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1. General introduction

Oxidation and reduction reactions are an integral part of our lives. Thanks to these
reactions, life on earth, plants, and animals’ development and all changes in the inanimate
matter are possible. Burning fuels provide energy to maintain civilization, and food
metabolism provides energy to keep us alive, all of which are oxidation and reduction
reactions. Moreover, antibiotics, drugs, vaccines containing various chemical compounds,
whether through metabolism or reactions with air can be oxidized and reduced. Hence, it is
essential to study the mechanisms of oxidation or reduction of chemical compounds. This
type of research may predict an improvement/deterioration in anti-cancer, bactericidal, or
virucidal properties. Knowledge about the products of oxidation or reduction can predict the
toxicity of compounds and their stability. It allows for the design and functionalization of new
compounds that exhibit new properties or improve the existing ones. Redox reactions are
crucial for organic chemistry, organometallic chemistry, and biochemistry.

In addition to carrying out the reactions themselves, electrochemical studies are a
valuable source of information. Such studies allow us to clarify the electrochemical properties
or characterize the redox reaction's resulting products. This type of data makes it possible to
exclude and notice how the oxidation and reduction reactions take place, which is a valuable
aid in designing new syntheses or chemical compounds.

The main aim of this dissertation was to obtain new symmetrical and unsymmetrical
1,10-phenanthroline derivatives as model compounds to study oxidation-reduction processes.
These molecules were selected for their possible wide range of applications, mainly due to
their optical properties and metal coordination abilities. One of the target groups were amino-
1,10-phenanthrolines which are promising compounds for a broad range of applications,
mostly due to their metal coordination abilities and luminescence properties?34, The
functionalization of 1,10-phenanthroline derivatives was made mainly using amination
reaction with selected amines is investigated in terms of their oxidation and reduction
processes, whether in chemical reactions or electrochemical tests. The research was extended
to precursors of 1,10-phenanthroline and their analogs, such as quinoline and
benzo[h]quinoline derivatives, due to their structural similarities and potentially chemical
similarities (Scheme 1). To prove the presence of some expected 1,10-phenanthroline
oxidation products obtained during electrochemical processes, these chemicals were
synthesized newly developed chemical transformations. However, reactions occur not always

as known as chemical pathways. The goal was to obtain oxidation products of selected 1,10-
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phenanthroline derivatives to be used as authentic samples. Oxidation processes can lead to a
wide range of compounds such as ethers, epoxides, alcohols, aldehydes, or acids, hence the
need for such research. The reduction processes are not so interesting in terms of synthesis for
1,10-phenanthrolines and their analogs. These processes are largely dependent on the
substituents present. In the case of halogen derivatives, elimination of the halogen is expected
to result. In turn, reducing the N-heterocycle backbones leads to a loss of aromaticity through
the introduction of hydrogen, where other reactions can obtain these products.

An important element of the work was the performance of DFT calculations, which allowed
for deepening the interpretation of the experimental results (spectroscopic and
electrochemical measurements).

The new idea was to conduct initial studies for quinoline (Scheme 1, 3) and
benzo[h]quinoline (Scheme 1, 4) derivatives. Due to the complexity of the oxidation of
selected 4,7-disubstituted-1,10-phenanthrolines (Scheme 1, 2), the first step was the synthesis
and oxidation of quinoline and benzo[h]quinoline derivatives. It is easier to understand the
oxidation and reduction processes by studying simplified analogs. Importantly, this mode of
operation allows to speed up and reduce the cost of research. The first phase of the research
was the reactions to obtain selected carbaldehyde of quinolines and benzo[h]quinolines. Then
the obtained compounds were used for their further functionalization, i.e., oxidation to acid
and reduction to alcohols. Getting quinoline acid allows authenticating part of electrochemical
tests in which the oxidation of their precursor's process may lead to acid. Based on previously
developed procedures for quinoline derivatives oxidation, the oxidation of selected 1,10-
phenanthrolines substituted by functional groups were studied, supported by electrochemical
tests. Research performed on the oxidation of compounds is also enriched with hydrolysis
reactions. Besides, electrochemical studies for 1,10-phenanthrolines were carried out for all

groups of compounds obtained by their substitution as well as for their precursors.
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Scheme 1. Structures of 4,7-disubstituted-1,10-phenanthrolines 2, their analogs 3, 4, and
precursors.

The N-heterocycles are interesting due to their wide application in the pharmaceutical
and agrochemical industries. The worldwide annual production of quinoline derivatives is
more than 2000 tonnes, of which 8-hydroxyquinoline makes up the main part®. They are
common in many natural products. They attract considerable attention due to their biological
activity, including anti-malarial®, anti-fungal’, anti-bacterial®, anti-asthmatic®, and anti-
inflammatory propertiest. They are also important synthetic intermediates for the production
of various biologically active compounds. Some of them also show coordination properties,
acting as a nitrogen atom donor for metal chelating, thanks to which they are used for metal
identification or homogeneous catalysis. They are used in supramolecular chemistry as
luminescent agents and photosensitizers in solar cells. The well-known streptonigrin (Scheme
2, 1, also known as rufochromomycin and bruneomycin), lavendamycin (Scheme 2, 2), and

other similar compounds possess an N-heterocycle subunit.



Scheme 2. Structures of streptonigrin 1, and lavendamycin 2.

2. Abstract in English

This thesis report results in fourth areas: (i) the synthesis and functionalization of
selected 1,10-phenanthrolines, (ii) oxidation of selected 1,10-phenanthrolines, (iii)
electrochemical, spectroelectrochemical studies extended with DFT calculations, and (iv) the
synthesis and functionalization of quinoline and benzo[h]quinoline derivatives.

In the first part, the synthesis of 4,7-dichloro-1,10-phenanthroline and their unsymmetric
derivatives, including examples of compounds with only one chlorine atom, is presented.

The multi-step synthesis of 4,7-dichloro-1,10-phenanthroline derivatives was based on
the reaction of Meldrum's acid with selected analogs of 1,2-diaminobenzene, known in the
literature. In the case of the synthesis of monochloro derivatives of 1,10-phenanthroline, both
the Skraup—Doebner—Miller reaction and the previously mentioned cyclization with the use of
Meldrum's acid were used.

In part devoted to the synthesis of 4,7-disubstituted-1,10-phenanthrolines, the
functionalization of some of their precursors is discussed. One of the chemical
transformations that were used to accomplish this task was the aromatic nucleophilic
substitution of chlorine atoms using amines such as pyrrolidine, 9H-carbazole, and 10H-
phenothiazine. 5-Fluoro-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline, was determined by
single-crystal X-ray diffraction measurements.

At this stage of the study, reactions to obtain monosubstituted 1,10-phenanthrolines

were conducted. As a result of a series of reactions, several examples of 1,10-phenanthroline
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derivatives containing a chlorine atom in different positions were obtained. The structure of
the three precursors was determined using single-crystal X-ray diffraction measurements.

To obtain monosubstituted amine derivatives of 1,10-phenanthroline, a multi-stage
synthesis was used, which due to the VNS substitution competitive reaction, was not
successful in obtaining the expected above-mentioned compounds. The VNS reaction was
investigated so as to eliminate or reduce it or to use it in the synthesis of the previously
discussed compounds. To this end, a series of reactions using nitroquinolines as the precursors
of 1,10-phenanthrolines as electrophiles, and 9H-carbazole as the nucleophilic reagent were
performed. As a result of research, several products with 9H-carbazole in their structure were
obtained. Two of the products have been determined using single-crystal X-ray diffraction
measurements.

The second stage of research was studying the oxidation and hydrolysis of selected
substituted 1,10-phenanthrolines. The model compounds selected for oxidation studies were
derivatives of 1,10-phenanthroline with methyl and chloro substituents located at C2, C4, C5,
C7, and C9 positions. Besides, oxidation reactions of 2,9-dimethyl-1,10-phenanthroline by
two different methods were carried out. The first procedure was based on a developed method
for the oxidation of dicarbaldehyde derivatives of quinoline and benzo[h]quinoline. The
second method was based on the use of nitric acid and sodium bromide. However, for
application reasons, these two oxidation methods have synthetic limitations. In this work, the
oxidation reactions with transition metal salts were excluded due to potential metal
complexation reactions by 1,10-phenanthrolines, which are excellent N,N-donor ligands.
Also, the use of strong oxidants, such as potassium manganate(V11), has been rejected due to
its destructive oxidizing properties, which many times lead to the opening of aromatic rings*®.

For the hydrolysis reaction, nitrile derivatives such as 4,7-dichloro-1,10-
phenanthroline-5-carbonitrile, 4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline and 4,7-di(10H-
phenothiazin-10-yl)-1,10-phenanthroline-5-carbonitrile were selected as model compounds.
In the chemical literature, there are many examples of the hydrolysis of the nitrile group
leading to the synthesis of carboxylic acids or aldehydes depending on the reaction conditions
used, including in particular the pH of the transformation medium?*21314,

As a result of the conducted reactions, two groups of products were synthesized. As a
result of the hydrolysis of 4,7-dichloro-1,10-phenanthroline-5-carbonitrile, 7-
chloropyrrolo[2,3,4-de][1,10]phenanthrolin-5(4H)-one product was obtained, most probably

as a result of hydrolysis the nitrile group and the subsequent substitution of the chlorine atom
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in the pyridine ring of the 1,10-phenanthroline. The second group of products is based on the
NOSH reaction (Oxidative Nucleophilic Aromatic Substitution of Hydrogen). For both
products, the structures were determined by single-crystal X-ray diffraction measurements.

The third stage of this research was to conduct electrochemical tests for selected
compounds that were obtained as a result of the previously described reactions. The reduction
and oxidation mechanism of each of the studied groups of compounds was proposed from
obtained results. Spectroscopic measurements, including in particular mass spectrometry,
confirmed the formation of the described products. Groups, which have been examined are
derivatives of 4,7-dichloro-1,10-phenanthroline, 4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline,
4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline and  4,7-di(10H-phenothiazine-10-yl)-1,10-
phenanthroline. A series of electrochemical and spectroelectrochemical studies for each
group, supported by theoretical DFT calculations, was performed.

In the reduction processes in electrochemical studies, a selective elimination of
chlorine atoms for 4,7-dichloro-1,10-phenanthrolines was shown (Scheme 3). This cleavage

of chloro substituent is a well-known process'®>!®; however, no systematic studies have been

Cl
</ ; 2 \/> + or
_/ =

performed for 1,10-phenanthroline derivatives.

Cl Cl Cl Cl

— E=-157V — ‘
N N

Cl
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g

N N

Scheme 3. The proposition of reduction mechanism of 4,7-dichloro-1,10-phenanthroline.

The knowledge of the reducing potential for selected chloro derivatives of 1,10-
phenanthrolines can select the best-reducing agents for use in the chlorine atom elimination
reactions in the abovementioned compounds. The electrochemical studies were performed in
acetonitrile as a solvent. It is worth noting that under different conditions, the redox potential
has a different value.

Electrochemical knowledge of the reductive pathways for the elimination of one or

two chloro substituents can help to predict reduction-based synthesis experiments.
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In the case of reduction of 4,7-disubstituted-1,10-phenanthroline compounds, the
subsequent reductive cleavage of the amino substituent located on C4 and C7 position was
confirmed. The measurements were carried out for substituents such as pyrrolidine, 9H-
carbazole, and 10H-phenothiazine. This process was interesting because the selectivity of
reduction led exclusively to monosubstituted amine derivative of 1,10-phenanthroline.

There are various basic methods of eliminating halogens!’® and amine substituents,
including pyrrolidine®® or 9H-carbazole®. Still, there are no systematic studies that would
show their selective removal. For this reason, electrochemical reduction studies have been
performed for selected 4,7-dichloro-1,10-phenanthroline and 4,7-disubstituted-1,10-
phenanthrolines.

Selective elimination of the amino substituent may be an interesting direction of
further research due to the preparation of monosubstituted derivatives of 1,10-phenanthroline.
From an organic synthesis point of view, the synthesis of these compounds often involves
complicated series of reactions. Additionally, selected metal complexes with 1,10-
phenanthroline derivatives can participate in a number of catalytic reactions, including the
reduction and oxidation type®l. The research of the electrochemical properties of studied
compounds leads to the determination of their reduction and oxidation effects.

The doctoral dissertation's last stage presents the results of studies for the formylation
of selected quinoline and benzo[h]quinoline molecules. The number of carbaldehydes and
several dicarbaldehydes through three different formylation methods i.e., Reimer-Tiemann,
Vilsmeier-Haack, and Duff reaction, were obtained. The structure of 8-hydroxy-2-methyl-
quinoline-5,7-dicarbaldenyde was determined by single-crystal X-ray diffraction
measurements determined.

A new procedure for the oxidation of dicarbaldehydes based on reactions with sodium
hypochlorite was developed. The oxidation reactions for selected dicarbaldehydes of
quinoline derivatives and bezno[h]quinoline were performed. As a result of the conducted
reactions, the 10-hydroxybenzo[h]quinoline-7,9-dicarboxylic acid was obtained.

13



3. Abstract in Polish

Niniejsza praca dyplomowa obejmuje cztery obszary: (i) syntez¢ 1 funkcjonalizacje
wybranych 1,10-fenantrolin, (ii) utlenianie wybranych 1,10-fenantrolin, (iii) badania
elektrochemiczne, spektroelektrochemiczne rozszerzone o obliczenia DFT oraz (iv) synteza i
funkcjonalizacja pochodnych chinoliny i benzo[h]chinoliny, jako zwigzkoéw pomocniczych.

W pierwszej czeSci przedstawiono synteze 4,7-dichloro-1,10-fenantroliny i ich
niesymetrycznych pochodnych, w tym przyktady zwigzkow posiadajgcych tylko jeden atom
chloru. Wieloetapowa synteza pochodnych 4,7-dichloro-1,10-fenantroliny oparta byta na
znanej w literaturze reakcji kwasu Meldruma z wybranym analogiem 1,2-diaminobenzenu. W
przypadku syntezy monochlorowych pochodnych 1,10-fenantroliny wykorzystano zaréwno
reakcje Skraupa-Doebnera-Von Millera oraz uprzednio wspomniang cyklizacje z
wykorzystaniem kwasu Meldruma. W czgsci poswigconej syntezie 4,7-dipodstawionych-
1,10-fenantrolin oméwiono réwniez funkcjonalizacj¢ wybranych ich prekursoréw. Jedng z
wazniejszych transformacji chemicznych, ktérg wykorzystano w realizacji tego zadania byto
aromatyczne podstawienie nukleofilowe atoméw chloru, z wykorzystaniem amin takich jak
pirolidyna, 9H-karbazol 1 10H-fenotiazyna.  5-Fluoro-4,7-di(pirolidyn-1-ylo)-1,10-
fenantrolina zostata scharakteryzowana za pomocg analizy rentgenostrukturalne;.

Na tym etapie badan przeprowadzono réwniez reakcje majace na celu otrzymanie
monopodstawionych 1,10-fenantrolin. W wyniku szeregu przemian chemicznych otrzymano
kilka pochodnych 1,10-fenantroliny zawierajagcych atom chloru w réznych potozeniach.
Strukture trzech ich prekursoréw okreslono za pomocg analizy rentgenostrukturalnej. W celu
otrzymania monopodstawionych aminowych pochodnych 1,10-fenantroliny zastosowatem
wieloetapowa synteze, ktora ze wzgledu na zajscie reakcji konkurencyjnej jaka byta reakcja
VNS nie zezwolila mi na otrzymanie oczekiwanych ww. zwigzkow.

Substytucja VNS byta badana w celu jej wyeliminowania lub ograniczenia jako
reakcji konkurencyjnej, badz wykorzysta¢ w syntezie uprzednio omowionych zwigzkow. W
tym celu przeprowadzono seri¢ reakcji z wykorzystaniem nitrochinolin jako prekursorow
1,10-fenantrolin jako elektrofili, oraz 9H-karbazol jako odczynnik nukleofilowy. W wyniku
badan uzyskano kilka produktéw posiadajacych w swej strukturze 9H-karbazol. Dwa z
otrzymanych produktow zostaty scharakteryzowane za pomocg analizy rentgenostrukturalne;j.

Drugim etapem pracy doktorskiej bylo poznanie procesow utleniania i hydrolizy
wybranych podstawionych 1,10-fenantrolin. Jako modelowe zwigzki wybrano pochodne 1,10-

fenantroliny z podstawnikami metylowymi i chlorowymi zlokalizowanymi w pozycjach C2,
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C4, C5, C7 i C9. Przeprowadzono takze reakcje utleniania 2,9-dimetylo-1,10-fenantroliny
za pomocg dwdch metod. Pierwsza procedura zostata oparta na nowo opracowanej metodzie
utleniania dialdehydow pochodnych chinoliny oraz benzo[h]chinoliny. Druga metoda
polegala na reakcji z wykorzystaniem kwasu azotowego oraz bromku sodu. Jednak
ze wzgledow aplikacyjnych te dwie metody utleniania majg znaczne ograniczenia
syntetyczne. W pracy doktorskiej wykluczono reakcje utleniania z zastosowaniem soli metali
przejsciowych ze wzgledu na potencjalne reakcje kompleksowania metali przez 1,10-
fenantroliny, ktére sg bardzo dobrymi ligandami N,N-donorowymi. Dodatkowo zastosowanie
niektérych z nich bedacych silnymi utleniaczami, takich jak manganian potasu(VII), jest
bardzo ograniczone ze wzgledu na jego destrukcyjne wlasciwosci utleniajace,
ktore wielokrotnie prowadza do otwarcia pier§cieni aromatycznych®?.

Do reakcji hydrolizy wybrano pochodne nitrylowe 1,10-fenantrolin, a jako modelowe

zwigzki wybrano 4,7-dichloro-1,10-fenantrolino-5-karbonitryl, 4,7-di(9H-karbazol-9-ilo)-
1,10-fenantrolino-5-karbonitryl [ 4,7-di(10H-fenotiazyn-10-ylo)-1,10-fenantrolino-5-
karbonitryl. W literaturze chemicznej istnieje wiele przyktadow hydrolizy grupy nitrylowe;j
prowadzace do syntezy kwaséw karboksylowych lub aldehydéw w zaleznosci
od zastosowanych warunkéw reakcji, a w tym przede wszystkim pH S$rodowiska
przemiany!21314,
W wyniku przeprowadzonych reakcji uzyskano dwie grupy produktéw. W wyniku hydrolizy
4,7-dichloro-1,10-fenantrolino-5-karbonitrylu otrzymano 7-chloropirolo [2,3,4-
de][1,10]fenantrolin-5(4H)-on, produkt powstaty najprawdopodobniej w wyniku hydrolizy
grupy nitrylowej oraz nastepczej reakcji substytucji atomu chloru w pierscieniu pirydynowym
1,10-fenantroliny. Druga grupa produktow powstala w oparciu o reakcje NOSH
(oksydatywne nukleofilowe podstawienie wodoru, ang. Oxidative Nucleophilic Aromamatic
Substitution of Hydrogen). Dla obu produktow struktury zostaly scharakteryzowane
za pomocg analizy rentgenostrukturalne;.

Trzecim etapem badan bylo przeprowadzenie pomiaréw elektrochemicznych dla
wybranych zwigzkéw, ktore otrzymano w wyniku wczesniej opisanych reakcji. Dla kazdej
z badanych grup zwiazkéw zaproponowano mozliwe mechanizmy towarzyszace ich redukcji
i utlenianiu. Pomiary spektroskopowe, w tym przede wszystkim spektroskopia mass
potwierdzita powstanie opisywanych produktéw. Badanymi grupami byly pochodne 4,7-
dichloro-1,10-fenantroliny, 4,7-di(pirolidyn-1-ylo)-1,10-fenantroliny, 4,7-di(9H-karbazol-9-
ylo)-1,10-fenantrolina i 4,7-di(10H-fenotiazyn-10-ylo)-1,10-fenantroliny.

15



Przeprowadzono seri¢ badan elektrochemicznych i spektroelektrochemicznych dla
kazdej z grup zwigzkow, ktore zostaty dodatkowo poparte obliczeniami teoretycznymi DFT.
W procesach redukcji w badaniach elektrochemicznych wykazano selektywng eliminacje
atomow chloru dla 4,7-dichloro-1,10-fenantroliny (patrz Schemat 3). Eliminacja podstawnika

chlorowego jest dobrze poznanym procesem®>!®; jednak nie przeprowadzono

Cl
</ ; 2 \/> + or
—J \=

systematycznych badan dla pochodnych 1,10-fenantroliny.

Cl

Ny o

\ |
I
Z
Z
I

Schemat 3. Propozycja mechanizmu redukcji 4,7-dichloro-1,10-fenantroliny.

Znajac potencjal redukcyjny wybranych chloro pochodnych 1,10-fenantroliny
mozliwe jest zaproponowanie, ktére odczynniki najlepiej zastosowac jako reduktory
w reakcjach eliminacji atomu chloru w ww. zwigzkach. Badania elektrochemiczne
przeprowadzono z uzyciem acetonitrylu jako rozpuszczalnika. Warto zauwazy¢, ze w réznych
warunkach potencjal redox bedzie posiadal odmienng warto$¢. Znajomo$¢ potencjalu wielu
reduktoréw moze by¢ wykorzystana w doborze odpowiedniego S$rodka redukujacego.
Znajomos¢ elektrochemiczna drég redukcyjnej eliminacji jednego lub dwéch podstawnikow
chlorowych moze pomoc w przewidywaniu eksperymentéw w syntezie opartej na procesach
redukcji.

W przypadku redukcji wybranych pochodnych 4,7-diamino-1,10-fenantroliny
potwierdzono redukcyjng eliminacj¢ podstawnika aminowego znajdujacego si¢ w pozycji C4
lub/oraz C7. Badania przeprowadzono dla podstawnikow takich jak pirolidyna, 9H-karbazol
I 10H-fenotiazyna. Proces ten byl interesujacy ze wzgledu na zaobserwowang selektywno$¢
redukcji prowadzaca wytacznie do monopodstawionej pochodnej aminowe;j 1,10-fenantroliny.

W literaturze chemicznej istniejg rozne podstawowe metody eliminacji podstawnikéw

halogenowych!"8 i aminowych w tym pirolidyny®® lub 9H-karbazolu®. Nie ma jednak
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systematycznych badan w ww. grupie zwigzkow. Z tego powodu przeprowadzono badania
redukcji  elektrochemicznej dla wybranych 4,7-dichloro-1,10-fenantrolin i  4,7-
dipodstawionych-1,10-fenantrolin.

Selektywna eliminacja podstawnika aminowego moze by¢ interesujagcym kierunkiem
dalszych badan ze wzgledu na otrzymywanie monopodstawionych pochodnych 1,10-
fenantroliny. Z punktu widzenia syntezy organicznej otrzymywanie monopodstawionych
pochodnych 1,10-fenantroliny czesto obejmuje znacznie bardziej ztozone serie reakcji.
Dodatkowo wybrane kompleksy metali z pochodnymi 1,10-fenantroliny moga uczestniczy¢
w szeregu reakcji Kkatalitycznych, w tym typu redukcji czy utleniania®’. Przeprowadzone
badania elektrochemiczne moga by¢ pomocne wskazujac ograniczenia zastosowania
kompleksow metali z pochodnymi 1,10-fenantroliny, gdyz same mogg ulega¢ reakcjom
eliminacji, redukcji czy utleniania.

Ostatni etap pracy doktorskiej przedstawia wyniki badan nad formylowaniem
wybranych czasteczek chinoliny i benzo[h]chinoliny. Szereg aldehydéw i dialdehydow
uzyskano trzema roznymi metodami formylowania, tj. z zastosowaniem reakcji Reimer-
Tiemanna, Vilsmeier-Haacka 1 Duffa. Strukture 8-hydroksy-2-metylochinolino-5,7-
dikarboaldehydu scharakteryzowano za pomocg analizy rentgenostrukturalne;j.

Opracowano rowniez nowag procedur¢ utleniania dialdehyddéw oparta na reakcji
z podchlorynem sodu. Dla wybranych dialdehydowow pochodnych chinoliny
i benzo[h]chinoliny przeprowadzono reakcje ich utleniania. W wyniku przeprowadzonych
reakcji otrzymano z dobrg wydajnoscia kwas 10-hydroksybenzo[h]chinolino-7,9-
dikarboksylowy.
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. Acronyms and abbreviations

ACN Acetonitrile

CP MAS Cross polarization magic angle spinning
cv Cyclic voltammetry

CcDC The Cambridge Crystallographic Data Centre
DIPEA N,N-Diisopropylethylamine

DME Dimethoxyethane

DMF N,N-Dimethylformamide

DMSO Dimethylsulfoxide

DPV Differential pulse voltammetry

EDG Electron-donating group

El Electron ionization

ESI Electrospray ionization

EWG Electron-withdrawing group

Fc Ferrocene

HMTA 1,3,5,7-Tetraazatricyclo[3.3.1.13,7]decane
HOMA Harmonic oscillator measure of aromaticity
HOMO Highest occupied molecular orbital
HR-MS High resolution mass spectrometry

LUMO Lowest unoccupied molecular orbital
Meldurm acid’s 2,2-Dimethyl-1,3-dioxane-4,6-dione

MO Molecular orbital

MW Microwave irradiation

NHE Normal hydrogen electrode

OLED organic light-emitting diode

ORTEP Oak ridge thermal ellipsoid plot

Pd(dba)s Tris(dibenzylideneacetone)dipalladium
PHEN 1,10-phenanthroline

PHEN-2CH3; 2,9-dimethylo-1,10-phenanthroline, neocuproine
PPA Phenylpropanolamine

SCE Saturated calomel electrode

SNAr Aromatic nucleophilic substitution
TBAOH Tetrabutylammonium hydroxide

TBAPFg Tetrabutylammonium hexafluorophosphate
TEA Triethylamine

TEOA Triethyl orthoacetate, 1,1,1-Triethoxyethane
TEOF Triethyl orthoformate, Triethoxymethane
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e TFA

e THF

e TMOA

e TMOF

e UV

e VNS

e ONSH

e  Xantphos

Trifluoroacetic acid

Tetrahydrofuran

Trimethyl orthoacetate, 1,1,1-Trimethoxyethane
Trimethyl orthoformate, Trimethoxymethane

Ultraviolet

Vicarious nucleophilic substitution

Oxidative nucleophilic aromatic substitution of hydrogen

4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene

4.1 Abbreviations of compounds used in Results and

discussion and Experimental:

1-3a-lL,n-p
(e.g., 1c, 2a, 3g, 30)

4a —|
(e.g., 4c)

dn—-p
(e.g., 40)

ba-m

(e.g., 59)
4a —h-P1 -P7

(e.g., 4b-P1)

5a—1-P1-P8
(e.g., 5¢-P1)

Derivatives of 1,10-phenanthrolines:

substrates at successive stages of preparation of selected

mono and dichloro-1,10-phenanthroline

derivatives of 4,7-dichloro-1,10-phenanthroline

derivatives of mono-chloro-1,10-phenanthroline

derivatives of 4,7-disubstituted-1,10-phenanthroline

product of reduction or oxidation of selected
4,7-dichloro-1,10-phenanthrolinesin the part of the

research devoted to electrochemical properties
product of reduction or oxidation of selected

4,7-disubstituted-1,10-phenanthroline in the part of the

research devoted to electrochemical properties
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Ox-4 —5a—| oxidation  product of selected 1,10-phenanthrolines
(e.g., Ox-4a, Ox-5I)

Hyd-4 — 5e, i, m product of hydrolysis reaction of selected
(e.g., Hyd-4e) 1,10-phenanthrolines

Phen-F 5-fluoro-1,10-phenanthroline

Ox1 — 2-Phen-2CHjs oxidation products of 2,9-dimethylo-1,10-phenanthroline

(e.g., Ox2-Phen-2CHy5)

Derivatives of quinolines and benzo[h]quinolines:

1-3m substrates at successive stage to preparation of

(e.g., 2m)

4dm

Qla-1
(e.g., Qlo)

Q2a-1
(e.9., Q29)

Ox-Q2b -|

0x-Q2I

Q3a-d

(e.g., Q3d)

Qd4a-d

5-chloroquinolin8-amine

5-chloroquinolin-8-amine

substrates of dicarbaldehydes of selected

quinolines and benzo[h]quinolines

derivatives of dicarbaldehydes of quinolines and

benzo[h]quinolines

oxidation products of
8-hydroxyquinoline-5,7-dicarbaldehyde

oxidation product of

10-hydroxybenzo[h]quinoline-7,9-dicarbaldehyde

derivatives of nitro-quinolines

product of vicarious nucleophilic substitution of selected (e.g., Q4b)

nitro-quinolines
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5. Literature review

5.1 The N-heterocyclic compounds - introduction

Heterocyclic compounds have a wide range of applications but are of particular
interest in medicinal chemistry, and this has catalyzed the discovery and development of
much heterocyclic chemistry and methods. According to the Golden Book of IUPAC,
heterocyclic compounds are described as cyclic compounds containing at least two atoms of
different elements in the ring?. In the case of N-heterocycles, the atom in addition to carbon
that is in the ring is a nitrogen atom. Such compounds include quinolines, benzo[h]quinolines
and phenanthrolines, and many other more complex compounds. The applications in the
industry like metal complexes of 8-hydroxyquinoline derivatives for dyeing wool can be
found. Also, to check the iron content of sodium sulfate for industrial use is photometry with
1,10-phenanthroline?. The nitrogen atom is an important factor affecting the properties of
molecules. For aromatic systems, the nitrogen atoms are involved in the m-bonding aromatic
system using its unhybridized p orbital. The lone pair is in an sp? orbital, projecting outward
from the ring in the same plane as the ¢ bonds. As a result, the lone pair does not contribute to
the aromatic system but significantly influences the chemical properties, as it easily supports
bond formation via an electrophilic attack?.

The nitrogen atom's influence is analyzed in heterocyclic compounds by the index of
aromaticity (HOMA, Harmonic Oscillator Measure of Aromaticity). Based on that geometric
criterion, can compare the aromaticity of pyridine and benzene. This method's reference value
is the structure of aromatic benzene, where the HOMA value equals 1 according to the
literature®. In the case of pyridine on theoretical calculation, the HOMA value equals 0.944
according to the literature®®. The lower value of HOMA for pyridine determines weaker
aromaticity. It can be explain by the difference in electronegativity of a nitrogen atom to
carbon atoms.

Although most living organisms cannot directly utilize nitrogen, they use access to
their compounds. Interest in organic nitrogen compounds is because most of them exhibit
physiological activity?”, which also includes N-heterocyclic compounds.

An exciting example is N-heterocyclic compounds isolated from marine organisms.

Compounds such as amphimedine (Scheme 4, 1) and ascididemin (Scheme 4, 2) were
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isolated, respectively, from sponge (Amphimedon sp.) and tunicate (Didemnum sp.). They
exhibit, among other things, cytotoxic and anticancer properties. These compounds were
reconstructed through chemical synthesis, and the research is still extended by obtaining their
new derivatives and discovering their unique uses.

~

o
N

OH

Scheme 4. Structure of amphimedine (1) and ascididemin (2). The 8-hydroxyquinoline and

1,10-phenanthroline component parts are marked grey-green.
5.2 Phenanthroline: a brief history

In 1883, Skraup and Vortmann received the first isomer (1,7) from a new group of
compounds, which they called phenanthroline?®. By proving that it had an angular structure of
phenanthrene and not a linear anthracene, they called it phenanthroline. In 1909, Kaufmann
and Radosevic proposed a nomenclature distinguishing ortho, meta, and para regioisomers,
but this naming system becomes forgotten?®. Currently, a numerical system is used to

distinguish the three regioisomers shown in Scheme 5.

