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ABBREVIATIONS

2-MeTHF = 2-methyltetrahydrofuran

acac = acetylacetonate

Bi(OTf)3) = bismuth(I11) trifluoromethanesulfonate

COD = cyclooctadiene

dbbe = (diphenylphosphino)ethane

DMA = N,N-dimethylacetamide

DMSO = dimethyl sulfoxide

EDX = energy dispersive X-ray spectroscopy

EtOAc = ethyl acetate

HOMO = highest (energy) occupied molecular orbital

ICP-MS = inductively coupled plasma mass spectrometry

IR spectroscopy = infrared spectroscopy

LA = Lewis acid

LUMO = lowest (energy) unoccupied molecular orbital

MBi>0,COs = transition metal-modified bismutite synthetized by co- precipitation, regardless
of the oxidation state of the metallic components

M-Bi>0.COz = impregnated reference compound to transition metal-modified bismutite
MeCN = methyl cyanide, acetonitrile

MEK = methyl-ethyl-ketone

MIR= mid infrared

MOF = metal-organic framework

NHC = N-heterocyclic carbene complex

NIR = near infrared

NMR = nuclear magnetic resonance spectroscopy

NP = nanoparticle

OAC = acetate

OTTf = triflate, trifluoromethanesulfonate

PDF#= Powder diffraction file from the International Center for Diffraction Data (ICDD)
database

TEM-EDS = transmission electron microscope coupled with energy-dispersive X-ray
spectrometry

THF = tetrahydrofuran



TMC = transition metal catalysis
XPS = X-ray photoelectron spectroscopy
XRD = powder X-ray diffractometry



1. INTRODUCTION

Over the last 10 years, ca. a quarter of the 260.000 publication related to catalysis focused on
the production and/or transformation of heterocycles.” Their indisputable popularity and
importance result from their prevalence (about one third of the known carbon compounds are
heterocyclic compounds) and their broad applicability: they play an important role not only in
life sciences, synthetic- and pharmaceutical chemistry, but also in agriculture, electronics,
optical- and materials sciences?.

The beginnings of heterocyclic chemistry date back to the early 1800s. Initially,
biologically active compounds were isolated from natural sources?, but due to the large amount
of raw materials and solvents needed for these procedures, as well as the generally low
achievable heterocyclic yield, many synthetic processes were also developed. Despite these
already known and mostly well-established synthetic methods, the renewal of syntheses of
heterocyclic compounds under modern (green) chemical aspects becomes more and more
important.

With the present work we aimed at joining this field of research by presenting the
syntheses, the characterization procedures and the catalytic capabilities of novel bismuth-based
transition metal-containing catalysts. In the following, an attempt will be made to prove, that a
very simple inorganic synthesis method is capable of yielding a catalyst which is suitable to
readily combine the outstanding selectivity of the currently prevailing transition metal catalysis
and the robustness of bismuth(l11) (Lewis acid)-containing layered materials. By combining
these features, efficient bimetallic and reusable systems for diverse heterocyclizations can be
built up. In addition to the catalytic capabilities, the self-prepared catalysts were also
comprehensively characterized from the materials science point of view by systematically
combining different structural characterization means with analytical methods, thus the most

likely structure, composition and the type of modification was identified for each catalyst.

" A general search of Scifinder (https:/scifinder.cas.org) on the 2" of January, 2023 found 265,839 "catalysis"-
related English-language journals published between 2012 and January 2023, of which 71,525 were for production
and/or transformation of heterocycles.



2. LITERATURE REVIEW

2.1. Modern catalysis in Organic Chemistry

Modern industrial processes are now inconceivable without catalysis, as the alternative route
or mechanism that they provide, is much more economical and competitive than non-catalyzed
processes.> At least one catalytic process is certain to be found in any production of
commercially produced chemicals, so various approaches to industrial catalysis have been
developed. These include: transition metal catalysis, Lewis acid catalysis, organocatalysis,
biocatalysis, phase transfer catalysis or electrocatalysis. To accurately assess the current work,
we need to review the publications on transition metal and Lewis acid catalysis, the two main

research areas in the field of heterocyclic chemistry.

2.1.1. Transition metal catalysis in heterocyclic chemistry

Using transition metal catalysts, complex molecules can be constructed from simple starting
materials. The entire d-field of the periodic table, including zinc, cadmium and mercury have
already been studied and proved to be efficient in several chemical transformations under
relatively mild reaction conditions. However, the best used and the most suitable metals are the
expensive and rare noble metals.

The formation of heteroatom-containing backbones catalyzed by transition metals
(hereafter abbreviated as TM -) include two fundamental steps: the formation of new carbon-
carbon and new carbon-heteroatom bonds. Table 1. shows the typical reaction types and
catalysts.

Table 1. Basic processes of transition metal catalyzed synthesis of heteroatom-containing
backbone

FORMATION OF NEW C-C
AND C-HETEROATOM
BOND

FORMATION OF
NEW C-C BOND

FORMATION OF NEW C-
HETEROATOM BOND

= olefin metathesis

(ring closing - labelled processes in which the
. = heterocyclization )
metathesis, - two processes occur together:
e = cycloaddition ! .
cyclisation = intra- and intermolecular

= amino-Heck reaction

metathesis) = Sonogashira coupling

= cycloisomerization
= cycloaddition

Heck-, Suzuki-, Stille
reaction”

noble metal

alkylidenes®®,
Ru-containing Grubb
catalyst’, homogeneous
complexes of Ru8, Ag®
or P!

higher valence metals Pd(11),
Au(I11) or Hg(1)213,
Pd(0)!213 Ru, Ti%4,
organolanthanides>

classically Pd-catalyzed
reactions




Table 2. Catalytic heterocycle production by non-noble d-field metals

APPLIED D-FIELD METALS AS SUBSTITUTES OF NOBLE METALS

Pauson-Khand cycloaddition

cycloaddition reactions producing

6-membered rings

8-membered heterocyclic enol ethers
Sonogashira-coupling
syntheses of 5-membered N-containing

heterocycles

asymmetric hetero-Diels-Alder reaction

organocobalt complexes®’, Ti'8, Zrt®

nickel(COD)2?°, mono- or multinuclear
cobalt(1)/(11) complexes?'??,
stoichiometric amounts of zirconium?3, titanium?*

cobalt(l11) carbene radical®
copper-iodine?®

MnO2%" and CuBr-LiBr?® system

Ti, V, Mn, Cr, Co, Cu, Zn, Zr, Rh, Pd, La, Sm, Eu,
and Yb, bearing a chiral ligand®®

ADDITIONAL BENEFITS PROVIDED BY NON-NOBLE METALS

dual functionalization of
alkenes®°
enhanced selectivity3!
easy recyclability,

excellent tolerance to various

reaction protocols and
functional groups, application

in tandem reactions®2

high enantioselectivity3334

excellent robustness and
reusaablity®

copper-
hexafluoroacetylacetone
complexes

copper-iodine

zinc-complex, Ni(cod),

copper-manganese
bimetallic catalyst

carben/alkene metathesis
reactions

Sonogashira-coupling

heteroaddition reactions

[3+2] cycloadditions

wide range of synthesizable
materials®

manganese-pincer
complexes

cross-dehydrogenative
coupling

extensibility of the reaction to
large scale®’

cobalt(l11)-carbene
radicals

radical synthesis of
8-Membered Heterocyclic
Enol Ethers

atom- and step-economical
route by the activation of
unreactive bonds®®

multicomponent reaction®®

nickel-aluminium bimetal

nickel(COD);

synthesis of tricyclic
imidazoles

syntheses of heterocycles with
a larger number of members

Due to the achievable high chemo-, regio- and stereoselectivity and due to the broad raw

material and substrate tolerance, noble metal-catalyzed reactions have formed the basis of

heterocyclic chemistry from the 1970s until today. The benchmark studies focus on metals such

as palladium, platinum, rhodium, iridium or gold. Depending on the starting material, nitrogen-

, 0Xygen-, boron-, silicon-, phosphorus- and sulfur-containing heterocycles can be prepared in

many different sizes and with different substituents. Moreover, they offer high efficiency under

relatively mild reaction conditions. On the other hand, they have many obvious disadvantages,

such as rare abundance, high cost and production of heavy metal contamination. As a result of

8



uses in homogeneous catalysis, the recyclability of TM salts or complexes is far from being
resolved and is therefore considered as significant source of environmental pollution.*
Fortunately, many other d-field metal/metal ions can exhibit activity and adaptability
similar to that of the noble metals listed in Table 2. However, it is important to mention that
the non-commercial oxidation state of metal ions often needs to be stabilized with special
ligands or conditions for maintaining their catalytic efficiency. On the other hand, using non-
noble metals, such as copper, cobalt, manganese or nickel, additional benefits can be offered in
addition to the elimination of the disadvantages mentioned above, for example enhanced
selectivity, easy recyclability or excellent tolerance to different reaction protocols and

functional groups.
2.1.2. Heterogenization attempts and solid catalysts in heterocyclic chemistry

In the previous section, some examples of transition metals that can be used in the syntheses of
heterocycles were presented. These transition metals are generally used in the form of their salts
or complexes and are therefore suitable for homogeneous catalytic applications too. The
advantage of a well-chosen homogeneous catalyst is not only the high activity, but also the high
achievable selectivity with which chemo-, stereo- and enantioselective syntheses can be carried
out under relatively mild conditions. Nowadays, the reusability of catalysts is becoming
increasingly important from an ecological point of view, not only because of heavy metal
pollution, but also for financial reasons. Based on these difficulties for their practical use, the
need of heterogenization emerged.

There are several methods to solve this problem, but in general, heterogenization can
often lead to a decrease in activity and/or selectivity due to the poorer accessibility of the active
centers. Therefore, the synthesis of catalysts whose catalytic properties are not greatly affected
by heterogenization, but which are reusable, is still a leading area of research in heterogeneous
catalysis.

Heterogenization of homogeneous catalytic systems can be defined as the modification
of homogeneous catalysts to resolve the uniformity between the molecules of the catalyst and
the product(s) into separable phases. Two liquid phases with no, limited, or temperature
controlled miscibility** or a solid phase and a liquid phase with no, limited, or temperature
regulated solubility of the component(s) of the solid phase in the liquid phase*? are the most
common variants.

The simplest solid—liquid immobilization method is to use the solid form of a

homogeneous catalyst, that has no or temperature-dependent solubility in the reaction media.



One such example is the application of copper(l)isonitrile complex for azyde-alkyne
cycloaddition in water.*3

The most commonly used and therefore most diverse heterogenization method is ionic or
covalent bonding.** The catalytically active component is anchored via ionic or covalent
interactions on the surface of a support, which is generally considered to be chemically inert.
Organic functionalized materials, e.g., polymers, copolymers, solid-phase peptides, or oxide
surfaces (typically silica, alumina, ceria or titania) can be modified by covalent
functionalization. Charged clays (natural or synthetic), zeolites or mesoporous materials can be
functionalized by using ion exchange methods.*

There are two main methods to prepare supported catalysts. During the impregnation
method a suspension of the solid support is treated with a solution of the active component,
then the solid phase is separated by filtration and then dried. The material obtained may need
to be further activated, for example by thermal treatment. With the co-precipitation method,
covalently bonded supported catalysts can be prepared from (generally) aqueous solutions

containing all components.

Table 3. Heterogeneous copper/manganese/cobalt/nickel-containing catalysts

HETEROGENIZED COPPER, MANGANESE, COBALT AND NICKEL CATALYSTS

ACTIVE COMPONENT CARRIER
ethylenediamine—copper(I1) complex PVC*
chelate resin®’, L-histidine functionalized
Cu(ll) multi-walled carbon nanotubes?®, ionic
liquid*
copper-Schiff base complex silica-coated FesO4 NPs*

mesoporous Mn02>°
copper-2* or cobalt-containing modified MnO,%

manganese(l1)-salen complex zeolite®3, MOF>*
MOF derived Co(ll) N,P co-doped porous carbon®
N-doped C-supported cobalt NPs*®
Ni(1)MOF
CuNiFeO NPs®®
imine/thiophene-nickel (II) complex magnetic FesO4 NPs®

As copper catalyzed transformations are widely accepted among synthetic reactions, there
are several attempts for heterogenized copper catalysts from the simplest supported catalyst, to
quite complex systems as shown in Table 3. Although, there are some publications about
organic transformations and heterocyclization catalyzed by manganese complexes (porphyrin®,
pincer®:®2), heterogeneous examples are hard to locate. Likewise, homogeneous catalytic
systems predominate in the preparation of heterocycles from nickel and cobalt, and the
catalytically active forms are generally Ni(0), Ni(1l) and Co(111)53%4,

10



Another important corner of heterogeneous catalysis is the use of bulk catalysts. Metal
oxides and silica are often used because of their durability, environmental safety, ease of use,
accessibility and inexpensiveness.® In syntheses of five- and six-membered heterocycles, CoO,
In203, CuO, MgO, Al>03, CaO, SnO2, ZnO and BaO are the most commonly used metal oxides
as Lewis acids. In addition, mixed oxides-/supported oxides, such as Al,Oz—Fe203/V20s/Cu0,
MgO- La203/Sn02/Al;03 or MoOs-ZrO; and CuFe204 are also quite common®®. As TM oxide
catalysts CuO®’ (co-catalyst alongside palladium®®), C0,03°% Mn0O,°*°! NiO, their surface
functionalized forms and combinations are used most often.

The catalytic features of the bulk catalyst depend on their specific surface area and the
active site (Brensted and/or Lewis, number and activity). The concentration and strength of
acidic sites can be modified by adding other metal oxides (mixed oxides, supported catalysts)
or by chemical treatments such as fluorination or sulfonation.®® The number of active sites can
increase as the surface area of the catalyst increases by increasing the porosity or decreasing
the particle size (nanoscale oxides). For functionalized surface, impregnation, ion exchange,
precipitation—calcination,®® mechanochemical methods’ and the sol-gel method™ are the most
commonly used.

The use of layered materials as catalysts, in addition to the advantageous properties of
bulk catalysts, can offer a kind of shape selectivity due to the constraints introduced by the
space of the interlamellar galleries. The first application of layered structures as catalysts was
a petrochemical one in the 1980s.”? In layered materials additional charge selectivity is also
possible through charged layers. Moreover, the modification of the original structure by
anchoring other catalytically active molecules (metal ions/complexes, organic molecules) can
create efficient catalytic systems that can provide increased selectivity and multifunctionality
through the contribution between the carrier/host and the guest. This interfacial effect is

discussed in more detail in the chapter concerned with cooperative catalysis.
2.1.3. Lewis-acid catalysis in heterocyclic chemistry

The concept of Lewis acidity, according to which “the acid is an electron pair acceptor”, is
derived from Lewis in 1923.7 It is a more general and therefore more comprehensive definition
of acids than that of Brensted: “An acid is a molecule which is able to give proton(s)”. Lewis's
definition covers practically all acid-base processes.

The concept of hard and soft acids and bases (HSAB), introduced by Pearson in 1963,
explains the different affinities between acids and bases that do not depend on electronegativity

or other associated macroscopic properties.’”* He stated that hard acids are more likely to be
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associated with hard bases, and soft acids are more likely to be associated with soft bases, and
that hard acids react easily with hard bases and soft acids with soft bases. He defined hard acids
as small, strongly positively charged, and not easily polarizable electron acceptors, while soft
acids were defined as larger, less positively charged acceptors with easily removable valence
electrons. However, the concept of HSAB for solid acids has rarely been discussed because
solids can contain Brensted and Lewis sites simultaneously, which makes it considerably more
difficult to address the hardness-softness issue. Furthermore, addressing the Brensted or Lewis
nature of an acid site needs a special concern, because new Brensted acid sites can be generated
from Lewis acid sites via hydrolysis in the presence of water, according to the
LA +H,0—H" +LA(OH)" equation.

Since the existence of a reaction catalyzed exclusively by Brensted acids has not been
demonstrated yet, it can be generally stated, that acid-catalyzed reactions can also be carried
out with Lewis acids. However, this will lead to a different activity and/or selectivity in the
product distribution. Furthermore, the type of Lewis acid can also influence the activity and
selectivity values. While in TM-catalyzed reactions the activity of the homogeneous complex
depend strongly on the nature of the coordinating ligands, it can be interpreted as the modifying
effect of the ligand on the metal center’s softness or hardness. The same phenomenon can be

induced by binding metal ions to a solid support. (Scheme 1.)

Et0,C CO,Et

CH,
Et0,C CO,Et

2+
Pd™ - soft support » No reaction

=
H,C NCH,

EtO,C CO,Et EtO,C CO,Et
+
H,C CH,; H;C CH,

Scheme 1. Modifying effect of Brensted and Lewis sites to palladium(I1)-catalyzed cyclization
of diethyl-2,2-diallylmalonates

During the cyclization reaction of diethyl-2,2-diallylmalonate, adsorption of
palladium(l1) salts on the surface of zeolite (hard support) can provide an active heterogeneous
catalyst for the preparation of cyclopentenes, while a gradual loss of activity is observed with

increasing softness of the support. On the other hand, Brensted acid sites give a different
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product from a C=C bond isomerization without a cyclized product.”® This example illustrates
an important difficulty in heterogenization attempts: a well-chosen support can strong
contribute to the enhancement of the catalytic activity, while with an unsuitable carrier, activity
and selectivity can be destroyed, even totally extinguished or, alternatively, it may redirect the
reaction to another pathway.

The "effectiveness™ of any Lewis acid, i.e., its ability to catalyze a given reaction, depends
on several factors that define its ultimate hard-soft nature. In general, the coordination of
electron-withdrawing ligands increases the Lewis acidity of the central metal. On the other
hand, strong back electron donation by the coordinating atoms may decrease the availability of
the original empty metal orbital to accept an electron pair from a base’®. The hard-soft character
is also determined by the available empty metal orbital. Tin and organotin derivatives with
empty 5d orbital, for example, are softer Lewis acids than aluminum with empty 3p orbital.
Analogous to electron-withdrawing ligands, electron-donating ligands such as alkoxy
substituents generally reduce the Lewis acidity. In tetrahedral titanium(IV) compounds, for
example, acidity can be tuned with the number of halide and alkoxy coordinating groups. The
more the alkoxy ligand, the softer the titanium salt. Furthermore, from titanium mono- to
trialkoxy halides, acidity depends on steric hindrance as well.

Several metal salts and oxides have been used as Lewis acids for an enormous variety of
organic reactions. The most typical salts are AICls, ZnCly, FeCls, SnCls, TiCls, LiCl, typically
for Friedel-Crafts reactions, TiCls for Aldol reaction and rearrangements with BFs*Et20, TiCls,
and its alkoxy homologues (TiCl3(OiPr), TiCl>(OiPr)2) for Diels-Alder cycloadditions, or
BFs/Et,OTiCls, SnCls, BF3 for oxidation reactions’’. The other important group of typical
Lewis-acids are metal oxides, such as Al.Oz, Bi2Os, CeO2, TiO2, M0oO3, ZnO, SnO. and
La20s.”” Various solutions have been also used to make Lewis acid catalysis more
environmentally friendly, such a two phase liquid system, in which the Lewis acid remains
dissolved in one of the solvents, while the products can be extracted by another immiscible
liquid. Supercritical CO2, biphasic fluoro systems, or ionic liquids have been used for this.”’

Lewis acid-catalyzed reactions in water

Although water might be the perfect solvent for green chemical methods, it is unfortunately
widely accepted that Lewis acid-catalyzed reactions must be carried out under strictly
anhydrous conditions, as any traces of water can decompose the Lewis acid catalysts
instantaneously or gradually. The formation of hydroxides or oxides can lead to the immediate

or gradual loss of Lewis acid activity. While the hydrolysis of anhydrous metal halides such as
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AICl3, TiCls, and BCls are typical examples of the dramatic adverse effect of the presence of
water, some other studies have been reported on metal salts that do not undergo immediate
hydrolysis. These salts are mainly rare earth triflates (La(OTf)s, Yb(OTf)s, Sc(OTf)s,
Ge(OTf)3),” and heterogenized metal compounds, such as Sn-, Ti- or Al-containing zeolites.”

An interesting phenomenon is seen in the aldol reaction of silyl enol ether with aldehydes
in a mixture of tetrahydrofuran (THF) and water catalyzed by La(OTf)s, which may nuance the
“water disinclination” of Lewis-acid catalysis. The amount of water in the reaction medium
strongly influences the yield of aldol products and there is an optimal concentration for the
process. Smaller or larger water content can significantly reduce the product yield. For example,
the reaction of cyclohexanone trimethylsilyl ether with benzaldehyde gives an aldol yield of
80% if the medium contains 10-20% water, while in pure THF or water it is reduced to only 10
and 18%, respectively®’. Based on the proposed mechanism, it was suggested that the catalyst
is immediately hydrated upon dissolution and the water molecules are continuously exchanged
in the coordination sphere of the metal. If an aldehyde molecule is nearby, it can coordinate to
the metal center and activate it, and the silyl enol ether can already attack this Lewis adduct.
However, according to this model, it should be possible to quantitatively predict the precise
activity of a given metal salt as a Lewis acid in aqueous media, which is not supported by the
experimental observations. On the other hand, the formation of Brensted acid from the
interaction of metal triflate and water cannot be completely excluded, so that a considerable
amount of hydroxonium ion can be generated, which can also be an important component of
the actual catalyst. Consequently, this catalyst is not only compatible with water but is also

activated by water.

Lewis acids supported on solids

While strong Lewis acids are very corrosive on their own, they can be made more
environmentally friendly via heterogenization on high-surface-area solids, such as Al.Os, SiO»,
zeolites or clays’’. Conventional Lewis acids can be physisorbed, chemisorbed, or anchored on
inorganic supports® or can be intercalated, for example with FeCls, SbFs, or aluminum halides
between the layers of graphite, increasing the interlaminar spacing and yielding strong acid
catalysts.®? The catalytic activity of the supported system can be enhanced if the preparation is
carried out in the presence of Brensted acid, fluorine or some kind of transition metal
compound.

Alumina can be a popular carrier, such as AICI3 on alumina, which is one of the most

studied supported Lewis-acid catalyst. According to a publication reported in 1980,% the Lewis
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acid can strongly interact with hydroxyl or even oxide groups at the surface of the alumina, and
thus new active sites can be formed with the possible alumina local structures. This results in
the complete disappearance of surface hydroxyls and therefore the absence of Brensted acid
sites.

Fluorination and chlorination, may also promote the acidity of alumina, for example in
alumina-supported group VIII metals (Fe, Co, etc.).34 The chlorination of Al,O3 with CCls was
proposed to occur in two steps. In the first stage the surface Al-O-Al species and isolated
hydroxyl groups react with CCls, increasing the chlorine content, then the number of surface
OH groups decreases even further, and the CI content increases to ca. 14%. It is accepted that
this phenomenon is originated from the inductive effect of chlorine atoms on acid sites in the
neighborhood.

Acid-treated clays, amorphous or mesoporous silica, titanium- and other metal oxides,
molecular sieves, polymers, ion-exchange resin or graphite are also preferred carriers for
supported Lewis acid catalysts.”” They can be prepared by a variety of synthetic methods, such
as impregnation-, precipitation-, reductive-, or colloidal methods.

2.1.4. Cooperative Catalysis

By definition “catalysts are substances that increase the reaction rate by forming intermediates
but are not consumed in the reaction and remain unchanged after the intermediate decomposes
into the final product and the catalyst molecule”.®® In conventional catalysis, an activated
reagent reacts with another non-activated molecule (reagent 2), with the reduction of the total
reaction energy being carried out by a unique catalyst.

In multi-catalytic mechanisms, such as cooperative catalysis, both reagents are activated
simultaneously by a catalyst or catalysts. Increasing the energy level of the highest occupied
molecular orbital (HOMO) of reagentl and decreasing the energy level of the lowest
unoccupied molecular orbital (LUMO) of reagent2 can lead to highly efficient systems
(Scheme 2.).
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Scheme 2. Schematic energy diagram of traditional- and cooperative catalysis.

However, the concept of cooperative catalysis cannot be consistently delineated in the
literature for two reasons. One is that different authors prefer to use different terms to describe
the same principle, such as synergistic catalysis by McMillen,®” cooperative double catalysis
by Jacobsen,®® or contemporaneous dual catalysis by Trost.® The other reason is that the
distinction between the very similar multi-catalytic mechanisms is not uniform either, such as
bifunctional catalysis versus synergistic catalysis.®’

In heterogeneous catalysis, the question of the supporting active component can also
overshadow the overall picture. The minor component(s) of these systems, usually present in
negligible amounts relative to the overall catalyst, are presumed to be responsible for this
induced catalytic activity. The mayor component(s) is/are readily regarded as chemically inert,
playing no role in the catalytic cycle. However, in many cases this is not simple. The simplest
eventuality corresponds to the scenario described above, where the mayor component(s)
actually act as an inert scaffold and their function is merely the “solidifying” of the active
components. The second possibility is a group of the so-called promoter molecules, which
themselves have little or no catalytic effect, but when added to catalytically active components,
they can improve the final catalytic performance. Finally, the mayor component(s) may
contribute significantly to the catalytic activity of the solid, which may already correspond to
the concept of cooperative catalysis. (Axiomatically, cooperative catalysis means that “two

catalysts and two catalytic cycles work together to form a new bond”, i.e. “a single chemical
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transformation is achieved by activating both the nucleophile and the electrophile by two
different catalysts™). In special cases, the combination of two efficient catalysts can create a
system so powerful whose final catalytic activity is stronger than the sum of the effects of the
building blocks, a phenomenon known as the interface effect.

There is a growing need for clarification of the concept of cooperative catalysis, as the
use of complex supported systems overwhelms the literature. While from a practical point of
view, knowledge of the final capabilities of the catalytic systems is usually sufficient,
clarification of the contribution of the individual components would be useful. Therefore,
knowledge of possible interface effects in multicomponent- and cooperative systems can
provide useful knowledge for catalyst development in the future. This can also serve the
increased demand for efficacy and sustainable development.

