowed the quantification of the gas products.
High-performance liquid chromatography (HPLC) of samples from Chapter 5 was performed
using an Agilent 1100 Series HPLC System, fitted with a refractive index detector (RID).
Samples were prepared by filtration of the liquid phase with 200 nm Nylon filters to remove
solid K-PHI particles and by subsequent dilution of 0.1 mL of the MeCN phase with 0.4 mL
of mQ-H2O. For methanol detection, a Rezex ROA-Organic Acid H+ (8%) column from
Phenomenex, heated to 70 °C, was used. The eluent was 5 mM sulphuric acid, with isocratic
elution at 0.4 mL/min. The run time was 40 min per sample.
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Electrochemical measurements were performed in three electrode cell equipped with the Ar
inlet and magnetic stir bar using Biologic potentiostat to control the potential of the working
electrode (WE) and EC-Lab v. 10.40 software for data logging. Glassy carbon (diameter 3 mm)
was used as a WE, Ag wire in AgNO3 (0.01M) with tetrabutylammonium perchlorate (0.1M)
in MeCN as a reference electrode (RE), Pt wire as a counter electrode. Measurements were
performed at room temperature (20-25 °C). A solution of tetrabutylammonium perchlorate
(0.1M) in MeCN was used as electrolyte. Electrochemical cell was filled with the electrolyte
(10 mL). Solution was stirred while dry argon was passed through the solution for ca. 10 min
at the rate ca. 5 mL·min -1. Cycling voltammetry (CV) curves were acquired after every 2-3 min
in order to confirm absence of the redox peak related to the O2/O2•― redox couple centred at
ca. −1.19 V vs. RE. CV measurements were performed without stirring, while flow of argon
was by-passed above the solution. When no apparent redox peaks at ca. −1.19 V vs. RE were
observed, analyte (20 µmol) was added to the electrolyte. The mixture was briefly stirred in
order to dissolve the compound. The electrochemical cell was placed into the grounded
Faraday’s cage. CV curves were acquired scanning continuously the region from 0 V to +2 V,
from +2 V to −2 V and back from −2 V to 0 V. Typically 3 scans were acquired. The scanning
rate was 50 mV·s -1. After the CV measurement was finished, ferrocene (3.72 mg, 20 µmol)
was added to the electrolyte. The solution was stirred for ca. 2 min in order to completely
dissolve ferrocene. CV measurements were repeated scanning the region from +0.5 V to
−0.5 V at the scanning rate 50 mV·s -1. The potential of the WE was then recalculated using the
equation:
𝑈𝑐𝑜𝑟𝑟 = 𝑈𝑊𝐸 − 𝐸𝐹𝑐/𝐹𝑐 + = 𝑈𝑊𝐸 − 𝐸𝐹𝑐/𝐹𝑐 +
where UWE – potential of the WE versus RE, V; 𝐸𝐹𝑐/𝐹𝑐 + – the redox potential of the Fc/Fc+
couple versus the RE. Determined as an average between reduction and oxidation peaks of the
Fc/Fc+, V.
11.4. Synthesis of photocatalysts
mpg-CN preparation
mpg-CN was prepared according to the procedure described in literature.151 Cyanamide (3.0 g)
and Ludox HS-40 (7.5 g) were mixed in a 10 mL glass vial. The mixture was stirred at room
temperature for 30 min until cyanamide has completely dissolved. The resultant solution was
stirred at +60°C for 16 h until water has completely evaporated. The magnetic stirrer bar was
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removed and white solid was transferred to the porcelain crucible and heated under N2 flow in
the oven. The temperature was increased from room temperature to 550 °C within 4 h and
maintained at 550°C for 4 h. The crucible was spontaneously cooled to room temperature. The
solid from the crucible was briefly grinded in the mortar and transferred to the polypropylene
bottle. A solution of (NH4)HF2 (0.24 g·mL –1, 50 mL) was added and suspension was stirred at
room temperature for 24 h. The solid was filtered, thoroughly washed with water, once with
ethanol and dried in vacuum (55°C, 20 mbar) overnight.
g-CN preparation
g- CN was prepared according to the following procedure. Dicyandiamide (15 g) was heated
to 600 °C with a ramp 2.4 °C under N2 flow. After cooling to room temperature, solid was
finely ground in mortar.
H-PHI preparation
H-PHI was prepared according to the following procedure. A suspension of K-PHI
(408 mg) in HCl (18 mL, 0.1 M) was stirred at room temperature for 24 h. The suspension was
subjected to centrifugation (13000 rpm, 10 min). Supernatant layer was decanted and deionized
water (2 mL) was added to the solid. The solid was dispersed by vortex mixer and centrifuged
(13000 rpm, 10 min) again. Supernatant layer was decanted and washing procedure was
repeated in total 7 times until suspension pH 7. The solid was dried in vacuum overnight.
K-PHI preparation
K-PHI was synthesized according to a previously described procedure.239 A mixture of lithium
chloride (3.71 g), potassium chloride (4.54 g) and 5-aminotetrazole (1.65 g) was ground in ball
mill for 5 min at the shaking rate 25 s–1. Reaction mixtures were transferred into porcelain
crucibles and covered with lids. Crucibles were placed in the oven and heated under constant
nitrogen flow (15 L·min –1) and atmospheric pressure at a following temperature regime:
heating from room temperature to 550 °C for 4 hours, annealing at 550 °C for 4 hours. After
completion of the heating program, the crucibles were allowed to cool slowly to room
temperature under nitrogen flow. The crude products were removed from the crucibles, washed
with deionized water (100 mL) for 3 hours in order to remove salts, then filtered, extensively
washed with deionized water and dried in a vacuum oven (20 mbar) at 50 °C for 15 h.
K-PHI was characterized by different techniques and the summary is given in Figures A2,
A3.240 The number and position of diffraction peaks in the PXRD pattern are identical to the
ones reported earlier.241,242 The valence band maximum in K-PHI determined by ultraviolet
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photoelectron spectroscopy (UPS) is located at ~2.5 V (Figure A2e). K-PHI has a main onset
of absorption at 460 nm related to π-π* transitions and a band of lower intensity with the edge
at 650 nm (n-π* transitions) (Figure A2f). Using the π-π* band as responsible for the
photocatalytic activity optical band gap of 2.72 eV was determined. K-PHI shows maximum
of fluorescence at ~500 nm upon sample excitation with 350 nm (Figure A2g). K-PHI does not
possess distinct porosity as evidenced by the N2 sorption isotherm (Figure A2h). The specific
surface area is 89 m2·g –1. FT-IR shows peaks typical for K-PHI and carbon nitrides in general:
800 cm–1 (heptazine out-of-plane bending), 916 cm–1, 985 cm–1 (symmetric vibrations of the
metal–NC2 moiety), 1116 cm–1-1390 cm–1 (C-O stretch), 1574 cm–1 (secondary amine N-H
bend), 1653 cm–1 (primary amine N-H bend), 2184 cm–1 (nitrile stretch), 2500-3600 cm–1 (NH stretch) (Figure A2i).243 In water K-PHI falls into particles from ca. 50 to 200 nm in diameter
with the average size 94 nm (Figure A2j). The ordered structure of the catalyst is readily
observed in the high resolution transmission electron microscopy (HR-TEM) image of K-PHI
(Figure A2l). Relaxation of the excited state via radiative path occurs within 0.66 ns (Figure
A3).

Figure A3. Time-resolved fluorescence spectrum of K-PHI particles suspension in degassed MeCN excited with
405 nm.
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Figure A2. K-PHI characterization. a) PXRD pattern of K-PHI; b) XPS C 1s and K 2p spectra of K-PHI; c) XPS
N 1s spectrum of K-PHI; d) XPS O 1s spectrum of K-PHI; e) UPS spectrum of K-PHI; f) UV-vis absorption
spectrum of K-PHI with Tauc plot as inset assuming that K-PHI is a direct semiconductor; g) PL spectrum of KPHI obtained upon excitation with 350 nm; h) N2 sorption isotherm measured at 77 K. BET surface area; i) FTIR spectrum of K-PHI; j) Dynamic light scattering (DLS) analysis of K-PHI suspension in water; k) representative
SEM image of K-PHI photocatalyst. Scale bar 200 nm; l) AC-HRTEM image of K-PHI photocatalyst. Scale bar
20 nm.