1,10-phenanthroline 1,7-phenanthroline 4,7-phenanthroline
(ortho-phenanthroline) (meta-phenanthroline) (para-phenanthroline)

Scheme 5. Structures of selected phenanthroline regioisomers.
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Gerdeissen received the first derivative of 1,10-phenanthroline (2-methyl-1,10-
phenanthrolineg)®. In turn, the first 1,10-phenanthroline was received by F. Blau®! , calling it
a-phenanthroline. He also noted the formation of their complexes with metal salts. In the case

of 1,10-phenanthroline, the numerical nomenclature and its symmetry are still used today.

5.3 Methods of synthesis of 1,10-phenanthrolines and their

derivatives

The preparation of 1,10-phenanthroline derivatives can be divided into multi-stage and
single-stage protocols. One-stage transformations include the Skraup method and its

modifications, while multi-stage ones include syntheses based on Meldrum acids.

5.3.1 Synthesis of 1,10-phenanthroline derivatives by the modified Skraup

methods

Several syntheses of 1,10-phenanthroline derivatives are collected using modified
Skraup's methods. The Dobner-Von Miller reaction relies on the reaction of aniline
derivatives with a, B-unsaturated carbonyl compounds in an acidic environment (Lewis’s acid
or protic acid). An oxidizing agent may be use ions like Fe(lll), 1,2-dihydrolepidine-HCI
(disproportionation), oxygen from air, nitrobenzene, and a mixture of nitrobenzene with
hydrochloric acid (HCI) or trifluoroacetic acid (TFA)®2.

One of the examples is a synthesis of 3,8-dimethyl-1,10-phenanthroline choose by
Belser et al.®3. They received a compound with 81% yield (Scheme 6). The disadvantage of
the described method is the difficulty in determining the 1,10-phenanthroline derivatives from

reaction separations.

(8] Nﬂl, HzSO4

= + .
N 110 °C, 5h

Scheme 6. Synthesis of 3,8-dimethyl-1,10-phenanthroline?:.
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In analogous syntheses, «,f-unsaturated carbonyl compounds are not always used. An
interesting example, Pomeranc et al. described in their article®*. Where the reaction of 4-
methyl-8-aminoquinoline with 3-chloro-1-(4-methoxyphenyl) propan-1-one (Scheme 7) leads
to obtain 4-methyl-7-anisyl-1,10-phenanthroline with a good vyield. The 4-methyl-8-
aminoquinoline was obtained from the same procedure starting from nitroaniline with but-3-
en-2-one in the 87% solution of sulphuric acid in the presence of arsenic pentaoxide to obtain
4-methyl-8-nitroquinoline. Finally, compound 4-methyl-8-nitroquinoline was reduced with

stannous chloride to give the amino derivative of quinoline.

o

N up to 140 °C, 1.5h
NH, 0

Cl 53%

Scheme 7. Synthesis of 4-methyl-7-methoxyphenyl-1,10-phenanthroling3,

Another interesting variation of the Skraup method is its modification with a
microwave iraddation. H. Sagadii et al.*® shown an efficient “green” reaction in water using
glycerol under microwave irradiation conditions.

Using aniline derivatives, they obtain various selected quinolines with their by-
products. The 4,7-; 1,7-; and 1,10-phenanthroline were obtained regioselectivity, starting from
4-, 3-, 2- nitroanilines regioisomers. Reactions were carried out in sulfuric acid solution where
the mixture was irradiated with power high enough to reach the predicted temperature with a
heating ramp of 36 °C min‘*, then 200 °C for 10 min. They have shown that first cyclization
was realized with the amino group and reduction of the nitro group to the amino start second

Skraup reaction (Scheme 8).

OH
H,S04 H,0
-}~ OH —_—
MW, 10 min
O;N NH, OH

15%

Scheme 8. Modified Skraup reaction of 2-nitroaniline with glycerol obtaining 1,10-

phenanthroling®.
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K. Panda et al.®® describe the synthesis of 2,9-bis(methylothio)-1,10-phenanthroline by
Skraup reaction. Where the solution of 3-bis(methylothio)acrolein was added 1,2-diamine in
dichloromethane was added in room temperature TFA. The crude iminoenamine was used for
further reactions where it was dissolved in PPA (phenylpropanolamine) and heated for 6

hours. The crude product was obtained with a yield of 40% (Scheme 9).
0)

H 1. TFA
H 2. PPA
+ | -

H,N NH, S S 1. CH,Cl,, r.t, 6h
| | 2.90 °C, 6h

40%

Scheme 9. Synthesis of 2,9-bis(methylothio)-1,10-phenanthroline®®.

The Skraup synthesis has many advantages, which include its low cost and ease of the
procedure. Its additional advantage is that it takes place in one reaction vessel. Hence other
groups of scientists tried to repeat this methodology. On the other hand, in literature, the use
of orthodiaminobenzene derivatives as an example of aniline derivative raises controversies.

K. J. Shaffer et al. criticized the earlier work of K. Panda et al.3’. They repeated one of
the procedures. They reacted 1,8-diaminonaphthalene with 3,3-bis-(thiomethyl) acrolein in an
acetic acid medium. As a result of the transformation, the authors did not receive the expected
2,11-bis(methylothio)quinolino[7,8-h]quinoline. Instead, they obtained and fully confirmed
trace amounts of N-[2-(methylthio)benzo[h]quinolin-10-ylJacetamide (Scheme 10). Reaction

conditions with other simple anilines of K. Panda et al. gave the expected quinolines.
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NH, NH, ‘| |

Scheme 10. Synthesis quinoline derivatives by K.J. Shaffer et al.%'.
5.3.2 Synthesis of 1,10-phenanthroline derivatives based on Meldrum acids

Halogenated derivatives of 1,10-phenanthroline are common starting reagents for the
synthesis of more elaborate structures. A well-known method for obtaining such
phenanthrolines is a synthesis based on Meldrum acids, which can be used to obtain also
quinoline derivatives®®.

A derivative of 8-aminoquinoline or 1,2-diaminobenzene can be used for the obtained
1,10-phenanthroline derivative3*“°, In the case of 8-aminoquinoline through one nucleophilic
center in the form of an amino group, there is a 3-stage synthesis leading to the formation of
one phenyl ring*t. When 1,2-diaminebenzene is used, these syntheses can include two
nucleophilic centers leading to the formation of two phenyl rings. In order to approximate this
method, the three stages of synthesis with 1,2-diaminebenzene are presented below.

In the first stage of this synthesis, the condensation product of Meldrum acid with
trimethyl orthoformate (TMOF)* or trimethyl orthoacetate (TMOA)* is obtained in situ
(Scheme 11, path AY), and then 1,2-diaminobenzene is added to obtain compound 2 shown in
Scheme 11, path A2,
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N

reflux, 15 min

0—CH, R Q R

1 | TMOF or
A l TMOA
R

0] NH HN o)
0Oy oyl _» i
—>
: - 0 0 reflux, 2h 0 0 0 0
H,N NH, X r.t. 16h NI o/
2
R =H, 60%
CH;, 63%
B  TMOF or TEOF Q
= BUA
70 °C, 12h NG~
82-85%

Scheme 11. Path A (A! and A?): Adduct synthesis 2. The first step in the synthesis of 1,10-
phenanthroline derivatives®>*°, Path B: Synthesis of benzimidazole as a possible side reaction
42

Depending on whether it was (type of used orthoester) an orthoformate or
orthoacetate, 1,10-phenanthroline type of compounds is obtained without or with a methyl
group at the C2 and C9 positions. Also, triethyl orthoformate or triethyl orthoacetate can also
be used in this reaction®. It is noteworthy that the orthoesters may reduce reaction efficiency
by their side reaction with 1,2-diaminebenzne, forming by-products like benzimidazole. In the
work of Kaboudin et al.*® they present treatment of 1,2-diaminebenzene with TMOF or TEOF
(triethyl orthoformate) were without any additional reagent, their reactions afforded the
benzimidazoles (Scheme 11, path B).

In the next stage of the synthesis of 1,10-phenanthroline derivatives, product 2
undergoes thermal cyclization by decarboxylation. The reaction generates very reactive
ketene, which is cyclized to form two outer 1,4-dihydropyridine rings in a diphenyl ether
medium. As a result of this synthesis, 1,10-dihydro-1,10-phenanthroline-4,7-dione derivative

(3) is obtained (Scheme 12)%44546:47
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R ; ; R diphenyl ether
o / NH HN \ (0] -
240-260 °C, 0.5h
0 Y 0 0 -CO;, Aceton

R=H, 72-86%
CHj, 46-94%

Scheme 12. Synthesis of 1,10-dihydro-1,10-phenanthroline-4,7-diones3®40:44:4546.47

Ketene generation in situ in reactions has its own limitation. The main disadvantage of
this type of reaction is the requirement to use additional reagents. Often, these reagents are not
chemically inert and can interfere with the reaction by forming by-products or reducing the
efficiency of the reaction. Reducing the impact of such a defect allows the production of
ketene as a result of a thermally or photolytically induced intramolecular reaction. They allow
ketene to be obtained where by-products are gases or easily volatile compounds*. Ketene and
by-products are formed using thermal cyclization (Scheme 12).

In the final step, selected 1,10-dihydro-1,10-phenanthroline-4,7-dione (3) is treated
with phosphoryl trichloride®**° or tribromide®®* to give selected 4,7-dihalogeneted-1,10-

phenanthroline (4, Scheme 13).

4 Yield

R X (%)
H Cl 77%®
CHs ClI 974
H Br 58%°

CHs Br 53%

Scheme 13. Synthesis of 4,7-dichloro or 4,7-dibromo-1,10-phenanthroline derivatives.

Depending on the type of used substituents in the constitution of molecule 3, it is
observed differences in yield for the reaction with phosphorus trichloride/tribromide.

The disadvantage of synthesis by using Meldrum acid is the high cost of the used
reagents and their multi-stage nature. At each of the three stages, an intermediate product is
isolated, which significantly extends the entire synthesis time33. Currently, there are reports on
the preparation of 1,10-phenanthroline derivatives based on Meldrum acids and their further

modifications®.
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For any possible reaction, substituents are an important factor affecting its yield by
changing the electron density and/or conformation or steric reasons. This is also the case for
the preparation of selected 1,10-phenanthroline with the use of Meldrum's acid.

Many factors can influence the effect of the substituent where they are briefly
described below. A substituent can cause a polarization of electron density through the n
system in both the reactant and the product. This directly affects the balance position. One
such effect that affects charge redistribution is the resonance effect, also called the mesomeric
effect®.

There is also an effect that originates with the bond dipoles between groups of
differing electronegativity. Substitutes that are more electronegative than aromatic carbon will
place a positive charge on the substituted carbon atom. In contrast, atoms less electronegative
than aromatic carbon will have the opposite effect. The presence of the charge separation will
influence the energy associated with the development of charge elsewhere in the molecule.
This is the result of electrostatic interaction in space and is called the field effect. Depending
on the dipole orientation and the charge developing at the reaction site, a substituent can be
either favor or disfavor the reaction®.

Another possible means of interaction of a substituent and reaction site is called the
inductive effect. This effect is the transmission of bond dipoles through the intervening bonds
by successive polarization of each bond. Field effects and inductive effects can be considered
together as polar effects that originate from bond dipoles®.

Another effect related to the used substituent is the solvent effect. Depending on the
substituent used, the compound may dissolve better or worse depending on the interaction
with the solvent®. Thus, it directly affects the duration of the reaction as well as its efficiency.
The dissolution process depends on the free energy change of both the solute and the solvent.

The last effect discussed, which is influenced by a substituent, is the steric effect. It
refers to the influence on interactions unrelated to the kinetics or thermodynamics of a
chemical reaction. It is relatively easy on a qualitative level to identify a substituent with a
large or a small steric effect by examining the degree of substitution and their volume.
However, actually determining their magnitude and effect on a given reaction is quite difficult
because steric effects rarely occur in the absence of other types of substituent effects®2.

To approximate this effect, a comparison of the reaction yield to different substituents
was presented for the reactions of selected quinoline-4-(1H)-one with phosphorus trichloride

(Scheme 14). Differences in the reaction duration and the temperature at which the reactions
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were carried out have been ignored. It is worth noting that there is no systematic research in
which were studied how the use of a specific substituent affects the yield of the reaction
(Scheme 14).

Yield
o urio c R M 1 (%) R M_ 1 (%)

P
| N CN - - 74%  CHs + + 88%

. _, ) CcOOCHs - - 86%
! R ‘ NO, - - 98% OCHs + - 88
T ¢ 74-99% | + 8058
o H 9 Cl o+ 9460
F + 98°%t
~

. Br + 9962

Scheme 14. Synthesis to obtain 4-chloroquinoline derivatives. M — mesomeric effect; | —
inductive effect; *- as reference for mesomeric and inductive effect®3-%2,

The presented in Scheme 14 the influence of used substituent on the synthesis of 4-
chloroquinoline derivatives show that the highest yield of the reaction was obtained in the
case of used bromine atom (99%), followed by the nitro group (98%) and fluorine atom
(98%). Interestingly, halogen atoms (except iodine) show better yields (94-99%) if it is a
compound without a substituent, as a reference example (92%). This may be explained by the
high electromagnetic force of the halogen atoms. For the iodine atom, the inferior
performance may be due to chlorine's reactivity, which can displace the iodine atom in the
reaction. In addition, a large impact on the yield of compounds with the presence of iodo
substituent is their instability, which makes it possible to break the C-I1 bond when exposed to
light (even visible light®). In the case of fluoro substituent, displace of fluorine group by
chlorine atom is also possible as a side reaction, which was confirmed by Z. Wang et al.®*. By
the same reaction shown in Scheme 14 for the 7-fluoroquinolin-4(1H)-one, they obtained 4,7-
dichloroquinoline in an 85% yield.

In turn, for the nitro group, its high efficiency can be explained by the resonance
structures of the compound that improve the stability of the product and thus the efficiency of
the reaction.

Mostly all of the groups mentioned are electron-withdrawing groups. However, they
differ in their steric effect and electronegativity. For the nitrile and ester groups, their inferior
yield reaction may result from their sensitivity to water, where, as a result of the reaction, they
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may lead to by-products that are difficult to isolate. An example of a hydrolysis reaction of
nitrile group is the studies by G.-J. ten Brink et al. where 1,10-phenanthroline-2-carbonitrile
were hydrolyzed in an acidic environment to give 1,10-phenanthroline-2-carboxylic acid®.
The previously mentioned steric effect can also significantly influence the yield of the
reaction. It is worth noting that there are no systematic studies in which the steric effect would
be tested for 1,10-phenanthroline or quinoline analogs.
To approximate the steric effect, a comparison of the reaction yield for different positions of
substituents was also presented for the reactions of selected quinoline-4-(1H)-one with
phosphorus trichloride (Scheme 15). Differences in the duration of the reaction and the

temperature at which the reactions were carried out have been ignored.

R cl
CL,P(=0) R Yield
\|> ] —— Y R (%)
i NP c7-cl 9460
H c2-Cl g766
¢ 83-94% C6-ClI 9087
u C7-CHs 8g%
R o C2-CHs 9368
N X C3-CHs 838

| Py

Scheme 15. Synthesis of 4-chloro-quinoline derivatives®460:66-69,

On the above Scheme 15, there is a list of the methyl and chloro substituent at
different positions in the quinoline constitution with recorded yields. In the case of the
chlorine atom, the highest efficiency of the reaction was obtained for the C7 position on the
phenyl ring in the quinoline skeleton. In turn, the C2 position in the pyridine ring showed the
lowest yield.

In the case of the chloro substituent, its position in the molecule affects the yield of the
reaction through a negative induction effect (-1) and a positive mesomeric effect (+M) (these
effects are presented for selected substituents. Scheme 14). Depending on whether it is in the

C2, C6, or C7 position, the inductive effect may improve or degrade the yield of the reaction.
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For the methyl substituent, as an example of an electron-donating group, the C2 position on

the pyridine ring showed the highest yield, while the C3 position showed the lowest yield.

A positive effect on the yield of the reaction is the presence of a methyl group in position C2
also can be observed for the reaction of receiving 4,7-dichloro-1,10-phenanthroline and 2,9-
dimethyl-4,7-dichloro-1,10-phenanthroline (Scheme 13).

An additional aspect is the limitations of reaction with phosphoryl trichloride, which is
presented in the work of C. Perez et al., in which in order to obtain acid derivatives, they had
to block the carboxyl group of the initial reagent 5-amino-nicotinic acid. This type of action

avoided by-products and maintained better reaction efficiency.

5.4 Applications of selected 1,10-phenanthroline and their metal

complexes

The 1,10-phenanthroline is a ligand and is one of the most explored chelate systems in
N-heterocyclic compounds due to its robust redox stability, a wide range of complexing
properties’. This ligand played a vital role in the development of coordination chemistry.
Thanks to two nitrogen atoms are always in juxtaposition, and being more rigid imposed by
the central ring has better coordination properties than bipyridine’. It is worth noting that
1,10-phenanthroline as N-heterocycle is an electron-deficient aromatic system and is
predetermined for m-m stacking formation as m-acceptors’®. Therefore, compounds of this type
are also interesting from the supramolecular chemistry point of view. The 1,10-phenanthroline
is capable of forming stable complexes with various metal ions in different configurations at
their various oxidation states depending up on conditions™". These complexes have
characteristic electronic’® and antimicrobial’’ properties which are being continuously
exploited in various fields like physics, chemistry, biology, biochemistry, crystallography, and
medicine. The 1,10-phenanthroline complexes have found numerous applications due to their
excellent ability to coordinate many metal ions. Selected compounds with 1,10-
phenanthroline structure due to the angular arrangement of the rings also show biological
properties like complexing porphyrins’®. Many articles are devoted to research on selected
1,10-phenanthrolines and their metal complexes in biology and medicine. Where the anti-
fungal, anti-cancer properties of 1,10-phenanthroline are still being studied and developed .

In the article of S. Z. Duric et al.®! they present complexes with significant antifungal and
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anticancer activity. The silver complex of 1,10-phenanthroline-5,6-epoxy could be examined
for combination therapy combating fungal infections in relation to cancer (Scheme 16, a).
Selected 1,10-phenanthroline complexes have also been tested for their luminescent
properties®®. In work, Swietlicka et al.®® were presented ruthenium complexes with
electroluminescence properties. Also, it was found that the number and type of phenanthroline
substituents impact the thermal behavior of the complexes (Scheme 16, b). The complexes of
1,10-phenanthrolines also found use as organic semiconductors used in OLEDs®. Selected
1,10-phenanthrolines were also studied for their sorption properties®®. In the work of F. Li et
al.%, the 2,9-diamide-1,10-phenanthroline were used to functionalized graphene oxide (GO-
PDA, Scheme 16, c). This sorbent allows for selective absorption of transition metals as
uranium (U(V1)) and thorium (Th(IV) from rare earth elements in a strongly acidic solution.
For this purpose, scheme 10-c shows a simplified structure of graphene oxide based on the
structure presented by the Sigma-Aldrich company. In the literature, there are reported
structures of graphene oxide containing various functional groups, such as epoxy, hydroxy, or
carbonyl groups, nor is it a fully aromatic system. With this in mind, the structure of graphene
oxide presented in Scheme 16 is simplified. Structures for graphene oxide are shown in
Scheme 17, which was also suggested by researchers®#. For graphene oxide as a material, it

is impossible to determine its exact structure.
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Scheme 16. Structures of selected 1,10-phenanthroline derivatives and their metal and
nonmetal complexes®®838¢ In example c) the structure of graphene oxide, modeled on the
diagram from the Sigma-Aldrich website, has been additionally simplified by cutting out a
part of the structure.
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Scheme 17. Suggested structures of graphene oxide base on a) A. T. Smith et al.” b) R. Sitko
et al.8

5.5 Theoretical calculation of 1,10-phenanthroline

Computational modeling with a variety of basis sets has been used to predict some of
the properties of 1,10-phenanthroline. These include geometry®, MO types® , and vibrational
spectra®

The dipole moment p of the 1,10-phenanthroline molecule, calculated from the
electron density distribution, is 3.8 D (the experimental value is 3.64 D%). The low energy of
electron removal from the highest occupied molecular orbital (HOMO), equal to 6.49 eV, is
also favorable for donor properties of 1,10-phenanthroline. The 1,10-phenanthroline has been
studied for the distribution of n-electrons by Longuet et al.®*. Using molecular orbital and
first-order perturbation, they present the relative net charge (rm-electrons density) in various
external positions (Figure 1b). The nitrogen atoms bear negative charges, making this

molecule attractive from the viewpoint of complexation with metal ions.

34



electrophilic attack nucleophilie

attack
v\ 6 7 ‘7 0.015 0.120

nucleophilic
attack a)

‘

c) d)

.\.

Figure 1. a) numbered position of atoms b) n-electrons density®® ¢) HOMO base on S.S. Tan
et al.®® d) LUMO base on S.S. Tan et al.*° of 1,10-phenanthroline.

Due to electron density calculations on the related system were found to be closely
correlated with chemical behavior in reactivity. Thanks to these calculations and their
correlations, a number of prognostic rules for 1,10-phenanthroline were formulated.

It was predicted that the C2-, C4-, C7-, and C9- positions in 1,10-phenanthroline
prefer nucleophilic attack. In turn, the electrophilic attack should occur preferentially at the 5-
and 6-positions®.

5.6 Functionalization of selected 1,10-phenanthroline

5.6.1 Oxidation of 1,10-phenanthroline derivatives

For 1,10-phenanthroline molecule, the double bond at position C5, C6 position is most
susceptible to electrophilic attack, as presented in chapter 1.4. It can also explain this by the
fact that pyridine rings are electron-poor (compared to the benzene ring) due to the presence
of nitrogen, which attracts electrons to itself through an inductive effect, and therefore is not
readily electrophilic.

The functionalization of 1,10-phenanthrolines at the C5 and C6 positions found its

examples in the phase transfer reaction using commercially available bleaches. This reaction
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yields 5,6-epoxy-1,10-phenanthroline, which is an intermediate for further functionalization
of the 5-position in 1,10-phenanthroline®. Another practical solution is direct nitration of
1,10-phenanthroline by the HNOz and H2SO4 mixture, and then the sequence of the 5-nitro-
1,10-phenanthroline obtained to 5-amino-1,10-phenanthroline (the amino group allows for
further functionalization)®®. However, the nitration of 1,10-phenanthroline not only showed
the possibility of functionalization of the C5-position but also the possibility of the oxidation
of 1,10-phenanthroline itself.

The first mentions of 1,10-phenanthroline oxidation are derived from a nitration
reaction where by-products were the result of substrate oxidation. Nitration of either 1,10-
phenanthroline (Phen) or 2,9-dimethyl-1,10-phenanthroline (Phen-2CHs) leads to the 5-
nitro-derivatives, generally accompanied by some of the 1,10-phenanthroline-5,6-dione, and
the ratio of the two products can be partly controlled by careful choice of conditions®.

One of the procedures that describe the oxidation of the 1,10-phenanthroline derivative
is the work of M. Yamada et al. ¥’ This type of procedure is based on the work of Gillard et
al. %8 According to them, the cobalt(l11) complex of 1,10-phenanthroline reacts with nitric
acid, sodium bromide, and sulphuric acid. As a result of the reaction, the ligands were
oxidized to obtain a 1,10-phenanthroline-5,6-dione. They also present the method this

molecule isolation from cobalt complex (Scheme 18).
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Scheme 18. Oxidation of tris(1,10-phenanthroline) cobalt(l1l) perchlorate and isolation of
1,10-phenanthroline-5,6-dione hydrate.
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The work of M. Yamada et al.*” has shown that by careful selection of reaction
conditions, they are able to obtain 1,10-phenanthroline-5,6-dione from uncoordinated 1,10-
phenanthroline (Scheme 19) where sulphuric acid and potassium bromide (bromine source)

occurs as an oxidant.

(KBr, HNO; H,S0,)*
7N\ "

—N N= 80-85 °C, 2h

86%

* 2KBr + 4HNO; —® 2KNO; + Br,[+2NO,|+ 2H,0

2KBr + 3H,S0, —3 2KHSO, + Br, T+ 250,T+ 2H,0

Scheme 19. The preparation of 1,10-phenanthroline-5,6-dione is based on the work of M.
Yamada et al.”’.

Even though the reaction mechanism has remained unclear, it is evident that potassium
bromide and other in situ obtained bromic reagents act solely as a bromine source, whereas
nitric acid is an oxidizer for its generation.

In view of that, Mitsov et al.® suggested the use of molecular bromine to obtain 1,10-
phenanthroline-5,6-dione (Scheme 20). The reaction consisted of adding 1,10-phenanthroline
and bromine in sequence at stirring to a mixture of H.SO4 (96%) and HNOs (70%). The
mixture was heated and stirred for 5 hours at 90 - 95 °C. After 2 hours of heating, an
additional amount of bromine was introduced. The mixture was then poured onto the ice and
neutralized with 30% NaOH solution. The product was extracted with methylene chloride and

dried. The product has been recrystallized in methanol.

Bl‘z’ HNOL H2804

90-95 °C, 5h

Scheme 20. The oxidation of 1,10-phenanthroline is based on the work of S. A. Mitsov et

al.®.

Based on the observations collected by S. A. Mistov et al., they suggested the following
mechanism of 1,10-phenanthroline oxidation into 1,10-phenanthroline-5,6-dione (Scheme
21).
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racemate

Scheme 21. Mechanism of 1,10-phenanthroline oxidation into 1,10-phenanthroline-5,6-dione
presented by Mitsov et al.*®. Hydrogen atoms were added to the mechanism to visualize
compound transformations better. Racemates and meso (pseudomeso®) forms have been

distinguished.

Oxidation of 1,10-phenanthroline derivatives can also lead to breaking the bond
between carbon atoms on the phenyl ring, resulting in the formation of bipyridine derivatives.
In the work of A.S Denisova et al.!! in addition to receiving 1,10-phenanthroline-5,6-dione
according to the procedure of M. Yamada et al., other oxidation reactions of 1,10-
phenanthroline derivatives were also carried out, including obtaining bipyridine derivatives
(Scheme 22). The use of potassium manganate(VI1) in an alkaline environment as an oxidant
led to the C = C bond breaking. Further oxidation of the compound led to obtaining selected

selectively [2,2'-bipyridine]-3,3'-dicarboxylic acid dicarboxylic acid.

KMnO, NaOH
4 7N T
— — r.t, 2h
N N

61%

Scheme 22. Synthesis of [2,2'-bipyridine]-3,3'-dicarboxylic acid*!.

Oxidation of selected halogenated 1,10-phenanthroline was shown in work Peng et
al.1%%, In their work, they present by-products based on the reaction by M. Yamada et al. Peng
et al. reported an interesting effect of temperature on reaction products was observed. In the
case of 4-bromo-1,10-phenanthroline, the reaction in 70 - 80 °C results in a 4-bromo-

phenanthroline-5,6-dione product. In turn, when the reaction proceeds at higher temperatures
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of 90 - 100 °C, a byproduct of 3,4-dibromo-1,10-phenanthroline-5,6-dione is formed. And for

a temperature of 110 °C, the product is only a 3,4-dibromo derivative (Scheme 23).

(8] (o]
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—N N=

70°C, 12%
80°C,21%

(o) O
Br Br

90 °C, 15% 90°C, 10%
100 °C, 6% 100 °C, 12%

KBr, HNO; H,S0, %

110 °C, 17%

Scheme 23. Oxidation of 4-bromo-1,10-phenanthroline, the influence of temperature on the

course of the reaction°?,

Another exciting example shown in W.Z Antkowiak and R. Antkowiak's article is
obtaining 1,1-phenanthroline-5,6-dione by reaction with an aqueous solution of
hypochlorite!®?. Despite the desired product being obtained, the reaction showed a better yield
for chloro derivatives. The article presents the influence of pH on the obtained products. It has
been shown that at acidic pH, they received three products. One of them is the 1,10-
phenanthroline-5,6-dione (Scheme 24, a), due to the ongoing hydrolysis of 6,6-dichloro-1,10-
phenanthrolin-5(6H)-one (Scheme 24, c).

NaOCl, NaCl 0 [0]

TBAOH, N
NaOAc
FN N T N N
=N N= 0-5°C, 1h =N N=

K racemate Y meso j

a) <10% b) 70% c) 20%

Scheme 24. The preparation of 1,10-phenanthroline-5,6-dione is based on the work of the
Antkowiak group*®?,
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Interestingly, they have shown that the treatment of chlorohydrine (4, Scheme 25) with
sodium carbonate forms the corresponding epoxide (5), which can be omitted. In the case of
different environments, a more acidic solution provides to obtain dichloro ketone (6) from
chlorohydrine (4), which is already contaminated by 1,10-phenanthroline-5,6-dione (7)
(Scheme 25). An additional element important from this point of view of the isolation of
compounds is their optical isomerism. For compounds 2 and 4 (Scheme 24 and Scheme 25),
racemates and meso (pseudomeso’®) forms have been distinguished. This clarifies that the

reaction's yield has not been determined for a particular isomer but rather for a racemic

Cl
sodium
pronan -2-olate
4 7N\

meso

mixture and/or a meso compound.
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Scheme 25. Oxidation mechanism of the 1,10-phenanthroline base on the work Antkowiak et
al. 1%,

Another example of the oxidation of selected 1,10-phenanthroline derivatives
is the oxidation presented by A. De Cian et al.}%®, They presented the oxidation procedure of
the 2,9-dimethyl-1,10-phenanthroline(Phen-2CHs) to obtain 1,10-phenanthroline-2,9-
dicarbaldehyde in the first step and then 1,10-phenanthroline-2,9-dicarboxylic acid. The first
step was to add selenium dioxide (SeO>) to a solution of 2,9-dimethyl-1,10-phenanthroline in
dioxane at room temperature. After heating under reflux for 2 hours, the mixture was cooled,
and the formed precipitate was collected and washed with diethyl ether. At the second stage,
the obtained dicarbaldehyde was dissolved in a 70% solution of nitric acid. After reflux for 2
hours, a solution was cooled to 0 °C, and then water was added in portions until a precipitate
formed. The residue was collected and washed with diethyl ether. After drying in vacuo, the
crude 1,10-phenanthroline-2,9-dicarboxylic acid was recrystallized from methanol. (Scheme
26).
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Scheme 26. Synthesis of 1,10-phenanthroline-2,9-dicarboxylic acid by A. De Cian et al.1%,

It is worth mentioning that in the case of oxidation of 4,7-dichloro-2,9-dimethyl-1,10-
phenanthroline with SeO: in 1,4-dioxane the desired dialdehyde has not been afforded as the
major product which was presented in work Larsen et al.!% The product was the
unsymmetrical partially hydrolyzed 7-chloro-4-oxo-1,4-dihydro-1,10-phenanthroline-2,9-
dicarbaldehyde in good vyields (Scheme 27). Thus, although this compound was not the
desired product from the reaction, it provides a valuable entry into unsymmetrical 4,7-

disubstituted-1,10-phenanthroline-2,9-dicarboxylate derivatives.

h | 1 b |
C C $¢0,, C (0]
dioxane
100 °C, 2h
H3C CH3 0= —0

73%
Scheme 27. Preparation of 4-chloro-7-hydroxy-1,10-phenanthroline-2,9-dicarbaldehyde by

oxidation with SeO».