In recent years, many combinations have been investigated for cooperative systems,
which can be divided into different groups. (Table 4.) The first is the group of metal complexes
with which enantio- and diastereoselective processes can be carried out.**%! The second
interesting group is the combination of different Lewis acids.?* The third group is the
combination of Brensted base/acid with Lewis acid/base.*>*® And finally, the last is metal—
support cooperative catalysts®”% which group is the most related to the current work.

Table 4. Cooperative combinations of catalysts
COMBINATION OF

BRONSTED
COIF\/I/IEI['EI)_(ES LEWIS ACIDS BASE/ACID AND MgJPAPLO'gﬁD
LEWIS ACID/BASE
h Cr?'(“)- id Co(salen) complex phosphoric acid
phosphinoamido . ¢ - i
half-sandwich achiral Ti(IV)* triphenyl ester and
%0 triphenylphosphine Au and Ag NPs -
complex Ir photocagglyst- sulfide® hydrotalcite®”’
rare earth-alkali CoBr CuOTfand 9-amino-9- = MoOs - SiO;®
metal AgOTf-Cu(OAc),* deoxyepicinchona-
heterob;mete;llllc derived urea®
complexes

Most publications have described the role of the metal and acid domains in this class of
bifunctional catalysts.®® The final performance of the catalyst is rarely a simple overlap of the
reactions promoted by the isolated metal and acid sites, as the presence of the metal can
significantly affect the strength of the acid and the acid centers can exert synergistic or
antagonistic effects on the catalytic activity of the supported metal. Therefore, the systematic

design of bifunctional solid catalysts is difficult, because the identification of the active centers
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can be more complicated, than on traditional solid surfaces (which is also not straightforward).
Moreover, the stability and reusability of the catalyst, the leaching of metals, and formation of
byproducts can also be problematic. For these reasons the use of bifunctional solid catalysts in
industrial processes is still limited, despite the fact that they can clearly offer advantages over
the corresponding homogeneous phase-catalyzed processes. Higher productivity is an obvious
advantage, but these processes can be cleaner, safer and cheaper compared to the corresponding
sequential processes using monofunctional catalysts. Cooperative catalysts can be extremely
versatile, they can be used in a wide range of processes, their operation can be broken down
into elementary reaction steps and overall, they can be extremely useful in creating more

sustainable processes on a larger scale.

Cooperative interactions between Lewis acids and transition metals

™
™ TM—> LA
/, \\ // \\\ R /'/
’ \ ’ \ J/
HzC""C\%N H,C----0 HyC----0_
LA LA R
TS-1 TS-2 TS-3
N-LA interaction O-LA interaction O-LA interaction
O-TM interaction TM-LA interaction

Scheme 3. — Possible Lewis acidic interactions with the substrates or TM catalysts.

Lewis acids are often used as co-catalysts in transition metal catalyzed reactions because they
can increase reactivity and/or selectivity via o-coordination, but the explanation of the
acceleration effect of Lewis acids is not yet fully understood. The usually proposed mechanism
is enhanced charge transfer from the transition metal to the electron-deficient substrate due to
o-donation, but the catalyst-substrate interaction can also be influenced by other factors such

as Pauli repulsion, electrostatics, polarization and dispersion.

Scheme 3. shows three types of transition states between substrate, transition metal
(TM) and Lewis-acid (LA) centers in Ni-catalyzed C-X (X = H, C, O) bond cleavage by
oxidative addition, which were quantitatively described by Gao and co-workers using energy
decomposition approach.® They found, that the elucidation of enhanced charge transfer from
metal to substrate can only be applied for those transition states that exhibit only heteroatom—
Lewis acid interactions (e.g., C-H, C-CN and C(acyl)-O oxidative additions (TS-I type

transition state). In contrast, Pauli repulsion and electrostatics/polarization are the decisive
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factors in the TS-11 and TS-111 types. For example, TS-1I type transition state is the transition
state of C—O oxidative addition when the oxygen atom of the substrates interacts with both TM
and LAs with O-LA and O-TM interactions (e.g., C(benzyl)-O and C(aryl)-O oxidative
additions). The decisive factor for their improved reactivity is attributed to the reduced Pauli
repulsion between the occupied orbitals. In TS-I11, LAs serve as a bridge to connect the TM
center and the oxygen atom and form O-LA and TM-LA interactions (e.g., C(benzyl)-O
oxidative addition). The reaction is facilitated by greater charge separation and electron

delocalization effects by strengthening electrostatics and polarization.
2.2. Multi-sided bismuth

Bismuth is a soft gray naturally occurring metal and the heaviest known member of Group 15.
The most common forms are bismite (Bi2O3), bismutite (Bi.O2CO3), or bismuthinite (Bi2S3)
and is obtained as a by-product of copper and lead smelting. Bismuth and its compounds have
several interesting properties that can be exploited in many different areas. For example the low
melting point, high boiling point, and low neutron absorption cross-section allow lead-bismuth
eutectic alloy as a coolant in nuclear reactors'®! or the expansion on solidification is a useful
property used in the printing industry. It is the most diamagnetic element, has the second lowest
thermal conductivity after mercury, and is popular in electronics and photovoltaic applications,
such as solar cells, light emitting diodes'%2, semiconductors'® or photocatalysts!®* because of
its high absorption coefficients, charge carrier mobilities, defect tolerances, and
photoluminescence efficiencies.

Bismuth-containing compounds, e.g. Bi NPs, bismuth subnitrate or bismuth
subcarbonbate, are widely used as medicines for the treatment of gastrointestinal disorders such
as dyspepsia, gastric ulcers or H. pylori infections, and more recently in the treatments of viral
infections, multidrug resistant microbial infections or cancer. In addition, they are also popular
in imaging, drug delivery or biosensing.!® Due to the low solubility of bismuth salts on
physiological conditions, the high chemical stability and (not least) affordability, they are
becoming an increasingly attractive alternative for many synthetic transformations.1%

Compared to the lighter members of group 15, the +5 oxidation state is less common in
organobismuth compounds due to the increasing diffusivity of the s electrons and is less stable
than in P, As and Sb, so that the most common oxidation state of bismuth is +3. The elemental
metal, the bismuth complexes with inorganic substituents and the organo analogues are Lewis
acids due to, bismuth has a tendency to extend the coordination around bismuth center, because

of the availability of unoccupied orbitals (d and/or BiX ¢*).1%” The Lewis acid property can be
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enhanced by the presence of electronegative ligands (X = OTf), making the bismuth centers
more electropositive, so that the appropriately chosen chemical environment can increase the
activity of bismuth-based catalysts.

2.2.1. Bismuth salts and oxides in organic chemistry

In the last decade, the chemical community has finally explored the hitherto underutilized
bismuth chemistry, which is capable of substituting noble metals to promote a variety of organic
reactions, thus signifying a bypass route to perform synthetic organic transformations in a more
sustainable manner.

The foundations of this field date back to the early 1850s when Lowig and Schweizer
investigated the synthesis of trivalent and pentavalent organic bismuth derivatives.' This was
followed by the work of Michaelis and Polis, which was very important for the development of
bismuth chemistry, as the first organobismuth compounds were spontaneously flammable upon
contact with air. The synthesis of triphenyl bismuthine, which was stable in air, in 1887
therefore marked the beginning of the actual development of bismuth organic chemistry.1%°

Further studies of Gilman in the late 1930s and early 1940s, concerning the reactivity of
organobismuth compounds with alkali metals*'® and the synthesis of triaryl derivatives of
bismuth®'® were inspired by the seminal work of Michaelis. Wittig and Clauss also worked on
the synthesis of pentaaryl derivatives of Group V elements, such as bismuth in the 1950s.1! In
further studies, Suzuki and Matano investigated the synthesis of organobismuth(V) derivatives
and bismuthonium salts.**? Then in 2006—2007, Mukaiyama and co-workers demonstrated the
utility of organobismuth(V) derivatives as very efficient reagents for various phenylations and
oxidation.!!3

The use of bismuth(l11) salts as Lewis acids has only been studied since the late 1990s
with the pioneering work of Dubac,** Wada!*>!'¢ and others, who paved the way for broad and
general methods using bismuth(l11) catalysts. The increasing number of publications in the field
has clearly highlighted the versatile use of bismuth salts in various syntheses. The low toxicity
and low cost of bismuth salts make them an attractive and practical alternative. The discovery
that bismuth-triflate (Bi(OTf)s) can be used as “water-proof” Lewis acid under aqueous
conditions, because it exists in an equilibrium of Bi(OTf)3 with bismuth hydroxide and trifluoric
acid in water, finally opened the door to the development of bismuth-containing catalysts and
proved the concept of water-compatible Lewis acids, which has since been applied to various
types of green reaction. Beside the triflate salt, other bismuth(I11) salts have also been used in

various transformations, such as BiCls, BiBrs, or Bi(OH)3.1% On contrary, the catalytically
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active forms of bismuth halides are very often bismuth oxyhalides, e.g., the elegant stereo-
selective intramolecular etherification reactions of d-trialkylsilyloxyaldehydes and ketones,
using a catalytic amount of BiBrs.!!’

The various reviews published in the last 10 years demonstrate that bismuth chemistry is
truly an emerging field. The transformations using bismuth salts are definitively high potential
processes from bulk chemicals to steroid and terpene chemistry, which encompass C—C and C—
heteroatom bond formation, oxidations, polymerizations, syntheses of heterocycles,
cyclization, allylation and catalytic alkylation reactions, multicomponent reactions or
asymmetric catalysis using chiral bismuth(111) complexes.? In contrast, the very simple, but
easy-to-use, solid-state bismuth oxides are underused in synthetic organic chemistry
(photochemical applications are the main focus). After a longer search, some reactions with
small molecules could be found, such as acylation of aromatic compounds,*® oxidation
reactions of hydroxyketones''® or aldehydes!?® with Bi,Os. To the best of our knowledge,

Bi-O>CO3 has not yet been used for organic transformations.
2.2.2. Introduction to layered bismuth compounds

From the point of view of layered materials’ applicability, bismuth species represent a very
important and versatile group. The layered bismuth compounds are one of the focal points of
research in the field of photochemistry,*?! electrochemistry!?? as well as in energy storage.!??
The tunable width of the band gap by different anions and cations,'?* the possible high dispersity
of the band structure by p and s-p hybrid states,'? and the stable skeletal structure with large
interlamellar gallery'?® are the interesting properties that make bismuth-based materials
applicable in solar cells, thermo- and optoelectrical devices or in ion batteries.

These layered materials are classified into four categories based on their composition:
unitary, binary, ternary and multinary 2D bismuth-based materials. Unitary 2D bismuth consists
of rhombohedral bismuth layers with a relatively large vertical gap.!?” Guest ions or
coordinatively unsaturated bismuth atoms embedded between the layers provide good
opportunities for catalytic application.

Binary 2D bismuth-based layered materials are mainly constructed from bismuth with
halogen or chalcogen elements (Fig. 1. A). Since both bismuth and the halogen or chalcogen
are p-block elements, binary 2D bismuth-based layered materials belong to p-block
semiconductors with ultra-narrow band gaps and ultra-high charge carriers. Their main field of

application are therefore the photo- and thermoelectric applications.
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Figure 1. Classification of 2D bismuth-based layered materials: A — binary (a-Bi203), B —
ternary (Silleén-type BIiOCI), C and D — multinary (Aurivillius-type BisTizO12 and Sillén-
Aurivillius-type BisTaOsCl).

The structure of ternary 2D bismuth-based layered materials consists of [Bi.02]?*-based

frameworks into which simple or oxyacid anionic groups are inserted (Fig. 1. B). The
interactions between positively charged bismuth-containing layers and anionic layers are van
der Waals forces or weak electrostatic forces'?®. In simpler cases, non-metal oxyacid anions
(e.g., CO%, Si03, 103) can be introduced into the layers (Fig. 2. A). By introducing halogen
anions into the fluorite-like [Bi.0,]** layers like in bismuth oxyhalides (BiOX, X = Cl, Br, and
I, Fig. 1. B), an interesting superstructure is constructed, it is the so-called Sillén-type
superstructure'?3, By inserting more complex, transition metal-based oxyacid anions, another
superstructure can be constructed, called simple Aurivillius phase (general formula of
(Bi202)(TM)Ox (TM= Mo, W, Sn, Nb, Ta, Ti, etc.) (Fig. 1. C). In this composition, corner-
sharing connected (TM)Ox octahedral layers are sandwiched between the [Bi20O.]-based
layers'?®. Due to these typical structures, ternary bismuth-based p-block semiconductors can be
designed with high chemical and thermal stabilities.

Finally, multinary 2D bismuth-based layered materials often have very complicated
compositions that are not easy to define. As an example, the complex Aurivillius-phase®° and
Aurivillius-Sillen compounds can be mentioned. This latter is built up alternately from
Aurivillius- and Sillen-phase structures (general formula of [(Bi202)2X]*[An-1BnOsn+1]® (X is
a halogen element, n= 1, 2, 3, etc., Aurivillius [An-1BnOsn+1]-based perovskite and Sillén

(Bi,02)2X layers, Fig. 1. D). On the other hand, there are some simpler examples among
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multinary 2D bismuth-based compounds, such as bismuthoxyhalides partially substituted with
Ca, Sr, or Ba!® (Fig. 2. B). Complex, multinary bismuth-based compounds possess the
advantages of Aurivillius-phase and Sillén-phase semiconductors in terms of light absorption,
charge separation and transfer, as well as photo-stability, suggesting their potential applications

in photocatalysis.
2.2.3. Bismutites

An important representative of the layered bismuth compounds is the mineral family of
bismutites. According to the classification based on their structure and composition, they
belong to ternary or multinary 2D bismuth-based compounds with Silléen-type superstructure.
In general, the positively charged Bi>O2** layers of bismutites are compensated by carbonate
anions, incorporated into the interlayer space. The ternary or multinary classification depend
on the complexity of the carbonate-based anion. Their simplest representative of bismutites is
the also called bismutite with the formula of Bi.O>COs, in which carbonate anions are
embedded between the layers. (Fig. 2. A). In coordination with carbonate ions, other metals can
also be part of the anionic building block, such as calcium(ll) ions in the naturally occurring
mineral called beyerite (CaBi202(COz3).), Fig. 2. B).

Similar to other bismuth oxides, the main application field of bismutites is also

photochemistry and photovoltaics, but compared to bismuth oxyhalides, bismutites are more
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Figure 2. — Layered structure of bismutites: A — Bismutite: Bi.0.COs, B — Beyerite:
CaBi202(CO3)

23



In several previous works, we have successfully synthesized and used the artificial silver
analogue of this compound. The Sillen-type bismutite framework was applied as a host,
providing a strong anchorage for the guest silver(l) cations, thus these works can be considered
as forerunners of the present dissertation.*3**" Nevertheless, the active role of bismuth centers
as Lewis acids, proving the bifunctionality of the as-prepared bismutite analogues, has not yet

been harnessed.
2.3. Catalytic applications
2.3.1. Catalytic synthesis of phenothiazine

Phenothiazines and their derivatives are representative examples of N-heterocyclic structures
with C—N and C—S moieties. These compounds possess a very diverse range of applications.
From electrogenerated chemiluminescence emitters!® to chemosensors,**® as molecular
wires, 4 or the backbone with various side chains can be used in psychotropic-, antituberculou-
or antifungal drugs.***%® Although the family of the compound has been known for a long
time, the actuality of them is unquestionable, considering their novel applications are being
continuously reported, such as piperazinyl phenothiazine which was recently investigated as a
antipsychotic agent against SARS-CoV-2.14

Numerous different synthesis strategies of phenothiazines were elaborated over the past
decades (Table 5.).245147 However, the heterocyclization step is still insufficient, thus the most
important challenge on this highlighted point is to achieve a step-economical N—H/S—H
functionalization cascade. Despite the fact of the notable progress that has been made on C-N

couplings, many defects can be identified in the strategies shown in Table 5.

Table 5. Synthesis strategies of phenothiazines and their defects

SYNT%S;%%LI}?;?@S S OF DISADVANTAGES AND DEFECTS
heat treatment of diphenylamines and | large amount of added base (10-30 mol %) is
sulfur at high temperature#® required
very long reaction time (48—96 h)
four-step route via Smiles high reaction temperature (110—-150 °C)
rearrangement46 sequential control of reaction conditions
C-N couplings*’ high catalyst loading (10—20 mol %)

Of these reactions, really few elegant, cascade processes were reported; however, using

organic additives and/or high catalyst loading (30 mol %) is necessary to provide good yields
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(70-85%).147 One of the most effective example for this is the cascade-like N-arylation and S-

arylation-containing heterocyclization of 2-iodoanilines and 2-bromobenzenethiol*® (Scheme

4., Table 6.).
I HS S
Cul, ligand, K,CO;
* solvent -
NH Br g

2

1 equiv.
n=0.5 mmol

NH, Br
Scheme 4. Sequentially controlled Cul/ligand-catalyzed cascade N-arylation and S-arylation of
2-iodoanilines and 2-bromobenzenethiol yielding phenothiazines via heterocyclization.'*8

This reaction sequence formed one of the small molecule test reactions of the present
work, with the addition that no relevant progress has been achieved for producing phenothiazine
in a heterogeneous catalytic manner. Additionally, contrary to noble metals and copper-based

systems, capabilities of Lewis acids are mainly untapped.

Table 6. Reaction conditions of sequentially controlled Cul/ligand-catalyzed cascade N-
arylation and S-arylation of 2-iodoanilines and 2-bromobenzenethiol yielding phenothiazines
via heterocyclization®®

Temperature 9 °C (1 s';igz),)llo Sk
Reaction time 48h (1% step), 72h (2" step)
Ligand 0.2 mmol L-proline (0.4 equiv.)
Solvent 2 mL 2-methoxyethanol
Catalyst loading 0.1 mmol Cul (20 mol%)
Base 2.5 mmol K2COs (5 equiv.)
Yield of phenothiazine 77 %

2.3.2. Catalytic syntheses of 2-phenylbenzimidazole/ oxazole/ thiazole

Oxidative cross couplings and oxidative annulations of anilines and amines are among the key
processes both in the industrial and academic production of nitrogen-containing heterocyclic
compounds. Pharmaceuticals,**® functional materials*® or chemical sensors!® can also be
produced via these reactions.

For annulations, the most efficient catalysts are typically Bronsted and Lewis acids, %1%

on contrary, promising Lewis acids such as Bi-compounds did not occur as yet. Due to the
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extreme likelihood of homocoupling of amines, (aromatic) alcohols are more often used as
reaction partners with anilines. However, dimer imines can also be useful products, providing
that the reaction sequence can be controlled, and thus the product distribution depends on the
reaction conditions. Oxidative cross couplings of anilines and amines toward imines could be
catalyzed by non-noble metal ions such as Co(11),*>* Fe(11)***/Fe(111)*%¢ and Cu(l)**"/Cu(I1)**8
salts. Nevertheless, the widespread use of these valuable metals as catalysts in these
annulations/couplings are severely limited by the fact that non-commercial oxidation state of

the metal ions must be maintained for catalytic efficacy*®.

@\/ =
_—--—
NH, __NH

benzylamine (1a) benn limine

(1.!) NH! 2-aminoanilin (2)
XH=NH:/OH/SH

benzylidenebenzilamin (5) / 2-benzylideneaminoanilin (3)
: \

2-phenylbenzimidazole (4)
X=NH/O/SH

Scheme 5. FeBr» catalyzed reaction sequence for benzimidazole/oxazole/thiazole production
via oxidative coupling reaction of benzylamine and 2-amino/hydroxy/mercaptoaniline.>®

Such an example is the work of Gopalaiah and Chandrudu, who used iron(Il)bromide
to catalyze the oxidative annulation of benzylamine and 2-aminoaniline producing 2-
phenylbenzimidazole.*>® What they gain with the simplicity and cheapness of the catalyst, they
lose with the impossibility of recyclability after the first reaction cycle. The reaction sequence
and the reaction conditions are shown in Scheme 5. and Table 7.
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Table 7. Reaction conditions of FeBr; catalyzed reaction sequence for 2-phenylbenzimidazole
production via oxidative coupling reaction of benzylamine and 2-aminoaniline!®

Temperature 110 °C
Reaction time 4h
Additive molecular O (balloon)
Solvent 2 mL chlorobenzene
Catalyst loading 0.1 mmol FeBrz (5 mol%)
Yield of 2-phenylbenzimidazole 92%

Since the control of the two reaction pathways was not attempted, this reaction sequence

was chosen as the second test reaction for the present work.
2.3.3.  Oxidative dehydrogenative coupling reactions of anilines

Quinolines and quinoxalines are important intermediates in many industrial processes,
such as in the synthesis of polymerst®, dyes!®!, pharmaceuticals®? or pesticides'®. Despite the
well-known disadvantages of the industrial-scale syntheses such as environmentally unreliable
reagents, high solvent requirements, harsh reaction conditions, or limited substrate scope, the
vapor phase double condensation of ethylenediamine derivatives with 1,2-dicarbonyl
compounds?®* and the Lewis acid-mediated Skraup synthesis are still the most widely used
profitable and technically feasible methods.'®®> On the other hand, oxidative and acceptorless
dehydrogenation couplings are today's most advanced methods in scientific life and in terms of
sustainability. Table 8. compares the advantages and disadvantages of the oxidative and
acceptorless types of these couplings.

Beyond the listed examples, some paper can also be found in the literature about the
combination of the simplicity of oxidative conversions and the efficiency of acceptorless
dehydrogenative couplings. For example Corma et al. successfully published an elegant one-
pot synthesis of quinoxalines, in which the oxidation of biomass-derived vicinal diols yields
the corresponding dicarbonyls first, than the cyclic condensation with 2-aminoaniline and its
derivatives to provide the final product.*%® For this a noble metal based Au/CeO catalyst was
used, which however was also be able to promote the formation of C-C bond cleaved by-
product.
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Table 8. Reaction conditions of FeBr; catalyzed reaction sequence for 2-phenylbenzimidazole
production via oxidative coupling reaction of benzylamine and 2-aminoaniline

DEHYDROGENATIVE COUPLING

ACCEPTORLESS

OXYDATIVE

for quinolines: mono coupling of 2-
aminobenzyl alcohols with ketones'®” or
double coupling of secondary alchohols with
2-aminobenzyl alcohol*®® in modified
Friedlédnder syntheses

diols with aniline derivative
for quinoxalines: non-symmetric 1,2-diols and
2-nitroanilines or o-phenylenediamines®”

169

the oxidation trap of a-hydroxycarbonyl
compounds with 1,2-diamines'’ or the
bismuth-mediated oxidative coupling of
epoxides with ene-1,2-diamines*’

PROs CONTRAS PROs CONTRAS
- . . appearance of
no overoxidized or .. . mild reaction S
non-efficient Michael .. overoxidization
C-C bond-cleaved o conditions, easy-to-
addition step and/or C-C bond
by-product perform

expensive and
chemically
sensivitive 4d and 5d
(noble) metal catalyst
(Ir, Ru)

use of special ligand,
additives and/or
stoichiometric
amounts of base, inert
atmosphere, non-
green solvents (e.g.,
toluene)

high selectivity

no need of
halogenated or pre-
functionalized
starting material

cleavage
simplier transition
metal salts (beside the
also popular noble
metals) as the actual
catalysts, even in
heterogeneous phase

lower versatility and
selectivity

requirement of pre-
functionalization of
the starting material

As there are some examples in the literature that the usage of bismuth or lead promoters

beside noble metal catalysts can help to avoid overoxidatization!”, and because some other

reports have shown that TM containing heterogeneous catalysts, even cooperating with Lewis

acids, are able to show promising catalytic abilities in oxidative dehydrogenative

transformations,'’* the main aim of the final part of the current work was to investigate the

applicability of the bimetallic, cooperative catalysts in oxidative dehydrogenative (self-

)couplings without the application of any additive or special oxygen resource. Scheme 6. shows

the investigated reactions. In azo coupling, reaction A, new N=N bond is formatting between

two aniline. In the synthesis of quinoline, reaction B, aniline is coupled with propan-1,3-diol

for creating new C=N and C-C bonds. Reaction C shows the coupling reaction of 2-

aminoaniline and ethylene glycol producing quinoxaline via new C=N bonds formations and
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reaction D shows the homocoupling of 2-aminobenzylamine with new C=N and N=N bonds

formations.

A C

X N
N X
|| catalyst catalyst
- —_—
N aniline etylene glycol =
Y N
X=NH, X=NH,
Y=H B catalyst Y=NH,

propane-1,3-diol
Y
- N

N N X=NH,
Y=H

F

Scheme 6. Catalytic oxidative coupling reactions of anilines
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3. THE MAIN AIMS OF THE DISSERTATION

The present work is related to heterogenization methodologies of TMs with the primary goal of
preparing copper, manganese, cobalt and nickel modified bismuth-based solid phase catalysts.
First, attempts were made to anchor copper(Il), manganese(ll), cobalt(ll) and nickel(Il) cations.
After the successful syntheses, the characterization of the catalyst candidates were also
attempted by systematically combined analytical and spectroscopic methods to interpret
structure-activity-selectivity-reusability relationships. To have deep knowledge about the as-
prepared structures, the following analytical and spectroscopic methods were applied: powder
X-ray diffractometry (XRD), infrared (IR) and Raman spectroscopy, near-infrared (NIR), UV-
Vis and X-ray photoelectron (XPS) spectroscopy, transmission electron microscope with
energy-dispersive X-ray spectroscopy (TEM-EDS), inductively coupled plasma mass
spectrometry (ICP-MS), thermogravimetry (TG) with evolved gas analysis (EGA) and surface
adsorption measurements. In addition to the structural information, the determination of the
most probable compositions and structures as an additional goal was also set.