Pt@K-PHI preparation
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To the suspension of KPHI (300 mg) in ethanol (70 mL) NaBH4 (12 mg) was added. After 5
min, 8% solution of chloroplatinic acid in water (78 µL) diluted with water (50 mL) was added
dropwise. The mixture was stirred for 30 min and additional portion of NaBH4 (12 mg) was
added. After stirring for 30 min, catalysts was separated by centrifugation, washed 3 times with
water (10 mL) and dried.
Na-PHI preparation
Na-PHI was prepared according to the literature procedure.
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Melamine (1 g) was

grinded with NaCl (10 g). Reaction mixture was transferred into a porcelain crucible and
covered with lid. Crucible was placed in the oven and heated under constant nitrogen flow (15
L·min –1) to 600 °C with a heating rate of 2.3 °C/min, held at 600 °C for 4 hours, then allowed
to cool down. The crude product was removed from the crucible, washed with deionized water
(100 mL), isolated by filtration, then thoroughly washed with deionized water on the filter (100
mL) and dried in a vacuum oven at 50 °C for 15 h.
RFT synthesis
RFT was prepared according to the following procedure. Riboflavin (0.5 g) was suspended in
a mixture of acetic acid (20 mL) and acetic anhydride (20 mL). To the mixture HClO 4 (70%,
0.1 mL) was added dropwise and the resulting mixture was stirred at 40 °C for 1h. After
cooling, water (40 mL) was added and mixture was extracted with CH2Cl2 (4 times, 50 mL).
Organic layer was washed with water (twice, 40 mL) and NaHCO3 (solution 40 mL), dried
with Na2SO4 and concentrated.
11.5. Supplementary information to the Chapter 4
A procedure of K-PHI radical anion quenching with methyl viologen
A thick-walled glass tube equipped with a Teflon valve and side arm was charged with
benzylamine (0.2 mmol), K-PHI (typically 5 mg, or other mass if specified), MeCN (3 mL, V
in the equation below) and a stir bar. The mixture was degassed using freeze-pump-thaw
method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with CO2 (1 bar).
The mixture was stirred at 35 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5
mW·cm –2) for 24 h. The tube with the reaction mixtures was transferred into the glove box
(residual O2 concentration <0.1 ppm, residual H2O concentration <0.1 ppm) and 0.1 mmol of
methyl viologen dichloride was added to each mixture. The tube end was covered with the
PTFE-separator and firmly closed with a cap. The sealed tube was removed from the glove box
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and the mixture was vigorously stirred for 3 h. The color of the reaction mixture changed from
greenish to deep blue. The catalyst was allowed to precipitate at the bottom of the tube. The
tubes were again transferred into the glove box and solutions for UV-vis analysis were
prepared: V2 volume of the reaction mixture was taken from each tube and diluted with MeCN
to the total volume V1. These solutions in a closed screw capped QS quartz cuvette were used
for UV-vis measurements. For calculations of trapped electrons average numbers of three
measurements were used.
Number of electrons (µmol) trapped in K-PHI was calculated according to the equation:
𝑁=

𝐴 · 𝑉1
· 𝑉 · 1000
𝜀 · 𝐿 · 𝑉2

A – absorbance of MV·+ solution at 605 nm; V1 – volume of the diluted solution, which was
used for the analysis, mL; V2 – volume of the reaction mixture with MV·+ taken for analysis,
mL; ε – extinction coefficient of MV·+ , M–1cm–1; L – optical path of the QS quartz cuvette, cm;
V – total volume of the reaction mixture, mL.
Preparation of N-benzylidene benzylamine
A screw-capped tube (5 mL) was charged with benzylamine (0.05 mmol), K-PHI (5 mg),
MeCN (3 mL) and magnetic stir bar. The mixture was degassed using freeze-pump-thaw
method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with CO2. The
mixture was stirred at 35 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5
mW·cm –2) for 24 h. After that time, the catalyst was separated by centrifugation. The
acetonitrile solution was concentrated in vacuum and analyzed by 1H NMR. NMR spectrum
was identical to the reported earlier.245
1

H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 7.78 (dd, J = 6.7, 2.6 Hz, 2H), 7.45 – 7.31 (m, 8H),

4.82 (s, 2H).
A procedure of K-PHI radical anion quenching with AgOTf
A screw-capped tube (5 mL) was charged with benzylamine (0.2 mmol), K-PHI (5 mg), MeCN
(3 mL) and magnetic stir bar. The mixture was degassed using freeze-pump-thaw method (3
times, liquid nitrogen, residual pressure 7·10 -5 bar) and refilled with CO2. Four tubes were
prepared using the same amount of the reagents. The mixture was stirred at 35 °C under blue
LED irradiation (λmax = 461 nm, 0.0517±3·10 -5 mW·cm -2) for 72 h. The tubes were transferred
into the glove box (residual O2 concentration <0.1 ppm, residual H2O concentration <0.1 ppm).
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Reaction mixtures of dark green color from four tubes were combined in a 50 mL Schlenk
flask. Schlenk flask was covered with a rubber septum and removed from the glove box. A
freshly prepared solution of silver(I) triflate in deoxygenated water (17.6 mL, 0.0681 mol·L -1)
was injected through the septum into the Schlenk flask. Suspension immediately changed color
from green to black. The solid was separated by centrifugation (13000 rpm, 5 min), washed
with water, acetonitrile and ethanol. The solutions were combined and concentrated in vacuum
(50 °C, 20 mbar). The resulting residue was washed with benzene, dried in vacuum (50°C,
20 mbar) and was identified as benzylammonium triflate.
Preparation of (15N)benzylcarbamic acid
An NMR tube was charged with (15N)benzylamine (5 µL), CD3CN (0.4 mL) and DMSO-d6
(0.1 mL). CO2 was bubbled through the solution for 1 minute and NMR spectra were
recordered.
1

H NMR (400 MHz, CD3CN) δ 7.26 (ddt, J = 21.2, 13.9, 7.2 Hz, 5H), 6.69 (dt, J = 92.1, 6.2

Hz, 1H), 4.18 (d, J = 5.9 Hz, 2H). 13C NMR (101 MHz, CD3CN) δ 158.59 (d, J = 24.8 Hz),
141.19, 129.04, 127.74, 127.45, 125.40, 44.69 (d, J = 11.6 Hz). 15N NMR (41 MHz, CD3CN)
δ 83.49 (d, J = 92.3 Hz).
Preparation of benzylcarbamic acid
CO2 was passed through a solution of benzylamine (80 µL) in MeCN (5 mL). White precipitate
was filtered of and washed briefly with MeCN. Yield: 41%.
Degradation of benzylcarbamic acid
A screw-capped tube (5 mL) was charged with benzylcarbamic acid (0.05 mmol), K-PHI
(5 mg), MeCN (3 mL) and magnetic stir bar. The mixture was degassed using freeze-pumpthaw method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with CO2. The
mixture was stirred at 35 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5
mW·cm –2) for 24 h. Catalyst was separated by centrifugation. An aliquot (0.3 mL) of the
MeCN solution was transferred into the NMR tube, CD3CN (0.3 mL) and CH2Cl4 (0.5 µL) as
an internal standard were added to the NMR tube.
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Figure A4. 1H NMR spectrum of the reaction mixture obtained using benzylcarbamic acid as an electron donor
in IDEAS experiment. Characteristic proton peaks of imine, benzylamine and internal standard are labeled.

Figure A5. GC-TCD of the reaction mixture headspace. The peaks of N2 and O2 are due to imperfect connection
between the syringe barrel and a plunge during transfer the reaction mixture head space from the reactor to gas
chromatograph. The amount of H2 quantified in this experiment was 1.48 nmol.
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11.6. Supplementary information to the Chapter 5
Typical procedure for preparation of imines from benzylamines
A screw-capped tube (5 mL) was charged with benzylamine (0.05 mmol), K-PHI (5 mg),
MeCN (3 mL) and magnetic stir bar. The mixture was degassed using freeze-pump-thaw
method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with CO2. The
mixture was stirred at 35 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5
mW·cm –2) for 24 h. After that time the catalyst was separated by centrifugation. The
acetonitrile solution was concentrated in vacuum (50 °C, 100 mbar) and analyzed by 1H NMR.
Extraction of ammonium formate from K-PHI with D2O/HCl.
A screw-capped tube (5 mL) was charged with

15

N-labeled benzylamine (0.2 mmol), K-PHI

(5 mg), MeCN (3 mL) and a magnetic stir bar. The mixture was degassed using freeze-pumpthaw method (3 times, liquid nitrogen, residual pressure 7×10–5 bar) and refilled with CO2. The
mixture was stirred at 35 °C (oil bath temperature) under blue LED irradiation (λmax = 461 nm,
51.70(3) mW cm–2) for 72 h. The catalyst was separated by centrifugation (3 min, 13000 rpm):
the liquid phase was decanted and the catalyst was washed with acetonitrile (3 times, 2 mL
each) using the centrifuge (3 min, 13000 rpm) to separate the catalyst. Acetonitrile solutions
were combined, concentrated in vacuum, and analysed by 1H NMR. The centrifuged solid was
further washed with water (2 mL), using the centrifuge (3 min, 13000 rpm) to separate the
catalyst. This was transferred into a 5-mL vial and D2O (0.4 mL) and HCl (20 µL, 37 wt.%)
were added. The suspension was stirred at room temperature for 60 h. The catalyst was
separated by centrifugation (5 min, 13000 rpm) and washed with D2O (0.2 mL). The aqueous
solutions were combined directly in a NMR tube and analysed by 1H NMR.
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Figure A6. a) 1H NMR spectrum of the solution obtained after extraction of K-PHI with D2O/HCl; b) 1H NMR
spectrum of the solution after addition of formic acid (0.5 µL) to the same NMR tube. The intensity of the singlet
at 8.05 ppm was enhanced and no additional peak around ~8 ppm appeared. Therefore, the singlet at 8.05 ppm is
related to the formyl proton in the molecule of formic acid.