5.6.2 Selected acids derivatives of 1,10-phenanthroline

Substituted 1,10-phenanthrolines which are water-soluble, were sought as a means to
extend their usefulness as indicators. Water-soluble 1,10-phenanthrolines are usually obtained
by sulfonation, carboxylation or phosphorylation of 1,10-phenanthrolines or their derivatives.
At present, there are already procedures in which water-soluble 1,10-phenanthroline
derivatives are synthesized, permitting the preparation of metallic complexes that catalysis in
water (Scheme 28).
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Scheme 28. Examples of 1,10-phenanthroline acids base on literature a) sodium salt of 4,7-
diphosphono-1,10-phenanthroline acid only claim in patent application'®, b) 4,7-diphenyl-
1,10-phenanthroline sulfonic acid and their sodium salts'®, c) 1,10-phenanthroline-4,7-
dicarboxylic acid®’,

The soluble in water acids of 1,10-phenanthroline can be divided into three classes.
The first class is derivatives of 1,10-phenanthroline phosphonic acids, which have not been
characterized or described in spite of their description'®. Next are derivatives of 1,10-
phenanthroline sulfonic acids, which is also an interesting side of water-soluble compounds.
There are not many descriptions of their preparation, but they are commercially available.
They constitute a large field of their possible application like, for example, drug gradient
challenge assay or measuring iron levels in the liver08109,

The third class is derivatives of carboxylic acids. Despite the already existing
publications or patents in which the synthesis of 1,10-phenanthroline-2,9-dicarboxylic acid
(showed in chapter 5.6.1) or 1,10-phenanthroline-2-carboxylic acid has been described, the
most frequently presented transformations are multistep and based on the use of toxic
compounds like selenium dioxide and HNOz. An additional problem associated with the use
of SeO; is the possibility of product contamination with selenium. An alternative method is
the oxidation of commercially available 2,9-dimethyl-1,10-phenanthroline (Phen-2CHs,
neocuproine) by means of CrOs or KMnQOg4. The 1,10-phenanthroline-2,9-dicarboxylic acid
obtained in the reaction may be contaminated with 5,6-dihydro-5,6-dioxo-1,10-
phenanthroline-2,9-dicarboxylic acid, which significantly limits the isolation yield*°.

The described acids are bifunctional compounds that imitate amino acids or naturally
occurring nicotinic acid (precursor of vitamin PP). This means that it or its derivatives can be

used in medicine or the pharmaceutical industry.
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For N-heterocyclic compounds with the carboxyl group, especially multi-carboxyl
groups allow obtaining new properties. These types of compounds have been widely used to
construct multifunctional coordination polymers because of the diverse coordination modes
and the specific orientations'!. The carboxyl group itself allows for coordination to the metal
center through bridging/chelating modes; one carboxylic group could connect one, two, three,
or even four metal centers. Additionally, the carboxy! groups could be partially or completely
deprotonated where, depending on the acidity, different bonding modes can be expected!!?.

In acids or multi acids of 1,10-phenanthrolines, their possible coordination will be
possible thanks to the known and characteristic angular system and through the carboxyl

group or groups.

5.7 Synthesis of substituted 1,10-phenanthroline derivatives

The mechanism of substitution of 1,10-phenanthrolines will be briefly discussed in a separate

section below.
5.7.1 Nucleophilic Aromatic Substitution

The mechanism of this type of reaction will be briefly discussed to proceed with the
examples of the chemical transformation of 1,10-phenanthrolines.

In 1902 thanks to an article by Jakob Meisenheimer, nucleophilic substitution
reactions in aromatic systems have been well known. In his work, he isolated an anionic -
complex (Meisenheimer complex) between an alkoxide and a trinitrophenyl ether'*3. In turn,
evidence from experiments generally points to a two-step process (addition-elimination) that
depends on the nucleophile, the outgoing group, and the presence of electron-withdrawing
substituents'*, In the first step, the nucleophile would attack the position ipso to the electron-
withdrawing group of the electron-deficient aromatic ring to yield an anionic sigma adduct
intermediate. The tetrahedral carbon (sp®) intermediate is most often unstable, and the
reaction may proceed further by reactivating to yield the substituted product or revert to
previous reactants. It is possible to distinguish two types of Meisenheimer complex, the -
complex or o*-complex, depending on the aromatic ring position attacked by the nucleophile
(a non-substituted or substituted one, respectively) (Scheme 29). It is worth noting that when

the oH-complex is formed, the reaction rarely proceeds spontaneously to the next stage!*®.
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Scheme 29. Mechanism of nucleophilic aromatic substitution base on work R. O. Al-Kaysi et
a‘|.115_

Reaction conditions employed to affect this reaction require anhydrous conditions,
strong bases, or highly reactive aromatic coupling partners, especially when relatively bulky
amines are used as nucleophiles. One of the varieties to overcome difficulties in this type of
reaction is to used many artifices like electrochemistry, catalysis by transition metals using
stronger nucleophiles, more polar solvents or using microwave irradiation.

G.V. Salmoria et al. study the microwave irradiation effect on nucleophilic aromatic
substitution. They have shown the same substrate reactivity order to leaving group and the
activating group as classical SnAr. What was significant was the short reaction time with
good yields!?®,

There are also other varieties of aromatic nucleophilic substitution in addition to the
aforementioned substitution with the formation of the Meisenheimer complex. An interesting
example is Buchwald-Hartwig amination where it forms a carbon-nitrogen bonding reaction
by coupling aromatic halide with amines in the presence of a palladium catalyst. Y. Zhao et
al.!'" presented this type o reaction with phenothiazine as amine (Scheme 30).

This reaction consisted of mixing PMI-Br, phenothiazine, and sodium tert-butoxide in toluene
(previously dried) under a nitrogen atmosphere). Then Pd(dba)s
(tris(dibenzylideneacetone)dipalladium) and (tert-Bu)sP were added and heated at 80 °C for 9
hours. Isolation consisted of adding water and dichloromethane and cooling the mixture. The
limiting phase was separated and washed with brine and dried with sodium sulfate. The

44



solvent was evaporated under reduced pressure. The crude product was purified by column

chromatography.

(tert-Bu);P,
tert-BuQNa
Pdy(dba)s,
Toluene

80 °C, 8h

PMI-Br PMI-N-PTZ, 61%
Scheme 30. Buchwald-Hartwig reaction base on Y. Zhao et al.'*’.

For aromatic nucleophilic substitution in the case of compounds with an electron-
withdrawing group, e.g., a nitro group, it is possible to observe two competing types of
reactions SNAr and VNS.

As mentioned before, when the o"-complex is formed, the reaction rarely proceeds
spontaneously to the next stage, but in the case of compounds with the nitroaromatic ring, the
next stage of the exchange of hydrogen atom is already present. This type of reaction is the
nucleophilic substitution of hydrogen Sn-Ar-H (Scheme 31), which involves such reactions as
the oxidative nucleophilic substitution of hydrogen (ONSH) and vicarious nucleophilic
substitution (VNS)!8,

x \.
6\-c0mplex
+ Nu” S]\ Ar-X
0" "%
SN Ar-H

K> 1*
G”-Cc)mplex

X = halogen

Scheme 31. Nucleophilic substitution of halogen SnAr-X (a) and hydrogen SnAr-H (b) in

para substituted nitrobenzenes base on M. Makosza et al.}8 119,
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The aforementioned VNS reaction is one way to convert anion c'-complex into a
product by indirectly removing the hydride anion in proton form. It is worth mentioning that
the VNS reaction is faster than the typical nucleophilic substitution of the halogen atom. It is
essential to mention that VNS reaction may compete with the aromatic nucleophilic
substitution of halogen SnAr. The substitution of the nitro substituent is also possible.
According to Makosza et al., the VNS often proceeds much faster than SnAr substitutions, as
mentioned above?%!21122 The VNS reaction is usually intensively colored, which has

diagnostic values'?,

5.7.2 Synthesis of mono- and disubstituted 1,10-phenanthroline by selected

amines in ortho and para position

In this chapter, the described substitutions will be based on the above-mentioned
aromatic nucleophilic substitution SnAr.

The first example of the synthesis of monosubstituted-1,10-phenanthrolines is the
work of J. Engel-Andreasen et al. (Scheme 32)'3. They received 4-pyrrolidine-1,10-
phenanthroline starting from 4-chloro-1,10-phenanthroline substrate. The 4-chloro-1,10-
phenanthroline with pyrrolidine was heated to reflux under nitrogen for 2 hours. Then they
evaporate the excess solvent and washing crude products with water, and drying under
reduced pressure. DIPEA was added to the filtrate to precipitate the rest. The reaction was
carried out on a small scale of up to 100 mg. This is an example of the SnAr mechanism
discussed earlier, where the use of sodium hydride in the reaction allows the formation of a

»

pyrrolidine anion that substitutes a halogen atom.

Cl

H relfux, 2h

I+ O NaH, THF
=

Scheme 32. Monosubstitution of 4-chloro-1,10-phenanthroline by J. Engel-Andreasen et
al.'?,
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The interesting reaction was preparing the monosubstituted compound 2-(piperazin-1-
yl)-1,10-phenanthroline, which was presented by a group of T.E. Kokina et al. (Scheme
33)1%4, The mixture of piperazine, 2-chloro-1,10-phenanthroline in toluene was boiled up until
the disappearance of starting 2-chloro-1,10-phenanthroline, checked by TLC. Toluene was
distilled off, and the residue was dissolved in chloroform and chromatographed on silica gel.
The obtained product with piperazine group as a linker allows for its further functionalization.
The reaction was carried out on a scale of up to a few grams. Despite the lack of an agent to
deprotonate piperazine's acid proton, the reaction proceeded with good yield. The reaction

mechanism is not presented in the article.

63%
Scheme 33. The reaction of 2-chloro-1,10-phenanthroline with piperazine by T. E. Kokina et
a‘|.124_

One of the proposed monosubstituted molecule present group of Zheng et al.'?. The
2-((1H)-imidazol-1-yl)-1,10-phenanthroline was prepared according to the following method
(Scheme 34). The 2-chloro-1,10-phenanthroline and imidazole were dissolved with DMF and
potassium carbonate was added into the solution. After reflux for 72 h at 110 °C, the solvent
was removed by distillation performed under reduced pressure. The yellow sediment appeared
when ice/water mixture was added into the flask and fully stirred. The pale yellow solid 2-
(1H-imidazol-1-yl)-1,10-phenanthroline was obtained after the sediment was washed with
iced water until the filtrate's pH value was neutral. The mechanism is also an SnAr, which
occurs through a proton elimination from piperazine, creating an anion that substitutes a
chlorine atom. Potassium carbonate was used to deprotonate the acid proton of piperazine,

enabling further reaction?®,
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Scheme 34. Preparation of 2-(1H-imidazol-1-yl)-1,10-phenanthroline by Zheng et al'?,

In reactions with the substitution of two chlorine atoms, the reaction most often uses
similar procedures to the previously presented examples. M. Sardini's doctoral thesis presents
2,9-di(9H-carbazol-9-yl)-1,10-phenanthroline obtained by substituting chlorine atoms
(Scheme 35)*?, The 2,9-dichloro-1,10-phenanthroline, 9H-carbazole, and dicesium carbonate
were dissolved in DMSO. The dark red mixture was heated at 170 °C for several hours. After
that time, it reduced the amount of DMSO. A precipitate formed by the addition of water was
separated by filtration. The crude product was purified by column chromatography in methyl
chloride as the eluent. The 2,9-di(9H-carbazol-9-yl)-1,10-phenanthroline was prepared by
SNAr of deprotonated 9H-carbazole on 2,9-dichloro-1,10-phenanthroline.

The dicesium carbonate used in the reaction was intended to deprotonate the 9H-
carbazole molecules. The reaction of forming the C-N bond with cesium carbonate is known
in the literature, most often with the addition of a catalyst, e.g., copper(l) iodide'?. However,

in the work of M. Sandroni, no additional catalyst was used.

O O Cs,CO3; DMF )
/ \ + | |

L 170 °C overnight O ) y O
Cl Cl

49%
Scheme 35. Substitution of the 2,9-dichloro-1,10-phenanthroline base on work M.

Sandroni'?’,

Another example of the disubstitution of dichloro-1,10-phenanthrolines is described in
the work of J. Engel-Andreasen et al. (Scheme 36)!L. This work presents the effect of
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microwave radiation mentioned in the previous chapter. The same order of reactivity of the
leaving and activated group takes place as for the classical SNAr reaction. A suspension of
4,7-dichloro-1,10-phenanthroline and pyrrolidine was heated in the microwave reactor at 130
°C for 45 min. The mixture was concentrated and washed with sodium hydrogen carbonate
(NaHCO3) water solution followed by ice-cold water and dried under pressure to give a
brown powder. Compared to the previous examples, the procedure using a microwave

irradiation effect takes less than an hour to complete the reaction with a good yield.

Qe
C%+ \/ /\\

130 "C 0.75h — N=—

97%
Scheme 36. Preparation of 4,7-(dipyrrolidin-1-yl)-1,10-phenanthroline using a microwave

reactor by J. Engel-Andreasen et al.**,

It is worth adding that the proton spectrum record in J. Engel-Andreasen et al.*?® lacks
an additional aromatic signal in the form of a singlet corresponding to the protons at C5 and
C6 positions.

5.7.3 Optical properties and applications of mono and disubstituted-1,10-

phenanthrolines

Many studies were dedicated to synthesizing 1,10-phenanthroline derivatives to obtain
luminescence and fluorescence properties, where several examples are presented below.
Selected phenanthroline substituents that differ in steric hindrance can evoke new properties.
In turn, their good coordination properties make it possible to extend their potential
applications.

In this section, applications will be presented for selected 4,7-disubstituted-1,10-
phenanthrolines and their complexes reported in the literature.

The first example is Ir(ll1l) based complexes of 4,7-di(1H-pyrrol-1-yl)-1,10-
phenanthroline, 4,7-di (1H-indol-1-yl)-1,10-phenanthroline and 4,7-di(9H-carbazol-9-yl)-
1,10-phenanthroline (Scheme 37, A) presented in work of G. -G. Shan et al.'?°. Compounds
presented in Scheme 37A were obtained via aromatic nucleophilic substitution of 4,7-

dichloro-1,10-phenanthroline. The obtained ligands were coordinated with organometalled
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dimers [Ir(ppy)2Cl]2, [Ir(ppz)2Cl]2 and [Ir(dfppz)2Cl]2 (one example of the reaction shown in

Scheme 37, B).

L1 65%
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L2 65%
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Scheme 37. A) The 4,7-disubstituted-1,10-phenanthroline by pyrrole (L1), indole (L2) and
carbazole (L3) groups; B) Reaction of [Ir(ppy)Cl]> with 4,7-di(9H-carbazol-9-yl)-1,10-

phenanthroline base on work G. -G. Shan et al.1%.

The Ir(111) based complexes have shown a tendency to be highly appealing as triplet
emitters in the organic light-emitting diodes (OLEDs) and light-emitting electro-chemical
cells (LECS)™°. Ir(111)-based LECs, a new type of organic electroluminescent devices, possess
several advantages over conventional OLEDs such as simple device architecture, low turn-on
voltage, and independent work function. In the work of G. -G. Shan et al.'?®, iridium(lI)
complexes with selected ligands (shown in Scheme 37, A) were tested for quantum
photoluminescence efficiency (PLQY). It has been shown that the larger the steric hindrance,
the higher the PLQY value. Additionally, in the case of complexes with 4,7-di(9H-carbazol-9-
yl)-1,10-phenanthroline, the conducted studies showed high thermal stability. These types of
properties are a valuable feature for the fabrication of efficient and stable LECs.
in the field of

photoluminescence and electroluminescence, it arouses interest in examining the effectiveness

Due to the wide range of uses carbazole, for example,

of carbazole substituted dyes as photosensitizers. There were studied in the work of Z. -J. Yu
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et al.'®L. Copper(l) complexes with carbazole-substituted 1,10-phenanthroline ligands were
investigated as photosensitizers for water reduction. Synthesis of carbazole containing
phenanthrolines was achieved by nucleophilic aromatic substitution using sodium hydride
base similar to the procedure described in chapter 5.7.1 (Scheme 31).

The first step in obtaining the designed copper photosensitizers was the substitution of
4,7-dichloro-1,10-phenanthroline with the carbazole derivative. The ligand obtained earlier
were transformed by their functionalization in the C2 and C9 positions by nucleophilic
addition of lithium alkylide. The last step is an in situ synthesis method by reacting
Cu(CHsCN)4PFs, Xantphos, and the selected 1,10-phenanthroline to form the desired complex
(Scheme 38).

a Cl )
o
[
/ \ + reflux, overnight

1; R=H, 80%
2; R =1-Bu, 77%

Lithium alkylide,
— —_ diethyl ether,
R r.t, 24h

R R
[(CH;CN),CulPF, R R
Xantphos, N \
PE, THF/TEA/H,0, )
T.t / \

R R!

CuLl;R=H, R!'=CH; LI;R=H, R!'=CHj, 34%
CuL2;R=H, R'=iPr Yield wasnot reported L2:R=H, R'=iPr,33%
CuL3: R=¢-Bu,R'=i-Pr L3; R =t-Bu, R = i-Pr, 36%

Scheme 38. The preparation of selected copper complexes presented in the work of Z. -J. Yu

et al. 13,

The copper complexes shown in Scheme 38 can be used for photocatalytic proton
reduction using FesCOz2 as a water reduction catalyst.

Another example is substitution with aromatic diphenylamine derivatives. C. Yang et
al. describe fluorescence material containing 4,7-disubstituted-1,10-phenanthrolines (Scheme
39)12, The invention provides a thermally-induced delayed fluorescence material and a

preparation method of an organic electroluminescent device. The synthesis of 4,7-
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disubstituted-1,10-phenanthrolines is based on aromatic nucleophilic substitution starting

from 4,7-dichloro-1,10-phenanthroline.

YA Ve Q
@c@;@%

Scheme 39. The structures of the obtalned 4 7- dlsubstltuted 1,10- phenanthrolme derivatives
are based on C. Yang et al.*,

The obtained organic compounds showed in Scheme 39 can serve as a luminous layer
material in OLEDs.

In the work of El-Atawy et al.® they used 4-piperidino-1,10-phenanthroline and 4,7-
dipiperidino-1,10-phenanthroline to check the influence of the ligand on the palladium-
catalyzed reductive cyclization of (E)-2-(2-nitropropenyl)thiophene to 5-methyl-4H-
thieno[3,2-b]-pyrrole (Scheme 40). In their previous work, they showed that the ligand
structure could strongly affect the activity of the catalytic system in the related reductive
carbonylation of nitroarenes!341%,

For the reaction shown in Scheme 40, selectivity was determined by GC analysis with

naphthalene as an internal standard.
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Scheme 40. An example of a reducing cyclization of a thiophene derivative using a palladium

catalyst and selected mono and disubstituted-1,10-phenanthroline'®,

5.8 Quinoline derivatives: introduction

As shown in Scheme 1 in the General introduction, quinoline and benzo[h]quinoline
are 1,10-phenanthroline analogs. The quinoline derivatives arouse interest due to their broad
spectrum of activity. These compounds exhibit, for example, anti-inflammatory®,
antipsychotic®®’, antioxidant'®, antifungals'®, or anti-HIV properties**°. The quinoline
structure includes a benzene ring fused to a pyridine ring, and the molecule is planar.
Quinoline is a w-deficient heterocycle with a slightly lower pKa = 4.9 to related pyridine (pKa
= 5.2). The n-electrons density for quinoline shows a strong negative charge on the nitrogen
atom (similar to 1,10-phenanthroline)!*!. For nucleophilic activity, the C2 and C4 positions
are more preferred on the electron-poor pyridine ring. In turn, the C8 and C5 positions will be
preferred for electrophilic activity (Figure 2, a).
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Figure 2. a) numbered position of atoms b) m-electrons density'** ¢) HOMO base on A. A.
Al-abbasi'*? d) LUMO base on A. A. Al-abbasi'*? of quinoline.

An interesting example of quinoline derivatives is 8-hydroxyquinoline. This
compound, as monohydroxyquinoline, is one of eight possible regioisomers. It is the only one
that allows to forming complexes with divalent metal ions through chelation'®. It is one of
the oldest antimicrobials with reported antiseptic activity dating back to 1895. Human anti-
infective applications date back earlier than modern antibiotics**4*°, In the 1940s, researchers
recognized the strong affinity of 8-hydroxyquinoline to metal ions as giving the molecule
strong antimicrobial properties against various bacterial pathogens in micromolar
concentrations*®. Interestingly, 8-hydroxyquinoline derivatives occur naturally. In an
endemic deciduous tree native to Sri Lanka called Broussonetia zeylanica, 8-
hydroxyquinoline-4-carbaldehyde and 8-hydroxyquinoline-4-carbaldehyde oxime were

isolated’.
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In the literature, it can be found the calculated natural atomic charge for 2-methyl-8-
hydroxyquinoline'®®, Such data can predict substitution mechanisms, highlighting the
preferred position in the molecule. By analyzing the atomic charge for 2-methyl-8-
hydroxyquinoline, one can observe their compatibility with the electrophilic activity (Figure

2). The greatest potential differences occur at the C5 and C7 positions on the phenol ring

(especially under alkaline conditions, Figure 3, b).

Figure 3. Natural atomic charges of neutral (a) and anionic (b) 8-hydroxy-2-methylquinoline
base on literature®,

For quinoline derivatives with an electron-withdrawing substituent at the C8 position,
the position selection preference for SeAr changes for C5 and C7 position on the phenyl
ring®4°.

5.9 The use of Skraup reaction and reaction using Meldrum acid
transformation of selected quinolines

One of the methods allowing to obtaining quinoline derivatives is the Skraup-

Doebner-Von Miller reaction®%5!, It is based on the direct use of a,B-unsaturated carbonyl,
and aniline (example in Scheme 41).
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Scheme 41. Simplified mechanism of reversed and standard Skraup-Doebner-Miller
reaction'®, The main differences of the reaction are shown in gray-green.

This method also allows obtaining 1,10-phenanthroline derivatives by appropriate selection of
the reagents.

For example, in the work of C. Ludtke et al.*>? was presented a synthesis of selected
1,10-phenanthroline using modified Skarup-Dobner-Miller reactions (Scheme 42). The
products in the first reaction stage are quinoline derivatives, which take part in further
reactions to form selected 1,10-phenanthrolines. In the first step selected nitroaniline
derivative to react with arsenic pentoxide hydrate in a solution of sulfuric acid. The solution
was then heated up to 70 °C, and crotonaldehyde was added dropwise. After completing the
addition, the solution was heated up to 120 °C for 90 min with vigorous stirring. The mixture
was poured onto an ice/water mixture, and the resulting suspension was separated by
filtration. Dichloromethane was added, and the organic phase was washed with brine and
extracted. A chromatography column purified the product, receiving the selected
nitroquinoline.

The obtained selected nitroquinoline derivatives were reduced with a palladium-on-
carbon catalyst. For the obtained aminoquinolines, the Skraup-Doebner-Miller reaction was

performed again to obtain the selected 1,10-phenanthroline derivatives.
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Scheme 42. Synthesis of 5-fluoro-8-nitroquinolines and 5-fluoro-1,10-phenanthroline

derivatives via modified Skraup rection base on C. Ludtke et al.*®2,

One of the methods of obtaining quinoline derivatives is the previously discussed
method using Meldrum acids (chapter 5.3.2). In order to obtain the selected quinolines,
aminobenzene (1,2-diaminobenzene in order to obtain 1,10-phenanthrolines) is used as a
reagent. This reaction leads to the formation of 4-halogened quinoline derivatives.

The work of B. Bohanyi and J. Kaman work presented a synthesis of 4-bromo-3-
iodoquinoline (5) based on a method using Meldrum’s acid (Scheme 43)*°3. The synthesis is
based on the condensation of aniline (1) with Meldrum’s acid in the presence of TMOF,
followed by thermolysis with diphenyl ether. This procedure's modification is the additional
step of direct halogenation before reaction with phosphoryl tribromide. For the preparation of
3-iodo-1H-quinoline-4-one (4) to the solution of 1H-quinolin-4-one (3) in DMF, N-
iodosuccinimide was added dropwise. Reactions were carried out at room temperature for 3
hours. Then, after evaporation of the solvent, the precipitate was washed with water and dried

in vacuo.
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In the final step, treatment of 3-iodo-1H-quinoline-4-one (4) with phosphoryl
tribromide gave the desired product 4-bromo-3-iodo-1H-quinoline (5) in high yield.

Meldrum's acid,
TMOF dlphenvl ether NIS, DMF
250 "C 30 min i

reﬂux 40 min

1 OYKfO 3,92% 4,91%

x Br;P(=0), DMF

70 °C, 3h

@ﬁf
P
N

5.87%
Scheme 43. Synthesis of the 4-bromo-3-iodoquinoline base on work of B. Bohanyi and J.
Kaman'®3,

5.10 Functionalization of selected quinolines

This chapter presents literature examples focused on the functionalization of quinoline
derivatives through formylation. The possible mechanism of electrophilic aromatic
substitution and its variations were also discussed. Selected methods of oxidation of quinoline

derivatives with formyl groups are presented, receiving carboxylic acids.

5.10.1 Formylation of quinoline derivatives via Electrophilic Aromatic
Substitution

Aldehydes are a class of compounds of great interest in organic chemistry due to their
high chemical transformability. They can be converted into both the corresponding carboxylic
acids and alcohols in redox reactions. Various methodologies and many synthetic protocols
have been developed because of the aldehydes' importance, including the classical Reimer-

Tiemann, Vilsmeier-Haack, and Duff reactions.
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In the above-mentioned reactions, they proceed via electrophilic aromatic substitution
(SeAr). There are several variations of this mechanism. Some of them have been described
below.

The first example of such substitution is the reaction where a positively charged
electrophile attaches one of the carbon atoms in the aromatic system (but dipolar groups or
molecules may also initiate it). The initial interaction may lead to the formation of a =-
complex or an encounter complex. The m-complex, as a result, the system loses its
aromaticity, often form a delocalized carbocation (Wheland intermediate, c-complex). These
highly acidic species will donate the proton attached to the sp* carbon to the solvent (or any
other weak base, B in Scheme 44) to restore aromaticity. This mechanistic interpretation also
allows for the formation of a second n-complex (H") from the c-complex intermediate, where
the proton is loosely bound to the n-system. With the regeneration of the aromatic n-system,
product stability typically leads to a fast reaction in the final step (Scheme 44)141%°, This type
of substitution also includes the aforementioned nitration and halogenation reactions.
Theoretical calculations help to define the SeAr mechanism. They make it possible to predict

which carbon in the aromatic system will be attacked by the electrophile.

H H + " E E
+ E L
H E i M H| B H
P — | 1‘ — ’
- -HB
n—complex Wheland intermediate

(c—complex) A
1 E H i

v H
...... | v < mmmaad

=

HN \ o+ cl,
1\ ;e %@
+
N ~N H-—<

Duff Vilsmeier-Haack Reimer-Tiemann

Scheme 44. Mechanism of electrophilic aromatic substitution (upper)*>*. Electrophilic groups

involved in the Reimer Tiemann, Vilsmeier Haack, and Duff reaction (lower)*41%6.157
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Another variation is the SeAr mechanism of nitration. This mechanism results from a
lot of evidence suggesting a single electron transfer between the nitronium cation (NO.") and
the arene, followed by product radical coupling to form a c-complex intermediate®®,

There are also examples known involving the addition of radical species into the arene (such
as -NO) as a route to substitution products®®.

In the case of formylation by aromatic electrophilic substitution, the Duff reaction is
one of the many examples of this type of substitution, which was presented in the work of Z. -
N. Li et al.*®. This reaction consisted of dissolving 8-hydroxyquinoline and 1,3,5,7-
tetraazatricyclo[3.3.1.1%"]decane (urotropine, HMTA, Scheme 45) in a trifluoroacetic acid
environment under a nitrogen atmosphere. The solution was then heated at 110 ° C for 72
hours. Then, after cooling to 80 ° C, 10% hydrochloric acid solution was added to the system,
and it was heated at this temperature for another hour. A tea-green product was filtered and
washed several times with water. 8-Hydroxyquinoline-5,7-dicarbaldehyde was obtained in a
yield of 82% (Scheme 45, A). In the case of the Duff reaction, an important factor influencing
the reaction is its duration. One can observe this by comparing the previous reaction result
with the work of K. V. Sashidhar et al.'®!. They also performed a Duff reaction for 8-
hydroxyquinoline, but the procedure was changed by reducing the reaction time to two hours
(Scheme 45, B). On the other hand, in the hydrolysis step, a 10% sulfuric acid solution was
used instead of the hydrochloric acid solution. In this reaction, researchers did not isolate any

byproducts, for example, dicarbaldehyde derivative, and the yield was 90% (Scheme 45, B).

~
1. TFA
2. 18-19% HCI X
1. 110 °C, 72h NT
A 2.90°C, 1h |
O OH

= —l— K\\I 82%
~
N \\_,\—.\
OH N
HMTA 1. TFA

2.10% H,S0,

1. 130-140 °C, 2h
2.90°C, 1h

90%

Scheme 45. Duff reaction of 8-hydroxyquinoline presented by A) Z.-N. Lu et al. **° and B)
K.V. Sashidhar et al.6? .
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5.10.2 The preparation of selected quinoline carboxylic acids

One of the methods of obtaining carboxylic acids of selected quinolines is the
oxidation of their precursors containing formyl and/or methyl groups. There are many
methods of their preparation in the literature; some of them are presented below.

In the work of L.W. Deady et al.’®?, the aim was to obtain carboxylic acids in a two-
step, one-pot reaction (Scheme 46). One of the couple examples was preparing quinoline-8-
carboxylic acid starting from 8-(bromomethyl)quinoline. In the first step, mercury(l) nitrate
dihydrate was added to the solution of 8-(bromomethyl)quinoline in dimethoxyethane (DME),
and it was heated and stirred under reflux. The reaction time depended on the detection of the
intermediate (nitrate ester, Scheme 46). To detection of the intermediate product, it is possible
to check the characteristic chemical shift of the methyl group signal. It was checked on the *H
NMR spectra (for the CH2Br group, it was approx. 8 5, and for the CH2ONO: group, it was
approx. 6 6). Upon detection of 2, triethylamine (TEA) was added to the mixture and heated
under reflux for 4 hours. At this stage of the reactions, the researchers either isolated the
resulting aldehyde or continued the reactions in the same vessel (Scheme 46). The researchers
add water, acetic acid, and 2-methylbut-2-ene (as a chlorine scavenger) into the reaction
mixture in the next step. Then an aqueous solution of sodium chlorite was added dropwise.
The mixture was stirred for 16 hours at room temperature, then filtered, and the filtrate
evaporated under reduced pressure. Water was added to the obtained crude product and
basified with 10% sodium hydroxide to pH 12. Then quinoline-8-carboxylic acid was

obtained after extraction with dichloromethane.