After reviewing the literature, it was hypothesized, that self-made catalysts will be
applicable in organic reactions of small molecules as cooperative or (at least) bifunctional
catalysts. Moreover, it was assumed, that the original reaction sequence, the activity and
selectivity values, and/or the reaction conditions can be improved by the new, heterogeneous
catalysts. In case of positive results, the feasibility of the concept can be verified. For this
reason, the following catalytic cyclisation reaction have been chosen as tests: oxidative
coupling of 2-iodoaniline and 2-bromobenzenethiol, oxidative annulation of benzylamine and
2-aminoaniline, oxidative coupling of aniline and propane-1,3-diol, oxidative coupling of 2-
aminoaniline and ethylene glycol and oxidative homocoupling of 2-aminobenzylamine.
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4. EXPERIMENTAL PART
4.1. Materials

All chemicals used for catalyst syntheses were of analytical grade Sigma-Aldrich products and
were used without further purification. Bismuth(lI)nitrate-pentahydrate (Bi(NO3)s:x5H20);
copper(lDnitrate-trihydrate (Cu(NO3)x3H20); manganese(ll)nitrate-hydrate (Mn(NO3)2xH-0;
cobalt(ll)nitrate-hexahydrate (Co(NO3).x6H20; ammonia solution (25%; NH4OH); sodium
carbonate anhydrous (Na.COs3); concentrated nitric acid (cc. HNO3); copper(ll)-oxide (CuO);
Manganese(IV)oxide (MnO3); cobalt hydroxide (Co(OH)2) was precipitated from an aqueous
solution of cobalt(I)nitrate-trihydrate using the appropriate amount of 3M sodium hydroxide
solution.

The reagents and bases used for the catalytic reactions: 2-iodoaniline (ICsHsNH.); 2-
bromothiophenol (BrCsHsSH); 4-amino-3-iodobenzonitrile (ICeH3(NH2)CN); 2-iodo-4-
nitroaniline  (ICsH3(NO2)NH2); 4-chloro-2-iodoaniline (CICsH3(I)NH3); 2,4-dichloro-6-
iodoaniline (Cl2CeH3(I)NH>); 4-chloro-2-fluoro-6-iodoaniline ((Cl)(F)CeHs(I)NH>); 2-iodo-
4,6-dimethylaniline  (I(CHs)2(CeH3)NH2); potassium carbonate (K2COgs); benzylamine
(CéHsCH2NH2),  2-aminoaniline  (CeHa(NH2)2), 2-aminophenol  (CsHisNH2OH);  2-
aminothiophenol ~ (CéHsNH2SH);  4-methoxybenzylamine  (CH3OCsH4CH2NH);  2-
methoxybenzylamine (CeHsCH2NH>OCHz3); 4-clorobenzylamine (CICeHsCH2NHy); 2-
clorobenzylamine (CsH4CH2NH2CI); 3-nitrobenzylamine hydrochloride
O2NCeH4CH2NH2xHCI; aniline (C6HsNH2); ), o-anisidine (CH3OCsHaNH2); p-anisidine (4-
(CH30)CgHsNHz);  3-nitroaniline  (O2NCsHsNH2);  4-bromoaniline  (BrCsHsNH2); 4-
cloroaniline (CIC¢HsNH>); o-toluidine (CHsCsHaNH2); p-toluidine (4-(CH3)CsHsNHy2); 4-
aminobenzonitrile  (H2NCgH4CN);  1,3-propanediol  (HO(CH2)sOH);  2-aminoaniline
(CeHa(NH>)2); ethan-1,2-diol (HOCH.CH.OH, ethylene-glycol);  4-bromo-1,2-
diaminobenzene (CsH3(NH2)2Br); 4-cloro-1,2-diaminobenzene (CeHs(NH2)2Cl); 4-nitro-1,2-
diaminobenzene (CsH3(NH2)2NO3); 3,4-diaminobenzoic acid ((H2N)2CsH3CO2H); 3,4-
diaminotoluene (CH3CsH3(NH>)2); 2-aminobenzylamine (H.NCsH4CH2NH2); sodium sulfate
anhydrous (Na2S0a) and brine, and the solvents: dimethyl sulfoxide (C2HsOS); ethyl acetate
(CH3COOCH2CHz3); ethylene glycol ((CH2OH),); 5-methyloxolan-2-one (y-valerolactone,
CsHsOy); pentane-2,4-dione (acetylacetone, CsHsOy); N,N-dimethylacetamide
(CH3CON(CHs3)2); N,N-dimethylformamide (HCON(CHz3),); 2-butanone (CH3C(O)CH2CHg;
butanone (methylethylketone, CH3CCH.CH>); toluene (CeHsCHs); acetonitrile (C2HsN);

methanol (CH3OH) were also Sigma-Aldrich products which were of analytical grade and were
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used without further purification except the liquid anilines, which were freshly distilled, and 3-

nitrobenzylamine hydrochloride, which was liberated from its salt with 1M HCI before use.
4.2.  Syntheses of the modified bismutites

In a typical synthesis, performed by a modified co-precipitation method, appropriate amounts
of Bi(NO3)sx5H20, considered as 1 equivalent (3.75 mmol), and the related transition metal
nitrate salt, Cu(NQOsz)2x3H20 (3.75 mmol)/ (Mn(NOz)2x6H20 (3.75 mmol)/ Co(NO3)2x6H20
(3.75 mmol)/ Ni(NOz)2x6H20 (3.75 mmol), were dissolved in 25 mL of 5 wt % aqueous nitric
acid solution. After dissolution, 40—40 mL of 0.6—0.6 M ammonia and sodium carbonate
solutions were added to the nitric acid solution containing the reagent salts followed by
continuous stirring for 24 hours at 80 °C for CuBi202COs3 and at 100°C for Co-, Mn-,
NiBi».02COs. The obtained, colored products (MBi>0,COz3) were filtered, washed with distilled
water several times, and dried at 60 °C overnight. With the exception of CuBi>02COs3, the finely
powdered solids were treated with further heat treatment for 3 hours under 290 ° C to remove
remained water traces before catalytic use.

The transition metal-free bismutite (Bi20.CO3) was synthesized under identical
conditions both at 80 and 100 °C but without loading the TM salt.

The bismutite-supported transition metal oxide composites (M-Bi,0.CQO3z) were
synthesized by wet impregnation and were used for comparison. 1 equivalent (3.75 mmol) of
the as-synthetized Bi.O.COsz and 7.5 mmol of CuO/ (MnQO2/ in situ precipitated Co(OH)./
Ni(OH)2 were suspended in 50 ml ethanol. After sonicated for 2h at room temperature, solvent

was evaporated.
4. 3. Instrumentation and characterization methods
4.3.1. Powder X-ray diffractometry

The XRD patterns were recorded on a Rigaku XRD MiniFlex II instrument by applying CuKa
radiation (A = 0.15418 nm) and 40 kV accelerating voltage at 30 mA.
The interlayer distance (the interlayer space and the thickness of one layer) was
calculated by Bragg’s law:
nA = 2dyp sin ©.
where n is an integer; A is the wavelength of the incident light, dnw is the lattice spacing and 6
is the angle of incidence.

The primer crystallite size was calculated by Scherrer equation:
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where D is the average crystallite size, f is the line broadening in radians while 0 is the Bragg

angle as well as A is the wavelength of the incident light.
4.3.2. Thermal analytical measurement

The thermal behavior of the as-prepared transition metal containing composites was studied on
a Setaram Labsys derivatograph, employed under constant air flow conditions with 1 °C/min
heating rate. The samples (30-35 mg) were placed into high-purity a-Al2Oz crucibles. For
evolved gas analysis (EGA) a Pfeiffer QMS 200 mass spectrometer was used under oxygen

flow (40 mL/min) with a 5 °C/min heating rate using ca. 100 mg of the samples.
4.3.3. FT-IR spectroscopy

To take the FT-IR spectra, a Bio-Rad Digilab Division FTS-65A/896 (mid-range spectra)
instrument was used with 4 cm™ resolution. The 4000—600 cm™! wavenumber range were
recorded with 256 scans for each spectrum, in ATR mode by utilizing a Harrick’s single

reflection diamond ATR accessory.
4.3.4. Raman spectroscopy

Raman spectra were also collected for the study of inorganic structural elements by a Raman
Senterra Il (Bruker) microscope at an excitation wavelength of 765nm. 12.5 mW laser power

was applied and 20 spectra with an exposition time of 20 s were averaged.
4.3.5. UV-Vis-NIR spectroscopy

NIR and UV—Vis spectra were recorded on a SHIMADZU UV-3600i Plus UV—Vis—NIR
spectrophotometer equipped with photomultiplier tube, InGaAs, and PbS detectors in the

50,000—6000 cm* wavenumber range with 4 cm™ resolution recorded in reflection mode.
4.3.6. XP spectroscopy

The XPS measurements were carried out with a SPECS instrument equipped with a PHOIBOS
150 MCD 9 hemispherical analyzer, under a main-chamber pressure in the high vacuum range
(107°-107%° mbar). The analyzer was in fixed analyzer transmission mode with 40 eV pass
energy for the survey scan and 20 eV pass energy for the high-resolution scans. The powdered
sample was pressed into an indium foil and loaded into the chamber on a gold-coated sample

holder. The Al Ko X-ray source was used at 14 kV and at 150 W power. Charge referencing
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was done to the adventitious carbon (284.8 eV) on the surface of the sample. XP spectra were

evaluated by the CasaXPS commercial software package.
4.3.7. TEM-EDS microscopy

High resolution images from the morphology of the samples were taken by a Philips CM20
instrument running at an acceleration voltage of 200 kV, and a Cs-corrected
scanning/transmission electron microscope of Themis instrument was used. The EDS mapping
was monitored by Super-X detectors of the Themis instrument at 200 kV. The SAED patterns

were evaluated using ProcessDiffraction software.!”

4.3.8.  Adsorption measurements

Porosity and surface area studies were performed on a NOVA3000 instrument (Quantachrome,
USA) gas adsorption system using nitrogen gas as the adsorbate. Porosity data were calculated
by the Barrett—Joyner—Halenda method in the 0.05-0.35 relative pressure range. Before
adsorption measurements, all the samples were outgassed under vacuum for 16 h at 25 °C. The
specific surface areas were measured by the BET method by adsorption of N> at -196 °C. To
remove any adsorbents from the surface of the samples, the samples were flushed with N> at
100 °C for 5 hours.

4.3.9. |ICP-MS measurements

The ICP-MS measurements were performed on an Agilent 7700% instrument. During the
sample preparation, a few milligrams of the samples measured by analytical accuracy were
dissolved in 1.0 mL of concentrated nitric acid, and then they were diluted with distilled water
to 50 mL and then filtered prior to the measurements. For the quantitative analyses,

multielement standard was used (Sigma-Aldrich).
4.3.10. Temperature programmed desorptions

The basic sites were also characterized by using CO»-temperature programmed desorption
(TPD) technique, carried out on a Hewlett-Packard 5890 GC system equipped with a TCD
detector. Prior to the measurements, a quartz tube was loaded with a portion of the sample (100
mg) followed by an initial purge in a He stream (50 mL/min) at room temperature for 10 min
to remove impurities. The temperature was then raised to 650 K using the ramp rate of 10 K/min
and then held for 1 hour to remove water and other impurities. The temperature was then
lowered to 373 K. Finally, the gas was changed to CO> in He (30 mL/min CO2, 50 mL/min He)
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and circulated over the sample for 1 h. The gas was then removed from the sample by
systematically increasing the temperature.

The surface acidity of the catalysts was characterized by NH3-TPD. The samples were
pre-treated as above to remove impurities and water. Ammonia was then adsorbed for 30
minutes. Finally, the sample was heated from room temperature to 823 K at a rate of 10 K/min

and the desorbed gases were analyzed with a TC detector.
4.3.11. GC-MS measurements

During the synthesis of phenothiazines, gas chromatographic measurements were carried out
with a Thermo Scientific Trace 1310 Gas Chromatograph coupled with a Thermo Scientific
ISQ QD Single Quadrupole Mass Spectrometer using a Thermo Scientific TG-SQC column
(15mx0.25mm IDx0.25um film). The operational parameters were as follows: column oven
temperature: from 50 to 300 °C at 15 °C min!; injection temperature: 240 °C; ion source
temperature: 200 °C; electrospray ionization: 70 eV; carrier gas: He at 1.5 mL min™?; injection
volume: 2 uL; split ratio: 1 to 33.3; and mass range: 25—500 m/z. The starting materials, the
products, and the undesirable byproducts were identified using reference samples.

4.3.12. NMR spectroscopy

NMR spectroscopic measurements were carried out by a Bruker DRX500 instrument 500 MHz
NMR spectrometer. Samples were dissolved in 0.7 mL of DMSO-ds or chloroform-d, and *H
and 3C spectra were taken at room temperature. Spectra were evaluated by MestReNova-
14.1.0-24037 with fixing internally to the remaining resonance of the DMSO-ds (*H: 2.50 ppm,
13C: 39.52 ppm) or chloroform-d (*H: 7.26 ppm, *3C: 77.16 ppm).

4.4, Catalytic reactions
4.4.1. Optimal procedure for the synthesis of phenothiazine

2 mL mixture of DMSO and distilled water in ration of 1:2, the corresponding 2-iodoaniline or
its derivatives (0.5 mmol, 1.0 equiv.), 2-bromobenzenethiol (0.55 mmol, 1.1 equiv.), KoCO3 as
the base (2.5 equiv.), and copper-containing bismutite as the catalyst (19 mg, corresponding to
5 mol % metal ion loading) were combined in a nitrogen-flushed Schlenk-tube equipped with
a magnetic stirrer bar and was stirred continuously at 90 °C for 15h. Then, the mixture was
cooled to room temperature, and the resultant liquid was extracted with 3x15 mL brine and 10
mL ethyl acetate. The organic layer was dried over Na>SO4 and concentrated under reduced
pressure. In order to find the mildest reaction conditions, the solvent, the temperature, the

reaction time, the amount of the added base, and the catalyst loading were altered. In the
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reusability study, the solid catalyst was removed after the reaction by filtration for five identical
rounds. The conversion and the selectivity values were determined after each reaction by using
gas chromatography coupled with mass spectrometry (GC—MS) and by NMR spectroscopy. In
the scope, 2-iodonaline derivatives with different electron donating and -withdrawing
functional group were screened under the optimized reaction conditions. *H and *C NMR

spectra of phenothiazine and its derivatives are included in the appendix (Appendix S1.).
4.4.2. Optimal procedure for the synthesis of 2-phenylbenzimidazole

2 mL mixtures of DMSO and distilled water in ration of 1:9, the corresponding benzylamine or
its derivative (0.5 mmol, 1 equiv.) and 2-aminoaniline (0.6 mmol, 1.2 equiv.) were combined
in round-bottomed flasks equipped with a magnetic stirrer bar and a reflux condenser. The
reaction mixtures were stirred for 8h at 90 °C with 10 mol% of MnBi,0>CO3 and at 110 °C
with 2.5 mol% of CoBi»0.COz. Then, as the mixtures were cooled to room temperature, the
resultant liquids were each extracted with 3x15 mL brine (saturated sodium-chloride solution)
and 10 mL ethyl acetate. The organic layers were dried over Na2SO4 and concentrated under
reduced pressure. To find the mildest reaction conditions for the maximum achievable product
yield, the solvent, the temperature, the reaction time and the catalyst loading were altered for
both catalysts. Afterwards, the reusability of the catalysts were investigated in a 5-rounded
consecutive reaction series. Between the identical reactions, the catalysts were filtered from the
reaction mixtures.

The extensibility of heterocyclization was investigated from both reagents under
optimized reaction conditions: by systematic pairing of benzylamine derivatives and 2-
aminoaniline, 2-aminophenol or 2-aminothiophenol, different N-, O- and S-containing
heterocycles were prepared. The conversion (C) and the selectivity (S) values were determined
after each reaction by using NMR spectroscopy. *H and 3C NMR spectra of 2-phenyl
benzimidazole/oxazole/thiazole and their derivatives are included in the appendix
(Appendix S2.).

4.4.3. Optimal procedure for oxidative azocoupling of anilines

Aniline of 0.5 mL as reagent and solvent and the transition metal-containing bismutite of
10 mol% metal ion loading were combined in a round-bottomed flask equipped with a magnetic
stir bar using a reflux condenser. The reaction mixture was stirred at 150 °C for 72h, then, the
mixture was cooled down to room temperature, and the resultant liquid was extracted with 2x15
mL distilled water, 1x15 mL brine and 10 mL portion of ethyl acetate. The organic layer was
dried over Na SO4 and concentrated under reduced pressure. To find the highest azo-product
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yield, different solvents and solvent-free condition were investigated. During the scope, the
corresponding aniline derivative (0.25 mmol, 1.0 equivalent) and the transition metal-
containing bismutite as catalyst were combined in 0.5 mL aniline. The catalytic indicators were
determined after each reaction by NMR spectroscopy. *H and **C NMR spectra of azobenzene

and its derivatives are included in the appendix (Appendix S3.).
4.4.4. Optimal procedure for synthesis of quinoline

In the procedure for quinoline synthesis, 1 equiv. (0.5 mmol) aniline and 2 mL propane-1,3-
diol were mixed in a round-bottom flask equipped with a magnetic stir bar and a reflux
condenser with the catalyst powders of 10 mol% metal ion loading. The reaction mixtures were
stirred for 72h at 150 °C immersed in a silicon oil bath. After the reaction time was over, the
mixture was cooled down to room temperature, and was extracted with 2x15 mL distilled water,
1x15 mL brine and 10 mL ethyl acetate. Then, the organic layer was dried over Na>SO4 and
concentrated under reduced pressure. During the scope, the corresponding aniline derivatives
(0.25 mmol, 1.0 equivalent) and the transition metal-containing bismutite as catalyst were
combined in propane-1,3-diol of 0.5 mL. The catalytic indicators were determined after each
reaction by NMR spectroscopy. *H and 3C NMR spectra of quinoline and its derivatives are

included in the appendix. (Appendix S4.).
4.4.5. Optimal procedure for synthesis of quinoxaline

For producing quinoxaline, the round-bottom flask was filled with 1 equiv. (0.5 mmol) 2-
aminoaniline, 2 mL ethylene glycol and the corresponding bismutite catalyst of 10 mol% metal
ion loading. The reaction mixtures were stirred for 24h hours with a magnetic stir bar in an oil
bath of 110 °C, then the extracted samples (2x15 mL distilled water + 1x15 mL brine and 10 mL
ethyl acetate) were concentrated under reduced pressure and analyzed by NMR spectroscopy.
In the versatility study, the corresponding 2-aminoaniline derivative (0.25 mmol, 1.0 equiv.)
and the transition metal-containing bismutites as catalysts were combined in 0.5 mL ethylene
glycol. The catalytic indicators were determined after each reaction by NMR spectroscopy. H
and BC NMR spectra of quinoxaline and its derivatives are included in the appendix
(Appendix S5.).

4.4.6. Determination of catalytic indicators

The catalytic indicators were determined after each reaction by gas chromatography MS (GC-

MS) or by NMR spectroscopy based on the following equations:
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_ 1(0) starting material
(1) C starting material — ] ] ] — X 100
N(0)starting material T(t) starting material
_ N(t) product
(2) S product — <100

RO) productJrn (t) by-prodcut(s)*

(3) Y product — S product X C product

where C is the conversion of the starting materials, S and Y are the selectivity and yield of the
desired products, no is the corresponding initial volume of the reactants/products while n; is the

corresponding volume of the reactants or products at a given time.
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5. RESULTS AND DISCUSSION
5.1. Characterization

The previously reported, new silver(I) modified Silleén-type bismutite structural analog was

synthetized with the urea hydrolysis method in which the amount of hydroxide and carbonate

anions required for precipitation is provided by the controlled hydrolysis of urea.'**
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Figure 3. XRD patterns of Bi.O.COs (a), MnBi20.COs (b), CoBi20.COs3 (c), NiBi202CO3 (d),
Mn-Bi20.COs3 (), Co-Bi20,CO3 (), Ni-Bi.02C0O3 (g), Bi20.CO3 (80°C) (h), CuBi>202COs (i),
Cu-Bi20,CO;3 (j).17

Following the successful preliminary experiments with urea hydrolysis, the syntheses
of copper-, manganese-, cobalt- and nickel modified structures were carried out directly with
the addition of a specific concentration of ammonia and sodium-carbonate solutions in a

modified co-precipitation method. Each co-precipitated sample was compared with an
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impregnated reference sample prepared by wet impregnation of the corresponding TM salt
solution and a bismutite support. (Fig. 3.) The exact reaction conditions of the syntheses are
described in detail in the Experimental Part. Noteworthy, for reproducible synthesis of copper-
containing samples, lower reaction temperature had to be used (80°C) than for other transition
metal-containing samples (100°C). However, repeating the synthesis of pure bismutite at 80°C
for comparison, this also led to the alteration of the structure of the pure bismutite, probably
due to the changes generated in its water content. Accordingly, the analysis of copper-
containing structures and the corresponding as-prepared bismutite can be found separately from
others.

All of the obtained materials have the same, well-crystallized structure — except for the
copper-impregnated bismutite and the as-prepared bismutite at 80°C — with a primary particle
size of about 18.2-50.2 nm, as calculated by Scherrer equation. The diffraction peaks appeared
at 13.1, 24.1, 26.1, 30.4 and 32.9° are related to the (002), (103), (004), (105) and (110) planes
of the tetragonally structured bismuth—subcarbonate (Bi20,CQOs. PDF#41-1488)*"" (Powder
Diffraction File from the International Center for Diffraction Data (ICDD) database).
Moreover, these diffractograms are identical to the diffractogram of silver-containing bismutite.
134135 Based on Bragg equation, the interlamellar distance between the layers in plane 002 is
0.68 nm. Diffraction peaks detected at 10.5, 25.6, 31.4 and 33.2° 20 positions (Fig. 3. h, )
indicating also the formation of bismutite structure but with expanded interlayer distance. On
the basis of previous studies, it is known that carbonate ions and water molecules reside in the
interlayer space resulting in increase of the interlayer distance.'’® (TG/DTG measurements on
bismutite verified this, since 12.5% total weight loss was observed compared to a theoretical
loss of 8.5%.1"®) Consequently, copper species could be intercalated into the interlamellar
gallery of bismutite causing the distortion of its tetragonal structure that comes along with a
shift of the characteristic reflections (Fig. 3. 1).

For the impregnated reference, intense reflections of a separate crystallized phase that can
be associated with the corresponding metal oxides (CuO (PDF#80-0076),"® Mn3O4 (PDF#24-
0734)18° Co30s (PDF#42-1467)'8! and NiO (PDF#47-1049)%2) can also be identified in
addition to the identified bismutite phase. On the contrary, for co-precipitated solids, no other
crystalline phase could be detected which can be considered as evidence for the incorporation
of the TM samples into the bismutite framework and/or the precipitation of oxide nanoparticles
on the surface of the bismutite host. In the following, for the easier follow-up, the formula

MBIi.0,CO3 always denotes TM-containing samples synthetized by co-precipitation, regardless
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of the oxidation state of the metallic components, while the formula M-Bi,0>CO3 refers to the

impregnated reference compounds.

Mn
B1

300 nm

Figure 4. Elemental maps of CuBi202COs (a), MnBi202CO3 (b), CoBi.02COs (c), NiBi.02CO3
(d), Mn-Bi20,CO3 (e), Co-Bi20.CO3 (f), Ni-Bi20.COs3 (g) detected by scanning electron
microscope (co-precipitation: a—d, wet impregnation: e—h).176

Contrary to the optimistic assumption based on the XRD results, the energy dispersive X-
ray fluorescence (Fig. 4.) did not confirm the basic hypothesis that the same structure differing
in TM content was obtained after each synthesis. The corresponding elemental maps of the as-
prepared solids showed a homogeneous spatial distribution for the copper ions, but a

heterogeneous distribution for manganese, cobalt and nickel species. Besides, homogeneously
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distributed TM and bismuth ions were found for the impregnated references. Consequently, the
structural characterizations are presented in two parts: first, the structural features of copper-
containing bismutite, then the characteristics of manganese-, cobalt-, and nickel-containing

systems.
5.1.1. Structural and analytical analysis of CuBi.O2CO3

To quantify the exact chemical composition of copper-modified bismutite, ICP-MS
measurement was combined with TG/DTG analysis (Fig. 5. and Table 9.)
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Figure 5. Thermogravimetric behavior of CuBi,O.CO3 (A) and Bi»0.COz (B) and XRD
patterns (C) of CuBi»02COs (a) and Bi.0.COj (b) after heating on 600 °C.17®

Using ICP-MS, the actual Cu/Bi molar ratio was determined to be 0.25. The TG curves

exhibited four well-separated weight losses. The first two (50-85 and 200-250 °C) were
attributed to the removal of water molecules. The first loss corresponds to weakly adsorbed

water molecules on the outer surface of the material, while the second loss is due to the removal
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of interlayer water molecules, similar to what is observed in layered double hydroxides.*8® The
incorporation of water molecules into the Sillén-type superstructure has not been reported so
far, so their occurrence can be interpreted as evidence for the incorporation of copper ions into
the framework. The other two weight losses can be attributed to the elimination of carbonate
ions and/or the hydroxyl groups intercalated among the layers.