Table A1. Water content for various solvent/gas combinations in a 6 mL photoreactor tube. a
Combination Component H2O contenta Vcomponent / mL
1
CH3CN
0.005%
3
Ar
0.0003%
3
Total:
2
CH3CN
0.005%
3
CO2
0.0067%
3
Total:
3
CD3CN
0.02%
1
Ar
0.0003%
5
Total:
4
CD3CN
0.02%
1
CO2
0.0067%
5
Total:
a

As declared by the supplier.
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Amount of H2O / µmol (ppm)
8.3
0.2
8.5 (147)
8.3
11.2
19.5 (338)
11.1
0.8
11.9 (613)
11.1
18.6
29.7 (1528)

Turnover frequency (TOF) calculation
TOF was calculated using the following equation:
TOF =

TON
𝑁𝐵𝐴
=
=
𝑡
𝑡 ∙ 𝑚 ∙ 𝑁𝐾𝑃𝐻𝐼 𝑡 ∙ 𝑚 ∙

𝑁𝐵𝐴
1
𝑑 ∙ 10−21 ∙ ∑𝑛𝑖=1 𝑤𝑖 ∙ 𝑣𝑖

𝑁𝐵𝐴

=
𝑡∙𝑚∙1
6

1
∙ 𝜋 ∙ 𝑑 ∙ 10−21 ∙ ∑𝑛𝑖=1 𝑤𝑖 ∙ (𝑙𝑖 )3

where TON – turn over number, number of benzylamine molecules converted by a single KPHI particle; t – reaction time, in s; m – mass of K-PHI taken for the photocatalytic experiment,
in g; NKPHI – specific number of K-PHI particles per gram of the material (1015 g–1, estimated
from dynamic light scattering in a previous work204), in g–1; d – density of K-PHI (2.00(13) g
cm–3), in g cm–3; NBA – number of benzylamine molecules converted by K-PHI during the
photocatalytic experiment, mol–1; wi – fraction of volume of the K-PHI particles of size li (from
dynamic light scattering204); li – particle size, in nm.
Stability of K-PHI over recycling experiments
K-PHI was recovered after photocatalysis by means of centrifugation. The separated solid was
collected and washed twice with 2 mL of MeCN and subsequently with two more washes using
2 mL of H2O. The material was dried and then used again for another 24 h cycle of
photocatalysis. This procedure was repeated in order to utilise the same photocatalyst for a total
of four cycles. Even though the imine yield did not follow a clear trend among experiments, a
still decent conversion of benzylamine to N-benzylidene benzylamine was obtained after the
4th cycle of photocatalysis (Table A2). FT-IR analysis (Figure A7a) of the photocatalyst before
and after the first photocatalytic experiment showed that the kind of functional groups in KPHI did not change upon reaction: no peaks disappeared, and no new signals appeared.
Nevertheless, changes in relative intensities may suggest small modifications of the C=N bonds
in the structure of the catalyst (e.g. different intensity ratio at ~1570-1650 cm–1). PXRD
characterisation (Figure A7b) also confirms that, despite the preservation of the overall
crystalline structure of K-PHI, some changes did take place upon reaction. In fact, the
diffraction peak around 27° shifted to 28°, which is clear indication of a reduced interlayer
distance.
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Table A2. Imine yield during recycling experiments.a
Entry

Photocatalyst

Time (h)

Environment

Yield

S1

K-PHI, 1st run

24

CO2

88%

S2

K-PHI, 2nd run

24

CO2

63%

S3

K-PHI, 3rd run

24

CO2

80%

S4

K-PHI, 4th run

24

CO2

67%

a

Reaction conditions: benzylamine 0.05 mmol; photocatalyst 5 mg; MeCN 3 mL; pressure 1 bar; Tbath = 35 °C;

light intensity 52 mW cm–2 (blue LED, λmax = 461 nm); relative standard deviation of the method is 5%.

Figure A7. Characterisation of K-PHI before (blue, solid line) and after (light blue, dashed line) 24 h of
photocatalysis, by means of a) FT-IR and b) PXRD techniques.

Detection of CO2 reduction products
In order to confirm the regeneration of CO2 over the photocatalytic cycle proposed in Scheme
5.3, various analysis were performed with the aim of detecting eventual reduction products.
The observation of such compounds would suggest that CO2 is at least partially consumed
during the photocatalytic oxidative coupling of benzylamines. Comparing the band positions
of K-PHI and the standard reduction potentials of CO2 (Figure A8), it is possible to observe
that only some reduction products are potentially accessible via direct photoreduction of CO2.
Among these, MeOH and CH4 are thermodynamically accessible but they also have larger
kinetic energy barriers. Other products such as CO and HCOOH have too negative standard
reduction potentials and cannot be directly reduced by K-PHI. In contrast, mpg-CN shows its
conduction band at more negative energy potentials and it could potentially reduce CO2.
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Indeed, this has been demonstrated in scientific literature.246-249 However, no products of CO2
reduction were observed in our case.

Figure A8. Band positions for K-PHI and for mpg-CN displayed together with CO2 standard reduction potentials
on the same potential energy scale.

Methanol – HPLC was used to investigate the formation of this product in the liquid phase.
Only a peak relative to the reaction medium, MeCN, was observed. Therefore, the formation
of MeOH was excluded.
Carbon monoxide or methane – GC-TCD was used to analyse the pre-run and post-run
headspace of photoreactor to verify the potential conversion of CO2 to gas products such as
CO and CH4. CO2 reduction product were not detected, and only traces of H2 were observed
by means of GC-TCD.
Formic acid – two strategies were used to verify the conversion of CO2 to formate/formic acid.
On one hand, after the photocatalytic experiment with

15

N-labeled benzylamine, ammonium

formate was extracted from K-PHI structure using a mixture of D2O/HCl. In the 1H NMR
spectrum of the solution we detected the formyl proton at 8.05 ppm, while a triplet at 7.08 ppm
is presumably due to 15NH4+ (Figure 5.3). The amount of ammonium formate obtained from
the photocatalyst after the first extraction was 0.14 μmol, which is substantially lower than the
amount of imine produced photocatalytically in the same reactor, namely 50 μmol.
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The

suspected that the relatively low yield of formic acid with respect to the imine could be due to
the easiness of formic acid decomposition under the photocatalytic conditions.250-252 In a
control experiment, a continuous stream of N2 was purged in a tube loaded with a known
amount of HCOOH, benzylamine and K-PHI. Under blue light irradiation, evolution of CO2
was detected by passing the gaseous products through an aqueous Ba(OH)2 solution, as a
BaCO3 precipitated was observed according to the reaction Ba(OH)2 + CO2 → BaCO3 + H2O
(Figure A12).
These experiments suggest that under the applied reaction conditions formic acid could in
principle be formed to some extent and subsequently decompose back into CO2 with
simultaneous evolution of H2. As discussed before, only traces of H2 were detected by means
of gas chromatography and a significant amount of H atoms were trapped into the
photocatalyst. However, since no reduction product was directly observed neither in the
gaseous (e.g. CO or CH4) or in the liquid phase (e.g. MeOH, HCOOH), we are not able to
confirm that CO2 is significantly being reduced during photocatalysis.
Experiments with 13C-labelled CO2.
A modified setup was used for this kind of experiments (Figure A9). Labelled
produced by thermal decomposition of

13

13

C-CO2 was

C-labelled NaHCO3 and used to saturate the

photoreactor according to the following procedure. A total of 4 chambers were connected in
series to perform the experiments. A Schlenk flask (referred to as Chamber A) was filled with
0.245 g 13C-NaHCO3 and connected to a second Chamber B via a syringe-tube-syringe bridge.
A line with Ar was connected to Chamber A and the flow rate was set to 9 mL min–1. Chamber
B was connected with a similar syringe-tube-syringe bridge to Chamber C. Chamber C (the
standard 6 mL glass vial used for photoreactions in this work) was loaded with 3 mL CD3CN,
5 mg K-PHI and 0.05 mmol benzylamine. Deuterated acetonitrile was used to measure NMR
spectra after the reaction without evaporating the solvent, because CO2 reduction products
might be volatile. Chamber B and C were placed in an ice bath to trap H2O (from bicarbonate
thermal decomposition) and to lower CD3CN temperature (during the following heating of
chamber A). Chamber C was connected to Chamber D with another syringe-tube-syringe
bridge. This last Chamber D was loaded with a water solution containing 50 mg Ba(OH)2 to
monitor CO2 formation through precipitation of 13C-BaCO3 and was exposed to atmosphere.
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Figure A9. Setup used for thermal decomposition of

13

C-NaHCO3 and generation of

13

C-CO2 to be used in

photocatalytic oxidative coupling of benzylamines.