NaClO,,
) DME 3 \ H,0, CH;COOH, \
Hg(NO;) x 2H,0 _ TEA 2-methylbut-2-ene
- . — e P —_—— P
reflux reflux, 4h ’ rt, 16h N
Br 0 0% o™ N0
B N
L 0"+ 0 _ 86% 46%

nitrate ester

Scheme 46. Synthesis of 8-quinolinecarboxylic acid by L. W. Deady et al.*62,
Another example is the work of S. Malancon et al.’®® in which they presented the
oxidation reactions of the methyl group leading to 5-bromo-quinoline-8-carboxylic acid

(Scheme 47).
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The first step consisted of dissolving 8-methylguinoline in concentrated sulfuric acid
and then adding silver(l) sulfate and bromine. The reaction mixture was stirred at room
temperature for 5h, then poured into ice and filtered. The solution of saturated sodium
carbonate was added to the resulting filtrate to increase pH of solution. The aqueous phase
was extracted with ethyl acetate. The combined organic layers were evaporated, affording 5-
bromo-8-methylquinoline (Scheme 47, A). In the next step, 5-bromo-8-methylquinoline was
dissolved in 39% sulfuric acid. After heating the mixture to 90 °C, chromium trioxide was
added. The solution was stirred for 2 hours at 90 °C. Afterwards, the mixture was poured into
ice. The precipitated orange solid was filtered to give 5-bromoquinoline-8-carboxylic acid in
62% yield (Scheme 47, B).
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Scheme 47. Preparation of 8-quinolinecarboxylic acid by S. Malancona et al.*%3,

In the case of the oxidation of carbonyl or methyl group for selected N-heterocycles, it
is possible to use the developed methods for their analogs. An example is the oxidation of 4,7-
dimethyl-1,10-phenanthroline and 4,4'-dimethyl-2,2'-bipyridine, where the reactants are

concentrated sulfuric acid and chromium trioxide64165,

5.11 Electrochemical properties of selected N-heterocycles

For organic chemistry, an important element in reaction design is understanding the
possible constraints of new compounds, reactions, and mechanisms. When new organic
compounds are developed, an important element influencing their attractiveness in terms of
their later use and further functionalization is to learn about their possible transformations
through reduction and oxidation processes. This allows to determine their possible oxidation
metabolism of drugs'®® and detect additional properties, i.e., electrochromism?*71%8, For this
reason, electrochemical methods are increasingly used to study the oxidation and reduction
products of new organic compounds, for example, N-heterocycles!®®,
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Electrochemistry is also an excellent tool to obtain specific products within a “green
chemistry” approach because the reaction conditions entail electrons as non-hazardous and
clean reagents’®. Nonetheless, to exploit electrochemistry as an alternative synthetic method,
the knowledge of appropriate redox potentials is necessary to tune the presence or the absence
of functional groups selectively.

Electrochemical studies for N-heterocyclic compounds allow to discuss and confirm
the ongoing reactions of their reduction and oxidation. They also describe the role of
substituents, e.g., by determining their influence on the course of the reaction and the stability
of the compounds. It is worth noting that the knowledge of the electrochemical properties of
many characteristic groups, e.g., pyrrolidine, carbazoles, and phenothiazine, allows predicting
possible processes for compounds in which they play the role of substituents.

This section provides a literature overview for the electrochemical processes of 1,10-
phenanthroline, chlorinated aromatic compounds, pyrrolidine, carbazole, and phenothiazine

derivatives.

5.11.1 Electrochemical properties of 1,10-phenanthroline

For 1,10-phenanthroline, there are many studies in the field of electrochemistry
devoted to its complexest’™. It is also worth presenting the behavior of the ligand itself in the
oxidation and reduction processes, which makes it easier to determine the processes taking
place in their complexes. The reduction and oxidation mechanisms of 1,10-phenanthroline
determined by electrochemical studies are presented in this chapter.

For the 1,10-phenanthroline, the electrochemical reduction proceeds in two one-
electron steps at potentials —1.99 V and —2.25 V vs. SCE, where a radical anion and a dianion

are formed, respectively*’?1 (Scheme 48).

Scheme 48. The proposition of reduction mechanism of 1,10-phenanthroline’?173,

In the case of the electrochemical oxidation of Phen proceeds in one irreversible
anodic peak at ca. 1.9 V14, Mirifico et al. obtained 1,10-phenanthroline-5,6-dione (Phen-5,6-

dione) by performing the electrooxidation of Phen by constant potential electrolysis at 2.5 V
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vs. SCE in a solution composed of acetonitrile/water (4:1, v/v)( Scheme 49)'74, Gayathri et al.
obtained the oxidation of Phen to Phen-5,6-dione in an aqueous solution thanks to a glassy
carbon electrode modified with nanotubes!”.

+2H,0, - 6e~
%
E=25vV*

Scheme 49. Oxidation of 1,10-phenanthroline presented by Mirifico et al.”*. * - Potential for
preparative electrolysis.

5.11.2 Electrochemical behavior of chlorinated aromatic compounds

Chlorinated aromatic compounds can be reduced to their radical anion, and then the
cleavage of chloride from the molecule proceeds as reported for some halogenated derivatives
176177 The electrochemical reduction of halide derivatives may proceed through either of two
principal mechanisms: a stepwise mechanism involving the intermediate formation of RX*",
followed by rupture of the carbon—halogen bond (Scheme 50, path A) and a concerted
mechanism in which electron transfer (ET) and bond breaking occur in a single step (Scheme
50, path B)!"8.

The competition between stepwise and concerted mechanisms depends on various
parameters such as molecular structure, nature of the halide leaving ion, the strength of the
breaking bond, and reaction free energy. The case of aromatic halides mainly following a
stepwise mechanism (Scheme 50, A)*"°. Extensive research is devoted to the application of

electrochemical reduction of organic halides in synthesis*®%!8! and pollution remedy*82183,
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Scheme 50. The proposition of general mechanism of the electrochemical reduction of

halogen derivatives. Example of organic halides following a stepwise mechanism presented
by A.A. Isse et al.1’®,

In the case of oxidation, the generation of hydroxyl group and its reaction with the
aromatic ring was reported for the oxidation of chlorinated aromatic compounds in an
aqueous solution!®*, while the formation of cation radical was found in a non-aqueous

solution?®®,

5.11.3 Electrochemical properties of pyrrolidine, 9H-carbazole, and 10H-

phenothiazine derivatives

This chapter presents the reduction and oxidation processes for selected groups of
compounds, such as pyrrolidine, carbazole, or phenothiazine. These groups are successfully
used as substituents in many types of compounds that are later tested for luminescent and
biological properties'®-18:188 Their derivatives are also tested for the study of electrochemical

processes.
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Pyrrolidine derivatives

For pyrrolidine derivatives, the mechanism of their oxidation was presented in the
work of W. Liu et al.®, Researchers have reported results on the anodic cyanation of 1-
arylpyrrolidines. Based on a series of experiments, the mechanism of cyanation by anodic

oxidation in the presence of nitrile ions has been proposed (Scheme 51).

N e H, - NN )
— e —
7\ 7\ 7\. 7\
R R R R
1 2 3a; R=H, 41%

3b; R =2-CHj, 70%
3c; R=4-Cl, 71%

Scheme 51. The proposition of electrocyanation mechanism of pyrrolidine derivatives
presented by W. Liu et al.!®, * - Potential for preparative electrolysis.

In the first step, an adsorbed pyrrolidine derivative undergoes one-electron transfer to
form a cation radical (1) followed by deprotonation and the second electron transfer to form
the iminium cation (2). Then, the imine cation reacts with cyanide ion (sodium cyanide was
dissolved in the solution) to give cyano derivatives formed in ortho position (3).

There is no systematic research for pyrrolidine derivatives or their analogs in the case

of electrochemical reduction mechanisms.

9H-carbazole derivatives

Another group of compounds is 9H-carbazole and its derivatives. In the case of anodic
oxidation of 9H-carbazole, it follows a classical ECE mechanism where each electrochemical
step involves one electron per parent molecule. The first significant work on the
electrochemical oxidation of 9H-carbazole was published by J. F. Ambrose et al.’*°. They
explained and confirmed the presence of reaction products by comparing the CVs of
compounds synthesized chemically.

The electrochemical oxidation of 9H-carbazole proceeds one electron process at
potential 1.2 V vs. SCE, where cation radical is formed. As a cation radical is very unstable, it
tends to couple with either another cation radical or with a parent molecule, forming the more

stable di(9H-carbazole) (example presented in Scheme 52). This type of coupling leads to the
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loss of two protons, one per 9H-carbazole unit. Lost protons are further reduced in the

cathodic cycle!®?,

! E=1.16V
H
A B C
H
N
» (-0
(L) — |
Ol LIt + o
i )

B

Scheme 52. Oxidation of 9H-carbazole by one electron process (upper); one example of
forming dicarbazol by two cation radicals (lower)%192,

Depending on the substituent and the position of its attachment to the 9H-carbazole
moiety, the oxidation potential may vary due to the inductive, mesomeric, or steric effects of a
given substituent. In the absence of a slight steric hindrance, the molecule may undergo multi-
stage oxidation to various subproducts. In this case, intermolecular coupling often occurs,
leading to stable dication, which limits further reactions®®,

There is no systematic research for 9H-carbazole derivatives or their analogs in the

case of electrochemical reduction mechanisms.

10H-phenothiazine derivatives

The last group of compounds discussed is 10H-phenothiazine derivatives. As for the
other groups (discussed in this chapter), there is no systematic research on the reduction
mechanism of this group of compounds in the literature.

In the case of the oxidative processes of 10H-phenothiazine derivatives, there are

many studies devoted to their mechanisms!®%. In the work of B. Blankert et al.'*® the
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pattern for the oxidation of 10H-phenothiazine derivatives has been presented for
promethazine (PMTZ) and promazine (PM2Z).

Scheme 53 illustrates the general trends regarding the oxidation of phenothiazines
taking into account literature data'®>'%. The first stage of oxidation of phenothiazine
derivatives (PT, Scheme 53), proceed one-electron process where cation radical is formed
(PT*™). For 10H-phenothiazine without additional substituents, this process occurs at a
potential of 0.69 V & Ag/AgCI?®’. Further oxidation leads to the formation of a dication
(PT?*, Scheme 53). In the case of oxidation of PT?*in literature were showed upon enzymatic
and electrochemical oxidation two possible parallel mechanisms, i.e., formation of the
corresponding sulfoxide (PT-SO) or even dioxygenated sulfone (pathway A, PT-SOz2), and
other mechanism is the cleavage of the lateral chain (pathway B). For promethazine
hydrochloride (PMTZ), it takes pathway B + A; and for promazine hydrochloride (PMZ)
takes pathway A (Scheme 53).

Pathway B, after the cleavage of the lateral chain, obtained 10H-phenothiazine may
proceed further oxidation already via pathway A. For 10H-phenothiazine, dimer formation is
possible due to the forming of mesomeric structure (example shown in Scheme 53, PT? *-

meso).
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Scheme 53. Oxidation pattern of promethazine (PMTZ) and promazine (PMZ) presented by

B. Blankert et al.1%,

6. Results and discussion

6.1 Introduction

This chapter has been divided into three main thematic blocks focusing around the
synthesis and functionalization of selected 1,10-phenanthrolines and their electrochemical,
spectroelectrochemical tests extended with DFT calculations. An additional thematic block is
a synthesis, functionalization, and oxidation reaction of selected 1,10-phenanthroline analogs.

The first main thematic block (Chapter 6.2) of the research is focused on the
preparation of 4,7-dichloro-1,10-phenanthrolines derivatives. The scope and limitations of the

reaction resulting from the used reagents, conditions, and substituents are also presented. The
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next paragraph (Chapter 6.2.2) presents research on electrochemical processes of selected 4,7-
dichloro-1,10-phenanthroline. In which the ongoing processes of reduction and oxidation of
selected compounds are presented. The reaction mechanisms were also presented, and the
influence of the substituent on the electoral properties of the compounds was compared.

The next paragraph (Chapter 6.2.3) describes the functionalization of selected 4,7-
dichloro-1,10-phenanthrolines mentioned in the previous paragraph. Functionalization was
based on the nucleophilic substitution in the C4 and C7 positions with selected amines such as
pyrrolidine, 9H-carbazole, and 10H-phenothiazine. Several examples of derivatives are
presented for each of the amines, where their reduction and oxidation mechanisms were also
investigated through electrochemical studies. DFT calculations supported all electrochemical
studies.

The following chapter 6.2.7 described the synthesis of selected 1,10-phenanthroline
acids. Several possible oxidation and hydrolysis reactions were presented for selected
derivatives, including commercially available neocuproine. The analysis of the obtained
products was carried out, indicating the scope and limitations of the reaction resulting from
many factors such as compound stability of compounds and the influence of the substituents
and the reagents used. The research results confirmed the complexity and difficulty in the
preparation of 1,10-phenanthroline acid derivatives, which suggested focusing on other
reaction pathways for the preparation of acids, such as the oxidation of aldehydes.

The second main thematic block (Chapter 6.3) is devoted to obtaining unsymmetrical
and symmetrical 1,10-phenanthroline derivatives based on Skraup-Doebner-Von Miller
reaction and reaction based on using Meldurm acids. The first part of this block presents
studies for the monochloro derivatives of 1,10-phenanthroline as reagents for the designed
synthesis of monosubstituted 1,10-phenanthrolines. One of the final products required the
SNAr reaction, where the known competitive VNS reaction could also occur. An interesting
result of this transformation was found. The product was obtained in the way of both
competitive substitutions, which was a dead-end for further research. This finding resulted in
the continuing of the research in the direction of VNS reactions development.

The third thematic block (Chapter 6.4) was devoted to the synthesis, functionalization,
and oxidation reaction of quinoline and benzo[h]quinoline derivatives. Although this work
focuses on 1,10-phenanthroline derivatives, the choice of this type of analogs resulted from
simpler synthesis and cheaper reagents. This allowed the development of methods that may be

used in the preparation of 1,10-phenanthrolines and their oxidation. This chapter describes the
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simple and easily available molecules such as quinoline and benzo[h]quinoline derivatives.
These compounds have been selected to help better understand described processes, and the
knowledge was used in the synthesis of new 1,10-phenanthroline derivatives. These model
molecules are an excellent way to understand the scope and limitations of the reaction, which
may well be used for selected 1,10-phenanthrolines. It is mentioned in the chapter “Selected
acids derivatives of 1,10-phenanthroline” (5.6.2) that until now, there is no reported easy and
predictable synthesis of the carboxylic acid of 1,10-phenanthrolines. Because of this, simpler
models such as quinoline and benzo[h]quinoline derivatives were chosen. The first two
paragraphs present the methodology of synthesis and oxidizing dicarbaldehydes of quinolines
and benzo[h]quinolines.

The third paragraph (Chapter 6.5) was devoted to the study of VNS reactions for
selected nitroguinoline derivatives. This research direction was initiated during this work on
the preparation of monosubstituted 1,10-phenanthroline derivatives, in the designed six-step
procedure for the preparation of monoamine derivatives of 1,10-phenanthrolines, the fourth
step of the procedure required an SNAr transformation where the known competitive VNS
reaction could also occur. An interesting result of this transformation turned out to be
obtaining the product in the way of both competitive substitutions. The obtained result

initiated the development of the research on VNS reactions.

6.2 Synthesis, functionalization and oxidation, and reduction

processes of 1,10-phenanthroline derivatives

This chapter presents studies on the preparation of 1,10-phenanthroline derivatives. In
order to distinguish individual methods of obtaining them, each method has been discussed in
a separate subsection.

6.2.1 Syntheses of symmetrical and unsymmetrical 1,10-phenanthroline
derivatives based on synthesis with Meldrum acid

The experimental work started by synthesis of 4,7-dichloro-1,10-
phenanthroline derivatives 4 using a three-step condensation of 2,2-dimethyl-1,3-dioxane-4,6-

dione (Meldrum’s acid), orthoesters, and ortho-phenylenediamines 1 (Scheme 54) (each step
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of reaction was discussed in chapter 5.3.2). Compounds 4 were prepared with high yield, even
on the scale of several grams.

The main aim of the research was to obtain new 1,10-phenanthroline precursors for
further functionalization. An additional aim was to demonstrate the limitations of the
reactions and the improvement of available procedures.

The first step is the reaction of the selected diaminobenzene with Meldrum's acid and
the selected orthoester (TMOA or TMOF). In addition to a decent product, by-products in the
form of a benzimidazole derivative were isolated. The work of Kaboudin et al.*? confirms
this, where they present the reaction of diaminobenzene with an orthoester to form
benzimidazole (Scheme 11, chapter 5.3.2). The formation of benzimidazole derivatives may
result from carrying out the reaction in excess of an orthoester.

The next stage is internal cyclocondensation of in situ generating ketene. This reactive
intermediate is thermally generating through acetone and CO: elimination in refluxing
diphenyl ether. At this stage, no possible limitations were detected.

The final stage is the conversion of carbonyl groups at C4 and C7 by chlorine atoms
into final chloro-compounds, i.e., 4,7-dichloro-1,10-phenanthrolines with phosphoryl
chloride. In this step, a great improvement in the isolation of the product is the evaporation of
excess solvent after the conducted reaction. The received compounds were fully
characterized, including spectroscopic methods and melting points measurements.
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R! 1. Meldurm acid's, TMOA or TMOF
2. diphenyl ether, 240 °C
3. CI3P(=0)

H,N NH,

1 4,32-93 %

4 Yield

Noo. R R!' (%) No. R R! (%)

a H H 84 g CH: F 93
b H F 85 h CH: Cl 78
c H Cl 75 i CH: Br 68
d H CH: 91 j CH: CHs 86
e H CN 48 k CH: CN 32

f CHs H 92 1 CH, COOEt 38

Scheme 54. Synthesis of selected 4,7-dichloro-1,10-phenanthroline derivatives 4.

By analyzing mass spectra for the prepared 4,7-dichloro-1,10-phenanthrolines (4), a
fragmentation with the initial loss of chloride was observed, followed by the loss of a second
chloride (Figure 4) and further decomposition, except for molecule 4i, which first eliminates
bromide (Figure 5).
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Figure 4. MS-EI spectrum for 4h.
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Figure 5. MS-EI spectrum for 4i.

The research results in this chapter have been published in our papert®.

6.2.2 Electrochemical and spectroelectrochemical studies of selected 4,7-

dichloro-1,10-phenanthroline

The electrochemical behavior of selected 4,7-dichloro-1,10-phenanthrolines was
studied in non-aqueous solution using cyclic voltammetry (CV), controlled potential
electrolysis, in-situ UV-Vis and IR spectroelectrochemistry, and HPLC-DAD (HPLC with
diode array detector) and HPLC-MS/MS techniques. Additionally, the substitution of
phenanthrolines at positions C2, C9, and C5 with methyl group, C5 for chlorine and/or
fluorine atoms, was analyzed to check the influence on redox properties and the potential gap
between the oxidation and reduction potentials.

The research results in this chapter have been published in our papers!®1%°,

6.2.2.1 Oxidation

Oxidation properties did not show significant differences in the number of oxidation
waves and their potentials amongst the investigated compounds and correlate with the
calculated HOMO energies. The cyclic voltammograms of compounds 4a, 4b, 4d, 4f, 4h
yield two oxidation waves similarly to Phen (1,10-phenanthroline) (Figure 6).

The oxidation of the target compounds most likely leads to a short living radical
cation, and then a dimer can be formed (the first wave). The second oxidation wave, possibly

assigned to the formation of a dication, occurs at a higher potential (around 2 V) and is poorly
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developed. The oxidation of compound 4b, which has one fluorine substituent at position C5,
occurs at higher potentials than that of compound 4a. Thus, compound 4b is more stable
against oxidation than compound 4a, thanks to the presence of the fluorine substituent. This
oxidation wave is no more present in the CV measured after the oxidative electrolysis
performed at the potential of the second wave; nevertheless, the chromatograms before,
during, and after the electrolysis did not feature any new peak. A dication was formed as a
final product, which is then detected as a neutral species in the chromatogram performed in an
aqueous solution; alternatively, the formed radical dimerizes in a species that is not stable and

readily decomposes to the monomer, which is then detected in the chromatographic analysis.

I/ A

I/ nA

E/V vs. AglAgCl|1M LiCl

Figure 6. Cyclic voltammogram of 0.63mM 4a (Panel A), 0.67mM 4b (Panel B), 0.67mM 4d
(Panel C), 0.63mM 4f (Panel D), 0.55mM 4h (Panel E) and 0.63mM Phen (Panel F) in 0.1 M
TBAPFs in acetonitrile. The scan rate was 0.1 V-s™*. The insets show the spatial distribution

of HOMO orbitals for all the investigated molecules.
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The UV-Vis spectroelectrochemistry at the potential of the first oxidation wave
confirms that the reaction is indeed chemically reversible (Figure 7). A new wide absorption
band at 344 nm increases, while the absorption band at 241 nm related to Phen moiety
decreases. These changes are accompanied by an increase in the bands at 277 nm and 218 nm
and a decrease in the band at 306 nm. During the rereduction, all mentioned changes reverse
(Figure 7B). The absorption spectra do not show any changes in the region above 400 nm
during oxidative electrolysis in the spectroelectrochemical cell. The identification of oxidation
products was not successful. Chromatograms of solutions before and after electrolysis
recorded using HPLC-DAD did not show any changes, no additional peaks were present, and
no decrease of the peak of the starting compound was observed, even if cyclic
voltammograms showed a decrease of its oxidation peak. Neither HPLC-MS/MS helped to
find at least non stable intermediates, possibly because of difficulties with the composition of

the analyzed solution containing high amounts of TBAPFe.
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Figure 7. UV-Vis spectroelectrochemistry of compound 4b at the first oxidation wave (Panel

A) and the rereduction of the formed oxidation product (Panel B).

The chemical reversibility was also highlighted by IR spectroelectrochemistry (Figure
10). The minimal energy of three different dimer structures formed by the reaction of 4b at
positions C2, C3, and C9 was calculated. The results showed that the most favorable is the
formation of a dimer C9-C9 (inset in Panel A of Figure 8) since the minimal energy
calculated for this structure geometry is 441.3 kJ/ mol, while the values for the minimal
energy were higher for other structures (dimer C3-C3: 534.7 kJ/mol, dimer C2-C2: 442.7
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kJ/mol). During oxidation, a decrease in the vibration bands belonging to compound 4b
occurred: 1628 cm™! (calculated value is 1622 cm™; partial decrease corresponds to presence
of dimer with calculated value 1617 cm™), 1545 cm™ (1532 cm™), 1330 cm™ (1320 cm™),
1288 cm™ (1310 cm™), 1275 cm™ (1272 cm™), 1242 cm™ (1244 cm™), 1160 cm™ (1144
cm™), 1118 cm™? (1110 cm™), 1088 cm™ (1061 cm™) as shown in Figure 10A.
Simultaneously, the vibration bands assigned to the suggested dimer increase: 1613 cm™
(1589 cm™), 1589 cm™* (1584 cm™?), 1533 cm™? (1522 cm™), 1324 cm™® (1328 cm™Y), 1297
cm™t (1281 cm™), 1283 cm™* (1260 cm™), 1216 cm™ (1225 cm™?), 1171 cm™* (1155 cm™Y),
1125 cm™ (1129 cm™). The calculated wavenumbers are in very good agreement with the
experimental values. The IR spectrum obtained after the rereduction of the oxidation product

is in agreement with the IR spectrum of compound 4b.
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Figure 8. IR spectroelectrochemistry of compound 4b at the first oxidation wave (Panel A)
and IR spectroelectrochemistry during the rereduction of the formed oxidation product (Panel
B) in the ranges 1750-1510 (on the left) and 1360-1080 cm™ (on the right). The inset of Panel

A shows the chemical structure of the suggested dimer.
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The formation of the suggested dimer structure is also in agreement with the literature
on the ortho-ortho coupling of pyridinones?®°2%L, Interestingly, in the acetonitrile solution of
4b before electrolysis, small traces of a second compound were identified by chromatography
interfaced with high resolution tandem mass spectrometry. This compound is characterized by
the molecular formula C12HeCIFN20, identified by the detection in the full spectrum of ions at
249.0222 corresponding to [M + H]*; 271.0042 corresponding to [M + Na]*; and 519.0196
corresponding to [2 M + Na]* (Figure 9). The tandem mass spectrum features ions at m/z
229.0143, 207.099, 201.0193, 174.0087, and 166.0508. Although the interpretation of the
tandem mass spectrum is not straightforward, based on the molecular formula, this species
was tentatively interpreted as a hydroxylated derivative of 4b.

x10% x10

1.4] [C,,HCIFN,O+H]* 5
249.0222 [CLHCIFNO#Nal 248.0209
271.0042

0.5
251.0194
273.0009 166.0508 201.0193

1 229.0143

”4 oos7 207 0099
| | | A 1300400 | 186.0564 221 04‘154
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Counts vs. Mass-to-Charge (m/z) Count: M s-to-Chal rg (mi )

Figure 9. High resolution mass spectrum (on the left) and tandem mass spectrum (on the
right) of the peak assigned to the hydroxylated derivative of 4b. Positive acquisition mode,
the voltage applied in the collision cell 30 V. The predicted exact mass and isotopic pattern
for the species are shown in red, superimposed to the acquired data.

6.2.2.2 Reduction

A detailed analysis of the characteristics of the reduction peaks suggested that the first
two reduction waves correspond to irreversible two-electron processes (Figure 10). This fact
was confirmed by potentiostatic coulometry since the charge consumed at the potential behind
the first reduction wave and the second reduction wave corresponded to two and four
electrons, respectively. The first two reduction waves were thus attributed to the subsequent
reductive cleavage of both chlorine substituents (Scheme 55). Since its peak current is linearly
proportional to the scan rate and does not change with concentration, this peak is an
adsorptive prepeak. The third and fourth reduction peaks are one-electron reductions of Phen
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to its radical anion and dianion, as described in the literature?®? and confirmed by the CV of
Phen measured under the same conditions (Fig. 10F). Insets in Fig. 10 show the dependence
of peak current of the first wave on the square root of scan rate, which was linear for all
compounds. It means that the reduction at the electrode was controlled by diffusion.
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Figure 10. Cyclic voltammogram of 0.63mM 4a (Panel A), 0.67 mM 4b (Panel B), 0.67mM
4d (Panel C), 0.63mM 4f (Panel D), 0.19mM 4h (Panel E) and 0.63 mM Phen (Panel F) in
0.1M TBAPFs in acetonitrile. The scan rate was 0.1 V-sL. Insets show the dependence of

peak current of the first reduction peak on the square root of scan rate.
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Scheme 55. Proposition of reduction mechanism of 4,7-dichloro-5-fluoro-1,10-
phenanthroline (4b).

The first reduction of 4b is facilitated if compared to that of 4a because of the
pronounced inductive effect of the fluorine substituent. LUMO energies calculated for both
compounds agree with this experimental finding: ELumo (4a) = —1.89 ¢V > ELumo (4b) =
—1.97 eV (the calculated spatial distribution of LUMO orbitals for all studied compounds is
shown in Fig. 11A). The cleavage of chloride from C4 position is suggested for molecule 4b
according to the higher difference in atomic charges compared to that of C7-chlorine (Fig.
11B). The presence of two methyl groups at C2, C9 positions (compound 4f, E;=—1.68 V)
caused a 110 mV shift in the reduction peak toward lower potentials if compared to 4a
(Ez=—1.57 V) due to a contribution of a positive inductive effect of the methyl group (Figure
10A, D). Almost no influence of the methyl substitution at position C5 on peak potential was
experimentally found comparing reduction potentials of 4a and 4d (Figure 10A, C). The

calculated LUMO energies for the studied molecules in vacuum decrease in the following
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order: ELumo (4f) = —1.66 eV > ELumo (4d) = —1.79 eV > ELumo (4a) = —1.89 eV > ELumo
(4b)=-1.97eV.
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Figure 11. Theoretical calculations: Panel A shows the spatial distribution of the LUMO
orbitals for molecules 4a, 4b, 4d, 4f, 4h. Panel B shows the electrostatic potentials of the
atoms participating in the CCI bond for compound 4b.

Compound 4h contains three chlorine atoms in the molecular structure, and its CV
presents one additional reduction wave at —1.37 V (labeled as 0 in Figure 10E). All of the
chlorine substituents are reductively cleaved in three subsequent reduction steps. The
reductive cleavage of this additional carbon-chlorine bond occurs more easily if compared to
the dechlorinated molecule 4f (specifically, at a higher potential, with a 310 mV difference).
Such behavior is in accordance with the reduction of halogenated compounds containing a
number of halogen atoms higher than one, as previously found and described for mono- and
dichlorinated hydroxybenzonitriles?®®, where the difference in the first reductions between
mono- and dichlorinated compounds was equal to 855 mV. The calculated ELumo (4h)
=—1.90 eV is considerably lower than that calculated for 4f, in agreement with the difference
observed for the reduction potential. The transfer coefficient a was calculated using equation
|Ep2 — Ep| = 1.857 RT/aF?* for all investigated compounds in this chapter. These values are
all above 0.5 and point to a stepwise cleavage of a halide from the molecule.

81



The results of the UV-Vis spectroelectrochemistry experiments performed during the
reductive electrolysis of 4b at the potential of the first reduction wave are depicted in Figure
12A. A decrease in the absorption bands at 267 nm and bands at 295 and 307 nm belonging to
4b is accompanied by the increase in the absorption at 219, 350, and 401 nm. The absorption
band at 242 nm does not change its intensity but undergoes a slight bathochromic shift. When
positive potential equal to 0.1 V was applied, no changes in the absorption spectrum were
observed, indicating that the reaction was chemically irreversible. Scheme 55 shows the
reduction mechanism assessed for compound 4b. The radical anion formed after the uptake of
the first electron by the molecule undergoes the cleavage of a chloride; an aryl radical is
formed, and it is reduced by the second electron to give an aryl anion. The reaction is
terminated by the reaction of the anion with a proton from the water traces present in the
solvent. The occurrence of this reaction was proven by observing the apparent decrease of the
two typical absorption bands of water during IR spectroelectrochemical experiments at the
first reduction wave (data not shown). The changes in the IR spectra (Figure 12B and C)
during the reductive electrolysis at the potential of the first reduction wave support the
suggested reduction mechanism. Figure 12B and C show a decrease in the vibration bands
belonging to compound 4b: 1628 cm™ (calculated value is 1622 cm™), 1573 cm™ (1576
cm™1), 1545 cm™? (1532 cm™), 1288 cm™ (1310 cm™?), 1275 cm™ (1272 cm™Y), 1160 cm™
(1144 cm™), 1118 cm™ (1110 cm™?), 1088 cm™ (1061 cm™). During the reduction, the
vibration bands assigned to the reduction product 4-chloro-6-fluoro-1,10-phenanthroline
containing only one chlorine substituent (labelled as 4b mono-Cl) increase: 1639 cm™ (1630
cm™1), 1608 cm™? (1603 cm™?), 1586 cm™ (1583 cm™), 1343 cm™ (1339 cm™?), 1307 cm™?
(1321 cm™), 1261 cm™ (1252 cm™), 1246 cm™ (1234 cm™), 1137 cm™* (1126 cm ™), 1103
cmt (1078 cm™). Even if calculated for the molecule in a vacuum, the calculated

wavenumbers are in very good agreement with the experimental values.
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Figure 12. UV-Vis spectroelectrochemistry (Panel A) and IR spectroelectrochemistry in the
ranges 1800-1520 and 1360-1080 cm™ (Panels B, C) at the first reduction wave of

compound 4b.