The observed thermogravimetric behavior is similar to that of malachite, a hydroxyl-
carbonate double salt of copper(Il). Above 300 °C, both the hydroxyl groups and the carbonate
ions were lost, resulting in two mass losses in the narrow temperature range of 310-380 °C.
This assumption was verified by evolved gas analysis (EGA) with a TG-MS instrument, as
complete dehydroxylation of framework-modified bismutite occurred up to 350 °C, which is in
good agreement with the weight loss for malachite.1®

Table 9. Thermogravimetric analysis of Bi,0,CO3 and CuBi,0,COjs structures.'’®

- . Temperature Leaving Mass Formula of the
Sample Original formula o . loss . X
range (°C) species (%) obtained solids
Bi20,COs B'Zoﬁgi“)xx n 25300 H,0 4 Bi,02(COs)x
300-400 COs* 12.5 0—Bi,03?
. Cuo5Bi202(CO3)1.25 Cuo5Bi202(CO3)1.25
CuBi202C0O3 (OH)os * n H;0 25-200 H.0 2.5 (OHYos
900280 H,O/OH 58 Cuo:5Bi202(C0O3)1.25
B ' (OH)o.5x
290-350 OH- . :
310-400 CO2 13 Cu2Bi205+Bi203(CO3)x
400-600 COs* 1 Biz+xCu1xOs4"

“Actual molar ratio of metal ions was determined by ICP-MS; *“confirmed by XRD

When the temperature was increased, phase-pure, non-stoichiometric copper-bismuth
mixed oxide formed at 600 °C after the layered structure collapsed, as confirmed by XRD
(Fig. 5.; PDF#48-1886).1%° The scale of mass loss showed significant differences between
framework-modified bismuth and malachite, as the only significant weight loss of pure
bismutite (Fig. 5. B)*"® overlapped with a two-step loss of malachite. Assuming a coordination
sphere similar to the microstructure of malachite around the copper ions, corresponding to the
measured actual molar ratio of the cations, the possible composition of the product could be
offered as CuosBi202(COz3)1.25(OH)osxnH20. The theoretical weight loss of copper-bismutite
based on this formula is 1.5% for the strongly bound OH units and 10% for the CO>, giving a
total loss of 11.5%. The measured actual weight loss of the composite, due to decomposition of
the hydroxyl and carbonate groups at 300—400 °C, is 13%, which is very close to the theoretical

values.
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The Raman and UV-DR spectra of the as-prepared composites convincingly proved the
incorporation of copper ions and their local structures (Fig. 6.). In all Raman spectra, four
relatively sharp, intense peaks can be related to the bismutite framework. Two of them, at
71 cmt and 162 cm2, can be attributed to the external vibrations of the [Bi.02]*" layer, one, at
358 cm™, is from the Bi-anion stretching vibration mode, and the last one, at 1060 cm™, is

assigned to v, out of plane bending mode vibration of the carbonate anions.*8®
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Figure 6. Raman (A) and UV-DRS (B) spectra of Bi20.COs (a), CuBi20.CO3 (b) and Cu—
Bi,0,COs3(c).}"®

No significant changes were observed in the Raman spectrum of the impregnated
reference due to the absorption of 10% CuO on the surface of pure bismutite. However, after
incorporation of copper ions into the framework, the Raman spectrum showed well-separated
relatively intense peaks at 270, 431, 598 and 1491 cm™?, which can be considered as markers
for the incorporation of copper ions with malachite-like microstructure. The vibration
frequencies below 600 cm™ are related to the stretching vibration modes of Cu-O (598 cm™)
and Cu—OH (431 cm™), and the bending vibration mode of the OCu—OH unit (270 cm™) in a
malachite-like structure, which were found at almost identical positions as in pure malachite®®’,
The band at 1491 cm™ identified as the v; vibration band of the carbonate group is shifted
compared to ~1400 cm™ detected in pure bismutite.

These assignments are further evidence that the first coordination sphere of the
intercalated copper is similar to that of malachite. As with the Raman measurements, no
remarkable changes in the optical properties of bismutite-supported CuO were observed at UV-
DRS compared to pure bismutite. In contrast, the position of the absorption maximum in the

UV range of the framework-modified bismutite is shifted to lower wavelengths (279 nm —
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264 nm). In addition, a new absorption peak can be seen at 370 nm, which can probably be
assigned to the d-d electron transition between Cu(ll) cations and conduction band electrons of

the bismuth subcarbonate.8
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Figure 7. Comparison of mid- (A) and near- (B) infrared spectra of Bi»0.COs3 (a) and
CuBi,0,CO3 (b).1"®

The mid and near-infrared spectra of the pristine and the framework-modified bismutite
(Fig. 7.) demonstrate the different roles of the hydroxyl groups/water molecules in the
structures. In the pure bismutite, the water molecules are involved in a large-scale hydrogen
bonding system, whereas in the framework-modified CuBi>02COs, coordinating hydroxide
anions are more likely to be found.

Most of these intense absorption bands are seen in the mid-infrared region (4000 —
600 cm™t) and are mainly related to the stretching mode vibrations of the carbonate group (vi:
836 cmL; va(interlayer): 1386 cm and va(surface): 1485 cm™2), which is consistent with what was
previously reported for pristine bismutite.’®® The appearance of the band at 1061 cm™,
attributed to the vy stretching mode vibration of the carbonate ions is possible if the symmetry
of the carbonate ions are D3n'®. This condition can only be fulfilled if there is no interaction
between (part of) the carbonate ions and the oxide layers. The absorption peak of this band is
lost after the successful intercalation of the copper species, while a new absorption band appears
at 643 cm™ attributed to the symmetric stretching mode vibration of the Cu-O bond.**® Based
on these results, the copper species most likely replaced the weakly bound carbonate ions
among the layers.

The absorption peaks in the range 4000-2500 cm™ are assigned to the stretching mode

vibrations of lattice water molecules and OH groups: The broad band around 3450 cm™ belongs
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to free or defect water which can readily overlap with the bridging and H-bonded modes of
water molecules at 3300 and 3200-2500 cm. This assignment fully describes the OH- region
of the pristine bismutite, which reflects the adsorption of water molecules.!8® Absorption bands
of the M—OH bond can be observed at 7166 and 6915 cm™ for the copper-modified sample.
These vibrations are accompanied by the appearance of very sharp, well-localized bands around
3300-3400 cm* with no significant broadening.?®®%! Investigating the spectral data in the
wavenumber range of 9500-7300 cm™?, further significant spectral differences can be seen,
which can be attributed to electron transitions between the composites. However, there is not
yet enough information to interpret these differences.

In the transmission electron micrographs (Fig. 8. A-C), a typical Sillén-like layered
structure with regular nanoplate-like morphology can be seen for both the pristine bismutite
and the copper-loaded material. The samples consisted of monodisperse nanospheres with
uniform particle size of about 150 nm. The interlayer distances (doo1) were estimated to be 0.661
and 0.785 nm for CuBi»,0,CO3 and Bi»0,COsg, respectively, which were in good agreement
with the values calculated from the XRD results. The combined TEM/EDX analysis (Fig. 8. D-
F) also confirmed the very homogeneous distribution of copper (and bismuth) without

measurable clusters or non-integrated species.

Figure 8. TEM images of (A) Bi»0,CO3 and (B, C)- CuBi20,CO3 and elemental maps of
CuBi20,CO;3 (D-F).1"®
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XPS studies carried out to validate the information on the copper microstructure and to
determine the surface compositions and chemical states on the bismutite structures. The survey
scans showed the incorporation of the expected elements (Bi, C, O and/or Cu) with a minor Na-
contamination for Bi-O2COs (Fig. 9.). Only one component was required in both samples to fit
the Bi 4f spectra. The measured binding energies and the separation of the 4f bands verified the
presence of Bi(lll) ions on the surfaces of pristine and copper-loaded bismutite. It is worth
noting that a higher binding energy was observed for the modified bismutite compared to the
values reported for the pure bismutite.’81%2

In addition, there were significant shifts in the binding energies following the
incorporation of copper cations, suggesting that the copper was indeed incorporated into the
framework. The C 1s spectra of the samples consisted mainly of three regions. In general, the
binding energies around 285 eV accounted for hydrocarbons, while the peak with a binding
energy above 286 eV was assigned to unidentified carbon—oxygen species. The peaks with a
binding energy of ~288.5 eV indicate that carbonate ions from the subcarbonate were also
inserted into the structures, and with copper insertion, remarkable shifts in the binding energy
of the carbonate—C 1s transition could be detected in the copper-modified sample. In contrast

to the literature data, only two components should be used to fit the O 1s region of the samples.

One of them has the characteristic binding energy for the Bi—O bond, while the other
could be attributed to the Bi—COs linkage. The Cu 2p region of CuBiO.COs3 could be fitted with
a 2psi2 peak at 933.53 eV, and a strong satellite feature at 941.42 eV. Accordingly, the presence
of Cu(ll) ions near the surface could be detected in the same chemical environment. Overall,
the surface analysis confirmed all the above-mentioned structural features associated with
bismutite analogue structures, clearly demonstrating the success of Cu(ll) incorporation.®®
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Finally, Table 10. compares the most probable surface composition of the framework-
modified copper-bismutite composite calculated from the XPS data with the bulk composition
based on analytical measurements (ICP-MS, TG/DTG).

Table 10. The most probable compositions of copper-modified bismutite composite

Original Surface o Specific surface
o Bulk composition**
formula composition* area (m?/g)***
CuBi20.C0O3 Cu0.4Bi2029C1.102.1 Cuo5Bi12025C1.2503.75Ho 5 12
* by XP spectroscopy

** py ICP-MS, TG/DTG
*** hy N, adsorption
From this it can be clearly deduced that the composition of the surface is almost identical
to that determined for the bulk, so that copper-containing bismutite does not show any surface

enrichment with copper.
5.1.2. Structural and analytical analysis of Mn/Co/NiBi>02.CO3

Since the oxide phases belonging to the corresponding transition metals did not appear in the
diffractograms of the co-precipitated samples, it can be assumed that the modifying elements
were successfully incorporated into the bismutite framework, even if not by intercalation.
However, since the spatial distribution of the manganese, cobalt and nickel ions was
heterogeneous, it was necessary to investigate in which way and in which form the transition
metal specimens are fixed on the surface of the support, and how this may affect the catalytic
activity of the whole systems. Therefore, the samples produced by wet impregnation were used
as references, where the TM oxides were most likely fixed to the surface of the host by weak
intermolecular bonds. Let us remember, the formula MBi>O2.COs denotes the samples produced
by co-precipitation, while the formula M-Bi,0>COs marks the impregnated references.

The combination of ICP-MS and TG/DTG measurements (Table 11). and Fig. 10.),
confirmed the anchoring of the TM specimens in/on the host bismutite, but also showed large
differences in the composition of the samples. The actual molar ratio of transition metals and
bismuth ions or the water/hydroxide content of the solid samples depended on the quality of the
guest molecules and the synthesis method used. We should also bear in mind that pure bismutite
synthesized at 100°C is different from that synthesized at 80°C presented in the previous
section. This is closely related to the non-negligible changes in the water/carbonate content of
these samples. This is in good agreement with the XRD results which showed that the extent of

the interlamellar region of the pure samples depends on the synthesis parameters.
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Table 11. Molar ratios of the metallic components in Mn/Co/Ni modified bismutites and
thermogravimetric analysis of the as-prepared Mn/Co/Ni modified bismutite structures!®

. Initial ~ Actual Original Leaving Mass F?);Thléla
Composite  Bi:M Bi:M* T(°C) . !
. ratio formula species (%) obtained
ratio solids
_ B B (BiO)2(CO3)os  25-300 H20 4 .
B120.COs (OH)s 300400 CO¥/OH 10 @ B10s
a Mno2sOoss/  25-300 H.0 4 5
B0 78 (BiO)A(COs)os ) M2
1202C0s s(OH)e 300400 cOj/OH 11  @-BiOs
Nio.6400.64/ 25-300 H,0 4 NiO_
Ni-Bio0.COs; 0.5 13.0 (BiO)2(CO3)os 5 Bi,O
o(OH)o.55 300-400 coz/OH 11  0-blUs
. Co0150020/  25-300 H.0 4 B
. g"c o 31 (BiO)ACOs)os ; C°B39é)
1202C04 (OH)oss  300-400 CO3/OH 11 o-BiOs
Mno24(BIO)  25-400 H.0 4 MnO.
MnBi202CO3 (CO3)1.05(OH)o. 5 -
8.3 . 400-500 CoO3/oH 13 -Bi0s
N Nioes(BiO), ~ 29250  H,O/OH 6 NiO-
NiBi202COs 1 143 (CO3)(OH)a4r 250600 cO3/0H 7 0—Bi203
' _ 25-150 H20 6
_ C0014(BIO)2 150270 H,0/0H 5  (o,0,-
COB|ZOZCO3 30 (CO3)1_08(OH)0, 270_370 CO%—/OH— 7 (X—Bi203
. 370600  CO} 2

*M: Mn, Co, Ni; determined by ICP-MS

In general, lower levels of transition metals were found in the co-precipitated samples
than in the impregnated references, although the initial ratio of metal ions was exactly the same.
On the other hand, the binding affinity was independent of the synthesis method: the content of
metal ions to be fixed decreased in the order Ni >> Mn > Co. (For comparability, the ratios that
led to the formation of impregnated composites with almost the same metal ion molar ratio as
in the co-precipitated counterparts were chosen for the syntheses of the references.)

Fig. 10. and Table 11. show the large variations in the water/hydroxide content of the
solid samples compared to pure bismutite. While the water/hydroxide content of the co-
precipitated Sillén structures increased when nickel- and cobalt were used, no significant
changes were observed, when manganese was used as a dopant. In contrast, neither the amount
of hydroxyl ions nor the carbonate content showed comparable changes in the three
impregnated samples.

TG/DTG curves of the co-precipitated samples (Fig. 10. B-D) illustrate the variations in

the number of endothermic peaks depending on the guest molecules.
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Figure 10. Thermogravimetric behavior of as-prepared Mn-Bi,0,COs (A), CoBi20.COs (B),
NiBi20,COs (C) and MnBi,0,COs3 (D); (wet impregnation: A, co-precipitation: B-D).1%

Similar to the pure bismutite and the impregnated references (Fig. 10. A), the DTG curve
of the manganese-modified counterpart (Fig. 10. B) shows only one endothermic peak at 470
°C, which is due to the decarboxylation of the structure (verified by TG-MS measurements).
Parallel to the collapse of the long-range ordered structure, the formation of Bi.O3 (PDF#4-
294)17® (Fig. 11. A) and its doped analogue, BizMn4O1o (PDF#74-1096)!% can be detected in
the ex-situ diffractogram (Fig. 11. B). For Ni- and Co-containing samples, the complete
collapse of the layered structures occurs in a two-step process due to the strongly bound
hydroxyl groups. In the first step (~250-265 °C), the layered structure remains untouched and
a phase transition occurs, which is clearly confirmed by the ex-situ XRD (Fig. 11. C,D).
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Figure 11. XRD patterns of as-prepared (black lines) and heat-treated (at 350 °C: red lines, at
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(D).194

In order to resolve the contradiction between the XRD results (no phase other then

bismutite) and SEM-EDX (TMs and bismuth ions are heterogeneously distributed),

TEM/TEM-EDX measurements were also performed on the co-precipitated bismutites

(Fig. 12.).
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ure 12. TEM images and TEM-EDX elemental maps of MnBi>02CO (a), CoBi»,0,COs (b),
NiBi20.COs (c).1%

TEM images demonstrate that co-precipitated samples consist of nanoparticles with two
morphologies and two dimensions, with the smaller, 5-20 nm spherical crystals sitting directly
on top of the larger (~300-600 nm) cubic crystals. TEM-EDX images also show that the
smaller, spherical crystals are rich in the corresponding transition metals and oxygen, while the
larger ones are composed of bismuth and oxygen. From this information, it can be concluded
that the formation of large aggregates can hinder the XRD pattern of smaller transition metal-
rich particles and that the isolated "island" structures are due to the fact that the transition metal-
rich particles have not completely covered the surface of the bismuth-rich particles.

Raman analysis allowed the TM specimens to be identified (Fig. 13. A,C,E). Using a
near-infrared laser power in the far Raman shift region, bismutite host structure possess only
three detectable Raman active modes at 358, 162 and 71 cm™2, corresponding to the external
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vibrations of the [Bi>O2]?* layer and the Bi—anion stretching mode vibration®’®. For impregnated
samples, the characteristic Raman modes of Mn304,2% deformed (NiO or) Ni(OH),**" and
C0304' specimens could be identified alongside the characteristic Raman peaks of the host,
which can be assigned to the lattice mode vibrations of the oxides. This interpretation is in clear
agreement with the XRD results shown in Fig. 3. B. Since neither MnO2'% nor CoO'*® have
any Raman active vibration mode, detection of these oxides by Raman spectroscopy is not
possible. The formation of these non-Raman active oxides during impregnation was excluded
by XRD.

In contrast, several differences are observed in the Raman spectra of the co-precipitated
samples. First, the intensity of the Raman peaks belonging to the host decreased significantly
(Mn) or disappeared completely (Co). These observations are a consequence of the different
Raman scattering coefficients of the building blocks. Second, the intense characteristic peaks
that appear in the presence of the corresponding metal ions can be associated much more with
the vibrations of Bi-O—M (M: Mn, Co) bond,'*® rather than with the Raman activity modes of
some commercially available oxides or metal particles. These specimens most likely formed at
the interfaces and clearly illustrate the direct interaction between the host and the manganese
or cobalt ions. Due to the use of a near-IR laser source, Raman detection has bulk sensitivity,
so no information is available on the quality of the transition metal species at greater distances
from the interfaces.

The nickel-containing system differs from the Mn- or Co system. In the absence of other
peaks, its Raman bands can be easily interpreted as bonds of deformed Ni(OH)2 and bismutite

components. It can therefore be assumed that no Ni-containing interfacial species have formed.
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The UV-Vis measurements on the right side of Fig. 13. B,D,F, also confirm the statement
that interfacial sites are only formed in the Mn- and Co systems, but not in the nickel-containing
sample. This can be seen from the fact that the bathochromic shifts of the characteristic
transitions of the metal species related to charge transfer?2%! can be unambiguously identified
for the two systems mentioned, while the absorption spectra of the impregnated references and
the nickel-containing co-precipitated sample are a linear combination of the transitions related
to the bismutite and the corresponding transitions (mainly the charge transfer ones?%2-204) of the

3d metal species.
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Figure 14. Infrared spectra of the as-prepared Bi>0.COs (black lines), MnBi>0.COs,
CoBi,0,C03, NiBi20,COs3 (red lines) and Mn—-Bi,0,CO3, Co-Bi,02CO3, Ni-Bi20,COs3 (blue
lines).1%

To obtain information about the surface of the TM specimens, XPS measurements were
taken (Figs. 15-16.). As can be seen on Figure 15. A, the exact position of the Bi 4f band and
its separation of 5.3 eV, representing bismuth ions with oxidation state +3 on the surface. These
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peaks can be fitted by considering only one component at 164.1 and 158.8 eV binding energies

attributed to Bi(IIl) species incorporated into a Sillén-type bismutite framework.!”® After

modification of the bismutite framework with manganese and cobalt ions, these characteristic

bands are shifted and broadened towards higher binding energies, which change does not occur

in the spectrum of the nickel modified sample. The Bi 4f bands of the nickel-containing

composite are almost identical to those of the pure bismutite. These observations confirm the

hypothesis about the interfacial specimens and agree with the interpretation of the Raman and

UV-Vis measurements.
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The 2p bands of manganese and cobalt of the modified samples (Fig. 15. B,C) can be

described with one component as MnO and Co(OH)., respectively.?%

57



>

Intensity (a.u.)

1000 800 600 400

Binding energy (eV)
O KLL Bi 4d
a 1% ' .
CNalp NaKLL ! Bi 4f
I Mn2p Il I
(I I
MnLMM g (It '
. 1 = I
s ! I Bidpy,! |11 [
S T !
201 1 l 11 IBi 5p
0 N I I
(5} .
= (1 11 I | Bi.5d
= (v 1 11 1
| I I | 11 [ |
U I (NN I I
1 11 1 | |
I I 1 I 1 1 I N I
1000 800 600 400 200
Binding energy (eV)
= Measured
L —— C-C,C-H
ENisi,0,co, s —co
L - W |—Background
et o i
S
s
2
‘D
c
2
=

202 200 288 286 284

282
Binding energy (eV)

Figure 16. Individual survey scans of Bi.0.CO3 (A), CoBi.02COz (B), MnBi20.CO3 (C),
NiBi20.COs (D) and C 1s (E) as well as O 1s (F) XP spectra of the co-precipitated samples.!®*

B

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

Bi 4d

a 1s Bi 4f
O KLL Na KLL! '
I v CoLMM 11 I
I I Ol I
. 1l I
Il?'4p3’|2|| I
I
|

1000 800 600

400
Binding energy (eV)
OKLL Bi 4d
Na 1% NaKLL Bi 4f

Il | I
L ] L1 1
400

1000 800

600
Binding energy (eV)
[ Measured
- = Bi-O
. V4 — _CO,,-OH
NiBi,0,CO,4 \\ | Adsorbed water
‘ === Background

S \ Envelope

. N
MnBi,0,CO, \
- N

COoBi,0,C05 ="\

532 530 528
Binding energy (eV)

534

58



Accordingly, Mn(I1) and Co(ll) ions can exclusively occupy the right positions on the
surface of the composite. For the nickel-bismutite system, there are no identical chemical
environments of nickel that can be directly identified, so some kind of unidentifiable linear
combination of NiO, Ni(OH)2- and NiOOH species can describe the surface species in the
sample.?’® Moreover, for the correct description of this curve, two different, independent
components should be considered. The oxygen and carbon components of the spectra could be
represented as almost identical surface species of the bismutite host (Fig. 16.)

In summary, Table 12. shows the most probable surface composition of the framework-
modified manganese/cobalt and nickel-bismutite composites calculated from XP spectroscopy
compared to the bulk composition based on analytical measurements (ICP-MS, TG/DTG). In
addition, the last column shows the specific surface area of the composites, which was
determined by N adsorption measurements. From this, it can be deduced that the surface
composition of the TM modified samples shows an enrichment of TM species compared to the
bulk. From the comprehensive analytical and spectroscopic characterization, it can also be
concluded that the solids obtained by the co-precipitation methods contain the guest specimens
immobilized via stronger bonds than those immobilized by impregnation. In co-precipitated
samples containing manganese and cobalt, well-detectable M-BiOX interfaces can be
identified, indicating a strong interaction between the bismutite framework and the guest
species TM.

Table 12. The most probable compositions and the specific surface areas of manganese, cobalt
and nickel-modified bismutites

Original Surface o Specific surface
. Bulk composition**
formula composition* area (m2/g)***
MnBi20,CO3 Mn1.4Bi202.9C3609.7 Mng 24Bi202C1.05035Ho.35 32
CoBi202C0O3 C01.7Bi2038C24077 C00.14B2102C1.0804.22Ho.98 48
NiBi202.CO3 Niz2Bi2032C0.904.7 Nio.66Bi202C0O7.47H4.47 38
* by XP spectroscopy

** by ICP-MS, TG/DTG
*** by N, adsorption
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5.2. Catalytic studies

5.2.1. Catalytic capability of CuBi20.CO3 as heterogeneous catalyst in the synthesis of
phenothiazine and its derivatives

Since, the copper modified system proved to be the only new Sillén structural analogue, its
catalytic ability was investigated independently of the other TM-modified bismutites. The
synthesis of phenothiazine was selected as model reaction, described in detail in the
Experimental Part (Scheme 4.). Yield and selectivity values were used to express the efficiency
of the catalyst in forming new C-S and C-N bonds. The reaction conditions of the scouting
experiments are listed in Table 6. and also in Chapter 4.

While the conversion of 2-iodoaniline was negligible in the absence of the catalyst and
sulfur-containing by-products were produced in a competitive side reaction via a thermal
pathway (Fig. 17. A)., the framework-modified CuBi>-0.COz proved to be an efficient catalyst
producing phenothiazine with high yield (90%) and high selectivity (90%). The side reaction
of thermal homocoupling of 2-bromobenzenethiol gave 10 mol% of sulfur-containing by-
products, mainly 1,3-bis(2-bromophenyl)disulfide. In comparison, pure Bi.O>CO3z gave

moderate yields and lower selectivities.
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Figure 17. Cascade-like C-S and C—N heterocyclization reaction catalyzed by CuBi>0.COs,

Bi.0>CO3, Cu-Bi20.CO3zand in the absence of catalyst. Reaction conditions: 1 equiv. (0.25 M)

of 2-iodoaniline, 1.1 equiv. of 2-bromobenzenethiol, 5 equiv. of K2COs, 10 mol% of catalyst,

90 °C for 24 h, 110 °C for further 48 h.17®
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It is worth noting that while the fact that Bi(lll) can act as a Lewis acid catalyst in
heterocyclization reactions is not unprecedented,?°”2% to the best of our knowledge, there is no
relevant information on the use of heterogeneous bismuth catalysts to promote similar reactions.
Furthermore, these catalysts could offer additional advantages over known catalysts. E.g. in

contrast with the original conditions used by Dawei and co-workers,#

the as-prepared catalyst
promoted the formation of the desired product in DMSO instead of dimethoxyethane, in the

absence of any co-catalytic additives or ligands, unavoidable presence of which was previously
147,209

demonstrated in homogeneous catalytic processes.
1,3-bis(2-bromophenyl)disulfide

]
[ | Phenothiazine
90°C 24h —s 110°C +48h

RS

DMSO HZO
DMSO
acetylacetone
DMA

DMF

E%% } 70°C 721
0 10 20 30 40 50 60 70 80 90 100
Conversion or 2-iodoaniline (mol%)
Figure 18. Solvent screening in cascade-like C—S and C—N heterocyclization reaction catalyzed
by CuBi»,0>COs. Reaction conditions: 1 equiv. (0.25 M) of 2-iodoaniline, 1.1 equiv. of 2-
bromggenzenethiol, 5 equiv. of K2COs3, 10 mol% of catalyst, 90 °C for 24 h, 110 °C for further
48 h.

A marked decrease in phenothiazine yield was observed in the solvent compatibility

tests?!® except for the solvent mixtures DMSO:water (Fig. 18.). The 1:1 and 1:2 mixtures
performed extremely well, achieving 100% selectivity with quantitative conversion. This
finding is particularly promising as generally non-polar and aprotic solvents (THF, diethyl
ether), which pose significant environmental issues, have so far proven to be efficient.