First, the system was flushed with Ar for 20 min to remove air from the chambers. Then, while
flushing Ar, Chamber A was heated to 230 °C. This led to the decomposition of 13C-NaHCO3
into H2O vapour and 13CO2 which were carried towards the second Chamber. The CO2/Ar gas
mixture was bubbled through the CD3CN and subsequently through the Ba(OH)2 solution for
30 min. After this time, no more precipitation of

13

C-BaCO3 was observed and the thermal

decomposition of 13C-NaHCO3 was considered finished. At this point, the tube with reaction
mixture was closed and irradiated as usually for 24 h. After this time, 0.5 mL aliquots of the
reacted solution were sampled and 1H and 13C NMR spectra were recorded (Figures A10 and
A11).
Control experiments with standard CO2 were performed in a similar manner by replacing
labelled 13C-NaHCO3 with common NaHCO3. The change of setup affected the imine yield,
probably due to a not complete saturation in CO2 of the deuterated solvent and the differences
in moisture contamination. Nevertheless, the tests with CO2 and

13

C-CO2 showed consistent

imine formation: 69% and 65%, respectively.
These experiments showed no conversion of CO2 to any reduction products, further confirming
what observed with other characterization techniques such as HPLC and GC-TCD. Except for
the CD3CN solvent peaks, only the signals belonging to unreacted benzylamine and to the
imine product are observed in 1H and 13C NMR spectra. In Figure A11, only the peak belonging
to 13C-CO2 (~125 ppm) is present, and no reduction products are formed.
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Figure A10. 1H NMR spectra relative to the experiments for CO2 reduction products detection using 1) standard
and 3) labelled 13C-CO2 in the presence of benzylamine. The respective blank experiments in absence of the
benzylamine substrate are shown in 2) and 4).

Figure A11. 13C NMR spectra relative to the experiments for CO2 reduction products detection using 1) standard
and 3) labelled 13C-CO2 in the presence of benzylamine. The respective blank experiments in absence of the
benzylamine substrate are shown in 2) and 4).
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A procedure of photocatalytic decomposition of formic acid and CO2 trapping with Ba(OH)2.
A tube with condenser and gas inlet (5 mL) was charged with benzylamine (0.05 mmol), KPHI (5 mg), formic acid (4.1 µL, 50 umol), MeCN (5 mL), and a magnetic stir bar. The mixture
was degassed using freeze-pump-thaw method (3 times, liquid nitrogen, residual pressure
7×10–5 bar) and refilled with nitrogen. Then the nitrogen flow was set as 1 bubble per second.
The gas above the reaction mixture was bubbled through a solution of 18.9 mg Ba(OH)2 in 2
mL of water. The mixture was stirred under blue LED irradiation (λmax = 461 nm,
51.70(3) mW cm–2) at room temperature for 24 h. White precipitate of BaCO3 was collected
by centrifugation, washed 3 times with water, dried, and analyzed with PXRD.

Figure A12. PXRD pattern of the precipitate after the photolysis test of formic acid (blue) compared with the
diffraction pattern of BaCO3 as found in literature reference. 253

11.7. Supplementary information to the Chapter 6
2(R),3(R)-diphenylaziridine synthesis.
A solution of PPh3 (0.32 g, 1.22 mmol) and NEt3 (0.39 mL, 2.81 mmol) in THF (5 mL) was
cooled in an ice bath. The solution of DIAD (0.21 g, 1.03 mmol) in THF (5 mL) was added
dropwise at 10 °C. The reaction was stirred at 10 °C for 30 min until precipitate formed. Then,
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the solution of (1S,2R)-(+)-2-amino-1,2-diphenylethanol (0.2 g, 0.94mmol) in THF (5 mL) was
added dropwise at 10 °C and the mixture was left with stirring at room temperature overnight.
The reaction mixture was concentrated and diluted with Et2O (20 mL), washed with water (5
mL), dried over Na2SO4 and concentrated. The residue was purified by column
chromatography to afford the product in 80% yield.
1

H NMR (400 MHz, CDCl3) δ 7.43 – 7.26 (m, 1H), 3.10 (s, 1H), 1.58 (s, 1H). 13C NMR (101

MHz, CDCl3) δ 139.63, 128.67, 127.37, 125.51, 43.81.
Preparation of the aldimine stannic chloride complex (PhCH=NH·HCl)2·SnCl2
The complex was prepared according to the literature procedure.254
Under Ar atmosphere, 2M HCl in Et2O (5 mL) was added to the SnCl2 (2.8 g, 14.56 mmol).
After stirring for 10 min, another portion of 2M HCl in Et2O (10 mL) was added. After stirring
for another 20 min, the last portion of 2M HCl in Et2O (10 mL) was added resulting in forming
of two liquid layers. Then, benzonitrile (0.5 g, 4.85 mmol) was added dropwise and the reaction
mixture was stirred overnight. The formed precipitate was filtered, washed with Et2O (10 mL)
and dried. The product was obtained as a white solid with 90% yield.
Synthesis of diazetidines-1,3
A screw-capped tube (5 mL) was charged with benzylamine (0.05 mmol), K-PHI (5 mg),
MeCN (3 mL) and magnetic stir bar. The mixture was degassed using freeze-pump-thaw
method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with Ar. The mixture
was stirred at 35 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5 mW·cm –2) for
24 h (or 48 h, 72 h where specified). After that time, the catalyst was separated by
centrifugation. The acetonitrile solution was concentrated in vacuum (50 °C, 100 mbar) and
analyzed by 1H NMR.
For 1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3
The concentrated reaction mixture was subjected to further purification. The crude mixture was
placed in a Schlenk flask equipped with a septum and cold finger. The Schlenk flask was
evacuated (liquid nitrogen, residual pressure 7·10 –5 bar), the cold finger was filed with liquid
nitrogen and the Schlenk flask was immersed into a water bath (60 oC). The Schleck flask was
maintained under these conditions for 20 min, liquid nitrogen was removed from the cold
finger, and the flask was removed from the bath and refilled with Ar. A liquid/solid that
condensed on the cold finger was quantitatively collected and transferred as a solution in CDCl3
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into NMR tube (‘fraction B’, contains imine and unreacted benzylamine). The residue from the
Schlenk flask was dissolved in CDCl3 and quantitatively transferred into NMR tube (‘fraction
C’, a mixture of diazetidine-1,3 diastereomers). MMR spectra for both fractions were
recordered.
A solution from the NMR tube containing diazetidine-1,3 diastereomers was quantitatively
transferred into 2 mL vial, solvent was evaporated passing a flow of nitrogen above the liquid.
The residue was dissolved in a small amount of MeCN (~200 uL) upon heating to 50 oC. The
solution was allowed to cool slowly to room temperature and then placed for 20 min in the
freezer (-20 oC). The liquid was carefully collected into a separate vial (‘fraction D’, transisomer, liquid). The solid after recrystallization – ‘fraction E’, cis-isomer, solid. If fraction E
is not pure, recrystallization is repeated. The obtained isomers were characterized by NMR and
HR-MS.
(2S,4S)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3

1

H NMR (400 MHz, CDCl3) δ 7.29 – 7.08 (m, 19H), 7.02 (d, J = 5.6 Hz, 1H), 6.94 (d, J = 6.3

Hz, 4H), 3.76 (s, 2H), 3.51 (d, J = 13.7 Hz, 2H), 3.28 (d, J = 13.7 Hz, 2H).

13

C NMR (101

MHz, CDCl3) δ 139.9 (d), 128.7, 128.6, 128.4, 128.1, 127.9, 127.0, 67.0, 50.9. HR-MS found
390,2417; 391,2153; 392,2187 (calculated 390,2096; 391,2130; 392,2163)
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Figure A13. HR-MS spectrum of (2S,4S)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3.