The solutions obtained during the reductive electrolysis were examined by
chromatographic techniques such as HPLC-DAD and HPLC-MS/MS in +ESI positive mode.
The chromatograms obtained by injecting the solution before, during, and after the reductive
electrolysis of 4b in acetonitrile are shown in Figure 13. The absorption spectrum of the
resulting product obtained after subtraction of the background (inset on the left in Figure 13)
is in good agreement with the absorption spectrum recorded during spectroelectrochemical
experiments shown in Figure 12A. The cyclic voltammogram recorded in solution after the
electrolysis shows a decrease in the first reduction wave and a new oxidation wave due to the
resulting 4b mono-ClI product (inset in Figure 13). The presence of the starting compound in
the chromatogram in Figure 13D agrees with the cyclic voltammogram shown in the inset on
the right of Figure 13. The oxidation of the formed chloride anion occurs in backward scan at

1.3 V205206 Thjs wave appears only when reaching the potential of the first reduction wave.
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Figure 13. Chromatogram of the solution before (A), during (B, C), and after the 80% of the
reductive electrolysis (D). The inset on the left shows the absorption spectrum registered for
the peak at 13.8 min. The inset on the right reports the cyclic voltammograms before (a) and
after the 80% of the electrolysis (b) of 4b in 0.1 M TBAPFs in acetonitrile at —1.4 V, recorded
separately for reduction and oxidation as depicted by arrows.

Figure 14 shows the tandem mass spectrum of the ion characterized by m/z 266.9894,
corresponding to the molecular ion [M + H]" of compound 4b. The tandem mass spectrum
features as main m/z product ions: 246.9816 corresponding to [M + H-HF]" and 231.0119
corresponding to [M + H-HCI]*". 7-Chloro-5-fluoro-1,10-phenanthroline (4b mono-Cl) was
identified as the reduction product at the potential of the first reduction wave (—1.4 V). Its [M
+ H]" molecular ion at 233.0285 m/z was fragmented and its tandem mass spectrum, depicted
in Figure 14B, features as main m/z product ions: 197.0538 [M + H-HCI]* and 171.0485. The
electrolysis at potential —2.0 V resulted in the cleavage of both chlorines from the molecule,
and 5-fluoro-1,10-phenanthroline (Phen-F) was identified ([M + H]™ at 199.0665). Figure
14C shows its main m/z product ions in the tandem mass spectrum: 172.0549 [M + H-HCN]",
122.9475.
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Figure 14. High resolution mass spectra (on the left) and tandem mass spectra (on the right)
of the peaks assigned to (A) compound 4b, (B) product of reduction after electrolysis of 4b at
the first reduction wave (4b mono-Cl) and (C) product of reduction after electrolysis of 4b at
the potential of the second reduction wave (Phen-F). Positive acquisition mode, voltage
applied in the collision cell 30 V. The predicted exact mass and isotopic pattern for the three

species are shown in red, superimposed to the acquired data.

6.2.3 Functionalization of selected 1,10-phenanthrolines with pyrrolidine,

9H-carbazole and 10H-phenothiazine substituents.

In the current study, the functionalization of selected 1,10-phenanthroline derivatives
at C4 and C7 positions was the focus, which has not been fully exploited and may serve as
interesting building blocks for designing new catalyst or luminous layer material in OLEDs.

The introduction of the chlorine atom in the 1,10-phenanthroline skeleton opened
opportunities for further functionalization. Five 4,7-dipyrrolidinyl-1,10-phenanthrolines (5a-
5e) (Scheme 56) with four novel structures were synthesized from their precursors 4 by
microwave-assisted nucleophilic aromatic substitution with a 10-fold excess of pyrrolidine.

Reactions were carried out in a sealed vial in a microwave reactor at 130 °C (Scheme 56).
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MW irradiation improves the reactivity of the substitutions, shortening the reaction time to
give the substitution products better yields. In the absence of MW irradiation, the substitution
reaction failed to initiate. The yields of products depend on the substituent R?, which may
influence the outcome of the reaction through steric and/or electronic effects. Unexpectedly
R! fluorine or chlorine atoms failed to undergo substitution. This phenomenon can be
explained by a steric hindrance attributed to the already introduced pyrrolidinyl rings and too
high an electron density on the carbon atom at C5 position. One of the obtained compounds,
the 5-fluoro-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline 5b, was determined by single-crystal

X-ray diffraction measurements Figure 15.

4a, de, 41, 4g, 4] 5a-5e, 38-51%

R'=H, F, Cl, CH;
R=H, CH,

Precursors : N : R R! Yield

,' %)

4a 5a H H 38
4c 5b H Cl 42
af 5¢ CH; H 48
4g 5d CH; F 51
4j Se CHs CHs 39

Scheme 56. Obtaining 4,7-dipyrolidine-1,10-phenanthroline derivatives.

Figure 15. ORTEP drawing of compound 5d with 30% probability. The solvent molecules
and fluorine disorder were omitted for clarity.
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Another part of this research was the further substitution of 4,7-dichloro-1,10-
phenanthroline. Four 4,7-di(9H-carbazol-9-yl)-1,10-phenanthrolines and four 4,7-di(10H-
phenothiazin-10-yl)-1,10-phenanthroline derivatives with seven novel structures which were
synthesized from molecules 4 by nucleophilic aromatic substitution with 9H-carbazole and
10H-phenothiazine, respectively (Scheme 57). Reagents were stirred overnight under reflux.
The chemistry was based on inexpensive, commercially available reagents and easily
synthesized heterocycles 4, which possess methyl, CN, fluorine, or hydrogen atom marked on

Scheme 57 as R™.
R! O R' O O
cl cl N X
) N O O NaH, THF {/j%

H reflux, overnight N N

4a, b, 4d, de 5f-5i, 54-89%
R'=H, F, CH;, CN

‘ eelry
Cl Cl 3 3 i
/ N\ @ D NaH, THF . @
—
- = + |\| reflux, overnight 4 N\

4a, 4b, 4d, 4e 5j-5m, 83-96%
R'=H, F, CH;, CN

S
Precursors R! Yield ©[ j@ R Yield
N

N (%)

4a st H 86 5§ H 9%
4b sg F 54 5k F 9%
4d 5h CH: 89 51 CH: 84
e si CN 86 5m CN 83

Scheme 57. Synthesis of 4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline (5f-5i) and 4,7-
di(10H-phenothiazin-10-yl)-1,10-phenanthroline (5j-5m) derivatives.

The yields of 9H-carbazole derivatives 5 were lower than for 10H-phenothiazine
derivatives. In all cases, the purification of 9H-carbazole derivatives 5 required
chromatographic methods to receive pure products. However, the purification of 10H-
phenothiazine could be carried out by crystallization from the mixture of CH2Cl, (or THF)
and hexane to afford products even on a multigram scale. The highest yield and less complex
reaction mixture of 10H-phenothiazine derivatives can be attributed to the better nucleophilic

properties of 10H-phenothiazine anion than 9H-carbazole.
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What is interesting K. Wu et al.?’ obtained the X-ray structure of 4,7-di(10H-
phenoxazin-10-yl)-1,10-phenanthroline, which was cocrystallized with THF as a guest
molecule located in the crystalline frameworks. The THF molecule is surrounded by two
10H-phenoxazine rings and a 1,10-phenanthroline core. This effect could explain that in *H-
NMR and C-NMR studies was a visible presence of signals from THF for 10H-
phenothiazine derivatives 5j, 5k, and 51 (for compound 5k, Figure 16, 17).
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Figure 16. *H NMR (CDCls; 500.2 MHz) for 5k.
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Figure 17. **C NMR (CDCls; 500.2 MHz) for 5k.

It is worth noting that in the case of molecule 51, with a methyl group marked as R, no
residual THF signals have been detected. 9H-Carbazole derivatives have shown similar
supramolecular inclusion processes to compounds 5j, 5k, and 5I, in which the solvent is
located in a cage made by 1,10-phenanthroline derivatives, however, with smaller intensity on
1H NMR spectrum.

The research results in this chapter have been published in our paper
88
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6.2.4 Electrochemical and spectroelectrochemical studies of selected 4,7-

di(pyrrolidin-1-yl)-1,10-phenanthroline

The reduction and oxidation mechanisms of selected 4,7-di(pyrrolidin-1-yl)-1,10-
phenanthrolines were investigated in the non-aqueous environment using cyclic voltammetry
(CV), controlled potential electrolysis, in-situ UV-Vis and IR spectroelectrochemistry, and
HPLC-DAD (HPLC with diode array detector) and HPLC-MS/MS techniques.

The research results in this chapter have been published in our paper®®,

6.2.4.1 Oxidation

Compound 5a yields four oxidation waves labeled as Ox1 - Ox4 in the potential range
from —0.5 V to 2.2 V (Figure 18). The first oxidation wave, Ox1, occurs at 1.02 V (for 2,9-
dimethylated derivative 5¢: 0.930 V). The spatial distribution of HOMO orbitals in 5a and 5¢
shows the delocalization of HOMO on the conjugated aromatic rings and the nitrogen atom of
the substituent (the inset of Figure 18 for 5a, and Figure 19 for 5c).
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Figure 18. Cyclic voltammograms of 0.63 mM 5a in 0.1 M TBAPFs /acetonitrile recorded at
scan rate 0.1 V -s™* on glassy carbon electrode. The direction of polarity was changed behind
the first (Ox1 - empty blue circles), second (Ox2 - dashed green curve), and third (Ox3 —solid

red curve) oxidation wave. The dotted curve represents the cyclic voltammogram of 0.63 mM
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1,10-phenanthroline (Phen) obtained at the same conditions. The inset shows an enlarged
portion of the same CV depicting Ox1 and Ox2 peaks in detail and HOMO spatial distribution
calculated for neutral 5a molecule.

Figure 19. HOMO spatial distribution calculated for neutral 5¢c molecule.
Since the non-substituted 1,10-phenanthroline molecule is not electroactive at the

potential of Ox1, thus a radical cation is primarily formed on the nitrogen atom of the

pyrrolidinyl group, as suggested in Scheme 58.
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Scheme 58. The proposition of oxidation mechanism of molecules 5a and 5c.

The energy Enomo (5a) = —5.41 eV is lower than Enomo (5¢) = —5.30 eV, and the
values agree with those of peak potential experimentally obtained for both compounds. The
second oxidation wave, Ox2 occurs at 1.50 V (for 2,9-dimethylated derivative 5c: 1.36 V); the
third oxidation wave was recorded at 2.06 V (for 5¢: 1.91 V), and the fourth wave at 2.35 V is
poorly defined (for 5c: 2.21 V). All the oxidation peaks current Ox1 - Ox4 are diffusion
controlled, since the peak current depends linearly on the square root of scan rate (inset of
Figure 20B for 5c ). All peak currents of processes Ox1 - Ox4 are linearly proportional to
bulk concentration. The inset in Figure 20A shows the dependence of the peak current of the
first oxidation wave of 5a on its concentration. Interestingly, a small pre/post-peak labeled as
Ads occurs at 1.279 V and its height remains constant at different concentration values above
0.28 mM (Figure 20A).
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Figure 20. Panel A: Cyclic voltammograms of 5a at different concentrations a) 0.11, b) 0.21,
c) 0.28, d) 0.44 and e) 0.63 mM at scan rate 0.1 V -s™* on glassy carbon electrode. The inset
of panel A represents the dependence of the faradaic peak current of the oxidation wave Ox1
on concentration. Panel B: Cyclic voltammograms of 0.28 mM 5c at different scan rates a)
0.03, b) 0.06, ¢) 0.1, d) 0.125 and €) 0.2 V - s7* . The inset of panel B depicts the dependence
of the faradaic peak current of the first oxidation wave Ox1 on the square root of scan rate. In

all measurements, 0.1 M TBA PFe in acetonitrile served as a supporting electrolyte.

This behavior is a clear indication of an adsorption pre/post-wave?®*. Importantly, the
presence of the molecular layer adsorbed at the electrode/electrolyte interface does not
hamper the electron transfer processes of molecules diffusing from the bulk of the electrolyte.
A detailed analysis of potential peak values of the wave Ox1 provides slopes amounting to
0Ep | 6log v = 38 mV and 0Ep / dlog ¢ = 29 mV for compound 5a, and JEp / dlog v = 29 mV
and oEp / dlog ¢ = 33 mV for compound 5c¢ (Figure 21, Supplementary material), which are
consistent with the theoretical values of 29 mV per decade characteristic for ECE reaction

scheme?%,
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Figure 21. The dependence of peak potential of the first oxidation wave Ox1 on the scan rate
(left) and on concentration (right) for compounds 5a (A, B) and 5c (C, D), respectively. In all

experiments, 0.1 M TBAPFs in acetonitrile served as a supporting electrolyte.

The ECE process is followed by the nucleophilic addition of water (water traces are
present in anhydrous acetonitrile, even if below 0.001%) and results in the formation of
hydroxylated products 5a-P1, 5¢-P1, which are formed at the potential of the wave Ox1. This
process is analogous to what was observed for the cyanation of N-protected amines, which
leads to cyano derivatives formed in the ortho position?!%2, Concerning the oxidation
process Ox2, the values calculated for 0E, / dlog v = 29 mV and J6E, / dlog ¢ = 29 mV found
for compound 5c¢ support an oxidation mechanism similar to that occurring at Ox1 (data not
shown). As discussed below, compounds 5a-P2, 5c-P2 were identified as the oxidation
products at the wave Ox2, suggesting that the ECEC mechanism corresponds to the 2e /2H*
process and nucleophilic addition of water. Peaks Ox3 and Ox4 are attributed to the oxidation
of 1,10-phenanthroline moiety as corresponding features occur at similar potential values in
the cyclic voltammetric response of 1,10-phenanthroline (Figure 1). The IR
spectroelectrochemistry performed at the potential of the first oxidation wave shows changes
in the intensity of absorption bands, and several isosbestic points are present in the spectra
(Figure 22).
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Figure 22. IR spectroelectrochemistry of 2.9 mM compound 5c recorded while sweeping the
electrode potential through the first oxidation wave in 0.1 M TBAPFe in acetonitrile.

Wavenumbers of obtained isosbestic points are marked with dashed arrows.

Since theoretical calculations of IR spectra result in very similar IR spectra of 5c¢ and
5¢-P1 (4-(2-hydroxypyrrolidin-1-yl)-2,9-dimethyl-7-(pyrrolidin-1-yl)-1,10-phenanthroline) as
presented in Table 1 and Figure 23, the appropriate changes in the absorption bands were

difficult to resolve.

Table 1. Calculated and experimental values of wavenumbers of compounds 5c and 5c-P1 in

cm™,

4,7-di(pyrrolidine-1-yl)-2,9-dimethyl-1,10-phenanthroline (5c)

Calc. 1606 1592 1577 1543 1501 1351 1320 1279 1247 1233
Experim. 1623 1606 1585 1567 1543 1354 1313 1284 1258 1230

4-(2-hydroxypyrrolidin-1-yl)-2,9-dimethyl-7-(pyrrolidin-1-yl)-1,10-phenanthroline (5c-P1)

Calc. 1606 1591 1576 1542 1502 1373 1351 1333 1320 1286 1280 1241 1214
Experim. 1623 1606 1585 1567 1543 1367 1354 1324 1313 1293 1284 1258 1225
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Figure 23. IR spectra of 4,7-di(pyrrolidine-1-yl)-2,9-dimethyl-1,10-phenanthroline (5c),
4-(2-hydroxypyrrolidin-1-yl)-2,9-dimethyl-7-(pyrrolidin-1-yl)-1,10-phenanthroline  (5c¢c-P1)
calculated using the DFT employing the EDF2 functional and 6-31G* basis set.

The absorption bands of 5¢ at 1606, 1567, 1313, 1258, and 1230 cm™ decrease to the
intensity of the band belonging to the oxidation product 5c-P1 (calculated as 1591, 1542,
1320, and 1241 cm™ for 5¢-P1). Simultaneously, the absorption bands of 5c-P1
corresponding to stronger vibrations than in molecule 5¢ at 1623, 1585, and 1284 cm™
increase in the resulting absorption spectrum. Nevertheless, new absorption bands attributed
to 5¢-P1 are developed at 1516, 1324, and 1225 cm™ (Figure 22). Also, absorption bands of
5c-P1 at 1293 and 1284 cm! increase. The formation of the hydroxylated derivative is also
consistent with the increased absorption at 1367 cm™ (Figure 22) (calculated as 1373 cm ™ for
5c¢-P1). The expected band of O—H valence vibration was not experimentally confirmed as it
was hidden in the absorption of water traces in the solvent (data not shown). Importantly, IR
spectroelectrochemical measurements clearly confirmed the formation of a product 5¢c-P1.

The product 5¢-P1 was further identified by HPLC-MS/MS in solution after oxidative
electrolysis of 5¢ at m/z value 363.2186 [M + H]" with fragments at m/z : 292.1715, 277.1636
and 237.8430. Similarly, the hydroxylated derivative 5a-P1 (4-(2-hydroxypyrrolidin-1-yl)-7-
(pyrrolidin-1-yl)-1,10-phenanthroline) was found as the oxidation product in solution after
oxidation of compound 5a (Scheme 59) with m/z value 335.1860 corresponding to [M + H]*
with fragments at m/z : 317.1794, 307.1487, 291.1599, 277.1452, 265.1420 and 249.1191. All

other identified oxidation products are summarized in Table 2 . The formation of the open
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structure 5c-P6 (4-((4-hydroxybutyl)amino)-2,9-dimethyl-7-(pyrrolidin-1-yl)-1,10-
phenanthroline) (Scheme 59) during the oxidation of 5¢c-P1 can be explained by the primary
formation of the oxo derivative 5c-P4 (2,9-dimethyl-4-(2-oxopyrrolidin-1-yl)-7-(pyrrolidin-1-
yl)-1,10-phenanthroline) and subsequent opening of the ring as described in literature?2, The
amino derivative 5¢-P5 (2,9-dimethyl-7-(pyrrolidin-1-yl)-1,10-phenanthrolin-4-amine) most
likely originates from the further decomposition of 5¢c-P5 accompanied by the cleavage of 1-
butanol. Importantly, the derivatives presented in Scheme 59 were found as minor products

only upon the oxidation of 5c¢ at the potential of the second oxidation wave.

Table 2. Oxidation products of 5a and 5c¢: mass spectrometric data of the compounds depicted
in Schemes 58 and 59.

Compound The molecular MS precursor MS? product ions: m/z
formula of MS ion: m/z
precursor
5a-P1 [C20H22 N2O + H]* 335.1867 317.1794, 291.1599, 277.1452,
265.1420, 249.1191
5c¢-P1 [Ca2H 26N2O + H]"  363.2178 345.2140, 292.1715, 277.1636
5¢-P2 [Co2H26N4O2 + H]*  379.2112 361.2025, 320.1638, 308.1564,
292.1669
5c¢-P3 [C18H19N30 + H]* 294.1599 264.1116, 252.1141, 225.0983
5c-P4 [C22 H22N4O + H]"  361.2018 333.1784, 319.1556, 305.1755,
292.1540, 277.1539
5¢-P5 [CigH20N4 + H]* 293.1764 263.1298, 251.1309, 237.1266,
2241174
5¢-P5 [C22H2sN4O + Na]™  387.2092 378.1942, 361.1942, 351.1715,
326.1434
[C22H2sN4O + H]*  365.2275 not acquired
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H;C CH; H;C CH; H;C CH;,
5c¢-P3 5c-P4 5¢-P5 5¢-P6

Scheme 59. Minor products identified in solution after the oxidation of molecule 5c.

6.2.4.2 Reduction

The reduction properties of compounds 5a and 5¢ were investigated using a glassy
carbon electrode. The first reduction wave, Redl of compound 5a, occurs at —1.39 V and is
irreversible (Figure 24). The second reduction wave was found almost 0.7 V negatively at
potential —2.082 V. Similarly, compound 5c yields two irreversible reduction waves at —1.54
V and —2.21 V. Both reduction processes of compound 5c, expectedly occur at a more
negative potential than for compound 5a due to the positive inductive effect (+1) of methyl
group. Similarly, the calculated energy ELumo (5a) = —1.05 eV is lower than ELumo (5¢C) =
—0.90 eV. Since the LUMO orbitals are mainly localized on the 1,10-phenanthroline core
(inset of Figure 24 ), the first electron is likely transferred to the aromatic moiety, and a
radical anion is formed (Scheme 60). The comparison of these results with the cyclic
voltammogram of unmodified 1,10-phenanthroline recorded under the same conditions
(reduction waves obtained at —1.92 V and —2.15 V are represented by a dotted curve in Figure
24 ) indicates that the reduction of this aromatic structure is facilitated by the presence of
pyrrolidine-1-yl functional groups and that the corresponding radical anion is formed at the
first stage of the reaction. As confirmed by the further identification of reduction products
(Scheme 60), the pyrrolidine moiety is cleaved upon the reduction step Redl similarly as
chloride in chlorinated 1,10-phenanthrolines, see chapter 6.2.2.2. In the currently described
structures, the presence of a pyrrolidine-1-yl functional group causes a negative inductive
effect, similar to phenyl or chlorine substituents in the reduction of substituted heterocyclic
rings?® . Therefore, the formation of a radical anion is followed by the cleavage of
pyrrolidine, while the resulting aryl radical accepts the second electron, and the reaction is
terminated by an abstraction of a proton from the solvent (Scheme 60). The proton may be
taken from the water traces present in anhydrous acetonitrile (0.001% as described in the

Experimental part, chapter 6.1), or the proton donor can be another molecule of the compound
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5c¢ as discussed below since the peak potential Redl is shifted to positive potentials with

increasing concentration of 5¢ with the result of 6Ep / dlog ¢ = 39 mV.

-I/pAg

PRRERPTRPEN TR Sy

0.5 0.0 05 -10 -15 -20 05 00 -05 -10 -1.5
E vs. AglagcliM Licl / V E vs. AglagCIM LICI/ YV

Figure 24. Panel A: cyclic voltammograms of 0.63 mM 1a in 0.1 M TBAPFe /acetonitrile
recorded at scan rate 0.1 V - s on glassy carbon electrode. The direction of polarity was
changed behind the first (Redl - red dotted curve) and second (Red2 - black solid curve)
reduction waves. The dotted curve represents the cyclic voltammogram of 0.63 mM 1,10-
phenanthroline acquired in the same conditions. The cyclic voltammogram acquired in the
supporting electrolyte (background) is depicted by the curve of empty black circles. The inset
shows the spatial distribution of LUMO calculated for the 5a molecule. Panel B: Cyclic
voltammograms of 5a at different concentrations a) 0.11, b) 0.21, c) 0.28, d) 0.44 and e) 0.63
mM at scan rate 0.1 V - s~ 1. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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+e , +H*

5a, 5a-P7; R=H

Se, 5¢-P7; R=CH;

5a-P7, 5¢-P7

Scheme 60. Proposition of the mechanism of reduction of 5a and 5c¢ at the first reduction step

Red1.

Conversely, in the case of compound 5a, the value of the peak potential is shifted
negatively, and the following values were obtained: 0E, / dlog v = 50 mV and JE; / dlog ¢ =
29 mV (Figure 25).

T T T T T

-1/ pA

0.5 0.0 -0.5
E vs. AglAgCIIM LiC1 / V E vs. Agagciim Licl / V

Figure 25. Cyclic voltammograms of 0.28 mM 5a (Panel A) and 0.28 mM 5c¢ (Panel B) at
different scan rates a) 0.03, b) 0.06, c) 0.1, d) 0.125, e) 0.2 and f) 0.5 V -s™* . The insets of
both panels show the dependences of the peak current of the first reduction wave Redl on the
square root of scan rate (left) and the dependences of peak potential on scan rate (right). In all
experiments, 0.1 M TBAPFs in acetonitrile served as supporting electrolyte, and a glassy

carbon electrode was used as working electrode.
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The exhaustive reductive electrolysis was further performed to identify the reduction
products using HPLC-DAD and HPLC-MS/MS techniques. The electric charge consumed at
the potential of the first and second reduction waves corresponds to 1 and 4 electrons,
respectively. The low ratio between the peak currents Redl and Red2 in Figure 24 is most
likely caused by the kinetic character of current Redl, and possibly a self-protonation during
reduction mechanism is involved as described for several organic compounds in general, and
specifically for heterocyclic nitrogen compounds (chapter 6.2.2)2* . In detail, both the height
of the first reduction wave and the consumed electric charge corresponding to a one-electron
overall process, if calculated for the total initial amount of the compound. If half of this
amount serves as a proton donor to enable the reaction, as shown in Scheme 60, the height of
the first reduction wave will correspond to a half electron consumption, and therefore, two
electrons would participate in the first reduction wave Redl. The cyclic voltammogram
recorded after the electrolysis performed at the second wave displays two reduction waves at
potentials —1.90 and —2.20 V attributed to 1,10-phenanthroline being present in the solution.
The main reduction product of the compound 5a was found by HPLC-MS/MS at m/z =
250.1343 as [CieHisNs + H]" and was identified as 4-(pyrrolidin-1-yl)-1,10-phenanthroline
5a-P7 (Scheme 60, Figure 26A). The MS/MS spectrum is shown in Figure 26B. This is a
derivative with one remaining pyrrolidine substituent. Similarly, the corresponding derivative
without one pyrrolidinyl substituent (2,9-dimethyl-4-(pyrrolidin-1-yl)-1,10-phenanthroline,
5¢-P7) was found in solution after the electrolysis of compound 5c at the potential of the first
reduction wave with m/z value of 278.1652 ([C1gH19N3 + H]*) (Scheme 60). This compound
elutes at longer retention times than 5a-P7 because of the presence of two additional methyl
group. The electrochemical reduction at the potential of the second wave Red2 leads to the
cleavage of both pyrrolidine rings and the regeneration of 1,10-phenanthroline identified as
[C12HsN2 + H]* at m/z = 181.0764 (the sodium adduct is also present as [C12HsN2 + Na]* at
m/z = 203.0580). In the mass spectrum of the product ion of 181.0764, the main fragments
occur at m/z values: 166.0547, 154.0655, and 127.0546. The cleavage of pyrrolidine rings
was also observed for compound 5c¢ at the second reduction wave (chromatogram in Figure
26D).
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1 2 3 4 5 6 7 17 18 19 20 21 22 23 24

9 10 11 12 13 _14 15 16
Countsvs. Acquisition Time (min)
x10* [i£s1 product lon, CID@30.0 (250.1343(2=1]) 250.1343

5 181.0758 208.0871

220.0870

L Ly

100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
Countsvs. Mass-to-Charge (m/z)

194.0840\J

X10%C, 4H,oN,: +ESI EIC (278.1652) Scan Frag=175.0V
3

1 2 3 4 s 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24
Countsvs. Acquisition Time (min)
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Figure 26. HPLC-ESI-MS/MS extracted ion chromatograms (EICs) after the reduction of A)
5a at the potential of the first reduction wave (EIC of the exact mass of [C16H1sN3 + H]* , m/z
250.1343); B) product ion mass spectrum of the is eluting at 8.8 min in the chromatogram (A)
with the raw formula [C16H1sNs + H]* (m/z 250.1343) acquired at 30 V in the collision cell;
C) 5c¢ at the potential of the first reduction wave (EIC of the exact mass of [C1sH1gN3 + H]",
m/z 278.1652); D) 5c at the potential of the second reduction wave (EIC of the exact mass of
[C14H12N2 + H]*, m/z 209.1073).

The peaks with molecular ions [C1sH12N2 + H]* at m/z = 209.1073 (with the sodium
adduct [C14H12N2 + Na]* at m/z = 231.0935) are attributed to the resulting 2,9-dimethyl-1,10-
phenanthroline (phen-2CHs). The main m/z values in the product ion mass spectrum of
209.1073 are at m/z values: 194.0817, 181.0846, and 167.0718. Chromatograms recorded by
means of HPLC-DAD before, during, and after electrolysis of 5a solution are shown in Figure
27. The obtained results agree with the findings described above, i.e., the chromatographic
peak of 5a decreased during electrolysis, while a new peak corresponding to 5a-P7 increased.
Additionally, a new peak attributed to 1,10-phenanthroline appeared at the potential of the
second reduction wave (Figure 4 D, E).
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Figure 27. Chromatograms of solution A) before and (B,C) during reductive electrolysis of
compound 5a at the potential of the first reduction wave, and D,E) during and after
electrolysis at the potential of the second reduction wave. A number of consumed electrons is

inserted in every panel.

The IR-spectroelectrochemistry performed at the potential of the first reduction wave
resulted in a decrease of the absorption bands related to compound 5c at 1623, 1585, and 1284
cm ™ (Figure 28). These changes are accompanied by an increase of the bands at 1606, 1567,
1543, 1313, and 1258 cm ™.,
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Figure 28. IR spectroelectrochemistry of 2.9 mM compound 5c¢ recorded while sweeping the

electrode potential through the first reduction wave in 0.1 M TBAPFe in acetonitrile.

Wavenumbers of obtained isosbestic points are marked with dashed arrows.

DFT calculations were performed for compound 5c¢ and reduction product (calculated
IR spectra and corresponding wavenumbers are reported in Table 3 and Figure 29 and), which
show that the vibrational bands of 5¢ and 5¢c-P7 occur in a similar range of the spectrum
(Table 3, Figure 29). This is consistent with the experimental data depicted in Figure 28,
showing that the reaction mostly produces a change in the relative intensities of bands.
Significantly, the absorption band of 5c shifts from 1623 cm™ to higher wavenumbers due to
the development of a new absorption band attributed to the vibrations of aromatics between
carbons C5=C6-C7=C8 in the new product 5¢c-P7. The calculated values for the same region
for 5¢c-P7 are 1612 cm™ and 1608 cm™ (C=N-C=C), respectively, while the calculated value
for 5¢ is 1606 cm ™, as mentioned above.
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Table 3. Calculated and experimental values of wavenumbers of compounds 5¢ and 5¢-P7 in

cm,

4,7-di(pyrrolidine-1-yl)-2,9-dimethyl-1,10-phenanthroline (5c)

Calc. 1606 1592 1577 1543 1501 1351 1320 1279 1247 1233
Experim. 1623 1606 1585 1567 1543 1354 1313 1284 1258 1230

2,9-dimethyl-4-(pyrrolidin-1-yl)-1,10-phenanthroline (5¢c-P7)

Calc. 1612 1608 1582 1542 1497 1349 1320 1255 1238
Experim. 1632 1623 1606 1567 1543 1354 1313 1258 1230

IR Spectrum (cm™)
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Figure 29. IR spectra of 4,7-di(pyrrolidine-1-yl)-2,9-dimethyl-1,10-phenanthroline (5¢) and
2,9-dimethyl-4-(pyrrolidin-1-yl)-1,10-phenanthroline (5c-P7) calculated using the DFT
employing the EDF2 functional and 6-31G* basis set.

6.2.5 Electrochemical and spectroelectrochemical studies of 4,7-di(9H-

carbazol-9-yl)-1,10-phenanthroline

The reduction and oxidation mechanisms of 4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline
were investigated in a non-aqueous environment using cyclic voltammetry (CV), controlled
potential electrolysis, in-situ UV-Vis and IR spectroelectrochemistry, and HPLC-DAD and
HPLC-MS/MS techniques.

The research results in this chapter have been published in our paper?®®.
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6.2.5.1 Oxidation

The cyclic voltammetry of compound 5f shows two overlapping irreversible oxidation waves
at 1.78 (Ox1) and 1.88 V (Ox2) (Figure 30, Table 4).

2 . 1 l 0
Evs AgAgCl| IMLiCL/V

Figure 30. Cyclic voltammograms of 0.30 mM 5f in 0.1 M TBAPFs/acetonitrile on glassy
carbon electrode. The scan rate was 0.1 V-s™L.