In further optimization, the excellent activity of the copper-containing bismutite led to a
reduction in the reaction temperature and reaction time (Fig. 19.). The amount of base added,
and the catalyst loading were also successfully reduced without deteriorating the catalytic
indicator values (Fig. 20.). The mildest reaction conditions for heterocyclization were:
DMSQO:water 1:2 solvent at 90 °C for 72 h using 5 mol% CuBi»0>COs as catalyst and 2.5 equiv.
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of base. There is no example in the literature of using a similarly low concentration of a base to

[ ]1,3-bis(2-bromophenyl)disulfide
[ |Phenothiazine

yield phenothiazine exclusively.
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Figure 19. The effect of reaction temperature in cascade-like C—-S and C—N heterocyclization

reaction catalyzed by CuBi>0.COz, Reaction conditions: 1 equiv. (0.25 M) of 2-iodoaniline, 1.1
equiv. of 2-bromobenzenethiol, 5 equiv. of K2COs3, 10 mol% of catalyst, 90 °C for 24 h, 110

°C for further 48 h.17®
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Figure 20. The effect of the quantity of added base and the catalyst load in cascade-like C-S
and C-N heterocyclization reaction catalyzed by CuBi,0.CO3. Reaction conditions: 1 equiv.
(0.25 M) 2-iodoaniline, 1.1 equiv. 2-bromotiophenol, 2.5 equiv. K2CO3z and 5 (A) or 2.5 (B)
mol% CuBi>02COs, 90 °C (70 °C for EG and MEK), 72h.17®

In time-dependent experiments, it was found that due to the unique activity of
CuBi20,CQOg, the formation of C-S and C-N bonds was quantitatively available below 15h

(Fig. 21.). In comparison, one of the most efficient homogeneous catalytic systems (Cul-L-
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proline system), which also provided the initial experimental conditions for our model reaction,
gave a 77% yield of phenothiazine at 90 °C for 24 h (for C-S coupling) and subsequently at
110 °C for 48 hours (for C-N coupling) with 10 mol% catalyst and 5 equivalent base
loadings.*® Based on this experience, it can be concluded that CuBi>0,COs can catalyze the

cyclization reaction in a concerted manner under mild conditions.?**-21
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Figure 21. Conversions of 2-iodoaniline (A) and yields of phenothiazine (B) as the function of
time in cascade-like C-S and C—N heterocyclization reaction catalyzed by Bi.O>CO3z, CuO,
Cu-Bi202C0O3 and CuBi»0,COs. Reaction conditions: 1 equiv. (0.25 M) of 2-iodoaniline, 1.1

equiv. of 2-bromobenzenethiol, solvent: DMSO:water 1:2, 2.5 equiv. of K.COs, 2.5 mol%
catalyst, 90 °C.17®

Table 13. Catalytic activities and product yields over 5 mol% catalysts in cascade-like C—S and
C—N heterocyclization reaction in a mixture of DMSO:water 1:2, using 2.5 equiv. of bases at
20 ocl76

Initial  Phenothiazi 2-iodoaniline  Phenothiazi 13-bis(2-
. ) bromophenyl)disulfid
— TOF ne yield conversion ne o
04)1 0/4)1 0/4)1
(1/h) (mol%o) (mol%o) sel. (%) sel. (%)!
Bi»02CO3 1.3+0.1 12+1.1 16+1.3 75+1.5 25+ 0.8
CuO 26+0.3 0 24+£2.0 02 2+0.5
Cu-—
) 25+0.1 47 +£3.2 48 +2.7 98 +2.1 2+0.3
Bi,0,CO3
_ 10.4+ 0.
CuBi»0,COs3 . 99+1.2 100+ 1.8 99+1.7 1+0.3

!After 15h; 2Only S-arylation occurred

The linear parts of the Kinetic curves were also suitable for determining the initial TOF

values.?'® Both the activities and the selectivites of the catalysts increased in the order of
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Bi20.C0O3< CuO < Cu-Bi20.CO3 (impregnated reference) < CuBi>O2COs. The selectivity over
the pure bismutite (75%) is far below the level (>95%) achieved with all other copper-
containing materials. However, it was interesting to observe that pure CuO was not able to
catalyze the final cyclization step but could only selectively promote S-arylation. This finding
suggests that Bi(lll) centers are necessary for the promotion of N-arylation. The highest yields
achieved (Table 13, column 3) were also significantly different from each other, indicating that
the local structure of the copper/bismuth ions is a crucial factor.

The bimetallic, bismuth-copper systems were found to be more efficient than the single
metallic systems. However, framework-modified bismutites exhibited the best catalytic
indicators, which can be attributed to the fixed Cu(ll) ions inserted into the layered structure.
For pure CuO and the impregnated system, the initial TOF values (Table 13, column 2) were
almost identical, since in both cases the active sites are the Cu(ll) ions and their dispersion is
similarly low. In contrast, the much higher initial TOF value of CuBi.O2CO3 could be the direct
consequence of the almost atomic dispersion and consequently the better accessibility of the
Cu(Il) sites. However, the variations in catalytic performance of the catalysts cannot be
explained by the differences in specific surface areas, since the modified bismutite does not
have a higher specific surface area (12 m?/g) than that of the building blocks (bismutite: 11
m?/g, CuO: 18 m?/g) or the impregnated reference (22 m?/g). In fact, the excellent catalytic
performance is due to the cooperation between the metallic component (CuO) and the
framework (Bi20.CQOz), which originates from the ordered modification of the host structure
with copper ions.

To verify the heterogeneity of the reaction, a hot filtration test?'® was performed under
the optimized reaction condition and the catalytic indicators of the obtained solution were
determined (Fig. 22. A). The solid catalyst was readily removed by simple filtration after 4 h,
and in the absence of CuBi,0>COg, the conversion of 2-iodoaniline remained at the value before
hot filtration. Since the filtrate proved to be catalytically inactive and there were no leached
metal ions, which was verified by ICP-MS measurements, it can be explained that the metallic

components were not washed out and the transformation was catalyzed heterogeneously.
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Figure 22. Hot filtration test (A) and investigation of the reusability of CuBi20.CQO3 (B) in in
cascade-like C-S and C-N heterocyclization reaction catalyzed by CuBi>0.COs. Reaction
conditions: 1 equiv. (0.25 M) of 2-iodoaniline, 1.1 equiv. of 2-bromobenzenethiol, solvent:
DMSO:vl\é%ter 1:2, 2.5 equiv. of K>COgz, 5 mol% of CuBi>02COs3 as catalyst, 90 °C, 72h (A) or
15h (B).

Since this is a heterogeneous catalyst, it was necessary to investigate the reusability of
the copper-containing bismutite. Therefore, the active catalyst was separated from the reaction
mixture after the first reaction cycle and reused under identical conditions in another four cycles
(Fig. 22. B). After the fifth run, no significant loss of phenothiazine yield was observed, and

ICP-MS measurements confirmed that no leaching occurred during the five runs.

*Impurity

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50
20 (°)
Figure 23. XRD patterns of (A) as-prepared and (B) reused (after fifth run) CuBi,0.C0O3.17®
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Figu?e 24. TEM image (A), elemental maps (B-D) and EDX spectrum (E) of recycled
CuBi,0,C0O3.17®

Ex situ XRD analysis verified the integrity of the layered Sillén-type superstructure
(Fig. 23.) and minor impurities were found on the surface. The latter can be readily attributed
to organic deposits accumulated during repeated runs.

TEM-EDX measurements carried out after the last run showed that the distribution of
metal ions and the plate-like morphology of CuBi>0O.COswas almost identical to that of the as-
prepared solid. (Fig. 24.). The increase in carbon content also suggested the presence of organic
deposits, as can be seen in Figure 24. E. The XPS scans after the reactions confirmed that the

oxidation states of the metallic components of the used catalyst remained unchanged (Fig. 25.).

66



Table 14. Scope of phenothiazine formation via cascade-like C—S and C-N heterocyclization

reaction catalyzed by CuBi,0,C0O3'"®

I HS 5 mol% CuBi,0,(CO3), s
S 90°C, 15h X
| } 25 cquiv. K,C05 |
D equlv. Ky 3
R/ s NH; Br DMSO:water 1:2 /// N
H

c=0.25M 1.1 equiv. R
Yield! Sel.l Yield! Sel.l
# Substrate (%) (%) # Substrate (%) (%)
~ I N .
1 \@ 99 99 | 7 \©i 77 78
NH, NH,
O,N 1 HJC/0 1
2 99 99 8 71 81
NH, NH
Cl 1 !
3 \Qi 98 98 9 Q[NHZ 74 76
NH,
Cl H‘C/O
Cl 1 ‘ Cl
4 \@ 97 100 | 210 ©i 1 100
NH, NH,
Cl 1
Br
5 100 100 | 211 @ 16 100
NH,
NH,
F

H,;C I
6 \E;i 80 73
NH,

!Determined by GC-MS analysis of the crude product; 2T =110 °C.
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Figure 25. XPS survey scans (A) and Cu 2ps2 (B), Bi 4f (C), C 1s (D) as well as O 1s (E) XP

spectra of recycled CuBi0,COj after the fifth run.1’®

To complete the study on the catalytic ability of CuBi,0>CQO3, the range of viable

derivatives of 2-iodo-aniline (Table 16.) was also examined. It can be concluded that high
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yields and selectivities can be achieved under the optimized reaction conditions. In the presence
of electron-donating groups, a proportional decrease in yield and selectivity was observed.
Furthermore, the replacement of 2-iodoaniline as starting material with a bromo- or chloro-
derivative does not allow efficient heterocyclization. However, the time-efficient catalyst
ensured a high efficiency in the heterocyclization of all starting materials presented, which is

higher than ever before.

5.2.2. Catalytic capabilities of Mn/Co/NiBi.O.CO3z as heterogeneous catalysts in the

synthesis of 2-phenylbenzimidazole, its isosters and derivatives

To investigate the catalytic performance of manganese-, cobalt- and nickel-modified bismutite
structures, a multi-step reaction cascade was chosen as a model reaction. The reaction sequence
and the initial reaction conditions are described in detail in Chapter 4., Scheme 5. and Table 7.
In order to evaluate the effectiveness of the catalysts, yield and selectivity values were
determined after each reaction.

Since limited and less relevant information is available on the catalytic use of commercial
and self-prepared bismuth compounds in oxidative annulations, in our preliminary experiments
we investigated some salts, bismuth oxide and bismuth oxide subcarbonate for the oxidative
coupling of o-phenylenediamine (2-aminoaniline; (2)) and benzylamine (1). The reaction
conditions used were similar to those of Gopalaiah and Chandrudu.*®
Table 15. Oxidative coupling of benzylamine and 2-aminoaniline catalyzed by different

bismuth compounds. Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-
aminoaniline, DMSO (2 mL), 10 mol% of catalyst, 110 °C for 24 h'%

@ NH, NH, §
+ L, — O O+
NH 4 N
2 NH, Nig N g
(N Q@) @) 4) (5)

conversion of 1 selectivity of  selectivity of 4 selectivity of 5

Bi-compounds

(%) 3 (%)* (Yo)** (Y0)***
— 4+1 — — 100
BiClz 342 — — 100
Bils 4+1 — — 100
Bi(NOs3)3 442 — — 100
BiOCI 243 — — 100
NaBiO3 3+4 — — 100
Bi2O3 1142 11 9 80
Bi202CO3 19+3 18 5 77

*2-(benzylideneamino)aniline, **2-phenylbenzimidazole, ***benzyledenebenzylamine

As shown in Table 15. the commercial bismuth compounds showed very poor efficiency,

similar to the non-catalyzed reaction (~4% conversion). On the other hand, Bi»Os and as-
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prepared Bi-O.CO3 were found to be slightly active in the reaction with a conversion of 11 and
19% respectively. It is important to emphasize that without preliminary heat treatment at ~150
°C, even this low catalytic efficiency would not have been achieved due to the water adsorbed
on the surface during the synthesis. The active promoters unfortunately, showed a high degree
of selectivity toward the undesired self-coupling product of benzylamine (5).

In the following solvent compatibility tests were carried out with environmentally
compatible solvents in the presence of Bi,Oz and Bi,O.COs, based on the general experience
that the selectivity and reaction rate of both oxidative transformations can be influenced by the
solvent used. Accordingly, Fig. 26. shows that compared to the ineffectiveness of the catalysts
in water, 2-methyl-tetrahidrofuran and under solvent-free conditions, an improved benzylamine
conversion and a significant increase in product selectivity were observed in DMSO:water
mixtures and in y-valerolactone. The tendency for the amount of homo-coupled dimer (5) to
gradually decrease with increasing water content in DMSO leads to the complete disappearance
of the by-product in the 1:9 mixture. Like the increase in water content, y-valerolactone as a
solvent did not favor the side reaction. Together with the decrease in the self-coupling of
benzylamine, a remarkable improvement in the selectivity of the products of oxidative coupling
(3) and oxidative annulation (4) was observed. The best benzylamine conversion (69%) and the
highest achievable 2-phenylbenzimidazole selectivity (73%) were obtained in the presence of
Bi20.CO3 in the solvent DMSO:H0 1:9.

Bi,O, Bi,0,CO,4
DMSO:H,0 1:9 DMSO:H,0 1:9
DMSO:H,0 1:1 DMSO:H,0 1:1
o DMSO:H,0 9:1 o DMSO:H,0 9:1
wn (72]
- y-valerolactone > y-valerolactone
c IS
g solvent-free g solvent-free
&D) o
2-MeTHF ¢ 2-MeTHF
2-(benzylideneamino)aniline (3) 2-(benzylideneamino)aniline (3)
iz—phenylbenzimidazole (4) H.O iz-phenylbenzimidazole 4 HZO
benzylidenebenzylamine (5) 2 benzylidenebenzylamine (5)
DMSO DMSO
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Conversion of benzylamine (mol%) Conversion of benzylamine (mol%)

Figure 26. Solvent screen in the oxidative coupling of benzylamine and 2-aminoaniline
catalyzed by Bi,O3 and Bi-O2COs. Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2
equiv. of 2-aminoaniline, solvent (2 mL), 10 mol% of catalyst, 110 °C (or reflux temperature)
for 24 h 1%
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On the basis of these results, it can be concluded that bismuth compounds may represent
undiscovered catalytic opportunities in such reactions, which are also comparable to the
catalytic activity of the most commonly used homogeneous catalysts.

For reasons of comparability, it was also necessary to investigate the catalytic behavior
of pure 3d TM oxides, as further building blocks of cooperative catalysts. Therefore, the
catalytic properties of various manganese, cobalt and nickel oxides were tested under reaction
conditions considered optimal for bismuth compounds (Table 16.). This study was also
interesting because, to our knowledge, non-supported 3d transition metal oxides have not yet
been studied in oxidative aniline coupling reactions.

Table 16. Oxidative coupling of benzylamine and 2-aminoaniline catalyzed by different

transition metal compounds. Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv.
of 2-aminoaniline, DMSO:H,0 1:9 (2 mL), 10 mol% of catalyst, 100 °C for 24 h!%

@ NH, NH, §
NH P Y
2 NH, N N N
(L) Q) @) 4) (5)

conversion of 1 selectivity of  selectivity of 4 selectivity of 5

Catalysts

(%0) 3 (%)* (Yo)** (Yo)***
— 5+1 — — 100
MnO 242 — — 100
Mn3O4 314 — 100 —
Mn203 — — — —
MnO2 26+2 — 100 —
CoO 1+1 — — 100
Co(OH)2 5+3 — — 100
Co0304 3545 — 100 —
NiO — — — —
Ni(OH)2 — — — —
NiOOH — — — —
Bi202COs3 69+4 27 73 —

*2-(benzylideneamino)aniline, **2-phenylbenzimidazole, ***benzyledenebenzylamine

Review of the results shows that only the compounds MnQO2, Mn304 and Co3O4 showed
appreciable catalytic activity (26-35% conversion) in the oxidative reaction, but they formed
the annulation product (4) selectively. Moreover, the reactivity of the nickel catalysts was zero
as they could not convert benzylamine into a product. Therefore, the nickel-modified bismuth
was excluded from further optimization.
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MnBi,0,CO, CoBi,0,CO,

solvent-free
H,O
y-valerolactone
DMSO:H,0 1:9
DMSO:H,0 1:2
DMSO:H,0 1:1
DMSO:H,0O 2:1

solvent-free
H,0
y-valerolactone
DMSO:H,0 1:9
DMSO:H,0 1:2
DMSO:H;Om :1
DMSO:H,0 2:1
DMSO:H,0 3:1
DMSOIH;ON9T
DMSO
DMF
MeCN:H,0 1:1
MeCN
Toluene
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Conversion of benzylamine (mol%) Conversion of benzylamine (mol%)
Figure 27. The effect of various solvents in the oxidative coupling of benzylamine and 2-
aminoaniline. Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-
aminoaniline, 10 mol% of MnBi,0>CO3 (left side) and CoBi.0.COs (right side), 110 °C
(100 °C: DMSO:water mixtures, water; reflux: MeCN-containing solvents) for 24 h. (Products:
cyan: benzylydenebenzylamine; orange: 2-(Benzylydenebenzylamino)aniline; violine: 2-
Phenylbenzimidazole).1%*

DMSO:H,0 3:1
DMSO:H,0 9:1
DMSO

DMF
MeCN:H,0 1:1
MeCN

Toluene

Solvent used
Solvent used

Once all the basic information about the possible contributions of the metallic
components was available, the optimization process was continued with solvent experiments in
the presence of manganese- and cobalt-modified bismutites. Both catalysts showed remarkable
tolerance to a variety of organic solvents as well as to water (Fig. 27.), and the best
performances were observed in DMSO:H20 1:9 mixtures (MnBi.0>COs: ~95% conv./~97%
sel., CoBi202CO3: ~96% conv./~95% sel.) similar to the unmodified bismutite. Compared to
the pristine host, modification of the framework with 3d metal species generally enhanced
benzylamine conversion, regardless of the solvent used. Moreover, the chemoselectivities
approached the excellent 2-phenylbenzimidazole (4) selectivities obtained for the pure metal
oxides. The composition of the final product could be controlled by the choice of the appropriate
solvent. While the annulation product was selectively obtained in y-valerolactone by the cobalt-
containing bismutite, the solvent acetonitrile:water 1:1 exclusively promoted the formation of

2-(benzylideneamino)aniline (3).
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Figure 28. The effect of various reaction temperature and catalyst loading in the oxidative
coupling of benzylamine and 2-aminoaniline. Reaction conditions: 1 equiv. (0.25 M) of
benzylamine, 1.2 equiv. of 2-aminoaniline, DMSO:H,0 1:9 (2 mL), 10 mol%/ of MnBi»,0,CO3
(left side) and CoBi»02CO3 (right side), 100 °C/ marked temperature for 24 h. (Products: cyan:
benzylydenebenzylamine; orange: 2-(Benzylydenebenzylamino)aniline;  violine:  2-
Phenylbenzimidazole).1%

Figure 28. shows the effect of the quality of the modifying 3d metal ions. The effect
becomes clear when examining the catalyst loading and the temperature dependence. While the
presence of 2.5 mol% cobalt-containing bismutite was sufficient to sustain the large-scale
formation of the annulation product (4), 10 mol% manganese-containing catalyst was required
to achieve the same productivity. The optimum temperature for both catalysts was 90 °C or
higher.

After instrumental characterization revealed the heterogeneous spatial distribution of
manganese and cobalt ions in the co-precipitated samples, the comparative role of the
impregnated samples came to the fore. To prove the cooperative catalytic behavior of the
interfacial centers in the composites, comparative tests were performed in the presence of the
modified bismutites, the impregnated references and the building blocks under the optimized
reaction conditions (Fig. 29.). Based on the results, the following conclusions can be drawn:
First, all systems in which the transition metal centers are connected to the bismutite support in
some way proved to be much more efficient than those in which no support was present.
Second, it is clear from the conversion and selectivity values that the common system of Bi(lll)
centers and the transition metal ions effectively promotes oxidative transformation. Third,
although the impregnated samples exhibited lower catalytic activity (lower benzylamine
conversion) than their co-precipitated counterparts, the product composition (selectivity toward

2-phenylbenzimidazole) was the same for both catalysts. It can be concluded that there is a clear
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relationship between the co-presence of metal species on the bismutite surface forming a real

cooperative active site for annulation.

Catalyst used

Catalyst-free

Benzyledenebenzylamine
2-(Benzylideneamino)aniline
2-Phenylbenzimidazole

0 10 20 30 40 50 60 70 80 90 100
Conversion of benzylamine (mol%)

Figure 29. The effect of the quality of the catalysts in the oxidative coupling of benzylamine
and 2-aminoaniline. Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-
aminoaniline, DMSO:H-0 1:9 (2 mL), 10 mol% of catalyst, 100 °C for 24 h. (MBi.0.COs: co-
precipitated samples; M—-Bi>0,COs: impregnated samples.**

Time-dependent experiments were carried out to determine the kinetic profile of the
reaction and to attempt to quantify the contribution of the active sites. The number of molecules
transformed per hour and per metal ion (turnover frequency, TOF) was calculated from the
initial reaction rates of the kinetic curves shown in Figure 30. The highest achievable yield of
2-phenylbenzimidazole was obtained with all catalysts in 24 hours, with CoBi.02.CO3 proving
to be the most efficient. 88% of the desired product was produced within 8h. The TOF value
calculated for the cobalt-containing system was much higher than that of the manganese
containing counterpart. In general, it can also be observed that the TOF values of the co-
precipitated samples were almost 4 times higher than those of the impregnated references,
which clearly confirms the generation of the interface effect in the modified co-precipitation
methods. Since large differences are observed when comparing the initial activities of the
supported catalysts, it can be concluded that Bi(lll) and transition metal ions are jointly
responsible for the manifested catalytic activity. This finding is consistent with the observation
from the basic experiments (Table 17. and 18.), according to which both bismuth and TM ions

can catalyze the oxidative coupling of benzylamine and 2-aminoaniline.
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In addition, time-dependent reactions were also carried out with y-valerolactone as a
solvent (Fig. 31.).
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Figure 30. Conversions of benzylamine and yields of 2-phenylbenzimidazole as a function of
time in the oxidative coupling of benzylamine and 2-aminoaniline catalyzed by MnBi>02COs
(left side) and CoBi.02COs (right side) catalysts. Reaction conditions: 1 equiv. (0.25 M) of
benzylamine, 1.2 equiv. of 2-aminoaniline, DMSO:H>0 1:9 (2 mL), 10 mol% of MnBi>0.CO3
or 2.5 mol% CoBi,0,COs, 90 °C (left side)/100 °C (right side).!%
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Figure 31. Conversions of benzylamine and yields of 2-Phenylbenzimidazole as a function of
time in the oxidative coupling of benzylamine and 2-aminoaniline catalyzed by MnBi,0.CO3
(A) and CoBi202COs (B) catalysts. Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2
equiv. of 2-aminoaniline, y-valerolactone (2 mL), 10 mol% of MnBi.O.COz or
2.5 mol% CoBi»0,COs3, 80 °C.*%

The TOF values calculated for the co-precipitated bismutites proved to be very high, for

the manganese-containing sample even higher than in the solvent DMSO:H.O 1:9, but the
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selectivity and yield values obtained for the final heterocycle were lower than those obtained

so far.
1009TOF=500h" [ = Bi,0,CO, 100 " benzylamine

—_ = -1 —s— benzyledenebenzylamine
904 TOF=280h e Co0.0 ( : ne
> TOF =580 h! 039, <904 —a— 2-(benzylideneamino)aniline
= . o - .
égo. 4 CoBi,0,CO, . ESO v 2-phenylbenzimidazole
o 704 :70_ _ 1 E
c n < TOF=170h =

- [
C_EG 60 &60; S
501 Q50 =.
S ° 3 oy
- 5 3
O 30- =304 S
S §= S
2 201 820+
5 S
> 104 210
) 5
So% i v i i i v v v S0 —w—————

0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24

t(h t (h)
= benzylamine
. 1004 _ _
100y W benzyledenebenzylamine ~ || TOF=560h :
o - - _—
>904| - -= - 2-(benzylideneamino)aniline %90' A
§8OJ v 2-phenylbenzimidazole E80; -
— -1
@79} TOF=740h S 270 éz
S E604 .
c_EGGO- e =% v benzylamine £
§5o. 5 N50- — o— benzyledenebenzylamine |2
8 2 Bao. - -m - 2-(benzylideneamino)aniline| >
q540' ;B 4 2-phenylbenzimidazole |S
= 30- S 307 S
o O o
-g 20 - © =204 o
o o g—
S €10
S10 a —_—
7] - . oo B, u
= o - o0 : - @ = — — —0
Solfm ¥ 4 3 —r
O 0 2 4 6 8 101214 16 18 20 22 24 02468101%141618202224
t (h) C t(h)

Figure 32. Benzylamine conversion as a function of time in the oxidation reaction of
benzylamine catalyzed by CoBi202COs, Bi20.COz and Co0304 catalysts (A). Reaction
conditions: 1 equiv. (0.25 M) of benzylamine, DMSO:H>0 1:9 (2 mL), 2.5 (D)/10 mol% (B,
C) of catalyst, 100 °C. Consumption of benzylamine and product distribution as a function of
time in the oxidative coupling/annulation of benzylamine and 2-aminoaniline catalyzed by
Bi20>CO3 (B), Co304 (C) and CoBi20.COs3 (D) catalysts. Reaction conditions: 1 equiv. (0.25
M) of benzylamine, 1.2 equiv. of 2-aminoaniline, DMSO:H,0 1:9 (2 mL), 2.5 (D)/10 mol%
(B, C) of catalyst, 100 °C.1%

Further experiments were conducted in an attempt to determine the exact contribution of
each component in the cooperative CoBi.0>CO3z system. For this purpose, the catalytic ability

of cobaltite (Co304), bismutite and the co-precipitated sample were compared in the oxidation
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reaction of benzylamine and in the oxidative coupling of benzylamine and 2-aminoaniline. The

results are shown in Fig. 32.

In the oxidation of benzylamine, all catalysts showed moderate activity with complete
selectivity towards benzylidenebenzylamine (5). The direct oxidation product (benzylimine)
could not be detected in any of the reaction mixtures due to its high reactivity.??® The TOF value
of cobaltite was higher than that of pure bismutite, and the highest activity was achieved by the
cooperative catalyst. In contrast, the chemoselectivity was the same regardless of the catalysts
used. In the presence of 2-aminoaniline, the only product observed was 2-phenylbenzimidazole
when bismutite was used as catalyst. When cobaltite was used, the product composition was
more complex, as all possible products were formed, but their distribution changed as a function
of time. This observation probably indicates that the conversion of benzylimine to 2-
(benzylideneamino)aniline is faster in the presence of bismutite than when the reaction is
catalyzed by cobaltite. In parallel, the consumption of the starting material (benzylamine) was
higher with Co.03 than with BioO.CO:s. In the reaction promoted by the cooperative catalyst, a
similar product distribution was observed as in bismutite catalysis, on the other hand, the
consumption of benzylamine was similar to that in the cobalt-catalyzed reaction. In view of the
above results, it is assumed that the rate-controlling step of the reaction sequence is the
oxidation of benzylamine, which takes place at cobalt oxide centers on the surface of the
cooperative catalyst, while the active site of the coupling/annulation step(s) is the bismuth
species.