(2R,4R)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3

1

H NMR (400 MHz, CDCl3) δ 7.33 – 7.26 (m, 8H), 7.25 – 7.21 (m, 3H), 7.21 – 7.11 (m, 7H),

7.08 (d, J = 7.8 Hz, 4H), 3.83 (s, 2H), 3.75 (d, J = 13.2 Hz, 2H), 3.56 (d, J = 13.3 Hz, 2H).
13

C NMR (101 MHz, CDCl3) δ 139.2 (d, J = 19.1 Hz), 128.6, 128.4, 128.3, 128.1, 127.5,

127.3, 67.7, 51.0. HR-MS found 390,2020; 391,2148; 392,2179 (calculated 390,2096;
391,2130; 392,2163)
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Figure A14. HR-MS spectrum of (2R,4R)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3.
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(2S,4S)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3-15N2
15

1

N-benzylamine was used for the synthesys. Reaction time 72 h.

H NMR (400 MHz, CD3CN) δ 7.35 – 7.14 (m, 16H), 7.03 (d, J = 6.7 Hz, 4H), 3.77 (s, 2H),

3.50 (d, J = 13.5 Hz, 2H), 3.29 (d, J = 13.6 Hz, 2H). 13C NMR (101 MHz, CD3CN) δ 142.3 (d,
J = 1.9 Hz), 141.7, 129.4, 129.0, 128.9, 128.8, 128.1, 127.5, 68.0 (dd, J = 4.5, 3.0 Hz), 51.5 (d,
J = 4.5 Hz).

15

N NMR (41 MHz, CD3CN) δ 49.8. HR-MS found 393,2072; 394,2247

(calculated 392,2037; 393,2070; 394,2104)
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Figure A15. HR-MS spectrum of (2S,4S)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3-15N2.

(2R,4R)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3-15N2

1

H NMR (400 MHz, CD3CN) δ 7.26 (dq, J = 16.0, 8.8, 8.1 Hz, 13H), 7.16 – 7.05 (m, 11H),

3.70 (s, 2H), 3.56 (d, J = 13.4 Hz, 2H), 3.42 (d, J = 13.3 Hz, 2H). 13C NMR (101 MHz, CD3CN)
δ 142.7, 141.9, 129.2, 129.1, 128.9, 128.7, 127.6, 127.5, 69.1 – 68.8 (m), 51.7 (d, J = 4.7 Hz).
15

N NMR (41 MHz, CD3CN) δ 49.7. HR-MS found 392, 2044; 394,2197 (calculated 392,2037;

393,2070; 394,2104)
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Figure A16. HR-MS spectrum of (2R,4R)-1,3-dibenzyl-2,4-diphenyl-1,3-diazetidine-1,3-15N2.
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Theoretical modeling of cis- and trans-diazetidine-1,3 FT-IR spectra.
The calculations were performed at ωB97X-D//6-31G(d) level of theory.
The IR spectra of isomers are similar except for intense band at 1260 cm–1, which is present
in the spectrum of E and absent in the spectrum of D. According to the results of the normal
mode analysis performed at ωB97X-D//6-31G(d) level of theory (Table A3), this band is
mainly attributed to the asymmetric stretching vibration in the C2N2 ring in the molecule of
cis-isomer:

Figure A17. Schematic representation of asymmetric stretching vibration in the C2N2 ring in the molecule of cisisomer.

Table A3. Frequencies of the main bands in the IR spectra of diazetidines (cm–1) and their
assignment
D = trans
3084, 3060, 3027
2922, 2849
1494
1453
–
–
1199
–
1155
1073, 1027
910
862
732, 695

E = cis
3084, 3061, 3021
2962, 2908, 2858
1493
1454
1355
1260
1199
1163
–
1074, 1026
906
857
753, 693

Assignment
ν(CH)Ph
ν(CH2)
ν(CC)Ph
ν(CC)Ph + δ(CH)
νs(C2N2) + δ(CH)
νas(C2N2)
ν(H2C–N) + δ(CH)
δ(NCN) + δ(CH)
ν(CN) + δ(CH)
δ(CCC)Ph
γ(CH)Ph
δ(CNC)
γ(CH)Ph

Abbreviations: ν, stretching; δ, in-plain bending; γ, out-of-plain bending; as, asymmetric; s,
symmetric; Ph, phenyl.

Attempts to trigger imine dimerization using different electron donors
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A screw-capped tube (5 mL) was charged with N-benzylidenebenzylamine (0.025 mmol),
electron donor (0.1 mmol, 4 eqv.) K-PHI (5 mg), MeCN (3 mL) and magnetic stir bar. The
mixture was degassed using freeze-pump-thaw method (3 times, liquid nitrogen, residual
pressure 7·10 –5 bar) and refilled with Ar. The mixture was stirred at 30 °C under blue LED
irradiation (λmax = 461 nm, 0.0517±3·10 –5 mW·cm –2) for 48 h. After that time, the catalyst was
separated by centrifugation. The reaction mixture was concentrated in vacuum (50 °C,
100 mbar) and analyzed by 1H NMR.
Electron donor used for the reaction: trimethylamine, benzyl alcohol, triethanolamine. No
diazetidine formation was detected.
Experiments to check if Diphenylazeridine is intermediate of diazetidine synthesis
A screw-capped tube (5 mL) was charged with 2(R),3(S)-diphenylaziridine (0.025 mmol), KPHI (5 mg), MeCN (3 mL) and magnetic stir bar. The mixture was degassed using freezepump-thaw method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with Ar.
The mixture was stirred at 30 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5
mW·cm –2) for 48 h. After that time, the catalyst was separated by centrifugation. The reaction
mixture was concentrated in vacuum (50 °C, 100 mbar) and analyzed by 1H NMR. Imine was
formed with 20% yield. Diazetidine was not detected.
Experiments to check if Benzaldimine is intermediate of diazetidine synthesis
Experiment with benzaldimine stannic chloride complex (PhCH=NH·HCl) 2SnCl2
A screw-capped tube (5 mL) was charged with (PhCH=NH·HCl) 2SnCl2 (0.075 mmol), K-PHI
(5 mg), MeCN (3 mL) and magnetic stir bar. The mixture was degassed using freeze-pumpthaw method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with Ar. The
mixture was stirred at 30 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5
mW·cm –2) for 48 h. After that time, the catalyst was separated by centrifugation. The reaction
mixture was concentrated in vacuum (50 °C, 100 mbar) and analyzed by 1H NMR. Diazetidine
was not detected.
Experiment with (PhCH=NH·HCl)2SnCl2 and triethylamine
A screw-capped tube (5 mL) was charged with (PhCH=NH·HCl) 2SnCl2 (0.075 mmol),
triethylamine (0.22 mmol) K-PHI (5 mg), MeCN (3 mL) and magnetic stir bar. The mixture
was degassed using freeze-pump-thaw method (3 times, liquid nitrogen, residual pressure 7·10 –
5

bar) and refilled with Ar. The mixture was stirred at 30 °C under blue LED irradiation (λmax
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= 461 nm, 0.0517±3·10 –5 mW·cm –2) for 48 h. After that time, the catalyst was separated by
centrifugation. The reaction mixture was concentrated in vacuum (50 °C, 100 mbar) and
analyzed by 1H NMR. Diazetidine was not detected.
Experiment with (PhCH=NH·HCl)2SnCl2 and benzylamine
A screw-capped tube (5 mL) was charged with (PhCH=NH·HCl) 2SnCl2 (0.1 mmol),
benzylamine (0.8 mmol), CD3CN (1 mL) and magnetic stir bar. The mixture was degassed
using freeze-pump-thaw method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and
refilled with Ar. The mixture was stirred at 30 °C for 48 h. After that time, the catalyst was
separated by centrifugation and reaction mixture was analyzed by 1H NMR. Imine was formed
with 12% yield. Diazetidine was not detected.
Oxidation of benzylamine with Pt@K-PHI
A screw-capped tube (5 mL) was charged with benzylamine (0.05 mmol), Pt@K-PHI (5 mg),
MeCN (3 mL) and magnetic stir bar. The mixture was degassed using freeze-pump-thaw
method (3 times, liquid nitrogen, residual pressure 7·10 –5 bar) and refilled with Ar. The mixture
was stirred at 30 °C under blue LED irradiation (λmax = 461 nm, 0.0517±3·10 –5 mW·cm –2) for
24 h. After that time, the catalyst was separated by centrifugation. The reaction mixture was
concentrated in vacuum (50 °C, 100 mbar) and analyzed by 1H NMR. Imine was formed with
94% yield. Diazetidine was not detected.
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Figure A18. TGA-MS data of cis-diazetidine. Channels with m/z 2 (a), 12 (b), 16 (c), 17 (d), 18 (e) and 15, 19
(f) are shown.
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Figure A19. TGA-MS data of cis-diazetidine. Channels with m/z 26, 36, 38, 39 (a), 41, 43, 45 (b), 46, 47, 49 (c),
50, 51, 52 (d), 62, 63 (e) and 64, 65, 76 (f) are shown.
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Figure A20. TGA-MS data of cis-diazetidine. Channels with m/z 77, 81, 84 (a), 86, 89, 91 (b), 92, 93 (c), 103,
105, 106 (d) are shown.
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Figure A21. TGA-MS data of trans-diazetidine. Channels with m/z 2, 19 (a), 24, 26, 38 (b), 38, 40, 43, 44 (c),
50, 51, 63, 65 (d), 91, 92 (e) and 89, 103 (f) are shown.