Table 4. Peak potential values of compounds 5f for oxidation (E,°**%) recorded in acetonitrile
and 0.1 M TBAPFe against Ag|AgCI|AM LiCl and energies of frontier orbitals (HOMO,
HOMO(-1)) calculated by DFT referenced against vacuum.

EHomo Enomo(-1) E 01 E,0%
eV eV |V |V
5f -5.6 -5.6 1.78 1.88

The linear relationship between the Faradaic peak current and the square root of scan
rate (Figure 31) proves the diffusion-controlled character of the redox process. On the
contrary to compounds 5j, 5k, 51 (Figure 31, Figure 36 chapter 5.2.6.1), the peak potential
scales linearly with the scan rate and concentration, being the slope 6Ey/ 6log v = 17 mV and
OEp/ dlog c =18 mV.
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Figure 31. Cyclic voltammograms of 0.3 mM 5f at different scan rates a) 0.03, b) 0.06, c) 0.1,
d) 0.125, e) 0.2 and f) 0.5 V-s%. The insets show the dependence of the faradaic peak current
of the first oxidation wave on the square root of the scan rate. The supporting electrolyte was
0.1 M TBAPFs in acetonitrile.
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Figure 32. Dependence of peak potential of molecule 5f on A) scan rate and B) concentration.

This result approaches theoretical values 19 mV/decade for the EC? reaction
scheme?® implying that after the removal of the first electron, the formed radical cation
undergoes a chemical reaction, most probably dimerization (Scheme 61). The formation of a
dimer in the case of organic amines and carbazole derivatives was described in the
literature?16217:218 and the spectroelectrochemical investigation performed in this work

supports this hypothesis (Scheme 61).
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Scheme 61. Proposed oxidation mechanism of compound 5f at the oxidation wave Ox1.

The measured absorption spectrum of 5f (Figure 33A, black curve) shows
characteristic bands at 231, 275, and 331 nm, oxidation results in the increase of absorption
bands at 210, 231, 277, and 388 nm (Figure 33A, red curve, Table 5). The spectral changes
are attributed to the formation of a radical cation (5f*) and biradical dication (5f>*) (one or
two carbazole substituents oxidized) as intermediates and of the final dimeric products (5f"-",
5f33"; Scheme 61). When applying potential values higher than 1.8 V (i. e., beyond the peak
Ox1, Figure 30), the spectral response changes, the band at 338 nm shifts bathochromically to
410 nm, and a new band at 720 nm appear (dotted and dashed curves in Figure 33A). During
the rereduction (performed at -0.2 V, Figure 33B) the bands at 410 and 720 nm disappear, and
the final spectrum is similar to the original spectrum of 5f; however, the intensities of the

original bands are different.
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Figure 33. UV-Vis spectroelectrochemistry of compound 5f at the first oxidation wave

(Panel A) and the rereduction of the formed oxidation product (Panel B).

Table 5. Values of absorption maxima and molar extinction coefficients obtained for

molecule 5f and oxidation products.

Amax /nm (g / 10° M1cm™)

5f 210 (30.4)  231(60.4) 270(222) 275(22.0) 319(6.1) 331(6.3)

52+
5FLU 210(49.7)*  231(66.9)*  277(36.0)* 313 (8.7)* 328 (7.8)* 388 (6.1)*
5f3,3’

* Spectrum belongs to a mixture of products 5f>*, 5f1%, 533 (Scheme 61)

HPLC-MS/MS results did not show any dimer in solution after oxidative electrolysis.
This can be due to the instability of dimers in the highly oxidized state. This is consistent with
the cyclic voltammogram, which does not show the typical response for dimers in multiple

scans (Figure 34).
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Figure 34. Cyclic voltammetry of 12 scans of 0.07 mM 5f and 0.1 M TBAPFs in acetonitrile.

The scan rate was 0.1 V-s%. The red curve indicates the first scan.

6.2.5.2 Reduction

The reduction properties of the compounds with fused aromatic rings are substantially
determined by low lying n-orbital system of the rings. This system can be strongly influenced
when coordination with metals is established. The cyclic voltammogram obtained for the
reduction of compound 5f (Figure 35) shows five cathodic waves corresponding to the

reduction of 1,10-phenanthroline moiety in the molecules.
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Figure 35. Cyclic voltammogram 0.30 mM 5f in acetonitrile / 0.1 M TBAPFs on glassy

carbon electrode. The scan rate was 0.1 V-s™.
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The reduction of 1,10-phenanthroline in the solution of 0.1 M TBAPFe in acetonitrile is
shown in chapter 4.11.1. The spatial distribution of LUMO for compound 5f is shown in
Figure 36. The values of LUMO energies referenced against vacuum correlate to the obtained

cathodic peak potentials and are summarized in Table 6.

LUMO

Figure 36. Spatial distribution of molecular orbitals LUMO calculated for molecules 5f using

the density functional theory (DFT) employing the B3LYP functional and 6-31G* basis set

with optimized geometry in a vacuum.

Table 6. Peak potential values of compound 5f for reduction (Ep?9%) recorded in acetonitrile
and 0.1 M TBAPFe against Ag|AgCIl|AIM LiCl and energies of frontier orbital (LUMO)
calculated by DFT referenced against vacuum.

ELUMO EpRedl EpRedZ EpRed3 EpRed4 EpRedS
eV |V |V |V |V AV
5f -1.80 -1.10 -1.54 -1.67 -1.78 -2.03

All five reduction waves are irreversible. The first of them was investigated in larger detail. It
is diffusion controlled as confirmed by the linear dependence of the Faradaic peak current on
the square root of the scan rate (Figure 37). The dependences of the peak potential on the scan
rate and compound concentration suggest an ECE mechanism (results 6Ep/ 6log v = 30 mV
and 6Ep/ dlog ¢ = 26 mV for 5f, Figure 37).
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Figure 37. Cyclic voltammograms of 0.3 mM 5f at different scan rates a) 0.03, b) 0.06, c) 0.1,
d) 0.125, ¢) 0.2 and ) 0.5 V-sL. The insets show the dependence of the faradaic peak current
of the first reduction wave on the square root of scan rate and the dependence of peak

potential on scan rate. Supporting electrolyte was 0.1 M TBAPFs in acetonitrile

Solutions of compounds 5f taken before and after the exhaustive reductive electrolysis
were inspected by HPLC-MS/MS. The identified products were the corresponding 4-(9H-
carbazol-9-yl)-1,10-phenanthroline (5f-P1), which lost one carbazole substituent from the
molecule, and 1,10-phenanthroline (Phen) formed after the cleavage of both substituents. The
characteristic species with retention times, corresponding molecular ions, along the product
ions in tandem mass spectra are reported in Table 7.
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Table 7. Retention time, raw formula, calculated and experimental m/z for the [M+H]" ion
and main fragment ions detected in the tandem mass spectra for the solution reduction of
compound 5f.

Compound  Retention Raw Calculated  Experimental Appm  Fragment
name time (min)  formula m/z for m/z for ions (M/z)
[M+H]* [M+H]*

5f 22.8 CasH22Ns  511.1923 511.1911 -2.3 465.2232

319.1908

331.1101

5f-P1 16.7 CoaHisN3  346.1344 346.1357 3.8 180.0686
166.0647

153.0574

Phen 1.3 CioHgNz  181.0766 181.0768 11 154.0655
127.0546

6.2.6 Electrochemical and spectroelectrochemical studies of

selected 4,7-di(10H-phenothiazine-10-yl)-1,10-phenanthroline

The reduction and oxidation mechanisms of selected 4,7-di(10H-phenothiazine-10-yl)-
1,10-phenanthroline were investigated in non-aqueous environment using cyclic voltammetry
(CV), controlled potential electrolysis, in-situ UV-Vis and IR spectroelectrochemistry, and
HPLC-DAD and HPLC-MS/MS techniques.

The research results in this chapter have been published in our paper?®,

6.2.6.1 Oxidation

The electrochemical oxidation of compounds 5j, 5k, and 5l was investigated in
acetonitrile by cyclic voltammetry combined with DFT calculations. The symmetric molecule
5] exhibits four oxidation peaks, labeled Ox1, Ox2, Ox2’ and Ox3 (Figure 38A) with peak
potentials 1.12, 1.70, 1.78, and 1.89 V, respectively.
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E vs. Ag|AgC]| IM LiCl/ V

Figure 38. Cyclic voltammograms of A) 0.20 mM 5j, B) 0.15 mM 5k and C) 0.13 mM 5l in
0.1 M TBAPFs /acetonitrile on glassy carbon electrode. The scan rate was 0.1 V-s™,

Linear dependence of the Faradaic peak currents on the square root of scan rate

(Figure 39) proves the diffusion-controlled character of redox processes.
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Figure 39. Cyclic voltammograms of A) 0.11 mM 5j, B) 0.07 mM 5k and C) 0.07 mM 5I at
different scan rates a) 0.03, b) 0.06, ¢) 0.1, d) 0.125, ¢) 0.2 and f) 0.5 V-s™ for Panels A, C and
a) 0.03, b) 0.06, ¢) 0.1, d) 0.125, €) 0.2, f) 0.4 and g) 0.5 V-s™ for Panel B. The insets show the
dependence of faradaic peak current of the first oxidation wave on the square root of scan

rate. Supporting electrolyte was 0.1 M TBAPFsin acetonitrile.
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Controlled potential coulometry performed at the potential slightly positive to the first
oxidation peak (1.2 V vs. Ag|AgCl|1 M LiCl reference electrode) confirmed the consumption
of two electrons per molecule in this process. The peak potential of the first oxidation process
(1.12 V) does not change with neither increasing scan rate nor concentration of compound 5j
(Figure 40), as expected for a reversible transfer of electron(s). On the contrary, the
experimentally observed peak-to-peak separation |E,-Ep°| = 88 mV (Figure 38A, empty
circles) deviates from the value expected for a reversible two-electron step (29.5 mV),
implying that the observed pair of maxima is due to overlapped two one-electron processes at

close standard redox potentials.

1.5 1.0 0.5 0.0 1.5 1.0 0.5 0.0 -0.5

E vs. Ag|AeCl| IM LiCl/V E vs. AglAgCl| IM LiCl/V

Fig. 40. Cyclic voltammograms of A) 5j at different concentrations a) 0.038, b) 0.11, c¢) 0.17,
d) 0.28, e) 0.43 mM and B) 5k at different concentrations a) 0.07, b) 0.2, ¢) 0.32, d) 0.39 and
e) 0.43 mM. The scan rate was 0.1 V/s.

Furthermore, the peak current corresponds rather to a twofold value in comparison to a
one-electron process (ferrocene used for this comparison) and not to 22 (~2.8) times higher
value expected for the simultaneous transfer of two electrons (Randles-Sevcik equation)?%4,
Furthermore, convolution voltammetry (semi-integration of linear sweep voltammograms)
was used to obtain data in the format suitable for further analysis according to literature?:22°
(also Experimental part, chapter 7.1). The semi-integration of anodic current and subsequent
logarithmic analysis results in the RT/nF slope of 105 mV (where symbols bear their standard
meaning), which according to the established procedure (explained in detail in reference?®4)
corresponds to two one-electron processes with their standard redox potential values spaced
by 62 mV. In the case of independent, electronically non-communicating centers the electron

transfer from the first and second center proceeds at approximately equal potential (AE° =
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(RT/nF) In 4, i.e., 35.6 mV at 298 °C?21:222.223) regylting in one-electron-like (by shape) wave
in the voltammetry. When the centers electronically communicate, the voltammetric waves
can be more separated. The results lead us to conclude that the 1+1e” oxidation processes
occur on two almost independent phenothiazine redox centers attached to the 1,10-

phenanthroline moiety in equivalent (4 and 7) positions (Scheme 62).
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Scheme 62. Oxidation mechanism of compounds 5j, 5k, 5I.

This finding is further corroborated by theoretical (DFT) calculations. They clearly
demonstrate that the degenerated HOMO and HOMO(-1) are localized on phenothiazine
substituents (Figure 41) and have energies Enomo(5]) = EHomo(-1)(5)) = -5.2 eV, respectively.
Further oxidation of phenothiazine substituents to their sulfoxide proceeds at 1.70 V (wave
Ox2) and 1.78 V (wave Ox2’) (Scheme 62). The oxidation wave Ox3 at 1.89 V is attributed to
the oxidation of 1,10-phenanthroline moiety (the oxidation of unsubstituted 1,10-
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phenanthroline has the peak potential at 1.90 V) (chapter 5.11.1 also Figure 6F chapter
6.2.2.1).

HOMO HOMO(-1)

N
e

f e 4
“ren

Figure 41. Spatial distribution of molecular orbitals HOMO, HOMO(-1) calculated for
molecules 5j, 5k, 5| using the density functional theory (DFT) employing the B3LYP

functional and 6-31G* basis set with optimized geometry in a vacuum.

The first oxidation process of 5k and 5l occurs at 1.05 and 1.09 V, respectively (Figure
38B,C). Both values are slightly negatively shifted compared to the oxidation potential of 5j.
Such shifts, being in the same direction for both 5k and 51, cannot be ascribed to an electron-
withdrawing or electron-donating effect of fluorine and methyl substituents on the 1,10-
phenanthroline core, respectively. This confirms that the electronic communication between
the 1,10-phenanthroline moiety and phenothiazine redox centers is very limited. Similarly, as
observed for 5j, the analysis of the cyclic voltammograms revealed only a little higher anodic-
to-cathodic peak-to-peak separations (|Ep®-Ep‘| = 82 mV and 87 mV for 5k and 5l

respectively) than the theoretical prediction (the discussion above). Importantly, the
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reversibility of the first charge transfer process is retained upon introducing fluorine and
methyl substituents (empty circles in Figure 38B,C). The peak potentials do not vary with
neither scan rate nor the compound concentration. Albeit the compounds 5k and 5l both lack
symmetry and DFT show slightly energetically separated HOMO and HOMO(-1) orbitals
(Table 8), the oxidation mechanism appears to be the same as for the compound 5j. The
potential of the oxidation peaks are summarized in Table 8. The oxidation of both
phenothiazines is terminated in the irreversible waves Ox2 and Ox2’ at 1.63 and 1.71 V for
5k and 1.67 and 1.75 V for 5l (Figure 38), ultimately leading to sulfoxide derivatives (5k-P1,
5I-P1; Scheme 62). HPLC-MS/ MS allowed the identification of the sulfoxide (two isomers)
and the di(sulfoxide) (Table 10). Oxidation of 1,10-phenanthroline core occurs at the wave
Ox3 (chapter 4.11.1, also Figure 6F chapter 5.2.2.1).

Table 8. Peak potential values of compounds 5j, 5k, 51 for oxidation (Ep°**®) recorded in
acetonitrile and 0.1 M TBAPF6 against Ag|AgCI|1M LiCl and energies of frontier orbitals
(HOMO, HOMO(-1)) calculated by DFT referenced against vacuum.

EHOMO EHOMO EpOXl EpOxZ EpOxZ’ EpOX3

leV eV IV IV IV IV

5j -5.2 -5.2 1.12 1.70 1.78 1.89
5k -5.0 -5.3 1.05 1.63 1.71 181
51 -5.1 -5.2 1.09 1.67 1.75 1.84

The absorption spectrum of 5j exhibits bands at 203, 239, 253, 269, and 325 nm
(Figure 42A, blue curve). During oxidation, new absorption bands at 210, 232, 265, 275, and
510 nm of 5j%* (red curve) appear. The change of the absorption spectra during backward
reduction of electrogenerated 5j2* confirms that the redox process is chemically reversible
(Figure 42B). The new band in the visible region (at 510 nm, resulting in greenish color)
obviously originates from the formation of a singly occupied orbital (SOMO) on the oxidized
phenothiazine units of 5j2*. Consequently, when applying the potential corresponding to the
second oxidation step, Ox2+0Ox2’, the band at 510 nm and the greenish color disappears

(Figure 42C).
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Figure 42. UV-Vis spectroelectrochemistry of 5j during A) oxidation 5j—5j?* (first oxidation
process Ox1, spectra registered at potentials 0.50, 0.80, 0.95, 1.00, 1.15 and 1.20 V), B)
rereduction (backward reduction of generated intermediate 5j2*—5j) and C) further oxidation
5j2*—5j-P2 (second oxidation process at Ox2 + Ox2’, spectra registered at potentials 1.20,
1.30, 1.40, 1.50, 1.60, 1.70 and 1.80 V).

The spectral changes during the oxidation of 5k and 5l are in the UV, and visible
region are similar as observed for 5j (Table 9). In addition, low intense bands were detected at
longer wavelengths (at 705, 790, and 886 nm) for both 5k?* and 51°* (Figure 43). These bands
(as well as the band peaking at 514 nm) are associated with the presence of SOMO on the half
oxidized phenothiazine units and disappear in the second oxidation step. In comparison to
compound 5j, which does not exhibit spectroelectrochemical detectable bands above 600 nm
(Figure 42), the increased intensity and, therefore detectable longwavelength bands with 5k
and 5l are attributed to the lower symmetry of these (effect of fluoro or methyl substitutents)

compounds.
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oxidation process Ox1, spectra registered at potentials 0.50, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90,
0.95, 1.00 and 1.15 V) and B) rereduction (backward reduction of generated intermediate
5k?*— 5k). UV-Vis spectroelectrochemistry of 5| during C) oxidation 51—5I?* (first
oxidation process Ox1, spectra registered at potentials 0.50, 0.80, 0.95, 1.00, 1.15, 1.20 and
1.25 V), D) oxidation 5I?*—5I-P2 (second oxidation process at Ox2+0x2’, spectra registered
at potentials 1.25, 1.40, 1.50, 1.60 and 1.75 V).

The absorption maxima and extinction coefficients of all studied compounds and their
dications are summarized in Table 9. Transients of absorption spectra of the newly developed
band at 514 nm at the first oxidation step of compounds 5j, 5k, 5l and their subsequent

reduction (Figure 44) confirms the reversibility of this electron transfer process.
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Figure 44. Transients of absorption spectra obtained during UV-Vis spectroelectrochemistry
of compounds 5j (A), 5k (B), and 5l (C) during oxidation in the first step and the subsequent

rereduction.

Table 9. Values of absorption maxima and molar extinction coefficients obtained for 5j-5I
and their dications.

Amax /nm (g / 10® Mtcm™) sh: shoulder

Compound 5 dication 5%*

. 203 (49.1), 239 (54.1), 253 210 (49.1), 232 (41.2), 265sh (66.8), 275
J (73.1), 269 (38.9), 325 (3.7) (77.3), 321 (6.2), 541 (16.5)

200 (41.8), 240 (44.6), 253 210 (37.8), 231 (32.1), 268sh (53.9), 274

Sk (59.6), 269 (31.0), 306 (9.9)  (60.9), 306 (9.9), 488sh (6.4), 514 (10.2),

705 (1.2), 790 (1.7), 886 (1.7)

210 (49.3), 236 (33.8), 267sh (55.3), 275
(64.5), 428 (3.1), 514 (10.9), 705 (0.7),
790 (1.5), 886 (1.5)

202 (47.5), 241 (49.2), 254

5| (59.6), 274 (30.5), 366sh (10.4)

The IR spectroelectrochemistry of 5j and 51 does not show significant changes in
absorption spectra during the oxidation at the first oxidation wave, Ox1. The wide absorption
band at 1633 cm™ and other bands at 1577, 1558, 1540, and 1265 cm™ corresponding to
vibrations of aromatic rings in molecule 5j remained constant. Only a decrease of the
absorption bands at 1312 and 1241 cm™ is observed. In the second oxidation process in
merged waves Ox2+O0x2’, the appearance of the characteristic absorption band at 1037 cm?
corresponding to the vibration of the S=O functional group is observed (Figure 45A).
Simultaneously, the increase of other bands at 1577, 1558, 1519, 1506, 1312, 1284, and 1242

cmt is observed.
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Figure 45A. IR spectroelectrochemistry of compound 5j A) during oxidation at the waves
Ox2+0x2’; B) during backward reduction of 5j-P1 at 0 V.

Solutions of 5l after electrolysis at potential 1.77 V (i.e., between the Ox2" wave and
the Ox3 wave) were analyzed by HPLC-MS/MS. Both the hypothesized final products 5-
methyl-4,7-bis(5-oxido-10H-phenothiazin-10-yl)-1,10-phenanthroline (51-P2, Scheme 62) and
an intermediate species 5-methyl-4-(5-oxido-10H-phenothiazin-10-yl)-7-(10H-phenothiazin-
10-yl)-1,10-phenanthroline (51-P1, Scheme 62) were identified in electrolyzed samples

(Figure 46). The characteristic species with retention times, corresponding molecular ions,

along the product ions in tandem mass spectra are reported in Table 10.

©%  ESIEIC [C, H NS, HHT 24.2
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190 JESIEIC [C,H,N.08#HI' 18,8 Countsus Acaustion Tims fmin)
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0% +ESIEIC [C,H,N,O,8,#H]" Counts vs. Acqist

Figure 46. Extracted chromatograms detected in the sample after oxidation of compound 5I

related to A) compound 5I, B) 5I-P1, and C) 5I-P2.
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Table 10. Retention time, raw formula, calculated and experimental m/z for the [M+H]" ion

and main fragment ions detected in the tandem mass spectra for the solution before and after

oxidation for compound 5.

Compound Retention Raw formula  Calculated  Experimental Appm Fragment
name time (min) m/z for m/z for ions (M/z)
[M+H]" [M+H]"

5 24.2 Ca7H24NaS2 589.1521 589.1524 0.5  390.1049

17.9 and 557.1772

51-P1 18.8 Cs7H2aN4OS,  605.1470 605.1476 1.0 1980367

51-P2 14.7 C37H24N402S,  621.1419 621.1423 0.6  198.0363
6.2.6.2  Reduction

The reduction properties of the compounds with fused aromatic rings are substantially

determined by low lying n-orbital system of the rings. This system can be strongly influenced

when coordination with metals is established. In the case of the cyclic voltammograms

obtained for the reduction of compounds 5j, 5k, 51 CV show five cathodic waves

corresponding to the reduction of 1,10-phenanthroline moiety in the molecules (Figure 47).

-I/pA  -I/pA

-1/ pA

E vs. Ag/AgCl| IM LiCl/ V

Figure 47. Cyclic voltammograms of A) 0.20 mM 5j, B) 0.15 mM 5k and C) 0.18 mM 5l in

acetonitrile / 0.1 M TBAPFs on glassy carbon electrode. The scan rate was 0.1 V-s™.
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Reduction of 1,10-phenanthroline in a solution of 0.1 M TBAPFs in acetonitrile is shown in
chapter 5.11.1. The spatial distribution of LUMO of compounds 5j, 5k, and 5I are shown in
Figure 48. The values of LUMO energies referenced against vacuum correlate to the obtained

cathodic peak potentials and are summarized in Table 11.

LUMO

Figure 48. Spatial distribution of molecular orbitals LUMO calculated for molecules 5j, 5,
5k using the density functional theory (DFT) employing the B3LYP functional and 6-31G*

basis set with optimized geometry in a vacuum.

Table 11. Peak potential values of compounds 5j, 5k, 51 for reduction (Ep?®%) recorded in
acetonitrile and 0.1 M TBAPFs against Ag|AgCIl|IM LiCl and energies of frontier orbital
(LUMO) calculated by DFT referenced against vacuum.

ELUMO EpRedl EpRedZ EpRed3 EpRed4 EpRedS
eV |V |V |V |V AV
5j -1.76 -1.08 -1.54 -1.63 -1.78 -2.00
51 -1.75 -1.07 -1.55 -1.66 -1.77 -2.03
5k -1.95 -1.11 -1.51 -1.63 -1.77 -2.00

All five reduction waves are irreversible. The first of them was investigated in larger
detail. It is diffusion controlled as confirmed by the linear dependence of the Faradaic peak
current on the square root of the scan rate (Figure 49). The dependences of the peak potential

on the scan rate and compound concentration suggest an ECE mechanism (results 6Ey/ élog v
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=24 and 32 mV and 38E,/ dlog ¢ = 33 and 33 mV for 5j and 5k, and S6Ep/ dlog v =29 mV and
OEp/ dlog ¢ = 30 mV for 5I, respectively, Figure 49).

0.5 0.0 ] -0.5 B '-1 .0 05 0.0 05 1.0
E vs. Ag|AgCl| IM LiCl/ V E vs. AgAgCl| IM LiCl/ V

0.5 0.0 0.5 -1.0
E vs. Ag|AgCl| IMLiCl/V

Figure 49. Cyclic voltammograms of A) 0.11 mM 5j, B) 0.07 mM 5k and C) 0.07 mM 5I at
different scan rates a) 0.03, b) 0.06, ¢) 0.1, d) 0.125, e) 0.2 and f) 0.5 V-s™1. The insets show
the dependence of faradaic peak current of the first reduction wave on the square root of scan
rate and the dependence of peak potential on scan rate. The supporting electrolyte was 0.1 M
TBAPFs in acetonitrile.

Solution of compound 5l taken before and after the exhaustive reductive electrolysis
were inspected by HPLC-MS/MS. The identified product was the corresponding species 5-
methyl-4-(10H-phenothiazin-10-yl)-1,10-phenanthroline  (51-P3),  which  lost  one
phenothiazine substituent from the molecule, and 5-methyl-1,10- phenanthroline formed after
the cleavage of both substituents (Figure 50). The characteristic species with retention times,
corresponding molecular ions, along the product ions in tandem mass spectra are reported in
Table 12.
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Figure 50. Tandem mass spectra detected in the sample after reduction of compound 5lI,
related to A) compound 5I, B) 5-methyl-4-phenothiazine-1,10-phenanthroline (51-P3), C) 5-
methyl-1,10-phenanthroline.

Table 12. Retention time, raw formula, calculated and experimental m/z for the [M+H]" ion
and main fragment ions detected in the tandem mass spectra for the solution before and after
reduction of compound 5.

Compound name  Retention  Raw formula  Calculated Experimental Appm  Fragment
time m/z for m/z for ions (M/z)

(min) [M+H]* [M+H]*
51 24.2 Ca7H2aN4S2  589.1521 589.1524 0.5 390.1049
360.1493
51-P3 18.2 C2sH17N3sS 392.1221 392.1226 1.3 1940839
195.0911

5-methyl-1,10-

phenanthroline 2.0 C37H24N40O2S,  621.1419 621.1423 0.6 12(7)8%2
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6.2.7 Oxidation and hydrolysis reactions of selected 1,10-phenanthroline

6.2.7.1  Oxidation of 4,7-dichloro-1,10-phenanthroline

The research start by oxidation studies of 4,7-dichloro-1,10-phenanthroline. Based on
the work, C. Wang et al.??422° the oxidation reaction analogous to that presented in chapter
5.6.1 (Scheme 23) was performed.

The reaction consisted of adding 4,7-dichloro-1,10-phenanthroline and potassium
bromide in sequence to an ice-cold sulfuric acid (96%). The nitric acid (70%) was then
introduced into the solution. The mixture was kept in an ice-water bath for 10 min. Next, the
mixture was heated and stirred at 90 °C. After 2 hours of heating, the mixture was then
poured onto the ice and neutralized with 30% NaOH solution to pH 6. The product was
extracted with chloroform and dried. The product has been purified in a chromatography
column using eluting solvent chloroform-methanol (1:1). The product Ox-4a was crystallized
in chloroform (Scheme 63).

Cl Cl
KB[‘, HNO3’ HzSO4

N N= 90 °C, 2h

racemat
4a \ pseudomeso j

~

Ox-4a, 10%

Scheme 63. The oxidation of 4,7-dichlorol,10-phenanthroline based on procedure of C.
Wang et al.??*

In this dissertation work, based on the collected literature summarized in Chapter
5.6.1, it was suggested that the obtained reaction product of 4a can be an intermediate product
of dione derivative. This dione derivative was suggested as a possible formed compound due
to its comparable construction in position C5-C6 with compound 2 on Scheme 25 ( Chapter
5.6.1) in work by W. Z. Antkowiak et al.’%2, The formation of a racemate and a pseudomeso
structure was suggested, and it is discussed in chapter 5.6.1 (Scheme 24).

Figure 51 shows the mass spectrum of the ion characterized by m/z 346.9166,
corresponding to the molecular ion [M + H]*; 368.8979 corresponding to [M + Na]* of
compound Ox-4a.
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Figure 51. ESI-MS spectrum of Ox-4a.

6.2.7.2  Oxidation of 5-methyl-4,7-di(10H-phenothiazin-10-yl)-1,10-

phenanthroline

Another reaction that was performed is the oxidation of 5-methyl-4,7-di(10H-
phenothiazin-10-yl)-1,10-phenanthroline (5I). Based on the procedure of A. S. Touchy et
al.??®, The reaction did not give the desired product. The reaction mixture, in turn, contained
more than one reaction product.

The reaction consisted of adding 35% hydrogen peroxide to solution of 5-methyl-4,7-
di(10H-phenothiazin-10-yl)-1,10-phenanthroline (51) in methanol. Then oxalic acid dihydrate
was added to the reaction mixture, and the solution was stirred for another 12 hours at room
temperature. Until TLC analysis showed, the starting material 51 was gone. Then a 3%
solution of Na2SO3 was added, due to which the green color of the solution disappeared. The
obtained reaction mixture did not contain the desired product (Ox-5l, Scheme 64). Scheme 64

shows the possible reaction by-products that may have resulted from the designed reaction on
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oxidation of 5-methyl-4,7-di(10H-phenothiazin-10-yl)-1,10-phenanthroline. The oxidation
reaction of 5l can lead to the formation of 24 possible products. Due to the possible oxidation
reaction of phenothiazine groups (R, Scheme 64), it is possible to obtain eight variations
among them (they are presented in Scheme 64 in a descriptive form, e.g., A & B, where A -
refers to the unoxidized substituent of phenothiazine and B- refers to the oxime substituent of
phenothiazine). An additional aspect is that the methyl group oxidation reaction can also lead
to obtaining a carbonyl group, giving an aldehyde or a carboxylic acid derivative. However,
this finding also suggests that the steric hindrance for the methyl group could prevent its
oxidation reactions. For this reason, derivatives with an unchanged methyl group are

considered as expected reaction products.

0 Os4 W0
35% H,0,, ¢ I
@ Oxalic acid, oH QS/ R!
@ MeOH N 0=C + R R

i > N

7/ 7N
r.t., 12h 74 78\
_ . =N N=
— = N N

. peac
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4B & A

S)C&A
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- 000, Q00 Q00

A B C
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Scheme 64. Oxidation of 5-methyl-4,7-di(10H-phenothiazin-10-yl)-1,10-phenanthroline (5I).

As a result of the research, a complex reaction mixture was obtained. Both functional groups,
phenothiazine and methyl, can be separately oxidized. In addition, spatially large substituents
of phenothiazine may hinder the oxidation of the methyl group located in C5 position for
reasons of steric hindrance. It was found that between the phenothiazine functional groups, a
molecule of solvent is incorporated, which is difficult to remove (chapter 5.2.3, Figure 16,
17). It has shown that oxidizing reagents may have problems with access to the C5-methyl
group, especially when the phenothiazine substituents are further oxidized.

Transition metals were deliberately not used for the oxidation procedure as the 1,10-

phenanthroline structure exhibits excellent complexing properties (section 4.6.3).
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In turn, the performed oxidation reaction may be influenced by many factors, such as
reaction conditions, where the change of temperature or solvent may affect the selectivity of
the reaction. Therefore, further research will be devoted to the modification of the reaction

conditions.