To investigate the recyclability of the supported catalysts, the impregnated and co-
precipitated bismutite powders were separated (by centrifugation), washed (with ethanol, water
and DMSO) and reused in a five-cycle reaction series. All reactions were carried out under the
conditions given in the optimalization. Using the co-precipitated samples, no significant
decrease in benzylamine conversion was observed until the fifth run (Fig. 33.), but the
distribution between the oxidative coupling (3) and oxidative annulation (4) products changed
significantly. From the second cycle onwards, the selectivity of the final heterocycle (4) slowly
started to decrease and then stabilized at about 65%. The leaching of the metal components
could not be measured during the ICP-MS measurements. On the other hand, the ex-situ XRD
results showed a slight decrease in the crystallinity of the host, which could consequently hinder

the accessibility of some active sites at the end of the third catalytic run.
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Figure 33. Reusability of MnBi.0>COs (A) and CoBi>02COs (B) in the oxidative coupling of

benzylamine and 2-aminoaniline. Reaction conditions: 1 equiv. (0.25 M) of benzylamine,

1.2 equiv. of 2-aminoaniline, DMSO:H-0 1:9 (2 ml), 10 mol% of MnBi».0>COs or 2.5 mol%

of CoBi202CO0s3, 90 °C (A) or 100 °C (B) for 8 h. (Products: cyan: benzylydenebenzylamine;

orange: 2-(Benzylydenebenzylamino)aniline; violine: 2-Phenylbenzimidazole).**

>
w

When the impregnated samples were used, the catalytic activity of the composites
decreased sharply, and after three consecutive cycles the original productivity fell to one fifth
(Fig. 34.).
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Figure 34. Reusability of Mn—-Bi>0.COs (A) and Co—Bi.02COz (B) in the oxidative coupling
of benzylamine and 2-aminoaniline. Reaction conditions: 1 equiv. (0.25 M) of benzylamine,
1.2 equiv. of 2-aminoaniline, DMSO:H-0O 1:9 (2 mL), 10 mol% of MnBi>.02.CO3z or 10 mol%
of CoBi»0,C03, 100 °C for 24 h.1*

At the same time, a larger amount of the non-ring-closed intermediate (3) remained in the

product mixture. Significant leaching of 3d metals confirmed by ICP-MS, eventually led to
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complete wash out of the active components at the end of the third cycle. Due to the
impregnation technique, the 3d transition metal samples are only weakly bound to the bismutite

surfaces and leaching of the TM content can occur without degradation of the bismutite host,
as clearly shown in Figure 35.
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Figure 35. XRD patterns of the as-prepared (black lines), used after third run (red lines) and

used after fifth run (blue lines) of CoBi.0.COs (A), MnBi.0,COs (B), Co-Bi.0.CO3 (C) and
Mn-Bi.0,COj3 (D).1%*

Figure 36. shows the same phenomenon in the hot filtration tests carried out in the
presence of the structurally modified and the impregnated bismutites. While all transformations
were quenched by removing the co-precipitated bismutites, oxidative coupling and annulation
continued after filtering the impregnated catalysts. These results are thus evidence of the
heterogeneous nature of the CoBi>.0.COs- and MnBi>0.COz-catalyzed reactions.
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Figure 36. Hot filtration test of MnBi.0>CO3/CoBi,0,CO3 and Mn-Bi>0.CO3/Co-Bi,0>CO3
in the oxidative coupling of benzylamine and 2-aminoaniline producing 2-phenylbenzimidazole
(see Scheme 5.): Conversions of benzylamine. Reaction conditions: 1 equiv. (0.25 M)
benzylamine, 1.2 equiv. 2-aminoaniline, solvent: DMSO:water 1:9, 10 mol% of MnBi202COs,
at 90 °C, or 2.5 mol% of CoBi202CO0O3, at 100 °C and 10 mol% of Mn-Bi202CO3/Co-Bi»02COs3,
at 100 °C. (Hot filtration of used catalyst occurred after 1 hour for MBi20.CO3 and after 8 hours
for M—Bi»02CO3 (M: Mn, Co).1%

Summarizing the results presented so far, one can conclude that manganese- and cobalt-
containing materials can be competitive and attractive alternatives in oxidative
coupling/annulation.

As a final step of the catalytic study, the extensibility of the reaction with different
substituted benzylamines was investigated (Table 17.). For most starting materials, high
selectivity (64-88%) and good conversion (37-100% after 8h) were achieved, successfully
avoiding the formation of the undesirable dimeric by-products. For ortho-methoxy and meta-
nitro substituents, only the formation of the corresponding annulation products was observed.

In the following, the cooperative catalysts were not limited to the couplings of 2-amino-
aniline. In the catalytic transformations of 2-amino-phenols and 2-amino-benzenethiols the
corresponding benzoxazoles and benzothiazoles were also successfully synthesized.
Nevertheless, the selectivity results often show the presence of large amounts of non-ring-
closed intermediates for the isosteres. Therefore, it could be assumed that the efficiency of the

catalytic ring-closing is influenced by the reaction temperature.
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Table 17. Scope of N-, O- and S-containing heterocycles production via oxidative coupling of
benzylamine-derivatives and 2-amino /hydroxy /mercapto anilines over MnBi>0O.CO3 and

CoBi»0,CO;s catalysts'®*

NH i XH X —_R
7 2 MBi,0,C04 P
T Ve
2 XH DMSO:H,0 = 1:9 N ’\©
1) 2) 90 or 100°C, 8 h (3) // @
¢=0.25M 1.2 eqv. :
MnBi202C0Os3 (90 °C) CoBi202C0O3 (100 °C)
4 X=NH conversion selectivity selectivity | conversion selectivity selectivity
B of 1 (%) of 3(%) of 4 (%) of 1 (%) of 3 (%)  of 4 (%)
1 R=p- 57 88 12 57 48 52
OMe 93" 33" 67" 97" 20" 80"
R= o- 72 64 36 43 — 100
2 O_I\/Ie 99" 17" 83" 79" — 100"
76" 59™ 39™ 48™ — 92"
_ 73 84 16 68 74 26
3 R=p-Cl 100" 23" 7 91" 19" 81"
_ 80 73 23 68 82 18
4 REoll oo 15" 85" 95" 23" 77"
5 R=m- 71 — 100 76 — 100
nitro 100" — 100" 100" — 100"
4 X=0 conversion selectivity selectivity | conversion selectivity selectivity
B of 1 (%) of 3 (%) of 4 (%) of 1 (%) of 3 (%) of 4 (%)?
R=H 100 70 30 23 — 100
9 R=p- 59 46 54 69 19 81
OMe 100" 19 81" 100" 6 94"
3 o 75 80 20 47 _ 100
4 R=p-Cl 37 73 27 19 37 63
5 R=o-Cl 57 49 51 95 63 37
6 01 94 6 100 86 14
4 X=5 conversion selectivity selectivity | conversion selectivity selectivity
B of 1(%) of3(%)! of 4 (%)? of 1 (%) of 3 (%)  of 4 (%)?
R=H 37 68 32 88 43 57
5 R=p- 52 46 54 17 53 47
OMe 99" 22" 78" 45" 33" 67"
3 %T\AO(; 79 80 20 50 — 100
4 R=p-Cl 31 77 23 68 50 50
5 R=o-Cl 74 99 1 62 — 100
R 39 100 — 83 99 1

Icross-coupled imines and their isosteres
Zhenzimidazoles and their isosteres

*subsequent reactions: Mn: 90 °C for 8h + 110 °C for 4h and Co: 100 °C for 8h + 110 °C for 4h

**subsequent reactions without catalysts
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To verify this, a temperature-programmed reaction sequence was introduced in which the
chosen reactions were repeated by following the 8-hour step at 90 (Mn-based catalysts)/100 °C
(Co-based catalysts) by a 4-hour step at 110 °C. In this way, the rings were closed and the
annulation products formed. (Note: at the end of the reaction, practically pure DMSO remained
as solvent.) Indeed, for several benzylamine analogues, the selectivity of both the oxidative
coupling product and the oxidative annulation product could be controlled by the temperature
program. To eliminate the possibility of terminal ring closure, the elevated temperature step
was repeated for some reactions after the catalyst had been removed from the reaction mixtures.
The result was that neither the conversion nor the selectivity changed significantly compared

to the original, confirming the catalytic nature of the second step.

5.2.3. Catalytic capabilities of Mn/Co/NiBi.O2COs as heterogeneous catalysts in oxidative

dehydrogenative couplings of anilines

To further investigate the utility of TM modified bismutites in oxidative dehydrogenative
reactions, homo- and hetero-couplings of anilines with a well-known mechanism??! were
investigated as a scouting experiment. The results presented in Table 18. shows that although
moderate yields were achieved in the presence of all catalysts without the formation of
significant by-products, the detailed optimization procedure did not significantly improve the
available product yield. The initial reaction conditions were as follows: DMSO as solvent, 150
°C for 72 h in the presence of 10 mol% catalyst. The only but very promising exception was
the manganese-containing catalyst which gave a 71% yield of the azobenzene product under
solvent-free conditions. Without a catalyst and under argon atmosphere, no reaction took place

and the use of an external oxidizer or oxygen atmosphere was not necessary.
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Table 18. Optimization procedure of the TM modified bismutites promoted oxidative
dehydrogenative homocoupling of aniline. Reaction conditions: 0.5 ml solvent, T = 64-175 °C
for 12-72h and 10 mol% catalyst; c (aniline) = 0.6 M (when using other solvents than

aniling)??
T Catalyst Reaction Aniline  Azobenzene
#  Composites Solvent C) loading time (h) conv. selectivity
(mol%) (mol%) (mol%)

1 — DMSO 150 — 72 3 —

2 Bi.0>CO3 DMSO 150 10 72 7 90

3  MnBi20.CO3 DMSO 150 10 72 29 100

4  CoBi20,CO3 DMSO 150 10 72 19 100

5 NiBi202CO3 DMSO 150 10 72 14 100

6 MnBi202,COs* DMSO 150 10 72 2 100

7  MnBi202.CO3 DMSO 110 10 72 9 100

8 MnBi20,CO3 DMSO 175 10 72 30 100

9 MnBi202.CO3 methanol reflux 10 72 5 100
10 MnBi202CO3 toluene reflux 10 72 20 75
11 MnBi202CO3  acetonitrile  reflux 10 72 — —
12 MnBi,02COs " reflux 10 72 15 100

valerolactone

13  MnBi202CO3 — 150 10 72 71 100
14 MnBi202COs — reflux 10 72 73 96
15 MnBi202CO3 — 110 10 72 35 80
16 MnBi202CO3 — 150 5 72 49 90
17  MnBi202CO3 — 150 20 72 79 97
18 MnBi202CO3 — 150 10 48 34 100
19 MnBi202CO3 — 150 10 24 16 100
20 CoBi202CO3 — 150 10 48 75 100
21 CoBi202CO3 — 150 10 24 51 100
22 CoBi202CO3 — 150 10 12 23 100
23 CoBi202C0O3 — 150 5 72 48 100
24  CoBi20,CO3 — 150 2.5 72 12 100

If one compares the catalytic abilities of the modified bismutites with each other,

significant differences can be observed (Table 19.), which become even more obvious with the

heterocouplings. While an almost quantitative reaction (95% yield) took place with the cobalt-

containing analog, the nickel-modified catalyst could only promote the formation of 3 to a small
extent (23%).
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Table 19. Oxidative dehydrogenative heterocoupling of anilines catalysed by TM modified
bismutites (M-Bi202CO3). Reaction conditions: 0.5 ml aniline, T = 150 °C for 72h and 10 mol%
catalyst; ¢ (substituted aniline) = 0.5 M???

R,
K
NHZ ; N\ | N
‘ \ MB]202C03 - ‘ \ \N \ ‘ \ ':‘:N
.- ° +
// aniline, 150°C, 72 h -
8y Ry 2 Yo 3
MnBi202CO3 CoBi202C0O3 NiBi202CO3
Conv.of1 Yieldof Conv.ofl1 Yieldof @ Conv.ofl Yieldof
(mol%) 3 (mol%) (mol%) 3 (mol%) (mol%) 3 (mol%)
R=H 71 71 95/51 95/51 23 23
R=o-
OMe 78 44 100/93 88/80 14 13
R=p- 100 52 100/100  60/56 100 72
OMe
R=m- 43 4 10056  75/34 3 2
nitro
R=p-Br 52 52 100/66 99/65 21 21
R=p-ClI 24 21 51/10 48/10 4 4
R=0-Me 29 22 100/75 84/57 22 17
R=p-Me 51 47 100/98 94/81 84 2
R=p-CN 12 9 35/5 34/4 5 1

2.5 mol% CoBi»0,COs3; t = 24h

Furthermore, the cobalt-containing compound proved to be the most active (34-88%
yield) and the most selective for unsymmetric azo compounds. This feature allowed the catalyst
loading to be reduced to 2.5 mol% with moderate to excellent yields (56-80%). (The significant
excess of aniline probably also contributed to the unique selectivity for the asymmetric product
in the presence of all catalysts.)

Therefore, an attempt was made below to isolate the effect of aniline excess and to re-
examine the selectivity results by repeating three different asymmetric heterocoupling reactions
(Table 20. A). DMSO and toluene were used as solvents. In all reactions, almost the same
selectivities were obtained with reduced conversion, despite the lower aniline excess. This can
be interpreted as direct evidence for the selectivity of the CoBi>O,COs catalyst towards
unsymmetric products. It is also important to note that the homocoupling of aniline in all cases

can be explained by the presence of an aniline excess.
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Table 20. Selectivity test of the as-prepared CoBi>0.CO3 catalyst in heterocoupling of aniline
derivatives via oxidative dehydrogenative pathway. Reaction conditions: 0.5 ml solvent, T =
150 °C for 72h and 10 mol% catalyst; ¢ (aniline) = 0.6 M, ¢ (substituted aniline) = 0.5 M?%2

R,

A
NHZ H N | N
| Ry MB1,0,C04 . ‘ R \N ANy ‘ = \\.N
Lo o aniline, 150°C, 72 h +
RI 1 R] / 2 Rl/ / 3
A
. Catalyst . Conversion Selectivity .
;t:tr;?ég Solvent T (°C) loading Tﬁf‘lgt('ﬁ;] of 1 of 3 Y(Irilc()jl &]: )3
(mol%) (mol%) (mol%)

R=0-OMe DMSO 150 10 72 17 88 15
R= p-Br DMSO 150 10 72 28 96 27
R=p-Me DMSO 150 10 72 25 95 24

R=0-OMe toluene reflux 10 72 51 90 46
R=p-Br toluene  reflux 10 72 54 96 52
R=p-Me  toluene reflux 10 72 54 92 50

B

Catalyst . Conversion Selectivity .
Catalyst Solvent T (°C) loading Ti?ﬁgt(lﬁ;] of 1 of 3 Y(Irilglg}: )3
(mol%) (mol%) (mol%)
CuBr2?2  toluene 60 20 24 60-100" 50-100" 42-69"
Mmowe  toluene 110 32 12 80-100"  28-92"  28-87"

* 1 bar Oz, 60 mol% pyridine
™ air atmosphere

Based on the above results, the hypothesis that TM modified bismutite analogues can
have a significant influence to homo- and heterogeneous oxidative dehydrogenative couplings
proved to be right. This is especially true for the cobalt-containing counterpart. In addition,
compared to the benchmark catalysts known from the literature (Table 20./B%122%) there are
some advantageous properties that should be highlighted. First, while CuBr, and meso-Mnz03
catalysts offer excellent azobenzene yields in non-green solvents, especially toluene, bismutites
can work in pure aniline using ambient air as oxidant. Second, bismutites can selectively lead
to unsymmetric azo derivatives, which is much more selective than reactions carried out in the
presence of reference catalysts. Third, the required catalyst loading of bismutites (10 and
2.5 mol%), are much lower than that of the benchmark catalysts (32 mol%). Finally, unlike

CuBr2, no additional bases or additives are required to achieve the observed catalytic activity.
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Table 21. Oxidative dehydrogenative heterocoupling of anilines and propane-1,3-diol
producing quinolines. Reaction conditions: 1 equiv. (0.25 M) aniline or its derivatives, 2 mL
propane-1,3-diol, 150 °C for 72 h (48 h upon using CoBi,0,CQO3) and 10 mol% catalyst.???

NH, N

| S MBi,0,C0; _ | N N

// propane-1,3-diol, 150°C // P
M: Mn(II), Co(II), Ni(1)

Ry R]

Aniline Quinoline Quinoline yield
Quinoline derivative conversion selectivity (%) (%)
(mol%)
N Mn: 100 Mn: 94 Mn: 94
oS Co: 100 Co: 92 Co: 92
- Co: 100 Co: 100 Co: 100
Ni: 82 Ni: 93 Ni: 76
\0
Mn: 67 Mn: 100 Mn: 67
N Co: 95 Co: 81 Co: 77
= Co: 100 Co: 91 Co: 91
- Ni: 85 Ni: 83 Ni: 71
N Mn: 66 Mn: 76 Mn: 50
/@j Co: 68 Co: 63 Co: 43
Co: 95 Co: 96 Co: 91
e = Ni: 79 Ni: 46 Ni: 36
Mn: 98 Mn: 96 Mn: 94
AN Co: 51 Co: 92 Co: 47
Co: 93 Co: 100 Co: 93
P Ni: 52 Ni: 100 Ni: 52

Mn: 89 Mn: 82 Mn: 73

N
= Co: 85 Co: 82 Co: 70
Co: 100 Co: 100 Co: 100
F Ni: 84 Ni: 87 Ni: 73
N Mn: 52 Mn: 58 Mn: 30
o Co: 61 Co: 41 Co: 25
> Co: 100 Co: 65 Co: 65
Q Ni: 33 Ni: 100 Ni: 33

|c|) Mn: 0 Mn: 0 Mn: 0

o " Co: 6 Co: 100 Co: 6
' Co: 11 Co: 88 Co: 10
/ Ni: 4 Ni: 100 Ni: 4

2.5 mol% CoBi»,0,C0O3

To extend the applicability of bismutites as effective catalysts in oxidative
dehydrogenative couplings, various syntheses of N-heterocycles were investigated. First,
aniline derivatives were combined with propane-1,3-diol to produce the corresponding

quinolines. The reaction conditions were the very same as those optimized for homo- and
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heterocouplings of anilines. As a result, good to excellent quinoline yields were obtained for
the most reactions shown in Table 21.

The remarkable nature of these results stems from the fact that the synthesis of quinolines
from vicinal diols via an oxidative dehydrogenative pathway had not previously been described.
(The synthesis of quinolines from vicinal diols has only been successful with double
acceptorless dehydrogenative couplings combined with a Michael addition step of aniline
derivatives with unsymmetrical vicinal diols. The disadvantages of this method are low to
moderate yields, ruthenium- or platinum-based catalysts, and the use of various additives.??4)
The experienced success of the as-prepared bismutite catalysts is probably related to the soft
Lewis acidic property?® allowing the adaptation of another mechanism with an N-alkylation-
cyclization tandem sequence.??®2%” This N-heterocyclisation mechanism is also known in
quinoline synthesis, but has only been described in the presence of hydrogen acceptors.??822
The electronic character or steric effect of the substituent of the aniline derivative did not show
any significant influence on the dehydrogenative coupling, the only exception being the nitro
group in the meta position. In this case, however, the appearance of 3-hydroxypropanal as a by-
product may also indicate oxidative dehydrogenation of the diol in this reaction.

In conclusion, despite the fact that homo-linked azo compounds of aniline derivatives can
also be detected in small amounts, bismuth-based catalysts are highly selective for quinoline.
The most active catalyst was also the cobalt-containing composite, which successfully reduced
the reaction time to 48 hours and the catalyst loading to 2.5 mol%. Its catalytic ability is shown
to be comparable to transition metal- or noble metal-catalyzed acceptorless dehydrogenative
strategies??42%%23L put does not have many of the drawbacks of these methodologies. The
reactions catalyzed by CoBi>0O.COs were carried out in propane-1,3-diol (one of the reaction
partners), without any other additives, and without the use of Ar or N2 atmosphere, providing a
more applicable and environmentally friendly process than before.

To extend the study of the catalytic ability of bismutites, experiments were carried out on
the synthesis of quinoxaline using the appropriate aniline and diol reactant on the model of
quinoline synthesis. In the cross-coupling reactions of 2-aminoanilines and ethylene glycol, 34—
100% yields of the desired quinoxaline derivatives were achieved with either Ni- or Co-based
bismutites (Fig. 37.). Compared to quinoline synthesis, a shorter reaction time (8-24 h) and
lower reaction temperatures (90-110 °C) were sufficient. Based on this finding, it can be said,
that the use of unsymmetrical diols containing secondary alcohol groups, which are essential

for acceptorless dehydrogenative reactions, is not essential to ensure a high yield.
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cthylene glycol, 110°C

N
Cl/j
S
M: Mn(1I), Co(11), Ni(1l) R/ 7

93% conv. 86% conv.
93% yield  86% yield

N N N
X X X
= = =

N Br N Cl N

86% conv. 68% conv.
100% yield* 100% yield

N
X
=

N

100% conv. 9 95% conv. 67% conv.
0 99% conv.* 34% conv.

100% conv.* 100% conv.
74% yield  55% yield
9% conv.
78% yield  33% yield /@: j 95% yield  67% yield
0
~
99% yield* 34% yield

N NH,

e :

phenazine-2,3-diamine

NH,

azobenzenes

Figure 37. Oxidative dehydrogenative heterocoupling of o-phenylenediamines and ethylene
glycol producing quinoxaline. Reaction conditions: 1 equiv. (0.25 M) o-phenylenediamine or
its substituted derivative, 2 mL ethylene glycol, 110 °C for 24h and 10 mol% catalyst. (*2.5
mol% CoBi;02C03).??2

Surprisingly, MnBi20.CO3s was less selective toward the coupling product than other
bismutite analogs. When using Ni- or Co-based catalysts, the by-product was azobenzene,
whereas in the presence of MnBi>0.COs3, phenazine-2,3-diamine, the self-coupling product of
2-aminoaniline was detected. Furthermore, the native catalytic activity of CoBi>0.CO3 was

superior compared to other homogeneous, heterogeneous or even benchmark catalysts.?%2233
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Table 22. Oxidative dehydrogenative heterocoupling of o-phenylenediamines and ethylene
glycol. Reaction conditions: 1 equiv. (0.25 M) o-phenylenediamine or its substituted derivative,
2 mL ethylene glycol, 110 °C for 24h and 10 mol% catalyst???

e NH, N N
@: CoBi,0,C0; {I AN
ethylene glycol, 110°C =
A ]/ . g . / P y
2

1

Substituent Yield of 2 (mol%o) Isolated yield (%0)
Ri=H 100* 85
R1 =4-Br 93 80
R; = 4-Cl 74 63
R1 =4-COOH 78 64
R1 =4-Me 95 84
R1 = 4-nitro 990* 85

* 2.5 mol% catalyst

Based on the determined yields of quinoxaline derivatives (63-85%), shown in Fig. 37.
and in Table 22., the cobalt containing catalytic system proved to be applicable for producing
quinoxalines via base-free oxidative hydrogenative cross-coupling of 2-aminoaniline
derivatives and ethylene glycol. Moreover, the reactions took place under ambient conditions,
also using ethylene glycol as solvent which result the developed process to be considered as a
green chemical process compared to the best available technologies in fine chemical industry.

After the catalytic capabilities of the self-supported catalysts were studied, it became
necessary to investigate their physical and chemical stability. Thus, five recycling runs were
performed in the presence of CoBi»0.COz (Fig. 38. B) and both the used catalyst both the
catalytic indicators were monitored. The conversion and selectivity values remained almost the
same after even the fifth run, no leaching of the metallic component was shown by ICP-MS
measurement, and the post-XRD (Fig. 38. A) also confirmed the unchanged structural integrity
of the reused catalyst. Besides, to confirm the heterogeneous catalytic nature of the Co-based
bismutite-promoted reaction, the catalyst powder was filtered out from the reaction slurry by
centrifugation at low 2-aminoaniline conversion, and the remaining solution was further stirred
under unchanged reaction conditions. Figure 38. C shows the results that active components
did not dissolve in the reaction mixture as the conversion and product yield remained constant,

indicating that the cross-coupling is catalyzed heterogeneously.
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Figure 38. XRD patterns of CoBi»0.CO3s composite before and after a five run recycling test
(A); catalytic indicators in the five run recycling test (B) and the hot filtration test (C) in the
presence of CoBi>0.COz catalyst. Reaction conditions: 1 equiv. (0.25 M) o-phenylenediamine,
2 mL ethylene glycol, 110 °C for 24h (4 h in the case of recycling) and 2.5 mol% catalyst.??2

To explain the excellent performance of Co-containing bismutite, experiments were
carried out to characterize the surface even more precisely. Both the interfacial effect between
the components of the modified bismutites, presented in the previous work on the synthesis of
2-phenyl benzimidazoles, and the effect of the surface dimension, which proved to be very
similar for all the as-prepared catalysts (Table 12.), can be excluded. Furthermore, no
significant differences were detected in the acidity of the catalysts as determined by
temperature-programmed desorption measurements with NHs Fig. 39. A). On the other hand,
CO2-TPD (Fig. 39. B) measurements indicated significant differences in the basicity of the
catalysts. The basicity decreases in the order CoBi,0O>CO3 > NiBi.0.CO3 > MnBi»0,CO3 >
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Bi20.CO3. This finding is essential, as the increasing basicity could facilitate the
dehydrogenation of vicinal diols or the adsorption of alcohol on the active sites, which increases
the final catalytic activity.?*

A 400 — 3 B

568

Intensity (a.u.)
Intensity (a.u.)