138

Table A4. Current peak intensity for different m/z channels.
Cis-diazetidine
m/z
2
12
15
16
17
18
19
26
36
38
39
41
43
45
46
47
49
50
51
52
62
63
64
65
76
77
81
84
86
89
91
92
93
103
105
106
a

Trans-diazetidine
Current peak
maximum I (pA)
m/z
I (pA)
130
2
4
19
20
24
50
26
50
38
125
40
5
43
5
44
5
50
7
51
28
63
4
65
3
89
12
91
4
92
5
103
6
10
18
4
6
20
3
18
2
3
2
14
1
0,5
9
50
5
4
1
2

Channels with current peak ≥0.5 pA are shown.
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10
15
4
2
13
3
3
3
2
1
15
15
2

Figure A22. Paths of diazetidines thermal decomposition. Structures of charged species registered by TGA-MS
are based on the assumption that molecules undergo one-electron ionization.

11.8. Supplementary information to the Chapter 7
The eutectic media used in this paper were prepared by mixing corresponding components,
preliminarily dried under vacuum at room temperature overnight, with subsequent constant
mixing at 40 °C until the transparent liquids were formed. The components used for eutectic
media preparation and their molar ratio are described in Table 7.2.
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Photocatalytic synthesis of N-arylformamides
A glass vial was charged with the nitroarene (0.04 mmol), K-PHI (5 mg) and the corresponding
DES (0.2 mL). The mixture was degassed (residual pressure 9·10 -5 bar) and refilled with Ar (1
bar). The reaction mixture was stirred at 25 °C under light irradiation (λmax = 465 nm, 51.7±0.03
mW·cm -2) for 48 h. After that, 0.5 mL of water were added, and the organic product was for
analytics extracted with 2 mL of ethyl acetate. The layers were separated and organic layer was
concentrated in vacuum. Resulted residue was analyzed by 1H NMR and GC-MS analysis.
Photocatalytic synthesis of benzimidazole
The Glass vial was charged with the o-dinitrobenzene (0.04 mmol), K-PHI (5 mg) and DES3
(0.2 mL). The mixture was degassed (residual pressure 9·10-5 bar) and refilled with Ar (1 bar).
The reaction mixture was stirred at 70 °C under irradiation (λmax = 465 nm, 51.7±0.03 mW·cm 2

) for 5 days. After that, 2 mL of water was added, the catalyst was removed and the solution

was analyzed by GC-MS.
Photocatalytic synthesis of N-arylformamides with CO2 trapping
Into a tube with gas inlet (5 mL) was placed p-nitrotoluene (0.16 mmol), K-PHI (5 mg), DES1
(0.8 mL) and magnetic stir bar. The mixture was degassed (residual pressure 9·10 -5 bar) and
refilled with nitrogen. The mixture was stirred under blue LED irradiation (λmax = 465 nm) and
room temperature with nitrogen flow of 1 bubble per second for 24 h. The evolved gases were
bubbled through the solution of Ba(OH)2 (23 mg, 0.14 mmol) in water (2 mL). Precipitate
which formed from Ba(OH)2 was collected by centrifugation, washed 3 times with water, dried,
and analyzed with PXRD confirming the formation of BaCO3.
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Figure A23. PXRD pattern of BaCO3.
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Figure A24. TGA-MS analysis of the DES1 (A-C) and DES3 (D) reactive media using a heating rate of 2.5 °C
/min under helium.
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Figure A25. NMR spectra of neat ammonium formate (a,e), glycolic acid (b), and glycerol (f), water solution of
ammonium formate and glycolic acid (c), water solution of glycerol and ammonium formate (g), and eutectic
media ammonium formate / glycolic acid (d) and ammonium formate / glycerol (h)

11.9. Supplementary information to the Chapter 8
Method A (König method) for the photocatalytic chlorination
In a vial, a substrate (0.02 mmol), together with HOAc (0.2 mmol, 10 eq.) and benzylalcohol
(0.12 mmol, 6 eq.) were dissolved in acetonitrile (0.5 mL) and HCl (0.1mL, 36 wt.% HCl).
Then K-PHI (1 mg) was added and the reaction mixture was irradiated under stirring at 30 °C
for 12 h under O2 atmosphere. After the irradiation CDCl3 (0.7 mL) and water (0.1 mL) were
added to the reaction mixture. The layers were separated and organic layer was analyzed by 1H
NMR using the internal standard (N,N-dimethylaniline (0.01 mmol) or anisole (0.01 mmol) in
case of N,N-dimethylaniline chlorination).
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Method B (pure aqueous conditions, using electron and hole) for the photocatalytic chlorination
In a vial, a substrate (0.02 mmol) was dissolved in acetonitrile (0.5 mL). HCl (0.1 mL, 36 wt.%,
1.2 mmol) and K-PHI (4 mg) were added. The reaction mixture was stirred under light
irradiation at 30 °C for 24 h under O2 atmosphere. After the irradiation CDCl3 (0.7 mL) and
water (0.1 mL) were added to the reaction mixture. The layers were separated and organic layer
was analyzed by 1H NMR using the internal standard (N,N-dimethylaniline (0.01 mmol) or
anisole (0.01 mmol) in case of N,N-dimethylaniline chlorination). In the catalytic cyclic
experiments K-PHI was washed with acetonitrile (2 times, 2 mL each), water (2 times, 2 mL
each), dried in vacuum overnight and used again.
General procedure for the photocatalytic bromination
A vial was charged with a substrate (0.02 mmol), K-PHI (4 mg), HBr (0.1 mL, 47 wt.%,
0.9 mmol) and acetonitrile (0.5 mL). A suspension was irradiated at vigorous stirring at 30 °C
for 24 h under O2 atmosphere. After the irradiation CDCl3 (0.7 mL) and water (0.1 mL) were
added to the reaction mixture. The layers were separated and organic layer was analyzed by 1H
NMR or GC-MS using the internal standard (N,N-dimethylaniline (0.01 mmol) or anisole
(0.01 mmol) in case of N,N-dimethylaniline chlorination).
Procedure of K-PHI regeneration
K-PHI after the reaction was separated by centrifugation, washed with acetonitrile (2 times, 2
mL each) and with water (2 times, 2 mL each). KOH solution (9 mL, 0.1 M) was added to the
catalyst and suspension was stirred for 20 h. The catalyst was separated by centrifugation,
washed with water (3 times, 3 mL each), once with methanol and dried in vacuum overnight.
Method of the photocatalytic chlorination with NaCl
In a vial a substrate (0.06 mmol) was dissolved in acetonitrile (5 mL). HCl (20 µL, 36 wt.%),
NaCl (48.8 mg), water (1.4 mL) and K-PHI (5 mg) were added. The reaction mixture gave two
liquid phases – organic and aqueous. The reaction mixture was vigorously stirred under light
irradiation at 30 °C for 24 h under O2 atmosphere. After the irradiation organic phase was
separated and acetonitrile was distilled off, but some water left. CDCl3 (0.5 mL) was added to
the residual water, layers were separated and organic layer was analyzed by 1H NMR using the
internal standard (dimethylaniline (0.01 mmol)).
Oxidative chlorination of anisole using a mixture of HCl and H2O2
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A mixture of anisole (0.02 mmol), HCl (0.1 mL, 36 wt.%, 1.2 mmol), H2O2 (80 µL, 30 wt.%,
0.08 mmol) in acetonitrile (0.5 mL) was stirred at 30 oC for 24 h in dark. CDCl3 (0.7 mL) was
added to the reaction mixture, organic phase was separated, dried over anhydrous Na2SO4 and
analyzed by 1H NMR using N,N-dimethylaniline (0.01 mmol) as internal standard.
Table A5. Variation of components in anisole chlorination reaction.a

a

Electron

Yield,b%

Entry

K-PHI

BnOH

HOAc

Light

1

+

+

+

+

+ (O2)

98 (1:0.31)

2

+

+

-

+

+ (O2)

0

3

-

+

+

+

+ (O2)

0

4

+

+

+

+

― (N2)

0

5

+

+

+

-

+ (O2)

0

scavenger

reaction conditions: K-PHI 4 mg; anisole 0.02 mmol; HCl (36 wt.%) 0.1 mL; acetic acid 0.2 mmol; benzyl

alcohol 0.12 mmol; acetonitrile 0.5 mL; light source 461 nm. b determined by 1H NMR using N,N-dimethylaniline
as an internal standard. The ratio between o- and p-chloroanisole is given in parentheses.