6.2.7.3  Oxidation of 2,9-dimethyl-1,10-phenanthroline (neocuproine)

In this chapter, the oxidation reactions of 2,9-dimethyl-1,10-phenanthroline
(neocuproine, Phen-2CHs) were successfully performed. Two different products, were
obtained through two separate oxidation reactions.

The first procedure of neocuproine oxidation was a reaction based on previously
conducted studies on the oxidation of quinolinecarbaldehydes (chapter 5.4.2). The choice of
this procedure was based on the low cost of its implementation and the availability of
reagents. As a result of the reaction, 9-methyl-1,10-phenanthroline-2-carboxylic acid (Ox-
Phen-2CHjs, Scheme 65) was selectively synthesized. Additionally, the possible formation of
zwitterion for the Ox-Phen-2CHs product due to the molecule's structure is shown (Scheme
65).

The reaction proceeds the following way: the compound 2,9-dimethyl-1,10-
phenanthroline (Phen-2CHs) is introduced into water, then an excess of NaClO- is added, the
reaction is carried out initially at room temperature, and then the suspension is heated to
reflux temperature with constant stirring for 10 hours. Next, the solution was carefully
acidified with 10% HCI solution until the pH was acidic (pH=2.8). Another step was the
evaporation and extraction with methanol. After concentration, the crude product obtained is
washed with dichloromethane, and next is purified by crystallization from water or methanol.
The preparation procedure and the structure of the obtained acid are submitted to the Polish

patent office.
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Scheme 65. Preparation of 9-methyl-1,10-phenanthroline-2-carboxylic acid (Ox-Phen-
2CHs).

In this dissertation thesis was also performed the second oxidation procedure for
neocuproine based on the research by C. Hiort et al.??’ (Scheme 66). The reaction itself is an
analogous oxidation system through sulfuric acid, nitric acid, and bromine salt, as for the
oxidation of 4,7-dichloro-1,10-phenanthroline, which has already been described in this
chapter. The procedure is based on the reaction developed by Yamada et al., which is
discussed in chapter 5.6.1 (Scheme 19). The oxidation of neocuproine gives two carbonyl
group and additional characteristic 5,6-dione unit on the 1,10-phenanthroline skeleton (Ox2-
Phen-2CHs, Scheme 66).

This reaction consisted of dissolving 2,9-dimethyl-1,10-phenanthroline and then
sodium bromide in sulfuric acid (96%). After the addition of substrates was complete, nitric
acid (70%) was added to the solution. The mixture was then heated under reflux for 40 min.
After cooling, it was poured onto ice and carefully neutralized to pH 7 with sodium
hydroxide. After neutralization, the solution was left for 30 minutes. The separated precipitate
was filtered and extracted with boiling water, and the combined aqueous phases were
extracted with dichloromethane. Then the separated organic phase was rewashed with water
and dried with dry magnesium sulfate. Finally, the organic phase was evaporated under
reduced pressure. The results showed a complex reaction mixture. The products identified
only by MS analysis suggest a structure of molecule Ox2-Phen-2CHs. The obtained product
5,6-dioxo-5,6-dihydro-1,10-phenanthroline-2,9-dicarbaldehyde ~ (Ox2-Phen-2CHs)  was

crystallized from methanol (Scheme 66).
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Scheme 66. Oxidation of 2,9-dimethyl-1,10-phenanthroline (Phen-2CHs). The procedure
base on work C. Hiort et al.??’.

The compound Ox2-Phen-2CHs has not been fully characterized due to its difficult
isolation from a complex reaction mixture. However, it was confirmed that this molecule was

obtained in the reaction by mass spectrometry analysis (Figure 52).

Figure 52. FAB-MS negative ion mass spectra of Ox2-Phen-2CHs.

The resulting product Ox2-Phen-2CHs may proceed through a number of possible
mechanisms. In the case of the reaction mechanism, it is not simple, and it was not optimized
in this research. Considering the literature research and the result of the MS analysis (Figure
52), in Scheme 67, three possible mechanisms leading to the obtaining of Ox-Phen-2CHs are
presented. The first one A (Scheme 67, A), follows the SeAr reaction. The second mechanism
B is the oxidation reaction through an oxidizing mixture of concentrated nitric and sulfuric
acids. The third mechanism C is based on the bromine (generated in situ) radical reaction
(Scheme 67, B).
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Scheme 67. Possible reaction mechanisms for the preparation of Ox2-Phen-2CHs.
Intermediate products were not isolated and identified (A2, B, C'?), square brackets were
not marked for simplicity. Mechanism A based on S. A. Mitsov et al.*. * - chiral carbon

atoms.

In this reaction, a mixture of regents composed inter alia of sodium bromide generates
in situ bromine (discussed in chapter 5.6.1, Scheme 19).

In the 1,10-phenanthroline structure, positions C5 and C6 are exclusive to electrophilic
substitution SeAr. Mechanism A (Scheme 67, A) presents this type of transformation based
on the mechanism shown by S. A Mitsov et al. (discussed in section 5.6.1 of Scheme 21).

Another possible mechanism B (Scheme 67, B) leading to intermediate B* of the dion
type was suggested base on the work of P. G. Sammes et al.% where in nitration reaction of
1,10-phenanthroline it is also possible to find 1,10-phenanthroline-5,6-dione as a by-product.
However, this experimental procedure requires drastic conditions to introduce the NO2 group
in the C5 position through a mixture of fuming acids; nitric and sulfuric (oleum).

If the reaction is exposed to light, the mechanism C may occur, where bromine
displaces the hydrogen from the methyl group on the radical pathway creating a C2-Br bond
giving intermediate C* and subsequently intermediate C? with two C-Br bonds (Scheme 67,
C). It is comparable to the toluene bromination reaction under irradiation®, Then C2Br2
fragment hydrolyzes to give a carbonyl group (Scheme 67, C); this type of reaction is well
known in the literature??°. In Scheme 67, a radical pathway was simplified by highlighting the
reactions for one methyl group. Still, the reaction occurs for both groups, shown by the
hydrolysis to the product C3, where two carbonyl groups were obtained.
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6.2.7.4  Hydrolysis of 4,7-dichloro-1,10-phenanhtroline-5-carbonitrile

The 4,7-dichloro-1,10-phenanthrolines with a carboxylic acid group as substituent
should be readily soluble in waters. These bifunctional compounds should mimic amino acids
or nicotinic acid. Therefore, in order to synthesize appropriate carboxylic acids, out the
hydrolysis of the CN group in 4,7-dichloro-1,10-phenanthroline-5-carbonitrile (4e) was
carried out, using an excess of hydrochloric acid. It is shown in Scheme 68 that the reactions
do not lead to the formation of the expected 4,7-dichloro-1,10-phenanthroline-5-carboxylic
acid, but the unexpected product Hyd-4e was isolated.

The reaction was to dissolve 4e in concentrated hydrochloric acid (35%) at room
temperature. The solution was then heated at 100 °C for 72 hours, whereupon the volatiles
were evaporated. The crude product was purified by Soxhlet extraction (H20). Finally, the
product was dried over P4sO1o to give 7-chloropyrrolo[2,3,4-de][1,10] phenanthrolin-5(4H)-
one (Hyd-4e, 37%).

HCI (35%)

reflux, 72h

4e

Hyd-de, 37%

Scheme 68. The hydrolysis reaction of 4e.

An important point in the case of a hydrolysis reaction is whether the reaction medium
is acidic or alkaline. This is of great importance in the case of 4,7-dichloro-1,10-
phenanthroline derivatives. Chlorine atoms present in molecules in C4 and C7 positions in the
alkaline environment can easier undergo a hydrolysis reaction in which one or both chlorine
atoms are substituted with a hydroxyl group. The work of J. King-Underwood et al. presents

reactions in an alkaline environment where the hydrolysis of the chlorine atom occurs®.
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Even though the more preferred medium should be alkaline for the hydrolysis
reaction, the alkaline environment activates C4-Cl positions. Unfortunately, this facilitates
hydrolysis by withdrawing the product towards the dione substrate. Hence, to hydrolyze only

the nitrile group, an acidic environment was used.

6.2.7.5  Hydrolysis of 4,7-disubstituted-1,10-phenanthrolines

As for the previously discussed example for 4,7-dichloro-1,10-phenanthroline in 4,7-
disubstituted-1,10-phenanthroline, the carboxyl group in the C5 position should significantly
change the solubility in water. Still, the oxidation reactions are complicated by many side
reactions, including the oxidation of substituents (chapter 5.2.7.2). For this reason, the
hydrolysis reactions of selected carbonitrile derivatives were carried out, where it is possible
to obtain acid derivatives by a hydrolysis reaction, avoiding the isolation of a complicated
oxidation mixture.

Therefore, to synthesize appropriate carboxylic acids, the hydrolysis of the CN group
using an excess of sodium hydroxide in the case of 4,7-di(9H-carbazol-9-yl)-1,10-
phenanthroline-5-carbonitrile (5i) and 4,7-di(10H-phenothiazine-10-yl)-1,10-phenanthroline-
5-carbonitrile (5m) under the applied conditions were carried out. The alkaline medium for
the hydrolysis reaction were chosen because the substrates do not have any other groups than
the carbonitrile group that could undergo a hydrolysis reaction (Scheme 69).

The hydrolysis of heterocycles 5i and 5m consisted of dissolving the selected
compound in THF. Next, the solution of sodium hydroxide (10%) was added. Then the
solution was heated at 50 °C for 96h. After this time, it was cooled to room temperature and
acidified to neutral pH. After evaporation of the solvents, the crude product was purified by
column chromatography using methanol/dichloromethane as the eluent to give a white
powder. Finally, the powder was crystallized in a mixture of dichloromethane and hexane.

Reaction led to surprising compounds, namely 4,7-di(9H-carbazol-9-yl)-9-0x0-9,10-
dihydro-1,10-phenanthroline-5-carbonitrile (Hyd-5i) and 9-oxo0-4,7-di(10H-phenothiazin-10-
y)-9,10-dihydro-1,10-phenanthroline-5-carbonitrile (Hyd-5m)(Scheme 69). Both molecules
were possibly obtained through a reaction of oxidative nucleophilic substitutions of hydrogen
(ONSH) of the type SnArH, with hydroxide ion as a nucleophile and in the presence of air as
an oxidized reagent?®:?2, In both cases, nucleophile attacks were selective only at C2 rather
than at the C9 position.
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50 °C, 96h

Hyd-5m, 46%

Scheme 69. The hydrolysis reaction of compounds 5i and 5m.
The natural atomic charges show that both heterocycles possess greater electron

density on the C2 (0.040 for compound 5i and 0.038 for compound 5m) than on the C9
position (0.046 for compound 5i and 0.044 for compound 5m) (Figures 53 and 54).
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Figure 54. The plot of the electrostatic potential for compounds 5i (left) and 5m (right).

Both compounds Hyd-5i and Hyd-5m were isolated in a crystalline form, and their structures

were characterized by X-ray crystallography (Figure 55, 56).

136



Figure 55. ORTEP drawing of compound Hyd-5i with 30% probability (left). The solvent
molecules were omitted for clarity. ORTEP drawing of the m-stacking interactions in cell
packing of compound (right).

Figure 56. ORTEP drawings of compound Hyd-5m with 30% probability. Solvent molecules
are omitted for clarity.

6.3 Symmetrical and unsymmetrical 1,10-phenanthroline
derivatives

This chapter presents additional studies on the preparation of unsymmetric 1,10-

phenanthroline derivatives. They were presented due to the resulting compounds' interesting

properties and intermediate products, such as quinoline derivatives. The reactions were

conducted to understand the limitations of the reactions and the compounds' unsymmetric
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properties. In the case of products at individual stages, it was possible to obtain appropriate
quality crystals, allowing for X-ray structure analysis.

The main aim of these studies was to obtain mono-substituted 1,10-phenanthrolines.
For this purpose, a series of reactions were designed to get the desired product 7m as shown
in Scheme 70. The start of the reaction was based on the classical reaction using Meldrum
acid reaction for 2-nitroaniline, where the products 1m-4m were obtained and fully
spectroscopically characterized (Scheme 72A). The next reaction was to obtain product 5m by

aromatic nucleophilic substitution (Scheme 70).

7m 6m

e - |
NH, NT N
I H
NS O HN H _ N
0 [0 1 0" Y0
(o} (0}
1m 3m

o] (0]

PAS

2m

Scheme 70. Retrosynthetic analysis of monosubsituted 1,10-phenanthroline 7m.

Interestingly, the reaction not only proceeded with the substitution of a chlorine atom
but also as a result of the competitive reaction of VNS. This type of transformation led to a
dead-end of the reaction from which further steps of the reaction could not be carried out.

This chapter presents studies devoted to the preparation of unsymmetric mono and
dichloro-1,10-phenanthrolines (4n, 40, 4p; Scheme 71, Scheme 72, and Scheme 73)
derivatives, different in terms of their preparation from the previously presented results for
4,7-dichloro-1,10-phenanthroline derivatives (chapter 6.2.1). These compounds were taken
over for further research in terms of their substitution with selected N-heterocyclic

substituents.
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On the other hand, further research inspired by competitive VNS reaction is presented in a
separate chapter on nitro quinoline derivatives (chapter 6.5).

The first example is the preparation of 4-chloro-2-methyl-1,10-phenanthroline (4n).
The reaction is presented separately for the reagents used. For this purpose, the 8-
aminoquinoline was used as a substrate (1n), which was then converted using the Meldrum
acid procedure (Scheme 71). During this synthesis, the products at every stage were isolated
and fully characterized. For the compounds, 2n and 3n, crystals of appropriate quality and

their X-ray structure analysis were obtained (Figure 57).

Meldrum acid,

= TMOF = diphenyl ether Cl3P(=0)
—_— e —_—
=y reflux, 2h > 240 °C, 0.5h 90 °C, 4h
NH, HN CH;
In |
0 (4}
OXO

Figure 57. Crystallographic structures of molecules 2n (left) and 3n (right).

A second example for the preparation of unsymmetric 1,10-phenanthroline is a series
of reactions leading to the preparation of 4,7-dichloro-2-methyl-1,10-phenanthroline (40). In
the first phase, a multi-stage reaction based on Meldrum acids (Scheme 72A) was performed.
The products were isolated and characterized spectroscopically at each stage of the reaction.
When obtaining 4-chloro-8-nitroquinoline (4m, also in chapter 6.5), a crystal of appropriate

quality was isolated, which resulted in the X-ray structure analysis (Figure 58).
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Figure 58. Crystallographic structures of 4-chloro-8-nitroquinoline (4m).

The next step to obtain the selected 1,10-phenanthroline was reducing the nitro group
for 4-chloro-8-nitroquinoline (Scheme 72B). The procedure consisted of dissolving selected
nitroguinoline in ethanol and hydrochloric acid solution and then introducing tin(ll) chloride.
Tin(1l) chloride was used as a reducing agent. The reaction was carried out first at room
temperature for 30 min, and the mixture was heated at 50 °C for 2h. After cooling, the
mixture was alkalized with ammonia solution and extracted into chloroform. Evaporating the
solvent gave a yellow precipitate of 4-chloro-8-aminoquinoline (10) (Scheme 72B).

The last phase was to repeat the procedure base on synthesis with Meldrum's acids
(Scheme 54). At each stage of the reaction, the products were isolated and characterized
spectroscopically. By a series of reactions, 4,7-dichloro-2-methyl-1,10-phenanthroline (40)

was obtained.
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Scheme 72. Three phases of obtaining 4,7-dichloro-2-methyl-1,10-phenanthroline 4o0.

A final example is a preparation of 7-chloro-2-methyl-1,10-phenanthroline (4p)
(Scheme 73). This compound was obtained by a combination of the Skraup—Doebner—Von
Miller reaction and the reaction with phosphoryl trichloride. In order to obtain the selected
1,10-phenanthroline, the previously prepared 4-chloro-8-aminoquinoline (10) was used as the
starting material (Scheme 73). The procedure consisted in adding to the selected amine
dissolved in hydrochloric acid solution and then adding toluene and crotonaldehyde.
Reactions were carried out under reflux for 3 hours. The aqueous phase was separated and
neutralized with 10% sodium hydroxide solution. Next, the solution was extracted with
dichloromethane, and after drying, the residue was purified by crystallization. The 9-methyl-
1,10-phenanthroline-4(1H)-one (3p) was obtained by the Skraup—Doebner—Von Miller
reaction and fully characterized spectroscopically (Scheme 73). As a result of carrying out the
reaction in an aqueous medium, the reaction also proceeded with the chlorine atom's

substitution by oxygen.
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The compound so obtained was then dissolved in phosphoryl trichloride; the reaction
was carried out for 4 hours at 90 °C. After this time, the excess phosphoryl trichloride was
evaporated off under reduced pressure. The solution was then poured onto a mixture of ice
and water. After about 15 minutes of continuous stirring, the reaction mixture was basified to
a pH of 13-14 with 40% sodium hydroxide solution. The aqueous phase was extracted with
methyl chloride. The crude product of 7-chloro-2-methyl-1,10-phenanthroline (4p) was
obtained after evaporation of the organic phase. It was purified by silica gel column
chromatography in methanol/dichloromethane as an eluent and then crystallized from

dichloromethane alone (Scheme 73).

(2E)-but-2-enal, o

Toluene,
18% HCI CLP(=0)
—— _
reflux, 3h 90 °C, 4h
CH;
1o 3p, 31%

Scheme 73. Preparation of 7-chloro-2-methyl-1,10-phenanthroline (4p).

6.4 Synthesis and functionalization of selected mono and

diformyl quinolines

This chapter presents research on the preparation and functionalization of
carbaldehyde quinolines and their spectroscopic characteristics supported by theoretical
calculations. Additionally, the reaction yields for the preparation of selected mono formyl
quinolines were compared. Two sub-chapters have been distinguished. One is devoted to
preparing quinolinecarbaldehyde derivatives, and the other to the method of their oxidation.

6.4.1 Synthesis of selected mono and diformyl quinolines in the Reimer-

Tiemann, Vilsmeier-Haack, and Duff reactions

This topic is a continuation of Dr. Marcin Szala's research on the preparation of mono

carbaldehydes. This research continued his work by extending the study to the Duff and
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Vilsmeier-Haack reactions for selected new substrates which were used to obtain acid
derivatives (presented in the next chapter 5.4.2).

Aldehydes are a class of compounds of great interest from the synthetic, theoretical,
and application point of view, which can be transformed into a wide range of structural
frameworks by applying various reactions (chapter 5.9). There are many different protocols
for the synthesis of these compounds, including the classic Reimer-Tiemann, Vilsmeier-
Haack, and Duff reactions. These reactions are known as versatile synthetic tools for
formulating electron-rich aromatic compounds.

However, literature data has often inaccurately reported the position of the newly
formed carbonyl group(s). Formylation via the Reimer-Tiemann reaction for 8-
hydroxyquinoline can proceed to the C5 (38%) and C7 (10%) positions?3. On the other hand,
Gonzalez-Vera et al. 34 present the formylation of 2-methyl-quinoline-8-ol, leading to only 8-
hydroxy-2-methylquinoline-5-carbaldehyde at 64% yield. Ding. et al. only obtained 8-
hydroxy-7-quinaldinecarbaldehyde, a product formylated in a different position?®.

The experimental work on this topic started by carrying out the Reimer-Tiemann,
Vilsmeier-Haack, and Duff reactions for selected quinoline derivatives shown in Scheme 74.
The obtained reaction products were fully characterized spectroscopically. A crystallographic
structure for 2-methyl-8-hydroxyquinoline-5,7-dicarbaldehyde (Q2i) was obtained and it is
shown in Figure 59. The main aim of the research was to obtain new carboxylic acid
precursors for selected quinolines and benzo[h]quinolines. An additional aim was to compare
the reaction efficiency and the C5 / C7 position preferences on the benzene ring. In the
research on quinoline derivatives, the results for 10-hydroxybenzo[h]quinoline derivatives

were included due to the similar structure and properties to quinolines.
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Scheme 74. Synthesis of quinolinecarbaldehyde derivatives Q2. *-Compounds obtained by

Dr. Marcin Szala, which are included in the table for comparison with other methods.
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Figure 59. ORTEP drawing of compound Q2i with 50% probability. The solvent molecules
were omitted for clarity.

As mentioned in chapter 5.8, in the case of groups of substituents containing a lone
pair of electrons, their position affects the electron density by increasing it at the C5 and C7
positions. When considering individual electrophilic aromatic substitution mechanisms, it can
be notice the mutual similarities between the Reimer-Tiemann, Vilsmeier-Haack, and Duff
reactions. However, there are significant differences in the initial electrophilic reaction. In the
Reimer-Tiemann reaction, a carbene electrophile is generated in situ. For Vilsmeeir Haack's
reaction, this is the so-called "Vilsmeier reagent,” and in the case of the Duff reaction, it
proceeds through initial aminoalkylations and then dehydrogenations (generated from
HMTA) (Scheme 75).
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Scheme 75. The proposition of formylation and diformylation mechanism of Qla. The

compound Q2b was obtained only by Duff reaction.

The attack by an electrophile generates a Wheland intermediate cation (or arenium
ion) followed by the loss of a proton to restore the aromaticity (Scheme 75, A and B).
Vilsmeier’s reagent and electrophilic dichlorocarbene possess electron-withdrawing (EW)
ability. One consequence of the existence of EWG groups in electrophiles is a decreased
electron density in the newly generated Wheland cations, which deactivate the N,N-
dimethyloaniline (or phenol) ring for the next substitution. A dimethylamino moiety, like a
hydroxyl group in the C8 position, increases the electron density at both the C5 and C7 sites,
which makes double formylation leading to 8-(dimethylamino)quinoline-5,7-dicarbaldehyde
(Q2k, yield < 1%) possible in the case of the Vilsmeier-Haack transformation (Scheme 74).
In contrast, the Duff cyclic electrophile, after the generation of a Wheland cation (Scheme

75), does not deactivate the phenol ring for the next substitution, which allows the double
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formylation to generate 8-hydroxy-quinoline-5,7-dicarbaldehyde (Q2b), 8-hydroxy-2-
methylquinoline-5,7-dicarbaldehyde (Q2i) and 10-hydroxybenzo[h]quinoline-7,9-
dicarbaldehyde (Q2I) in good yields (Scheme 74).

The absence of a methyl group in the C2 (R) position positively affects the yield of the
products obtained. Comparing the performance of Q2b and Q2i, a significant increase in
performance for Q2b can be seen. The methyl group at the C2 position for Q2i may be
subject to further side reactions. Additionally, monoformyl products were present in all
reaction mixtures for all three diformyl derivatives.

Interestingly, for the formylation of 6-hydroxyquinoline (Q1h) by the Duff procedure,
the reaction only leads to monocarbaldehyde, where the carbonyl group is attached only to the
C5 position?®®, The differences in reactivity between 8-hydroxyquinoline (Qla), 6-
hydroxyquinoline (Q1h), N,N-dimethylquinolin-6-amine (Q1e) and N,N-dimethylquinolin-8-
amine (Q1i) could be explained by the differences in electrostatic potentials of the atoms
participating in the formylation transformation. In order to compare their electrostatic
potentials, theoretical calculations were performed for selected quinoline derivatives, which

are presented in Figure 60.
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Figure 60. The electrostatic potentials for the selected quinolines.

A positive charge indicates a deficiency of electrons on an atom and a negative charge,

an excess of electrons. The electrostatic potential for a hydrogen atom is marked in gray
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(positive value) and for carbon in black (negative value). The differences in their potential are
marked in blue. The higher difference in atomic charges between C5 and C7 positions shows
the preference of selected monoformylations products with novel carbonyl group only in the
C5 position. The difference of electrostatic potential of C5-H bond 0.556 for Q1le suggests the
easier cleavage of H atom from C5, compared to C7-H with electrostatic potential difference
0.318 (for Q1h, similarly). The smaller differences in the atomic charges difference of atoms
in bonds C5- and C7-H suggest the possibility of double formylation and the presence of both
regioisomers with new carbonyl group in C5 and C7 positions (Figure 60). Formylation of 2-
methylquinolin-8-ol (Q1b) and 8-hydroxyquinoline (Q1c) in all the presented methodologies
led to complicated reaction mixtures. However, it was noticed that dialdehydes Q2b, Q2i, and
Q21 were easy to isolate because of their low solubility in most solvents. In this case, isolation
relies on filtration, followed by washing with chloroform and methanol.

Analysis of 'H NMR spectra for Q2 molecules showed typical H-1 signals for a proton
in the carbonyl groups at positions C5 and C7 (or C7 and C9 for compound Q2I) with
chemical shifts of ca. 10.1 and 10.5 ppm, respectively. The analysis of the trends in *H NMR
chemical shifts revealed that the presence of intramolecular hydrogen bonds between
neighboring carbonyl group located at C7 position and hydroxyl or dimethylamino group at
C8 position increased the deshielding effect, resulting in the low-field signals. The chemical
shifts in the DMSO solution were moved to the downfield (larger §; 10.5 ppm), while the
higher field signal (10.1 ppm) is for a carbonyl group located at the C5 position where
intramolecular hydrogen bonds were absent (example shown in Figure 61). The *C-NMR
spectra showed an opposite effect to the *H-NMR ones. The carbon atoms of the carbonyl
groups located at the C5 and C7 positions showed distinctive signals with $3C chemical shifts
of ca. 192 and 188 ppm, respectively. The chemical shifts were moved to downfield (larger )

for a non-protonated carbonyl group at the C5 position with resonance signals at ca. 192 ppm.
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Figure 61. Compare *H NMR spectra (DMSO-ds) for Q2a and Q2c, aromatic range.

The IR spectra of molecule Q2 showed distinctive carbonyl signals for the groups
located at C5 and C7 (or C7 and C9 in the case of heterocycle Q2l) positions in the range
1663-1686 vc=o0. The analysis of the trends suggests that the carbonyl group located at C5
possesses rather smaller values than that at C7. In the case of Q2j, two signals from both
carbonyl groups located at C5 and C7 were registered (Figure 62). Comparison of the double
formylated products Q2h and Q2j revealed that the presence of intramolecular and
intermolecular hydrogen bonds between the carbonyls and hydroxyl groups has an impact on
overlapping signals. This could explain why compound Q2k possesses a dimethylamino
group at the C8 position instead of a hydroxyl group and has two separate signals at 1678 vc=0

and 1661 vc=o.
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Figure 62. IR spectra of Q2k (left) and Q2] (right).

Comparing the reactions of Reimer Tiemann, Vilsmeier Haack, and Duff, the first two
reactions take place in a basic environment, while the Duff procedure requires a strongly
acidic reaction environment. A negative impact on the synthesis of quinolinecarbaldehydes
Q2 was noticed during the final stage when alkaline environment was applied in hydrolysis
reactions. This is not surprising because aromatic aldehydes can disproportionate in strongly
alkaline solutions according to the well-known Cannizzaro reaction mechanism, especially
during the long time exposure. To avoid this possible reactivity in an alkaline environment,
the reaction time was reduced to three hours for the Reimer-Tiemann protocol. The next
limitation or potentially a further development for both Reimer-Tiemann and Vilsmeier-
Haack reactivity could be linked to the presence of a methyl group at the R position in the
quinoline skeleton. The newly formed aldehydes can be reacted under base-catalyzed

condensation reactions, such as the Perkin transformation, leading to styryl type compounds.
6.4.2 Oxidation of selected diformyl quinolines. Hydroxy dicarboxylic acids

This thread discusses the oxidation of selected dicarbaldehydes in terms of selected
hydroxy dicarboxylic acids. These studies aimed to present the methods of oxidation of N-
heterocyclic derivatives and functionalization of dicarbaldehyde derivatives. Hydroxy
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dicarboxylic acids is an intriguing topic of research and may be expected to produce more
interesting results due to the carboxyl and hydroxyl groups' presence. Due to the place for
donor power and excellent chelating properties related to the hydroxyl group's presence in the
nitrogen atom's vicinity, the described elements are used as ligands in coordination chemistry
and complexometric chemical processing?”2%2%, On the other hand, the carboxyl group
itself in the described acids' structure can undergo many chemical transformations and allow
for further functionalization in the aqueous environment.

Chemical oxidation of the molecules 8-hydroxyquinoline-5,7-dicarbaldehyde (Q2b)
and 10-hydroxy-benzo[h]quinoline-7,9-dicarbaldehyde (Q2I) (Scheme 76) was investigated.
To test the possible limitations of the reaction, the aldehydes with different structures were
chosen. The reaction was initially carried out under mild conditions at room temperature until
gas evolution ceased and then at a temperature of 100 °C. The solvent used in the reaction
was water for Q2b and formic acid for Q2l. The use of formic acid resulted from better

solubility of the selected quinoline. Sodium chlorite was used as an oxidant in the reaction.

HO O

HO =

H,0,
100 °C, 3h

NaClO,
e
COOH,

100 °C, 3h

Q21 0x-Q21, 32%

Scheme 76. Oxidation of molecules Q2b and Q2I.

In the reaction of Q2b with sodium chlorite, the reaction was not towards a decent
product. The reaction resulted in breaking the bond in the phenyl ring and further side
reactions. This may be due to a different distribution of electron density, which influenced the
compound itself's reactivity. The nitrogen atom's effect on the electron density is greater of
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the phenyl ring directly attached to the pyridine ring than that of the compound, where the
middle phenyl ring decomposes the electron density. The obtained products Ox-Q2b and Ox-
Q21 were characterized by spectroscopy and by mass spectrometry.

The oxidation procedure has been optimized to improve the efficiency of the reaction.
In the case of the sodium chlorate salt used, its use is not limited to carbonyl groups'
oxidation. The great advantage of this reagent is the possibility of carrying out the reaction in
an aqueous medium. This procedure was successfully used for the oxidation of 2,9-dimethyl-
1,10-phenanthroline. These results are presented in a separate chapter on the oxidation of

selected 1,10-phenanthroline (chapter 6.2.7).

6.5 VNS reaction in electron-deficient nitroquinolines

Another topic of the research was to get unsymmetric monosubstituted 1,10-
phenanthroline. As a result of the series of reactions, a precursor of monosubstituted 1,10-
phenanthrolines, i.e., 4-chloro-8-nitroquinoline (4m), was obtained. At this stage of the
research, a planned series of reactions envisaged the substitution of activated chlorine for 4-
chloro-8-nitroquinoline (4m, also in chapter 6.3, Scheme 72) by a selected amine. However,
as the result of the reaction, the common substitution of activated chlorine occurs with the
additional substitution of hydrogen atom (Scheme 77). The reaction mixture was very
complicated. However, a product similar to 9,9’-(8-nitroquinoline-4,7-diyl)bis(9H-carbazole)
(Q4c) as a result of VNS and SnAr subsequent substitutions was identified. GC-MS’s
identified product is with ry = 27.3 min, (EI) M+ = 508 (100%), whose structure is similar to
molecule Q4c and has an exact mass is 504 (Figure 60).

fert-BuOK, THF

v
reflux, overnight

4m Q4c
Scheme 77. The reaction between the potassium carbazol-9-ide and nitroquinolines 4m.
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Figure 63. Chromatogram of the structure comparable to the molecule (left) and MS of the
structure similar to molecule Q4c (right).

Additional studies on VNS reactions were performed in order to confirm the possible
substitution of the hydrogen atom for selected nitroquinolines. The goal of performed studies
was to understand this synthetic route. Only understanding the mechanism of a chemical
reaction is an effective way to explore and plan more productive experiments, design new
compounds or precursors for the purpose of the medicinal application, minimize the side-
reactions, and increase the yield of target products. An additional advantage of research on
VNS reactions is the ability to understand their mechanism deeply. Based on their
mechanism, it may be possible to design reactions to exclude side reactions, which will be
continued in further research.