300 400 500 600 400 500 600 700 800
Temperature (K) Temperature (K)

Figure 39. CO.-TPD curves (A) and NH3-TPD curves (B) of the bismutite-based composites:
Bi,0,CO3 (a), MnBi202COs (b), CoBi20,COs3 (c) and NiBi,02CO3 (d).??

To propose a reaction mechanism for the CoBi>0.CO3 catalyzed synthesis of quinoxaline,
control experiments were carried out in the presence of Co-modified bismutite, CoO and
unmodified Bi20.CO3 in the role of catalyst. Interestingly, no dicarbonyl product was formed
in water at reflux temperature for 24h under ambient air (Scheme 7.). This argues against the
catalytic cycle being similar to the oxidative dehydrogenative coupling of quinoxaline with
Au/Ce0,.1%  Beside, both pure CoO and bismutite showed poor activity compared to the
modified catalyst, which achieved a large ethylene glycol conversion. Glycolic acid was formed
as the main product, but glycolic acid and glycolaldehyde were also detected, which is already
in good agreement with the well-accepted mechanism of ethylene glycol oxidation in water.?*®
It is worth highlighting that the conversion of ethylene glycol is far from the stoichiometric
value, which may indicate that the dehydrogenation equilibrium of vicinal diols may be shifted
in the presence of anilines during the couplings. Furthermore, no reaction was detected when
the experiments were repeated under an argon atmosphere (Scheme 7. b). The latter confirms
that CoBi.0,COs3 can be an efficient promoter for the oxidative dehydrogenation of diols with
molecular oxygen as the oxidant; however, this catalyst is not able to catalyze acceptorless

dehydrogenation.
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Scheme 7. Control expériments in the presence of CoBi.0.CO3, CoO and Bi>02COsas catalyst
to explore the reaction mechanism of quinoxaline formation catalyzed by CoBi>0,C0Q3.2%2

Under the optimized reaction conditions, the aerobic oxidative dehydrogenation of
1,2,3,4-terahydroquinoline was only possible in the presence of CoBi>0.COs (Scheme 7. ¢, d),
the catalytic building blocks CoO and Bi202COs alone could not effectively promote this
reaction which strengthen the assumption that the cobalt ions and the bismutite framework
operate cooperatively. In another control experiment, the coupling of 2-hydroxypropanal to
aniline (Scheme 7. e), performed under the same conditions, suggests that the condensation
step probably involved bismuth centers as active catalytic sites. Finally, the oxidative coupling
of ethylene glycol and o-phenylenediamine was repeated catalyzed by a physical mixture of
CoO and Bi,02COs (Scheme 7. f). It was found that the reaction can still be carried out in this
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way, but with significantly reduced selectivity and conversion values. This also proves that
randomly distributed active sites are less efficient than those with an ordered structure.

Based on the control results, it can be assumed that the oxidative dehydrogenation is
catalyzed cooperatively by the CoO and bismutite components. In addition, the role of bismutite
can also be to promote C—N coupling, which can also be realized in Bi®* Lewis acid centers, as
reported by Yadav et al.%®

Taking into account our own observations and the previous suggestions of Milstein, 23
Corma, % Yadav?® and Riisager?®, Scheme 8. shows our proposed mechanism for the Co—

bismutite -catalyzed cross-coupling reaction of o-phenylenediamine and ethylene glycol.

NH, NH,
Co(I)-O O
HO\A o (IT) : . NH, NH,

.. . Bi(TII
H o +H\ H I j N v
0 HO 0=
Bi(III) +HO-Co(1)H Bin 0>
HO

NH NH
o ) Lo N ) I L2
[N [N\ :L/ EN HO\[N i
=0 of ol 0 oy +B(TI)

CO(I]) O/Bi(1IN)

Ny e

Bi(TIT) *"”o +Bi(IIT)
®
+ HO-Co(IDH"

@
HO-O + HO-Co(I1)

@
O=0+ HO-Co(Il)IT”

@ )
HO-O" +H g—CO( 1)H" 20H + HO-Co(Il)
20H +2HO-Co(ll) 2H,0 +20-Co(Il)

Scheme 8. Proposed mechanism of the oxidative dehydrogenative coupling reaction of o-
phenylenediamine and ethylene glycol catalysed by CoBi»0.CQs, providing quinoxaline.???

In the first step, adsorption of ethylene glycol takes place on the basic/Lewis acid surface
of the catalyst, probably in the Bi(Ill) centers,?® generating a metal alkoxide intermediate.
Subsequently, the alcoholic hydroxy proton is abstracted by a surface oxygen — which is
basically a surface oxygen of the CoO specimen — followed by a B-H elimination catalyzed by
Co(ll) centers. As a result, a Co(ll)-hydride coupled with a protonated surface oxygen and a

93



Bi(ll)-coordinated a-hydroxycarbonyl compound is formed. Subsequently, Bi(lll)-mediated
condensation of the amino group of the o-phenylenediamine with the carbonyl sample — in
parallel with Bi(lll1) decomplexation — results in an intermediate. This, in two rapid steps,
undergoes a sequential proton shift and an enol-oxo tautomerization. The following
condensation of the second amino group generates a 1,2-dihydroxiquinoxaline intermediate,
which rapidly dehydrogenates similarly to the first step. This leads to the formation of the final
product quinoxaline - which subsequently desorbs - as well as another Co(ll)-hydride coupled
with a protonated surface oxygen. In the final step, molecular oxygen reacts with the Co(ll)-
hydride to form a peroxide anion, which immediately reacts with a second Co(ll)-hydride to
generate two molecules of hydroxides. These hydroxides then undergo a rapid acid-base
reaction with the protonated surface oxygen, which regenerates the original catalyst surface and

also produces two molecules of water as the only by-product.
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6. CONCLUSIONS

Based on a general search of Scifinder (https://scifinder.cas.org) on 2nd January, 2023, in the

last 10 years ca. a quarter of the 260000 publication related to catalysis focused on the
production and/or transformation of heterocycles.” Most of them describe some kind of catalytic
system (transition metal catalysis, Lewis acid catalysis, organocatalysis, biocatalysis, phase
transfer catalysis, electrocatalysis), since the alternative route or mechanism they provide is
much more economical and competitive than non-catalyzed processes.

Although the field of synthetic organic chemistry is dominated by homogeneous noble
metal catalysis, heterogenized catalysts containing non-noble metal centers can also have many
advantages. Not only can they offer the advantages of recyclability and robustness, which in
itself can represent an economical and environmentally friendly alternative in catalyst selection,
but they can even be more effective candidates compared to their monometallic counterparts
(enhanced selectivity and/or yield, milder reaction conditions, greener solvents), if the different
metal centers are able to cooperate with each other.

Targeting this possibility, our primary hypothesis was that by modifying the Lewis acidic
bismutite (Bi.O2CO3) framework with copper, cobalt, manganese or nickel cations or oxide
specimens, efficient multifunctional catalysts capable of promoting multi-step cyclization
reactions in a heterogeneous manner can be produced. In addition, we hypothesized that their
efficiency can be further enhanced by determining the structural factors that can most decisively
affect the catalytic performance. Thus, the modified structures were thoroughly studied both
structurally (XRD, Raman, XPS, etc.) and catalytically, in a series of catalytic tests, especially
in cyclization reactions.

Initially, the modification of the bismutite framework with transition metal ions was
carried out by the urea hydrolysis method, in which the amount of hydroxide and carbonate
anions required for precipitation is provided by the controlled hydrolysis of urea. After the
successful preliminary experiments, however, the bismutite structures could be synthetized by
a modified co-precipitation method, in which ammonia and sodium-carbonate solutions of a
certain concentration (0.6 M) were added directly to bismuth- and transition metal nitrate-
containing solutions of a certain concentration (3.75 mmol). Then stirring was continuous for
24 hours at 80 °C for CuBi202CO3 and 100 °C for Co-, Mn-, NiBi»,0>CO3. The obtained,

* A general search of Scifinder (https://scifinder.cas.org) on the 2" of January, 2023, found 265,839 "catalysis"-
related English-language journals published between 2012 and January 2023, of which 71,525 were for production
and/or transformation of heterocycles.
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colored products were then filtered, washed (distilled water) and dried (60 °C, overnight). With
the exception of copper-bismutite, the fine powder solids were heat-treated at 290°C for 3 hours
to remove any remaining traces of water before catalytic use.

Based on X-ray diffraction measurements, all modified bismutite systems could be
identified as structural analogues of Sillen-type bismutite, where the cation insertion was
isomorphous. After recording the SEM-EDX elemental maps, this assertion needed to be
partially revised, since the copper-containing system showed a homogeneous cation
distribution, but the distribution in the Mn-, Co- and Ni-containing bismutites proved to be
heterogeneous. When determining the compositions (ICP-MS, TG and XPS), there was no
difference in the bulk and surface composition of the copper-modified bismutite, while in the
other TM-based systems an incisive surface enrichment of the transition metal specimens was
observed. Based on the high-resolution transmission electron microscopy images,
morphological differences also emerged: While the copper-bismutite was characterized by a
Sillen-type plate-like morphology, the other transition metal-containing bismutites consisted of
particles with two different morphologies. TEM-EDS the measurements revealed that these
specimens differed not only in their morphology but also in their composition. On this basis,
the existence of surface-adsorbed transition metal oxide specimens could be assumed.

Material science characterization revealed other important differences between the
catalyst candidates. While the infrared, Raman, UV-DR and XP spectroscopies confirmed the
intercalation of an azurite-type complex into the interlamellar gallery of bismutite after the
modification with copper ions, the analyses of Co- and MnBi,0,CQ3, showed the formation of
interfaces between the surface of the bismutite host and the transition metal oxides. The nickel-
containing counterpart was not intercalated, and contained no interfacial sites. Based on this
finding, differences in catalytic capabilities were also expected.

The catalytic capabilities of the copper-containing system were investigated in the
coupling reaction of 2-iodoaniline and 2-bromothiophenol. This reaction is also interesting
because Bi*, although is known as a Lewis acid catalyst, to the best of our knowledge, it has
never been used in a similar reaction. The modified system not only proved to be active in the
synthesis of phenothiazines, but it was also able to operate with excellent selectivity and
guantitative conversion under much more environmentally friendly and simple conditions
compared to the best available technology. Moreover, there is no example in the literature of
using a similarly low concentration of a base to yield phenothiazine exclusively. The time-
dependent experiments proved that CuBi.O>CO3 can catalyze the synthesis of phenothiazine as
a cooperative catalyst and in a concerted manner. Moreover, the hot filtration and reusability
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tests established that the catalyst is able to function heterogeneously and that its activity and
selectivity do not decrease even after 5 consecutive cycles. Considering the extensibility of the
reaction, it can be concluded that high yields and selectivities can be achieved for many
derivatives under the optimized reaction conditions and the catalyst shows considerable
robustness to structural degradation by the reactions (ex situ XRD, TEM and XPS).

To investigate the catalytic performance of manganese-, cobalt- and nickel-modified
bismutite structures, several model reactions were introduced. First, the multi-step reaction
cascade of 2-phenylbenzimidazole synthesis was investigated. Preliminary experiments were
started with bismuth compounds in DMSO. Only Bi>O3 and Bi.O3CO3 were found to be slightly
active in the oxidative coupling leading to the imine intermediates and/or in the annulation step.
Despite the initial modest performance, the fact that it was possible to improve the conversion
and selectivity only by increasing the water content of the reaction media gave reason for
confidence. To ensure comparability, the reaction was also carried out in the presence of pure
transition metal oxides, and, with one exception, similar results were obtained. When the nickel-
modified system was used as a catalyst, no activity was observed, so this catalyst candidate was
excluded from further optimization process. During the optimization, it was possible to
determine the most suitable experimental conditions for cobalt- and manganese-containing
bismutite, and it was also found that the correctly chosen solvent/solvent mixture was suitable
to control the composition of the product mixture. The possible contributions of the individual
components were investigated under the optimum reaction conditions. It has been shown that
even the performance of transition metal oxides fixed on a support by impregnation exceeded
the performance of the individual components, but the samples synthesized by co-precipitation
showed the highest catalytic performance. This can be interpreted as indirect evidence for the
presence of interfacial sites.

The turnover frequency (TOF) calculated from time-dependent experiments also
underpins this statement. In addition, the cobalt-containing system proved to be much more
active than the manganese-containing counterpart. For the cobalt-containing system, the
contribution of the individual components to each reaction in the reaction sequence was also
determined. The heterogeneity and reusability studies showed that the catalysts operate
heterogeneously and their catalytic performance does not decrease significantly after 5
consecutive cycles. Considering the extensibility of the reaction, it can be concluded that under
optimized reaction conditions both catalysts are capable not only of direct derivative formation,
but also of isosteres formation. Finally, ex situ XRD, TEM and XPS measurements exhibited
that the structural integrity is unchanged after the reaction cycles.
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In a final catalytic test, the catalytic abilities of Mn-, Co-, Ni-containing bismutites in
oxidative dehydrogenative coupling reactions were investigated. Following the encouraging
results experienced in the homo- and hetero-azo couplings of aniline and its derivatives, the
syntheses of quinoline and quinoxaline were optimized. The reaction of various aniline and o-
phenylenediamine derivatives with 1,3-propane diol and ethylene glycol, respectively, was
investigated producing the corresponding quinolines or quinoxalines. In both reactions, the diol
served simultaneously as reaction partner and solvent, and only ambient air was required as
oxidant, resulting in very simple methods. In general, the catalysts were found to be highly
selective for quinolines and quinoxalines with moderate to good conversion. Based on the hot
filtration test and the reusability reaction series, we successfully demonstrated the
heterogeneous nature of quinoxaline synthesis in the presence of CoBi>0>COs. Furthermore, a
mechanism for the oxidative dehydrogenative coupling of o-phenylenediamine and ethylene
glycol catalyzed by CoBi».0.CO3 was demonstrated in several control experiments.

In summary, the results of the structural characterization and catalytic studies showed that
the TM modified bismutites synthesized via modified co-precipitation have proven to be robust
heterogeneous catalysts in several syntheses, producing various heterocycles with high activity
and selectivity. The copper-containing system could be considered as a new structural analogue
of Sillén-type beyerite. Manganese- and cobalt-containing systems have been shown to have
interfacial sites between the framework and the TM specimens, while the nickel-modified
system does not contain any special sites other than the Bi** and Ni®** active centers.
Accordingly, the systems containing copper, manganese and cobalt ions showed excellent
catalytic performance, exceeding the catalytic performance of the single TM oxides or
Bi.O2COa. Since clear correlations between the structure of the composites and the achieved
activity and selectivity values were established, it can be concluded that our starting point that
efficient heterogeneous cooperative catalysts can be prepared with a catalytically active support

(Bi202C03) and transition metal ions/oxides (Cu , Mn, Co) has been proven correct.
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MAGYAR NYELVU OSSZEFOGLALO (SUMMARY IN HUNGARIAN)

A Scifinder adatbazison (https://scifinder.cas.org) 2023. januar 2-an végzett altalanos keresés
alapjan az elmult 10 évben a katalizis teriileten megjelent koriilbeliil 260 000 0j publikacio
egynegyede heterociklusos vegyiiletek eloallitasaval és/vagy atalakitasaval foglalkozott.”
Legtobbjiik valamilyen katalitikus rendszert ir le (atmenetifém katalizis, Lewis-sav katalizis,
organokatalizis, biokatalizis, fazistranszfer Kkatalizis, elektrokatalizis), mivel az altaluk
biztositott alternativ reakciout vagy mechanizmus sokkal gazdasagosabb és versenyképesebb,
mint a sztéchiometrikus eljarasok.

Annak ellenére, hogy a szintetikus szerves kémia teriiletén a homogén nemesfém-
katalizis domindal, a nem nemesfém-centrumot tartalmazo heterogenizalt katalizatoroknak is
szamos eldnyiik lehet. Nemcsak az tjrahasznosithatosdg €és a robusztussag eldnyeit
biztosithatjak, ami Onmagaban is gazdasdgos ¢és kornyezetbarat alternativat jelenthet a
katalizatorvalasztasban, de akar sokkal hatékonyabb jeloltek is lehetnek monofémes tarsaikhoz
képest (fokozott szelektivitas és/vagy hozam, enyhébb reakciokoriilmények, zoldebb
olddszerek), ha a kiilonb6z6 fémcentrumok képesek az egymassal valo egyiittmitkodésre.

Ezt a lehetdséget megcélozva elsddleges hipotézisiink az volt, hogy a Lewis savas
bizmutit (Bi02CO3) vazszerkezet réz-, kobalt-, mangan- vagy nikkelkationokkal vagy
oxidokkal torténé modositasaval hatékony multifunkcios katalizatorok allithatok eld, amelyek
heterogén modon képesek tobblépéses ciklizacids reakciokat promotalni. Ezen tilmenden azt
is feltételeztiik, hogy hatékonysagukat még tovabb lehet novelni, ha meghatarozzuk azokat a
szerkezeti tényezOket, amelyek a dontéen befolyasolhatjak a katalitikus viselkedést. Igy a
modositott szerkezeteket alaposan tanulmanyoztuk mind szerkezetileg (XRD, Raman, XPS
stb.), mind katalitikusan, szamos katalitikus ciklizacids reakcioban tesztelve oket.

Kezdetben a bizmutitvaz atmenetifém ionokkal torténd modositdsa a karbamid-hidrolizis
modszerével tortént, amely soran a karbamid szabalyozott hidrolizise biztositja a lecsapashoz
sziikséges mennyiségli hidroxid- ¢és karbondtanion jelenlétét a rendszerben. A sikeres

elokisérletek utan azonban a bizmutit szerkezetek kozvetleniil is szintetizadlhatok voltak egy

crer

crer

natrium-karbonat oldatot adagoltunk. Ezt kdvetden, a CuBi202CO3 esetében 80 °C-on, a Co-,

* A Scifinder (https:/scifinder.cas.org) altalanos keresése 2023. janudr 2-4n 265839 "katalizissel" kapcsolatos
angol nyelvii folyodiratot talalt 2012 és 2023 januarja kozotti id6szakban, amelyek koziil 71525 heterociklusok
eloéallitasara és/vagy atalakitasara iranyult.
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Mn-, NiBi202COz3 esetén 100 °C-on 24 éras folyamatos keverés kovetkezett, majd a kapott,
szines termékeket szlirtiik, mostuk (desztillalt vizzel) és szaritottuk (60 °C, egy éjszakan at). A
réz-bizmutit kivételével a finoman poritott szilard anyagokat tovabbi hokezelésnek vetettiik ala
3 oran keresztiil 290 °C-on, hogy eltavolitsuk a visszamaradt viznyomokat

Rontgen-diffraktometrias mérések alapjan minden modositott bizmutitrendszert a
Sillén-tipustt bizmut szerkezeti analdgjaként lehetett azonositani, amelyben a kationok
beépiilése izomorf modon tortént meg. A SEM-EDX elemtérképek rogzitése utdn azonban ezt
az allitast részben feliil kellett vizsgalni, mivel a réztartalmt rendszer homogén kationeloszlast
mutatott, azonban a Mn-, Co- és Ni-tartalmu bizmutokban az eloszlas heterogénnek bizonyult.
Az Osszetételek meghatarozasa soran (ICP-MS, TG és XPS) nem volt kiilonbség a rézzel
modositott bizmutit tombi- és feliileti Osszetételében, mig a tobbi atmenetifém tartalmu
rendszerben az atmenetifémek feliileti feldtsulasa volt megfigyelhetd. A nagy felbontast
transzmisszios elektronmikroszkopos felvételek alapjan morfoldgiai  kiilonbségek is
mutatkoztak: mig a réz-bizmutit Sillén-tipusti lamellaris morfoldgia jellemezte, addig a tobbi
atmenetifém tartalmt bizmutit két kiilonb6z6 morfologiaju részecskébol allt. A TEM-EDX
mérések ezen tilmenden azt is kimutattdk, hogy ezek a részecskék Osszetételiikben is
kiilonboztek. Ez alapjan a feliileten kiilonb6z6 atmenetifém oxidok megkotddése volt
feltételezhetd.

Az anyagtudomanyi jellemzés sordn tovabbi lényeges kiilonbségeket is talaltunk a
katalizatorjeloltekkel kapcsolatban. Mig a rézionokkal torténd modositas utdn az infravoros,
Raman, UV-DR ¢és XP spektroszkopiai mérések egy azurit tipusi komplex interkalalodasat
erbsitették meg a bizmutit vaz rétegkdzi terében, addig a Co- és MnBi20.CO3 analizise
hatarfeliileti helyek kialakuldsat mutatta ki a bizmutit hordozo feliilete és az 4dtmenetifém
oxidok kozott. A nikkeltartalmi katalizator nem interkalalodott, és nem tartalmazott
hatarfeliileti helyeket. Ezen megallapitasok alapjan a katalitikus képességekben is
kiilonbségekre lehetett szamitani.

A réztartalmi rendszer Kkatalitikus képességeit a 2-jod-anilin és 2-brom-tiofenol
kapcsoldsi reakcidjaban vizsgaltuk. Ez a reakci6 azért is érdekes, mert a Bi®*, bar Lewis-sav
katalizatorként ismert, legjobb tuddsunk szerint még soha nem hasznaltak hasonld reakcioban.
A modositott rendszer nemcsak a fenotiazinok szintézisében bizonyult aktivnak, hanem sokkal
kornyezetbaratabb és egyszertibb koriilmények kozott is kivalod szelektivitassal és konverzioval
tudott miikddni Osszehasonlitva a legjobb elérhetd technologidval. Ezenkiviil az irodalomban

fenotiazin szelektiv eldallitasahoz ilyen tipusi kapcsolasokban. A Kinetikai vizsgalatok
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bebizonyitottak, hogy a CuBi202CO3 kooperativ katalizatorként modon képes katalizalni a
fenotiazin szintézisét, eldsegitve egy koncertikus reakcid lejatszodasat. A forron sziirési- €s
ujrafelhasznalhatosagi tesztek emellett megmutattak, hogy a katalizator heterogén modon képes
katalizalni a reakciot, illetve, hogy aktivitasa és szelektivitasa 5 egymast koveto ciklus utan sem
csokken. A reakcio Kkiterjetszhetoségét vizsgaldo tesztek eredményeit figyelembe véve
megallapithatd, hogy az optimalizalt reakciokoriilmények kozott szamos szarmazék esetében
magas hozamok és szelektivitasok érhetdk el, és a katalizator nagyfoku robusztussagot mutat a
reakciok (ex situ XRD, TEM és XPS) altal okozott szerkezeti degradacioval szemben.

A mangan-, kobalt- és nikkelionokkal modositott bizmutit szerkezetek katalitikus
teljesitményét szamos modellreakcioban teszteltiink. El0szor a 2-fenilbenzimidazol szintézis
tobblépcsds reakciokaszkadjaban. Az eldkisérleteket DMSO oldoszerben végeztiik
bizmutvegyiileteket jelenlétében. Csak a Bi2O3 és a Bi2O3CO3 bizonyult kismértékben aktivnak
az imin intermedierekhez vezetd oxidativ kapcsoldsban és/vagy a gylirlizarasi lépésben. A
kezdeti szerény teljesitmény ellenére bizakodasra adott okot az a tény, hogy csak a
reakciokozeg viztartalmanak novelésével novekedtek mind a konverzié, mind pedig a
szelektivitas értékek. Az Gsszehasonlithatosag érdekében a reakciot tiszta atmenetifém oxidok
jelenlétében is végrehajtottuk, és egy kivétellel hasonlé eredményeket kaptunk, kivéve a
nikkellel moédositott rendszer esetében, amikor is érdemi aktivitas nem volt megfigyelhetd, igy
az optimalizalasi 1épések soran ezzel a katalizatorjelolttel nem folytattunk kisérleteket.

Az optimalizalas sordn sikeriilt meghatarozni az optimalis kisérleti koriilményeket a
kobalt- és mangantartalmu bizmutit esetében, valamint azt is megallapitottuk, hogy a helyesen
megvalasztott olddszer/oldoszer keverék alkalmas a termékkeverék Osszetételének
szabalyozasara. Az egyes komponensek lehetséges hozzajarulésait is vizsgaltuk az optimalis
reakciokoriilményeken. Kimutattuk, hogy még a hordozoéhoz impregnalassal rogzitett atmeneti
fém-oxidok teljesitménye is meghaladja az egyes komponensek 6nallo teljesitményeit, de az
egyiittes lecsapassal szintetizalt mintak bizonyultak a legaktivabbnak. Ez indirekt bizonyiték a
hatarfeliileti helyek jelenlétére.

Az Kkinetikai kisérletek is megerésitették ezt az allitast. Raadasul a kobalttartalmu
rendszer sokkal aktivabbnak bizonyult, mint a mangantartalmt megfelelgje. A kobalttartalmu
rendszer esetében meghataroztuk az egyes komponensek hozzdjarulésait is a reakcidsorozat
egyes reakcidihoz. Emellett a heterogenitasi ¢és ujrafelhasznalhatdsagi vizsgalatok kimutattak,
hogy a katalizatorok heterogénen miikddnek, €s katalitikus teljesitményiik nem csokken
jelentésen 5 egymast kovetd ciklus utdn sem. A reakcid kiterjeszthetOségét tekintve

megallapithatd, hogy az optimalizalt reakciokdriilmények kozott mindkét katalizator nem csak
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kozvetlen szarmazékképzésre, hanem izoszterek képzésére is alkalmas. Végiil az ex situ XRD,
TEM ¢és XPS mérések azt mutattdk, hogy a katalizatorok szerkezeti integritasa valtozatlan
marad a reakciociklusok utan is.