Figure A26. An exemplary 1H NMR spectrum of anisole chlorination reaction mixture. Signals of hydrogen atoms
in anisole are highlighted with green color, p-chloroanisole – blue color and o-chloroanisole – red color.
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Figure A27. An exemplary 1H NMR spectrum of N,N-dimethylaniline chlorination reaction mixture. Signals of
hydrogen atoms in 4-chloro-N,N-dimethylaniline are highlighted with red color, 2,4-dimethyl-N,Ndimethylaniline – with blue color.

Figure A28. Chromatogram of anisole oxidative chlorination performed in NaCl water solution.
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Figure A29. Chromatogram of anisole oxidative bromination (reaction mixture).

11.10. Supplementary information to the Chapter 9
Light sources
White light
Blue light
Green light

3500

Intensity (a.u.)

3000
2500
2000
1500
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0
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500

Wavelength, nm
Figure A30. Emission spectra of white, blue and greed LEDs.
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Table A6. Optical power of LEDs*
Light

Wavelength, nm

Power, mW cm-2

1

UV

365

17.1

2

Violet

410

64.7

3

Blue

465

46.2

4

Blue 50%

465

22.6

5

White

410-800

139.3

6

Green

520-525

20.5

7

Red

620-625

29.9

* Optical power was measured at the distance of 10 cm.

Absorbance (a.u.)

1,4

Na-PHI
K-PHI

1,2
1,0
0,8
0,6
0,4
0,2

0,0
300 400 500 600 700 800
l (nm)
Figure A31. UV-vis absorption spectra of Na-PHI (grey) and K-PHI (red).

Synthesis of arenediazonium tetrafluoroborates
The diazonium salts have been prepared according to the reported procedure.255 Typically, a
solution of NaNO2 (0.69 g, 10 mmol) was added dropwise to a cooled on the ice bath solution
of arylamine (10 mmol) in HBF4 (3.54 mL, 27 mmol) upon stirring. The reaction mixture was
stirred on the ice bath for additional 2 h. Precipitate was separated by filtration, dissolved in
acetone (150 mL) and maintained at -20 °C overnight. Transparent crystals precipitated.
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Diethylether (200 mL) was added and suspension was maintained at -20 °C for 1 h, solid was
separated by filtration, washed with cold diethylether (2 times 5 mL) and dried on filter.
4-bromobenzenediazonium tetrafluoroborate
Yield: 86%. 1H NMR (400 MHz, DMSO) δ 8.57 (d, J = 9.0 Hz, 2H), 8.26 (d, J = 9.0 Hz, 2H).
13

C NMR (101 MHz, DMSO) δ 136.59, 134.57, 134.03, 115.76.

4-methoxybenzenediazonium tetrafluoroborate
Yield 78%. 1H NMR (400 MHz, DMSO) δ 8.61 (d, J = 9.4 Hz, 2H), 7.48 (d, J = 9.4 Hz, 2H),
4.04 (s, 3H). 13C NMR (101 MHz, DMSO) δ 168.78, 136.17, 117.30, 103.43, 57.51.
4-cyanobenzenediazonium tetrafluoroborate
Yield: 88%. 1H NMR (400 MHz, DMSO) δ 8.84 (d, J = 8.9 Hz, 2H), 8.46 (d, J = 8.9 Hz, 2H).
13

C NMR (101 MHz, DMSO) δ 134.87, 133.08, 121.78, 121.13, 116.45.

4-(methoxycarbonyl)benzenediazonium tetrafluoroborate
Yield: 65%. 1H NMR (400 MHz, DMSO) δ 8.79 (d, J = 8.8 Hz, 2H), 8.44 (d, J = 8.8 Hz, 2H),
3.95 (s, 3H).

13

C NMR (101 MHz, DMSO) δ 163.89, 137.44, 133.21, 130.69, 120.36, 54.34.

Benzenediazonium tetrafluoroborate
Yield 71%. 1H NMR (400 MHz, DMSO) δ 8.66 (d, J = 7.6 Hz, 2H), 8.26 (t, J = 7.6 Hz, 1H),
7.98 (d, 2H).

13

C NMR (101 MHz, DMSO) δ 140.87, 132.71, 131.28, 116.11.

4-chlorobenzenediazonium tetrafluoroborate
Yield: 85%. 1H NMR (400 MHz, DMSO) δ 8.69 (d, J = 9.0 Hz, 2H), 8.11 (d, J = 9.0 Hz, 2H).
13

C NMR (101 MHz, DMSO) δ 146.51, 134.44, 131.64, 114.82.

4-nitrobenzenediazonium tetrafluoroborate
Yield: 97%. 1H NMR (400 MHz, DMSO) δ 8.92 (d, J = 9.3 Hz, 2H), 8.72 (d, J = 9.3 Hz, 2H).
13

C NMR (101 MHz, DMSO) δ 153.21, 134.52, 126.07, 121.95.

Synthesis of S-benzylisothiourea hydrochloride and S-(4-trifluoromethylbenzyl)isothiourea
hydrochloride
In a round bottom flask with a reflux condenser benzylchloride (8 mmol), thiourea (8 mmol)
and ethanol (5 mL) were placed. The mixture was refluxed for 2 h and cooled to room
temperature. The resulting solution was concentrated under reduced pressure. The formed
precipitate was washed with EtOAc (5 mL), filtered, dried and analyzed by 1H and 13C NMR.
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S-benzylisothiourea hydrochloride
Yield: 93%. 1H NMR (400 MHz, DMSO) δ 9.19 (s, 4H), 7.46 – 7.28 (m, 5H), 4.49 (s, 2H). 13C
NMR (101 MHz, DMSO) δ 169.01, 135.09, 129.03, 128.87, 128.06, 34.15.
S-(4-trifluoromethylbenzyl)isothiourea hydrochloride
Yield: 86%. 1H NMR (400 MHz, DMSO) δ 9.17 (s, 4H), 7.77 (d, J = 8.2 Hz, 2H), 7.65 (d, J =
8.1 Hz, 2H), 4.58 (s, 2H).

13

C NMR (101 MHz, DMSO) δ 168.62, 140.57, 129.79, 128.57,

125.73, 125.69, 122.81, 33.32.
Synthesis of 4-methoxybenzene thioacetate and 2-trifluoromethylbenzene thioacetate
In a round bottom flask aryl thiol (0.7 mmol) and trimethylamine (1.4 mmol, 2 eqv.) were
dissolved in dichloromethane (15 mL). Solution was cooled with ace bath to 0 °C and acetyl
chloride (1.05 mmol, 1.5 eqv.) in dichloromethane (5 mL) was added dropwise (exothermic
reaction). Reaction was kept with stirring overnight at room temperature. Then solution was
washed with water (3 times 5mL), dried over NaSO4, concentrated and analyzed by 1H NMR.
4-methoxybenzene thioacetate
1

H NMR (400 MHz, CDCl3) δ 7.32 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.83 (s, 2H),

2.40 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 195.40, 160.74, 136.18, 118.72, 114.96, 55.44,
30.06.
2-trifluoromethylbenzene thioacetate.
1

H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 7.8 Hz, 1H), 7.66 – 7.50 (m, 3H), 2.46 (s, 3H). 13C

NMR (101 MHz, CDCl3) δ 192.68, 139.04, 132.40, 130.05, 127.24, 127.19, 121.94, 30.39.
Sulfonyl chlorides synthesis
Method 1 from thiols and their derivatives
In a glass vial a substrate (0.04 mmol) was dissolved in acetonitrile (0.5 mL). HCl (0.1 mL,
36 wt.%, 1.2 mmol), water (0.1 mL) and K-PHI (4 mg) were added. The reaction mixture was
stirred under light irradiation at room temperature for 24 h under O2 atmosphere. After the
irradiation CHCl3 (3 mL) and water (0.3 mL) were added to the reaction mixture. The layers
were separated, organic layer was dried over NaSO4 and concentrated under reduced pressure.
Residue was analyzed by 1H NMR. The NMR spectral data match to the reported earlier.256-257
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Benzenesulfonyl chloride
1

H NMR (400 MHz, CDCl3) δ 8.04 (d, 2H), 7.74 (t, 1H), 7.62 (t, 2H).

2-trifluoromethylbenzenesulfonyl chloride
1

H NMR (400 MHz, CDCl3) δ 8.35 (d, J = 8.7 Hz, 1H), 7.97 (d, J = 7.4 Hz, 1H), 7.92 – 7.79

(m, 2H).
4-nitrobenzenesulfonyl chloride
1

H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 9.1 Hz, 2H), 8.24 (d, J = 9.6 Hz, 2H).

4-methoxybenzenesulfonyl chloride
1

H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 9.0 Hz, 2H), 7.05 (d, J = 9.0 Hz, 2H), 3.93 (s, 3H).

Benzylsulfonyl chloride
1

H NMR (400 MHz, CDCl3) δ 7.55 – 7.42 (m, 5H), 4.87 (s, 2H).

4-trifluoromethylbenzylsulfonyl chloride
1

H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 4.92 (s, 2H).

Method 2 from arenediazonium tetrafluoroborates
A glass vial was charged with arenediazonium salt (0.025 mmol), and K-PHI (4 mg),
acetonitrile (1 mL) (or chloroform for phenyldiazonium tetrafluoroborate) and the solution was
purged with N2 for 5 min. Then, water (5 µL, 0.28 mmol) and SOCl 2 (19 µL, 0.16 mmol) were
added. The reaction mixture was stirred under blue LED irradiation (465 nm, 46 mW·cm -2) at
room temperature for 24 h. After the irradiation solution was concentrated under reduced
pressure and analyzed by 1H NMR. The NMR spectral data match to the reported earlier.258
4-bromobenzenesulfonyl chloride
1

H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.8 Hz, 2H), 7.77 (d, J = 8.8 Hz, 2H).

4-cyanobenzenesulfonyl chloride
1

H NMR (400 MHz, DMSO) δ 7.81 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H).

4-(methoxycarbonyl)benzene sulfonyl chloride
1

H NMR (400 MHz, DMSO) δ 7.92 (d, J = 8.3 Hz, 2H), 7.71 (d, J = 8.3 Hz, 2H), 3.84 (s, 3H).

4-chlorobenzenesulfonyl chloride
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1

H NMR (400 MHz, DMSO) δ 7.63 – 7.55 (m, 2H), 7.37 (d, J = 8.5 Hz, 2H).

4-nitrobenzenesulfonyl chloride
1

H NMR (400 MHz, DMSO) δ 8.21 (d, J = 8.8 Hz, 2H), 7.83 (d, J = 8.8 Hz, 4H).

4-methoxybenzenesulfonyl chloride
1

H NMR (400 MHz, DMSO) δ 7.52 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H).

Sulfonyl amides synthesis
In a glass vial a substrate (0.04 mmol) was dissolved in acetonitrile (0.5 mL). NH4Cl (10mg,
0.19 mmol), water (0.2 mL) and K-PHI (4 mg) were added. The reaction mixture was stirred
under blue LED (465 nm, 46 mW·cm -2) irradiation at room temperature for 24 h under O2
atmosphere. After the irradiation CHCl3 (3 mL) and water (0.3 mL) were added to the reaction
mixture. The layers were separated, organic layer was dried over NaSO4 and concentrated
under reduced pressure. Residue was analyzed by 1H NMR. The NMR spectral data match to
the reported earlier.259-260
Benzenesulfonyl amide
1

H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 7.2 Hz, 1H), 7.62 – 7.51 (m, 3H).

4-nitrobenzenesulfonyl amide
1

H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 8.9 Hz, 2H), 8.10 (d, J = 8.9 Hz, 2H).

4-methoxybenzenesulfonyl amide
1

H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 9.0 Hz, 2H), 6.98 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H).

Synthesis of benzenesulfonyl chloride
N-chlorosuccinimide (4.85 g, 4 eqv.) was dissolved in a mixture of hydrochloric acid (2 mL,
2M) and acetonitrile (10 mL). The solution was cooled to 5 °C and thiophenol (1 g, 9 mmol)
in acetonitrile (5 mL) was added dropwise. The reaction mixture was stirred at 5 °C for 10 min
and was let warm up to room temperature for 30 min. Water (5 mL) was added to the reaction
mixture and it was extracted with ether (3 times, 10 mL). Organic solution was dried over
NaSO4 and concentrated. Precipitate was filtered off, washed with cold ether (2 mL). Filtrate
was purified by column chromatography. Yield 86%.
1

H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.1 Hz, 2H), 7.76 (t, J = 7.5 Hz, 1H), 7.64 (t, J =

7.9 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 135.39, 129.85, 127.15.
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Synthesis of phenylsulfonyl chloride under sunlight
In a glass vial S-phenylthioacetate (0.04 mmol) was dissolved in acetonitrile (0.5 mL). HCl
(0.1 mL, 36 wt.%, 1.2 mmol), water (0.1 mL) and K-PHI (5 mg) were added. The reaction
mixture was stirred under direct sunlight irradiation (69 mW·cm -2 at reactor surface, 10am 04
June 2019 at 52°24'53.2"N 12°58'11.4"E) at ambient temperature for 5 h under O2 atmosphere.
After the irradiation CHCl3 (3 mL) and water (0.3 mL) were added to the reaction mixture. The
layers were separated, organic layer was dried over NaSO4 and concentrated under reduced
pressure. Residue was analyzed by 1H NMR.
Procedure of K-PHI regeneration
K-PHI after the reaction was separated by centrifugation, washed with acetonitrile (2 times, 2
mL each) and with water (2 times, 2 mL each). KOH solution (9 mL, 0.1 M) was added to the
catalyst and suspension was stirred for 20 h. The catalyst was separated by centrifugation,
washed with water (3 times, 3 mL each), once with methanol and dried in vacuum overnight.
Supplementary Note 1
For the case with phenyldiazonium tetrafluoroborate reaction was carried out in
dichloromethane, as it reacts with acetonitrile to form phenylacetamide 1H NMR spectra of
which is presented below.
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Table A7. Optimization of S-phenylthioacetate oxidation reaction conditions.a

Entry

a

Substrate KPHI

HCl, 6M

MeCN

Atmosphere

Light, nm

Yield,%

1

5 mg

4 mg

0.2 mL

0.5 mL

O2

465

93

2

5 mg

-

0.2 mL

0.5 mL

O2

465

0

3

5 mg

4 mg

-

0.5 mL

O2

465

0

4

5 mg

4 mg

0.2 mL

0.5 mL

Ar

465

0

5

5 mg

4 mg

0.2 mL

0.5 mL

O2

dark

0

6

5 mg

4 mg

HCl/dioxane

0.5 mL

O2

465

0

S-Phenylthioacetate 0.035 mmol; photocatalyst 4 mg; HCl (36 wt.%) 50 μL; H2O 0.2 mL; MeCN 0.5 mL; T =

25 °C; electron scavenger – O2; LED module 465 nm.

Table A8. S-phenylthioacetate oxidation varying temperature. a

a

Entry

substrate KPHI

HCl 6M

MeCN

Atmosphere Temperature, °C Yield,%

1

5 mg

4 mg

0.2 mL

0.5 mL

O2

30

90

2

5 mg

4 mg

0.2 mL

0.5 mL

O2

45

0

3

5 mg

4 mg

0.2 mL

0.5 mL

O2

60

0

S-Phenylthioacetate 0.035 mmol; photocatalyst 4 mg; HCl (36 wt.%) 50 μL; H2O 0.2 mL; MeCN 0.5 mL;

electron scavenger – O2; LED module 465 nm.
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Table A9. Sulfonyl chlorides photolysis.a

a

Entry

λmax, nm

K-PHI, mg

Conversion,%

Yield,%

1

365

5 mg

0

0

2

465

5 mg

0

0

3

523

5 mg

0

0

4

365

-

0

0

5

465

-

0

0

6

525

-

0

0

Phenylsulfonyl chloride 0.035 mmol; photocatalyst 5 mg; HCl (36 wt.%) 0.1 mL; H2O 0.1 mL; MeCN 0.5 mL;

electron scavenger – O2; LED module irradiation.

Table A10. S-phenylthioacetate photolysis. a

Entry

a

λmax, nm

Conversion,%

Yield,%

1 ZM 806-2 365

0

0

2 ZM 803-6 465

0

0

3 ZM 806-1 523

0

0

S-Phenylthioacetate 0.035 mmol; HCl (36 wt.%) 0.1 mL; H2O 0.1 mL; MeCN 0.5 mL; electron scavenger –

O2; LED module irradiation.
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