Végiil a Mn-, Co-, Ni-tartalmi bizmutok katalitikus képességét vizsgaltuk oxidativ
dehidrogénezé kapcsolasi reakciokban. Az anilin és szarmazékai homo- és hetero-
azokapcsolédsaiban tapasztalt biztaté eredményeket kovetden kinolin és kinoxalin vegyiiletek
szintézisét optimalizaltuk. Kiilonb6z6 anilin és o-fenilén-diamin szarmazékok 1,3-propan-
diollal, illetve etilénglikollal torténd reakcidjat vizsgaltuk a megfelelé kinolinok vagy
kinoxalinok elééllitasara. Mindkét reakcioban a diol egyszerre szolgalt reakciopartnerként és
oldoészerként, és oxidaloszerként a levegd oxigéntartalmat hasznositottuk, ami nagyon egyszer(i
modszereket eredményezett.  Altalanossigban elmondhatd, hogy a katalizatorok
nagymértékben szelektivek a kinolinokra és kinoxalinokra, kdzepes vagy jo konverzioval. A
forrd sziirési teszt és az Ujrafelhasznalhatosagi reakciosorozat alapjan sikeresen igazoltuk a
kinoxalin szintézis heterogén jellegét CoBi202COs3 jelenlétében, illetve kontrollkisérletekben
Kimutattuk az o-fenilén-diamin és az etilénglikol CoBi202CO3 altal katalizalt oxidativ
dehidrogénezd mechanizmusat.

Osszefoglalva, a szerkezeti jellemzés és a katalitikus vizsgdlatok eredményei azt
mutattak, hogy a modositott egylittes lecsapas modszerével eléallitott atmenetifém ionokkal
modositott bizmutitok nagy aktivitasu és szelektivitasu, robusztus és heterogén katalizatornak
bizonyultak szamos heterociklusokat eredményezé szintézisben. A réztartalmu rendszer a
Sillén-tipust beyerit 1) szerkezeti analégjanak tekinthetd, illetve a mangan- és kobalttartalmt
rendszerekben sikeresen mutattuk ki a vaz és az atmenetifémek/atmenetifém oxidok kozott
kialakult hatarfeliiletek jelenlétét. A nikkelionokkal modositott rendszer nem tartalmazott
egyéb specialis helyeket a Bi®* és Ni?*/3" aktiv centrumokon kiviil. Ennek megfelelden a réz-,
mangan- és kobaltionokat tartalmazdé rendszerek kivald katalitikus teljesitményt mutattak,
meghaladva az egyes atmeneti fém oxidok vagy a bizmutit katalitikus teljesitményét. Mivel
egyeértelmii Osszefliggéseket sikeriilt megallapitani a kompozitok szerkezete és az elért
aktivitasi és szelektivitasi értékek kozott, kijelenthetd, hogy kiindulopontunk, hogy hatékony,
heterogén, kooperativ katalizatorok allithatok el egy katalitikusan aktiv hordozo (Bi202COs),

¢és atmenetifém ionok/oxidok (Cu, Mn, Co) kombinalasaval, helyesnek bizonyult.
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APPENDIX
S1. Identification of phenothiazines by NMR spectroscopy

10H-phenothiazine:
'H NMR (500 MHz, DMSO-d6) & 7.20-7.16 (m, 4H), 7.13-7.09 (m, 2H), 7.00-6.97 (m, 2H).
13C NMR (500 MHz, DMSO-d6) & 127.33, 126.77, 121.48, 114.44, 114.24.

10H-phenothiazine-2-carbonitrile:

'H NMR (500 MHz, DMSO0-d6) & 7.57-7.53 (m, 2H), 7.42-7.41 (d, 1H), 7.20-7.16 (m, 2H),
7.13-7.09 (m, 1H), 7.01—6.99 (d, 1H).

13C NMR (125 MHz, DMS0-d6) & 127.43, 127.33, 127.32, 125.34, 121.48, 117.30, 114.56.

2,4-dichloro-10H-phenothiazine:

'H NMR (500 MHz, DMSO-d6) & 7.64-7.63 (d, 2H), 7.33-7.31 (d, 2H), 7.22-7.20 (d, 2H),
7.19-7.16 (m, 2H) 7.13-7.09 (m, 2H), 7.01-6.99 (d, 2H).

13C NMR (125 MHz, DMSO-d6) § 127.42, 127.19, 123.21, 122.31, 115.65, 114.38.

2,4-dimethyl-10H-phenothiazine:

'H NMR (500 MHz, DMSO-d6) & 7-31-7.30 (d, 1H), 7.20-7.16 (t, 1H), 7.13-7.09 (t, 1H),
7.01-6.99 (m, 1H) 6.92-6.91 (m, 1H), 2.30 (s, 3H).

13C NMR (125 MHz, DMSO0-d6) § 138.10, 125.52, 127.13, 123.98, 121.87, 115.62, 113.27,
21.06, 20.70.

2-chloro-10H-phenothiazine:

'H NMR (500 MHz, DMSO-d6) § 7.37-7.36 (d, 1H), 7.33-7.31 (d, 1H), 7.26 (d, 1H), 7.20-
7.16 (m, 2H), 7.13-7.09 (m, 1H), 7.01-6.99 (d, 1H).

13C NMR (125 MHz, DMSO0-d6) § 127.43, 127.33, 127.11, 121.48, 113.98, 113.88.

2-nitro-10H-phenothiazine:

'H NMR (500 MHz, DMSO-d6) & 8.14-8.10 (m, 2H), 7.69-7.68 (d, 1H), 7.20-7.16 (m, 2H),
7.13-7.09 (m, 1H), 7.01-7.00 (d, 1H).

13C NMR (125 MHz, DMSO0-d6) & 128.29, 127.57, 127.33, 115.81, 114.62, 108.69.

2-chloro-4-fluoro-10H-phenothiazine:

'H NMR (500 MHz, DMSO-d6) § 7.41-7.40 (d, 1H), 7.23-7.18 (m, 1H), 7.17-7.13 (m, 1H),
7.12-7.10 (m, 1H), 7.01-7.00 (d, 1H).

13C NMR (125 MHz, DMSO0-d6) § 134.09, 127.24, 127.13, 122.19, 115.80, 113.00, 112.96,
110.43, 110.25.

S2. Identification of 2-phenylbenzimidazoles/oxazoles/thiazoles by NMR spectroscopy

2-Phenyl-1H-benzo[d]imidazole:

'H NMR (500 MHz, DMSO-dg) & 8.19-8.14 (m, 2H), 7.59-7.50 (m, 5H), 7.25-7.23 (m, 2H);
13C NMR (100 MHz, DMSO-dgs) § 151.97, 140.41, 137.09, 130.06, 129.61, 128.92, 126.99,
123.55, 122.68, 117.63, 113.36.

2-(4-Methoxyphenyl)-1H-benzo[d]imidazole:

'H NMR (500 MHz, DMSO-ds) & 8.16-8.10 (m, 2H), 7.56 (br s, 2H), 7.17-7.09 (m, 4H), 3.83
(s, 3H);

13C NMR (100 MHz, DMSO-ds) § 161.39, 153.02, 140.42, 137.06, 128.10, 123.55, 122.68,
121.90, 117.63, 113.36, 112.88, 55.33.
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2-(2-Methoxyphenyl)-1H-benzo[d]imidazole:

'H NMR (500 MHz, DMSO-ds) & 8.26 (d, 1H), 7.63 (d, 2H), 7.46 (t, 1H), 7.14-7.08 (m, 3H),
6.98 (t, 1H), 3.96 (s, 3H);

13C NMR (100 MHz, DMSO-ds) § 157.60, 150.92, 138.68, 136.85, 130.86, 130.00, 123.54,
122.75, 120.38, 116.35, 115.39, 113.25, 110.70, 55.75.

2-(4-Chlorophenyl)-1H-benzo[d]imidazole:

'H NMR (500 MHz, DMSO-ds) & 8.01 (d, 2H), 7.79 (d, 2H), 7.54 (d, 1H), 7.50 (d, 2H), 7.43-
7.29 (m, 2H);

13C NMR (100 MHz, DMSO-ds) § 152.97, 140.41, 137.06, 135.07, 128.40, 128.13, 127.32,
123.55, 122.68, 117.63, 113.36.

2-(2-Chlorophenyl)-1H-benzo[d]imidazole:

'H NMR (500 MHz, DMSO-ds) & 8.03-8.00 (m, 1H), 7.65-7.62 (m, S3 3H), 7.55-7.48 (m, 2H),
7.20-7.17 (m, 2H);

13C NMR (100 MHz, DMSO-dg) & 152.34, 139.07, 137.43, 133.68, 131.29, 129.66, 128.27,
126.53, 125.77, 123.49, 122.72, 116.03, 113.28.

2-(3-Nitrophenyl)-1H-benzo[d]imidazole:

'H NMR (500 MHz, DMSO-dg) § 9.02 (t, 1H), 8.23 (d, 1H ), 8.07 (d, 1H), 7.79-7.74 (m, 2H),
7.54 (d, 1H), 7.29-7.22 (m, 2H);

13C NMR (100 MHz, DMSO-dg) & 153.00, 147.43, 139.50, 136.75, 132.59, 128.26, 127.57,
124.56, 124.49, 123.55, 122.68, 117.38, 113.80.

2-Phenylbenzo[d]oxazole:

'H NMR (500 MHz, DMSO-ds) & 8.05-8.00 (m, 2H), 7.78 (d, 1H), 7.64 (d, 1H), 7.55-7.30 (m,
3H), 7.29-7.16 (m, 2H);

13C NMR (100 MHz, DMSO-dg) § 162.56, 150.34, 141.62, 131.76, 128.64, 127.10, 125.29,
124.64, 119.07, 110.63.

2-(4-Methoxyphenyl)benzo[d]oxazole:

'H NMR (500 MHz, DMSO-dg) § 7.79 (d, 2H), 7.78-7.75 (m, 1H), 7.61-7.59 (m, 1H), 7.42-
7.35 (m, 2H), 7.00-6.97 (d, 2H), 3.76 (s, 3H);

13C NMR (100 MHz, DMSO-ds) § 163.26, 162.21, 150.60, 141.82, 128.60, 125.29, 124.64,
120.78, 119.07, 113.87, 110.63, 55.33.

2-(2-Methoxyphenyl)benzo[d]oxazole:

'H NMR (500 MHz, DMSO-ds) & 7.80-7.74 (m, 2H), 7.61, 7.61-7.59 (m, 1H), 7.52- 7.35 (m,
2H) 7.32, 7.28-7.20 (m, 2H), 7.07 (d, 1H), 3,84 (s, 3H);

13C NMR (100 MHz, DMSO-dgs) & 162.39, 157.69, 150.26, 141.05, 130.89, 129.50, 125.24,
125.11, 121.42, 119.24, 115.19, 113.46, 110.50, 55.83.

2-(4-Chlorophenyl)benzo[d]oxazole:

'H NMR (500 MHz, DMSO-ds) § 7.93 (d, 2H) m 7.80 (d, 1H), 7.58 (d, 1H) 7.43-7.30 (m, 4H);
13C NMR (100 MHz, DMSO-dgs) & 163.49, 150.60, 141.82, 137.78, 129.02, 128.91, 125.79,
125.29, 124.64, 119.07, 110.63.

2-(2-Chlorophenyl)benzo[d]oxazole:

'H NMR (500 MHz, DMSO-ds) § 7.84 (d, 1H), 7.6-7.57 (m, 1H), 7.43-7.29 (m, 5H)

13C NMR (DMSO-ds) & 161.31, 150.72, 141.36, 133.28, 130.82, 129.21, 128.62, 126.03,
125.23, 125.08, 123.13, 118.93, 110.49.

112



2-(3-Nitrophenyl)benzo[d]oxazole:

'H NMR (500 MHz, DMSO-de) & 8.68 (t, 1H), 8.24-8.14 (m, 2H), 7.85 (d, 1H), 7.66 (d, 1H),
7.69-7.54 (m, 1H), 7.48-7.39 (m, 2H);

13C NMR (100 MHz, DMSO-ds) 6:163.51, 150.23, 149.23, 141.42, 133.87, 129.06, 125.29,
125.21, 124.92, 124.65, 124.08, 119.20, 110.56.

2-Phenylbenzo[d]thiazole:

'H NMR (500 MHz, DMSO-ds) & 8.09-8.06 (m, 2H), 7.90-7.88 (m, 1H), 7.50-7.46 (m, 4H),
7.39-7.37 (m, 1H);

13C NMR (100 MHz, DMSO-ds) §:167.23, 153.39, 134.15, 134.01, 130.63, 128.53, 127.20,
126.16, 125.23, 122.96, 122.02.

2-(4-Methoxyphenyl)benzo[d]thiazole:

'H NMR (500 MHz, DMSO-ds) & 7.93-7.83 (m, 2H), 7.70 (d 1 H), 7.57- 7.48 (m, 1H), 7.30-
7.25 (m, 1H), 7.05-6.96 (m, 2H), 3.85 (s, 3H);

13C NMR (100 MHz, DMSO-dg) § 166.15, 160.93, 153.71, 135.04, 128.54, 126.90, 126.16,
125.23, 122.96, 122.02, 114.36, 55.33.

2-(2-Methoxyphenyl)benzo[d]thiazole

'H NMR (500 MHz, DMSO-ds) & 8.04-8.00 (m, 2H), 7.68 (d, 1H), 7.55-7.42 (m, 3H), 7.32 (t,
1H), 7.21 (t, 1H, 7.06 (d, 1H), 3,92 (s, 3H);

13C NMR (100 MHz, DMSO-dg) § 165.17, 156.25, 152.74, 136.04, 129.99, 128.59, 126.56,
125.19, 122.32, 122.00, 121.55, 121.48, 113.90, 55.75.

2-(2-Chlorophenyl)benzo[d]thiazole

'H NMR (500MHz, DMSO-dg) & 8.04-7.87 (m, 3H),7.97-7.51(m, 3H), 7.45-7.20 (m, 2H);

13C NMR (100 MHz, DMSO-dg) & 165.46, 153.31, 135.93, 134.02, 130.26, 130.13, 129.24,
128.63, 126.77, 126.56, 125.20, 122.30, 122.02.

2-(4-Chlorophenyl)benzo[d]thiazole

'H NMR (500MHz, DMSO-ds) & 8.06-7.95 (m, 2H), 7.91 (d, 2H), 7.58-7.42 (m, 4H);

13C NMR (100 MHz, DMSO-dgs) & 166.94, 153.71, 136.45, 135.02, 131.78, 129.25, 128.81,
126.16, 125.23, 122.96, 122.02.

2-(3-Nitrophenyl)benzo[d]thiazole

'H NMR (500 MHz, DMSO-de) & 8,60 (t, 1H), 8.24 (d, 1H), 8,11-8.04 (m, 3H), 7.65 —7.59 (m,
1H), 7.58-7.49 (m, 2H);

13C NMR (100 MHz, DMSO-des) § 166.35, 153.12, 147.37, 135.42, 132.78, 132.36, 129.54,
126.16, 125.23, 124.45, 123.09, 122.44, 122.24.

S3. Identification of azobenzenes by NMR spectroscopy

Azobenzene
'H NMR (500 MHz, DMSO-ds) § 7.63-7.57 (m, 1H), 7.52-7.45 (m, 1H), 7.45-7.38 (m, 1H);
13C NMR (125 MHz, DMSO-ds) & 153.03, 129.94, 129.12, 122.06.

1,2-bis(4-methoxyphenyl)diazene
'H NMR (500 MHz, DMSO-ds) § 7.66-7.60 (m, 1H), 7.04-6.98 (m, 1H), 3.76 (s, 6H);
13C NMR (100 MHz, DMSO-ds) & 160.73, 147.10, 124.02, 114.57, 55.33.

1-(4-methoxyphenyl)-2-phenyldiazene

'H NMR (500 MHz, DMSO-ds) § 7.66-7.57 (m, 4H), 7.52-7.45 (m, 2H), 7.45-7.38 (m, 1H),
7.04 —6.98 (m, 2H), 3.76 (s, 3H);

13C NMR (100 MHz, DMSO-ds) 5 160.73, 152.32, 147.10, 129.94, 129.12, 124.02, 122.09,
114.57, 55.33.
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1,2-bis(2-methoxyphenyl)diazene
'H NMR (500 MHz, DMSO-ds) § 7.73 (dd, 1H), 7.35 (dd, 1H), 7.13 (q, 2H), 3.85 (s, 3H);
13C NMR (100 MHz, DMSO-dg) § 153.01, 143.50, 128.22, 125.05, 122.30, 114.39, 56.15.

1-(2-methoxyphenyl)-2-phenyldiazene

'H NMR (500 MHz, DMSO-ds) & 7.77 (dd, 1H), 7.63-7.57 (m, 2H), 7.52-7.45 (m, 2H), 7.45-
7.38 (m, 1H), 7.33 (t, 1H), 7.14 (t, 1H), 7.10 (dd, 1H), 3.85 (s, 3H);

13C NMR (100 MHz, DMSO-ds) & 152.92, 151.96, 143.22, 129.94, 129.55, 128.22, 124.08,
122.30, 122.18, 114.39, 56.15.

1,2-bis(3-nitrophenyl)diazene

IH NMR (500 MHz, DMSO-ds) & 8.64 (t, 1H), 8.32-8.26 (m, 1H), 7.81-7.75 (m, 1H), 7.69
(dd, 1H);

13C NMR (100 MHz, DMSO-ds) & 152.16, 147.25, 129.06, 127.30, 123.00, 116.59.

1-(3-nitrophenyl)2-phenyldiazene

'H NMR (500 MHz, DMSO-ds) & 8.63 (t, 1H), 8.32- 8.26 (m, 1H), 7.80-7.75 (m, 1H), 7.72 -
7.65 (m, 1H), 7.63-7.57 (m, 2H), 7.52-7.45 (m, 2H), 7.45-7.38 (m, 1H);

13C NMR (100 MHz, DMSO-dg) & 152.60, 152.13, 147.25, 129.94, 129.12, 129.06, 127.30,
123.00, 122.65, 116.58.

1,2-bis(4-bromophenyl)diazene
'H NMR (500 MHz, DMSO-ds) § 7.73-7.67 (m, 1H), 7.63-7.57 (m, 1H);
13C NMR (125 MHz, DMSO-ds) 6 151.90, 132.06, 123.25, 122.26.

1-(4-bromophenyl)-2-phenyldiazene

'H NMR (500 MHz, DMSO-de) & 7.73-7.67 (m, 2H), 7.63- 7.57 (m, 4H), 7.52- 7.45 (m, 2H),
7.45-7.38 (m, 1H);

13C NMR (125 MHz, DMSO-dg) § 152.32, 151.90, 132.06, 129.94, 129.12, 123.25, 122.26,
122.06.

1,2-bis(4-chlorophenyl)diazene
'H NMR (500 MHz, DMSO-ds) § 7.79- 7.73 (m, 1H), 7.50- 7.44 (m, 1H);
13C NMR (100 MHz, DMSO-ds) & 151.15, 133.73, 128.90, 122.63.

1-(4-clorophenyl)-2-phenyldiazene

'H NMR (500 MHz, DMSO-dg) & 7.79-7.73 (m, 1H), 7.63-7.57 (m, 1H), 7.52- 7.38 (m, 2H);
13C NMR (100 MHz, DMSO-dg) & 152.32, 151.15, 133.73, 129.94, 129.12, 128.90, 122.60,
122.09.

1,2-di-p-tolyldiazene
'H NMR (500 MHz, DMSO-ds) § 7.61-7.55 (m, 1H), 7.28- 7.22 (m, 1H), 2.36 (s, 6H);
13C NMR (100 MHz, DMSO-ds) & 149.94, 138.49, 131.06, 116.25, 21.18.

1-phenyl-2-(p-tolyl)diazene

'H NMR (500 MHz, DMSO-ds) § 7.59 (t, 4H), 7.52-7.45 (m, 2H), 7.45-7.38 (m, 1H), 7.28-
7.22 (m, 2H), 2.36 (s, 3H);

13C NMR (100 MHz, DMSO-ds) 5 152.32, 149.94, 138.49, 131.06, 129.94, 129.12, 122.06,
116.25, 21.18.

4,4'-(diazene-1,2-diyl)dibenzonitrile
'H NMR (500 MHz, DMSO-ds) § 7.85-7.76 (m, 1H);
13C NMR (100 MHz, DMSO-ds) 6 155.72, 133.54, 123.23, 118.45, 112.27.
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4-(phenyldiazenyl)benzonitrile

IH NMR (500 MHz, DMSO-ds) & 7.85 — 7.76 (m, 4H), 7.63 — 7.57 (m, 2H), 7.52 — 7.45 (m,
2H), 7.45 - 7.38 (m, 1H);

13C NMR (100 MHz, DMSO-ds) & 155.72, 152.32, 133.54, 129.94, 129.12, 123.23, 122.09,
118.45, 112.27.

S4. Identification of quinolines by NMR spectroscopy

Quinoline:

'H NMR (500 MHz, DMSO-ds) §:8.90 (dd, 1H), 8.36 (dd, 1H), 8.02-7.99 (d, 1H), 7.98-7.97
(d, 1H), 7.63-7.61 (t, 1H), 7.63, 7.52- 7.49 (m, 2H);

13C NMR (100 MHz, DMSO-dg) 6:148.77, 148.05, 131.52, 130.14, 129.36, 128.58, 127.43,
126.15, 121.32.

8-methoxyquinoline:

'H NMR (500 MHz, DMSO-ds) § 8.83 (dd, 2H), 8.29 (dd, 2H), 7.97 — 7.91 (m, 2H), 7.51 (dd,
2H), 7.32 (t, 2H), 7.18 (dd, 2H), 3.83 (s, 3H);

13C NMR (100 MHz, DMSO-ds) & 154.53, 148.72, 139.39, 130.00, 129.75, 128.73, 126.29,
122.48, 113.75, 55.69.

6-methoxyquinoline:

'H NMR (500 MHz, DMSO-ds) & 8.73 (dd, 2H), 8.24 (d, 2H), 7.91 (d, 2H), 7.51 — 7.43 (m,
2H), 7.38 (t, 2H), 7.11 (dd, 2H), 3.79 (s, 3H);

13C NMR (100 MHz, DMSO-ds) & 157.52, 148.24, 143.70, 130.13, 129.96, 128.26, 122.15,
115.12, 105.51, 55.28.

7-nitroquinoline:

'H NMR (500 MHz, DMSO-ds) & 8.87 (d, 1H), 8.61 (dd, 1H), 8.20 (dd, 1H), 8.16 — 8.07 (m,
2H), 7.51 (dd,1H);

13C NMR (100 MHz, DMSO-dgs) & 151.01, 148.14, 148.05, 131.61, 128.54, 127.26, 124.39,
122.52, 120.70.

6-cloroquinoline:

'H NMR (500 MHz, DMSO-ds) § 8.93 (dd, 1H), 8.36 (d, 1H), 8.04 (d, 1H), 7.78 (dd, 1H),
7.63—7.7.56 (m, 2H);

13C NMR (100 MHz, DMSO-dg) & 147.83, 146.61, 131.83, 129.90, 129.72, 129.42, 126.34,
123.91, 121.68.

8-methylquinoline:

'H NMR (500 MHz, DMSO-de) & 8.93 (dd, 1H), 8.33 (dd, 1H), 7.80 (d, 1H), 7.63 (dd, 2H),
7.50 (t, 1H), 2.73 (s, 3H);

13C NMR (00 MHz, DMSO-ds) & 148.24, 147.03, 132.78, 130.63, 130.30, 129.90, 128.42,
125.74,121.07, 17.02.

6-methlquinoline:

'H NMR (500 MHz, DMSO-ds) § 8.82 (dd, 1H), 8.23 (dt, 1H), 7.94 (d, 1H), 7.73 (t, 1H), 7.50
—7.43 (m, 2H), 2.47 (s, 3H);

13C NMR (100 MHz, DMSO-ds) & 149.29, 147.07, 135.26, 130.63, 130.03, 128.52, 128.05,
127.97,121.11, 21.55.
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S5. Identification of quinoxalines by NMR spectroscopy

Quinoxaline:
'H NMR (500 MHz, DMSO-ds) 5:8.96 (s, 2H), 8.11-8.10 (dd, 2H), 7.88-7.86 (dd, 2H);
13C NMR (100MHz, DMSO-ds) 5:145.55, 144.04, 130.05, 127.01.

6-bromoquinoxaline:

'H NMR (500 MHz, DMSO-ds) & 8.98 (d, 1H), 8.34 (d, 1H), 8.20 (d, 1H), 8.06 -8.04, (m 1H)
8.00 (dd, 1H);

13C NMR (100 MHz, DMSO-dg) & 145.88, 145.33, 142.40, 141.34, 133.71, 129.10, 128.66,
122.32.

6-cloroquinoxaline:

'H NMR (500 MHz, DMSO-ds) § 8.98 (d, 1H), 8.20 (d, 1H), 7.92 (m, 2H) 6.9 (d, 1H);

13C NMR (100 MHz, DMSO-ds) 8:145.52, 144.95, 143.61, 142.30, 134.30, 130.36, 130.32,
125.51.

6-nitroquinoxaline:

'H NMR (500 MHz, DMSO-ds) § 9.16 (d, 1H), 8.97, (d, 1H), 8.93 (d, 1H), 8.42-8.27 (m, 2H);
13C NMR (100 MHz, DMSO-ds) 6:147.50, 147.08, 146.90, 144.71, 142.41, 130.89, 123.85,
123.79.

quinoxaline-6-carboxylic acid:

'H NMR (500 MHz, DMSO-d6) :9.34 (d, 1H), 8.88 (d, 1H), 8.38 (m, 1H) 8.18-8.12 (m, 2H);
13C NMR (100 MHz, DMSO-ds) 8:167.26, 146.12, 145.33, 145.05, 140.72, 131.47, 128.28,
127.18, 124.81.

6-methylquinoxaline:

'H NMR (500 MHz, DMSO-ds) § 9.00 (d, 1H), 8.87 (d, 1H), 7.97 (d, 1H) 7.87 (d, 1H), 7.71 (d,
1H) 2.56. (s, 3H);

13C NMR (100 MHz, DMSO-ds) 8:144.75, 144.08, 142.32, 141.92, 138.45, 130.48, 127.68,
126.70, 21.05.
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