Nitroguinoline derivatives Q3a, Q3b, and Q3d with the presence of hindered and non-
hindered hydrogens in ortho and/or para positions were chosen in this studies.

The readily available aromatic hydrogen located in ortho and/or para position to the nitro
group is the main requirement for the vicarious nucleophilic substitution from the starting
material. The nitro group activates an aromatic ring to nucleophilic attack. Nucleophilic
addition to carbon atoms of the nitroaromatics and heteroaromatics is a fast and reversible
processt?, during which negatively charged intermediates are created, i.e., the Meisenheimer
complex (Scheme 78), with the stabilization of substituents via the delocalization of charge.
Therefore, electron-withdrawing (EWG)-type substituents, especially the nitro group, are
needed. The nucleophile’s counterion, such as potassium cation, is attracted by the nitro
group’s negatively charged oxygen atoms (Scheme 78). The resulting adducts to restore the

aromaticity have to lose hydride anions (Scheme 78). This process could be realized by
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oxidation by external oxidants. N. J. Lawrence et al. suggests that the nitro group also plays a
role in the oxidation processes®?!.

In this study, as a nucleophile, 9H-carbazole was chosen for the vicarious nucleophilic
substitution of selected nitroquinolines. 9H-Carbazole has a special rigid planar structure and
is a valuable building block for the synthesis of many products like drugs or innovative
materials.

The commercially available 8-nitroguinoline Q3a and 9H-carbazole were initially
selected to carry out the reaction to ascertain the mechanism and optimize conditions.
According to previously reported data, the reaction of molecule Q3a was carried out with an
excess (1.5 equiv.) of potassium carbazol-9-ide in THF solvent, which quickly turned red at
reflux temperature. Crystalline 9-(8-nitroquinolin-7-yl)-9H-carbazole (Q4a) and (2)-7-(9H-

carbazol-9-yl)-8-(hydroxyimino)quinolin-5(8H)-one (Q4b) were isolated with low vyield
(Figures 64, 65 and Scheme 78).

Figure 65. ORTEP drawings of compound Q4b with 30% probability (left). The z-stacking
interactions in cell packing of compound Q4b (right).
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At first sight, it is somewhat surprising that the vicarious nucleophilic substitution via
nucleophilic displacement of aromatic hydrogen of molecule Q4a led to two products, both
with the 9H-carbazolyl group located exclusively at the C7 position. The regiochemistry of
this type of substitution is strongly affected by the size of the nucleophile. Because of the
bulky nucleophile used, it was expected that a newly formed C-N bond would be formed
rather in the C5 position than C7. This finding suggests the potassium counterion assists the
interaction with the nitro group. A nucleophile’s attack generates a Meisenheimer adduct (-
adduct, A and B) followed by a loss of hydrogen to restore the aromaticity (Scheme 78). The
molecule Q4a possesses at C7 position a newly-attached 9H-carbazolyl substituent in ortho
location to nitro group (Scheme 78). The molecule Q4b’ contains a hydroxyl group at C5 and
nitroso substituent at the C8 position. The conversion of nitro to nitroso group is known in

literaturel20240,
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Scheme 78. Proposed mechanism of the reaction between the potassium carbazol-9-ide and 8-
nitroquinoline Q3a.
The potassium carbazol-9-ide in THF was generated by potassium tert-butoxide and
9H-carbazole. The in situ generated tert-BuOH serves as a proton source (Scheme 78; step 1).
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The nitro group at the C8 position in molecule Q4a or Meisenheimer adduct in protic media
could be transformed into nitroso by protonation and the subsequent elimination of water. The
origin of compound Q4b’ requires both the transformation of the nitro group into nitroso and
the presence of hydroxyl substituent (or carbonyl) at the C5 position. One explanation of the
origin of the Q4b’ could be the displacement of the potassium hydroxide from the
Meisenheimer adduct in protic media (Scheme 78; step 2). The potassium hydroxide could
attack Meisenheimer’s nitrosophenyl ring at C5 position and form a hydroxyl group in nitroso
adduct, followed by oxidation by oxygen from the air or nitro substituent to a carbonyl group
(Scheme 78; step 3). E. A. Bucharova et al. showed the influence of substituents and medium
on the tautomeric equilibrium between nitrosophenols and quinone oximes?*!. Another similar
phenomenon is reported by I. R. Baxendale et al.?*2. A similar type of phenomenon between
the nitroso adduct Q4b’ and molecule Q4b was observed (Scheme 78).

The obtained compounds Q4a, Q4b based on the VNS reaction prove the VNS
reaction for the derivative Q3b is possible as a competitive to SnAr reaction (Scheme 77).

Another interesting example of a VNS reaction is the synthesis of 8-(iso-propyl)-2-
methyl-5-nitroquinoline (Q3d, Scheme 79). The N-Cary bond formation via VNS reaction in
2-methylquinoline derivatives such as molecule Q3d is more complicated due to the acidic
protons located on the methyl group C2 position?*3. Their presence in the quinoline
constitution implicates a competition reaction between VNS N-Cany bond formation and a
base attack at acidic protons located on the methyl group in C2 position. To synthesize the
targeted  9-(8-isopropyl-2-methyl-5-nitrosoquinolin-6-yl)-9H-carbazole (VNS product;
Scheme 79), a reaction was carried out where molecule Q3d was treated with excess (1.5
equiv.) potassium 9H-carbazol-9-ide in THF solvent at reflux temperature under the same
reaction conditions as the above example. Molecule Q3d was chosen due to the presence of
an easier diagnostic iso-propyl group. Unexpectedly a product of double VNS substitution 9-
(8-isopropyl-2-((8-isopropyl-2-methyl-5-nitroquinolin-6-yl)methyl)-5-nitrosoquinolin-6-yl)-
9H-carbazole (Q4d) was obtained. The formation of nitroso adduct observed was possible by
the elimination of a water molecule, which is similar to the aforementioned mechanism of
origin of Q4b’ (Scheme 78). The origin of molecule Q4d can be explained by potassiation
with potassium tert-butoxide followed by an intramolecular transfer of the 8-iso-propyl-2-
methyl-5-nitroquinoline, which afforded molecule Q4d in 44% yield (Scheme 79). N. J.
Lawrence et al. reported VNS reaction product as an intermediate react with various

electrophilest?!,
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Scheme 79. The reaction between the potassium carbazol-9-ide and 8-isopropyl-2-methyl-5-

nitroguinoline (Q3d).

These studies were performed by varying pH and solvent to examine their effect on
the absorbance of molecule Q4b (Figure 67). Compound Q4b shows the ability to form a
pseudoring, stabilized by an intramolecular hydrogen bond in solution, shown on *H-NMR
spectra as a signal from OH group (in CDCIs solution 17.76 ppm, Figure 66). The

phenomenon of forming a pseudo-ring, which was stabilized by an intramolecular hydrogen
bond, was also observed before by M. Szala et al.?*4,
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Figure 66. 'H-NMR (CDClIs, 500.2 MHz) spectrum of Q4b.
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Figure 67. UV-Vis absorption spectra (left), the plot of the dielectric constant of solvent
against wavelength of Q4b (right).

Additionally, the tautomerism between nitrosophenol Q4b’ and quinine oxime Q4b
forms presented in Scheme 78 could have an influence on absorption spectra. Figure 67 shows
the graph confirming the presence of a pure anionic form of nitrosophenol Q4b’ in 1 M KOH
solution for studied molecule Q4b (black line). A similar tendency was observed for Q4b in
dimethylformamide (DMF) solvent (red line). The A max value of compound Q4b in
methanol in comparison with KOH and DMF solutions showed a bathochromic shift (red
shift), which could be explained by the presence of hydrogen bonds between quinine oxime
Q4b and methanol molecules (green dots). As expected, the increase of the number of
hydrogen bonds between solute and more acidic CHClI3 leads to an increase in the wavelength
of the absorption maxima of compound Q4b, which shifts bathochromically (intermittent blue
line). The neutral DMSO and acetonitrile (ACN) solvents showed intermediate results.
Longer wavelengths (bathochromic shift) with a decreased dielectric constant in the
absorption band can be observed. Additionally, the dielectric dependence on the wavelength

was presented in Figure 67.
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. Experimental

7.1 Experimental techniques and computational methods

NMR analyzes were performed on a Bruker Avance 400 instrument (frequency 400.1 MHz for
H NMR, 100 MHz for *C NMR), Bruker Avance 500 (frequency 500.2 MHz for *H NMR,
125 MHz for *C NMR), Bruker Avance 600 (frequency 600.2 MHz for 'H NMR, 150 MHz
for *C NMR) and Bruker Avance 400WB; 100.65 MHz for 3C NMR, 40.55 MHz for °N.
The IR spectra were recorded on a A Nicolet iS50 FTIR spectrometer was used for recording
spectra in the IR range 4000-400 cm™. FTIR spectra were recorded on a Perkin Elmer
(Schwerzenbach, Switzerland) spectrophotometer in the spectral range 4000-450 cm™ with
the samples in the form of KBr pellets. spectrometer in the range of 4000-400 cm using the
KBr pellet technique,

UV-Vis spectra were made on the Nicolet iS50 spectrometer in the range of 200-800 nm,
HRMS measurements were made on a Synapt G2-Si mass spectrometer (Waters, New Castle,
DE USA) equipped with an ESI source and quadrupole-time-of-flight mass analyser,

The LCMS-IT-TOF analysis was performed on an Agilent 1200 Series binary LC system
coupled to a micrOTOF-Q system mass spectrometer (Bruker Daltonics, Brema, Germany).
Elementary analysis was performed using Vario EL 1l apparatus (Elementar, Langenselbold,
Germany).

X-ray structure analysis was performed on an Oxford Diffraction Gemini A Ultra
diffractometer for Mo K alpha and Cu K alpha radiation and a CryoJet attachment to maintain
a constant sample temperature using the CrysAlisPro package,

Melting points were determined on MPA100 OptiMelt melting point apparatus (Stanford
Research Systems, Sunnyvale, CA USA) and are uncorrected.

Electrochemical tests: Cyclic voltammetry was measured on a PGSTAT 12 Autolab
potentiostat (Ecochemie, Utrecht, NL) in 0.1 M TBAPFs solution in acetonitrile (anhydrous,
Sigma-Aldrich, the content of H,O <0.001%, supplied under argon) or dimethylsulfoxide
(DMSO, the content of H,O < 0.005%, Sigma-Aldrich). An Ag|AgCI| 1M LiCl reference
electrode was separated from the examined solution by a salt bridge. The working and
auxiliary electrodes were a glassy carbon electrode (diameter 0.7 mm, 0.9 mm) and a platinum
wire, respectively. Values of voltammetric faradaic current were obtained by subtracting
capacitance current from the total peak current?®. The semi-integration of linear sweep
voltammograms (convolution voltammetry) was performed in accordance with
literature204219220 and the semi-integrated currents | were obtained from the equation | = /2 J¢!

(1(v) / (t-v)*?)dv, where v is an integration variable, and t is related to the potential through the
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scan rate. The logarithmic (log-plot) analysis (log(l/lim-1) vs. E) of semi-integrated currents
were obtained according to the procedure described for the steady-state waves in order to
obtain the parameters (slope) of the dependence E = Eiz + RT/nF In(I/Lim-1)%4. All
electrochemical measurements were performed on a PGSTAT 12.

¢ Quantum-mechanical calculations (DFT): DFT calculations were performed for the selected

compounds, including the optimization of the geometry of the molecules, their HOMO and
LUMO orbitals, as well as energy gaps (Eg) were determined. The Spartan ’14, v.1.1.8
software (Wavefunction, Inc. USA) was used for the calculations, using the B3LYP functional
with the 6-31G" basis set. The theoretical calculations of IR spectra in vacuum were performed
using the DFT employing the B3LYP, EDF2 functional and 6-31G™* basis set.
For Figure 53 and 54 (Hyd-5i and Hyd-5m) the calculations were done with the use of the
density functional theory (DFT) and were carried out using the Gaussian09 program?*® on
B3LYP/6-31g++ level?*¢247, Molecular geometry of the singlet ground state of the compounds
was optimized in the gas phase.

e UV-Vis and IR spectroelectrochemistry: Measurements were carried out using an optically
transparent thin-layer electrode cell?®. The cell contains a three-electrode system (Ag/AgCl
reference electrode) mounted in a thin layer (thickness 0.18 mm) between optical windows
(CaF,). A 5 x 5mm? of sufficiently optically transparent platinum gauze (80 mesh) was used
as the working electrode, and its polarity was changed at 5 mV-s™! rate. Absorption spectra
during the electrolysis were registered
using an Agilent 8453 diode-array UV-Vis spectrometer. A Nicolet iS50 FTIR spectrometer
was used for recording spectral changes in the IR 4000-1000 cm™ range in the same
spectroelectrochemical cell with 0.09 cm™ spectral resolution.

e CP-MAS in solid state NMR: The CP MAS technique is based on a phenomenon that uses
high detection sensitivity and proton polarizability (or, in fact, their high energy) to detect
low-sensitivity nuclei. In this study, it was the *C MAS stands for NMR techniques used in
solid state measurements using the sample rotation at a magic angle of 54 © 44.1 ', relative to
the magnetic field lines Bo. In practice, this means that for the *3C nuclei bound with protons

for the CP technique, more intense signals should be observed.

7.2 Materials

In this work, the reagents of the following companies were used: Sigma-Aldrich, Avantor (POCH),
Acros, Chempur.

Solvents: methylene chloride, chloroform, acetone, hexane, tetrahydrofuran, dimethylformamide,
toluene, ethyl alcohol, methyl alcohol, dimethyl sulfoxide, acetonitrile, acetone, diphenyl ether.

Specialized reagents:
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Sigma Aldrich (Poznan, Poland): Sodium hydride (dry, 95%), trimethyl orthoformate, triethyl
orthoformate, triethyl orthoacetate, trimethyl orthoacetate, 1,10-phenanthroline (Phen), 2,9-dimethyl-
1,10-phenanthroline (Phen-2CHs;), 9H-carbazole, pyrrolidine, 10H-phenothiazine, Meldrum’s acid,
benzene-1,2-diamine (1a), 4-fluorobenzene-1,2-diamine (1b; to obtain 2-4b,g), 4-chlorobenzene-1,2-
diamine (1c), 4-methylbenzene-1,2-diamine (1d), 3,4-diaminobenzonitrile (1e), 4-bromobenzene-1,2-
diamine (1f), 3,4-diaminobenzoic acid (1g), 2-nitroaniline (1m) and quinolin-8-amine (1n) were

purchased from Sigma-Aldrich (Poznan, Poland), and were used without further purification.

Hexamethylenetetramine (HMTA), 8-hydroxyquinoline (Qla) 5,7-dibromo-2-methylquinolin-8-ol
(Q1d), 2-methylquinolin-8-ol (Q1h), and benzo[h]quinolin-10-ol (Q1j) were purchased from Sigma—
Aldrich (Poznan, Poland), and were used without further purification.

5-chloroquinolin-8-ol (Q1b), methylquinolin-8-ol (Q1c), N,N,2-trimethylquinolin-6-amine (Q1le),
N,N-dimethylquinolin-6-amine (Q1f), quinolin-6-ol (Q1h), and N,N-dimethylquinolin-8-amine (Q1i)
were synthesized according to the procedures described in the literature?4.250251252 The 8-(iso-propyl)-
2-methylquinoline (Q1Kk) were synthesized according to the literature?®,

Solvents were dried by usual methods (diphenyl ether, diethyl ether and THF over benzophenone
ketyl, CHCI; and CH,Cl, over P4O10, hexane over sodium-potassium alloy and DMF over molecular
sieves) and distilled. Chromatographic purification was carried out on silica gel 60 (0.15-0.3 mm,
Macherey-Nagel GmbH & Co. KG, Diiren, Germany).

2,2,2-Trifluoroacetic acid (Caution! TFA is a known nigrostriatal neurotoxin, and therefore

compounds of this class should be handled using disposable gloves in a properly ventilated hood).

7.3 General Procedures for Synthesis of 4,7-dichloro-1,10-

phenanthrolines

These syntheses were based on procedures described in the literature®*%°. Due to the multi-stage

synthesis reactions, they have been divided into three separate steps: Step A, Step B, and Step C.
7.3.1 Step A

Triethyl orthoformate or trimethyl orthoformate were used in the synthesis of 2a, 2b, 2c, 2d,
2e, and triethyl orthoacetate or trimethyl orthoacetate for 2f, 2g, 2h, 2i, 2j, 2k, 2I. The orthoester
(triethyl orthoformate, triethyl orthoacetate, trimethyl orthoformate or trimethyl orthoacetate, 330.0
mmol) and Meldrum’s acid (1.7 g, 12.0 mmol) was brought to gentle reflux for 15 min. The resulting
greenish solution was cooled to 80 °C, and the appropriate benzene-1,2-diamine 1 (5.5 mmol) was

added portionwise (caution: exothermic reaction). The resulting mixture was stirring up to reflux for 2
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h, and left under r.t. for 16 h. Subsequently, diethyl ether or hexane was added, and the solution was
cooled to —35 °C, where a precipitate formed. The precipitate was filtered off, washed with diethyl
ether (4 x 100 mL), and dried to afford a solid:
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1,2-Bis-[(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidenemethyl)amino]benzene (2a)**?4; white solid
2.0 g (4.7 mmol, 86%); M.pgec. = 207.6 °C.

o T
5,5°-(((4-Fluoro-1,2-phenylene)bis(azanediyl))bis(methaneylylidene))bis(2,2-dimethyl-1,3-
dioxane-4,6-dione) (2b); white; 2.0 g (4.6 mmol, 83%); m.pdec. = 216 °C; *H-NMR (CDCls; 400.2
MHz) & = 1.73 (s, 6H, 2CHa), 1.74 (s, 6H, 2CHs), 7.06-7.12 (dt, 3Jun = 8.1 Hz, “Jep = 2.6 Hz, 1H,
aromatic), 7.20 (dd, 3Jen = 8.7 Hz, *Jen = 2.5 Hz, 1H, aromatic), 7.38 (dd, Je = 8.9 Hz, 3Jun = 5.1
Hz, aromatic), 8.38 (d, 3Juu = 13.5 Hz, 1H, vinyl), 8.52 (d, 3Jun = 13.4 Hz, 1H, vinyl), 11.15 (d, 3Juu
= 13.5 Hz, 1H, NH), 11.42 (d, 3Jun = 13.3 Hz, 1H, NH); 3C{*H}-NMR (CDCls; 125.78 MHz) & =
27.2,27.3, 89.6, 90.3, 105.8 (d, 3Jcr = 14.3 Hz), 107.4 (d, 2Jcr = 26.8 Hz), 115.0 (d, 2Jcr = 22.9 Hz),
124.9 (d, “Jcr = 9.5 Hz), 126.9, 133.3 (d, 3Jcr = 10.1 Hz), 161.1, 155.1 (d, Wcr = 342.9 Hz), 162.9,
163.2, 165.4, 165.5; F{*H}-NMR (CDCls; 470.5 MHz) 5 = —108.94; *F-NMR (CDCls; 470.5 MHz)
8 = —108.94 (dd, 3Jen = 12.9 Hz, 3Jen = 7.8 Hz); UV-Vis (methanol; A [nm] (loge)): 329 (4.48), 292
(4.56), 212 (4.43).

Cl
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5,5°-(((4-Chloro-1,2-phenylene)bis(azanediyl))bis(methaneylylidene))bis(2,2-dimethyl-1,3-
dioxane-4,6-dione) (2c)*; white; 2.1 g (4.6 mmol, 84%); M.pgec. = 202.7 °C; UV-Vis (methanol; A
[nm] (loge)): 332 (4.59), 296 (4.75), 223 (4.47), 206 (4.46).
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5,5°-(((4-Methyl-1,2-phenylene)bis(azanediyl))bis(methaneylylidene))bis(2,2-dimethyl-1,3-
dioxane-4,6-dione) (2d); white; 2.2 g (5.2 mmol, 94%)?%°; m.pdec. = 212 °C; UV-Vis (methanol; A

[nm] (loge)): 330 (4.85), 296 (4.93), 221 (4.83).

G oL
3,4-Bis(((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl)amino)benzonitrile (2e); beige, 1.7
g (3.8 mmol, 69%); M.pgec. = 250 °C; *H-NMR (DMSO-dg; 400.2 MHz) § = 1.68 (s, 6H, 2CH3), 1.68
(s, 6H, 2CHs), 7.81-7.84 (m, 2H, aromatic), 8.16 (dd, ®Jun = 4.3 Hz, *Jun = 0.8 Hz, 1H, aromatic),
8.33 (d, *Jun = 14.1 Hz, 1H, vinyl), 8.41 (d, *Jun = 13.9 Hz, 1H, vinyl), 11.33 (d, 3Jun = 14.1 Hz, 1H,
NH), 11.43 (d, 3Jun = 14.0 Hz, 1H, NH); BC{*H}-NMR (DMSO-dg; 125.8 MHz) = 26.5, 26.6, 88.3,
88.8, 104.1, 104.3, 110.0, 117.4, 122.7, 128.0, 132.0, 133.6, 137.5, 155.6, 157.4, 162.3, 162.5, 163.5,
163.6; UV-Vis (methanol; A[nm] (loge)): 342 (4.11), 296 (4.19), 219 (4.00).

o o} 0 o}

Ao T
5,5°-((1,2-Phenylenebis(azanediyl))bis(ethan-1-yl-1-ylidene))bis(2,2-dimethyl-1,3-dioxane-4,6-
dione) (2f) *°4°; white; 1.2 g (2.8 mmol, 51%); M.pgec. = 189.6 °C.

5,5°-(((4-Fluoro-1,2-phenylene)bis(azanediyl))bis(ethan-1-yl-1-ylidene))bis(2,2-dimethyl-1,3-

dioxane-4,6-dione) (2g); white, 0.9 g (2.0 mmol, 36%); M.paec. = 218.0 °C; *H-NMR (CDCls; 400.2
MHz) & = 1.70 (s, 6H, 2CH3), 1.71 (s, 6H, 2CH3), 2.50 (s, 3H, CHs), 2.58 (s, 3H, CH3), 7.12 (dd, 3Jur
= 8.2 Hz, 9Jun = 2.3 Hz, 1H, aromatic), 7.18-7.20 (m, 1H, aromatic), 7.35 (dd, Jur = 8.7 Hz, 3Jun =
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5.4 Hz, 1H, aromatic), 12.68 (s, 1H, NH), 12.85 (s, 1H, NH); 3C{*H}-NMR (CDCls; 125.8 MHz) 5 =
19.6, 19.7, 26.7, 26.7, 87.6, 88.0, 103.4, 103.5, 115.4 (d, 2Jcr = 24.8 Hz), 116.4 (d, 2Jcr = 22.4 Hz),
1285 (d, “cr = 3.7 Hz), 129.7 (d, 3Jcr = 9.5 Hz), 134.1 (d, 3Jcr = 10.3 Hz), 161.8 (d, e = 252.9
Hz), 162.3, 162.5, 167.7, 167.6, 172.8, 173.5; *F{*H}-NMR (CDCls; 470.5 MHz) & = —108.53; °F-
NMR (CDCls; 470.5 MHz) & = —108.53 (dd, 3Jen = 13.3 Hz, “Jen = 7.7 Hz); UV-Vis (methanol; A
[nm] (loge)): 311 (4.30), 283 (4.66), 226 (4.38), 201 (4.27).

Cl

o T
5,5°-(((4-Chloro-1,2-phenylene)bis(azanediyl))bis(ethan-1-yl-1-ylidene))bis(2,2-dimethyl-1,3-
dioxane-4,6-dione) (2h); white, 1.4 g (2.9 mmol, 52%); M.p.¢ec. = 203.8 °C; 'H-NMR (CDCls; 400.2
MHz) & = 1.71 (s, 12H, 4CHs), 2.53 (s, 3H, CHs), 2.56 (s, 3H, CHa), 7.30 (d, ®Jun = 8.5 Hz, 1H,
aromatic), 7.38 (d, *Jun = 1.6 Hz, 1H, aromatic), 7.48 (dd, %Jun = 8.5 Hz, “Jun = 1.8 Hz, 1H,
aromatic), 12.76 (s, 1H, NH), 12.81 (s, 1H, NH); *C{*H}-NMR (CDCls; 100.5 MHz) § = 19.7, 19.7,
26.7, 87.9, 88.0, 103.5, 103.5, 128.1, 129.0, 129.5, 131.1, 133.6, 135.0, 162.3, 162.4, 167.7, 167.7,
173.0, 173.1; UV-Vis (methanol; A [nm] (logg)): 315 (4.36), 285 (4.74), 226 (4.46), 202 (4.38).

Br

O»_%;Q}_«O

el
5,5°-(((4-Bromo-1,2-phenylene)bis(azanediyl))bis(ethan-1-yl-1-ylidene))bis(2,2-dimethyl-1,3-
dioxane-4,6-dione) (2i); white, 0.9 g (1.8 mmol, 32%); M.paec. = 204.6 ‘C; 'H-NMR (CDCl3; 400.2
MHz) & = 1.71 (s, 12H, 4CHs), 2.53 (s, 3H, CHs), 2.56 (s, 3H, CHa), 7.23 (d, %Jun = 8.5 Hz, 1H,
aromatic), 7.53 (d, *Jun = 1.5 Hz, 1H, aromatic), 7.63 (dd, %Jun = 8.5 Hz, “Jun = 1.7 Hz, 1H,
aromatic), 12.76 (s, 1H, NH), 12.81 (s, 1H, NH); ¥C{*H}-NMR (CDCls; 125.78 MHz) & = 19.6, 19.7,
26.6, 87.7, 87.8, 103.4, 103.4, 122.3, 129.1, 131.0, 131.6, 132.4, 133.7, 162.2, 162.3, 167.5, 172.9;
UV-Vis (methanol; A [nm] (loge)): 313 (4.29), 284 (4.65), 226 (4.38), 201 (4.37).
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5,5°-(((4-Methyl-1,2-phenylene)bis(azanediyl))bis(ethan-1-yl-1-ylidene))bis(2,2-dimethyl-1,3-
dioxane-4,6-dione) (2j); white, 1.3 g (2.9 mmol, 52%); m.pgec. = 204.2 °C; *H-NMR (CDCl3; 400.2
MHz) 6 = 1.70 (s, 12H, 4CH3s), 2.45 (s, 3H, CHz), 2.51 (s, 3H, CHs), 2.52 (s, 3H, CHa), 7.17 (s, 1H,
aromatic), 7.23 (d, 3Jun = 8.1 Hz, 1H, aromatic), 7.30 (d, 3Jun = 8.3 Hz, 1H, aromatic), 12.68 (s, 1H,
NH), 12.71 (s, 1H, NH); BC{*H}-NMR (CDCls; 125.78 MHz) & = 19.6, 19.6, 21.2, 26.6, 87.1, 87.2,
103.2, 127.7, 128.5, 129.8, 130.1, 132.2, 140.1, 162.5, 162.5, 167.6, 173.2, 173.4; UV-Vis (methanol;

A [nm] (loge)): 319 (4.12), 283 (4.60), 227 (4.38), 203 (4.23).

O»_%;N%\:I—%\I;\g_(()

R e

3,4-Bis((1-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)ethyl)amino)benzonitrile (2k); white, 1.0
g (2.2 mmol, 40%); M.pgec. = 205.6 °C; *H-NMR (CDCls; 400.2 MHz) & = 1.72 (bs, 12H, 4CH3), 2.55
(s, 3H, CH3), 2.61 (s, 3H, CH3), 7.49 (d, ®Jun = 8.2 Hz, 1H, aromatic), 7.68 (s, 1H, aromatic), 7.78 (d,
3Jun = 8.2 Hz, 1H, aromatic), 12.87 (s, 1H, NH), 13.04 (s, 1H, NH); ¥C{*H}-NMR (CDCls; 125.8
MHz) 6 = 19.7, 19.9, 26.8, 26.8, 88.6, 89.0, 103.7, 103.7, 112.7, 116.7, 128.2, 131.6, 132.6, 133.1,
136.9, 162.1, 162.2, 167.7, 167.7, 172.2, 172.9; UV-Vis (methanol; A [nm] (loge)): 324 (4.27), 289

(4.58), 224 (4.40), 204 (4.40).

o%%}%o

Rl

Ethyl 3,4-bis((1-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)ethyl)amino)benzoate (2I); white,
0.9 g (1.7 mmol, 31%); M.pgec. = 171.4 °C; *H-NMR (CDCls; 400.2 MHz) & = 1.42 (t, *Jun = 7.0 Hz,
3H, CH3), 1.71 (s, 6H, 2CHs), 1.72 (s, 6H, 2CHj3), 2.54 (s, 3H, CHa), 2.59 (s, 3H, CHs), 4.43 (q, *Jnn =
7.1Hz, 2H, OCHy), 7.43 (d, %Jun = 8.2 Hz, 1H, aromatic), 8.02 (s, 1H, aromatic), 8.15 (d, 3Jun = 8.1
Hz, 1H, aromatic), 12.82 (s, 1H, NH), 12.95 (s, 1H, NH); BC{*H}-NMR (CDCls; 125.8 MHz) 6 =
14.4, 19.7, 19.9, 26.7, 26.7, 62.1, 87.9, 88.3, 103.5, 103.5, 127.5, 129.2, 130.2, 131.2, 132.2, 136.3,
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162.3, 162.4, 164.4, 167.7, 167.7, 172.6, 173.3; UV-Vis (methanol; A [nm] (loge)): 321 (4.25), 287
(4.63), 225 (4.44), 204 (4.35).

HO-C

HN\?N

1H-benzo[d]imidazole-6-carboxylic acid; m.pe.. = 278.0-280.0 °C; H-NMR (DMSO-ds/KOD;
500.2 MHz) & = 7.74 (d, 3JH,H = 8.7 Hz, 1H, aromatic), 7.96 (d, 3JH,H = 8.7 Hz, 4JH,H = 1.4 Hz,
1H, aromatic), 8.23 (s, 1H, aromatic), 9.08 (s, 1H, aromatic); *H-NMR (D,O/KOD; 500.2 MHz) § =
7.66 (d, *Jun = 8.5 Hz, 1H, aromatic), 7.81 (dd, 3Jun = 8.5 Hz, “Jun = 1.5 Hz, 1H, aromatic), 8.21 (s,
1H, aromatic), 8.36 (s, 1H, aromatic); *C{*H}-NMR (DMSO-ds/KOD; 125.8 MHz) 6 = 116.0, 117.9,
128.4, 130.4, 132.1, 135.0, 143.1, 170.8; BC{*H}-NMR (D.O/KOD; 125.8 MHz) & = 115.3 (bs),
118.3 (bs), 123.8, 124.8, 144.7, 168.4; HRMS (IT TOF): m/z Calcd for CgH/N.O, [M + H]'=
163.0508, Found 163.0509.

7.3.2 StepB

Modifications to existing procedures described in the literature®**° rely on purifications. The crude
products were extracted with hexane or toluene at the Soxhlet apparatus. Into freshly distilled diphenyl
ether (50 mL) at 240 °C was added compound 2 (10.0 mmol) in small portions, resulting in vigorous
gas evolution. The resulting orange solution was brought to reflux for 30 min and was then allowed to
cool to 70 °C. The acetone or hexane (25 mL) was added, and a dark-brown solid precipitated was
filtered, washed with acetone (2 x 10 mL). The crude product was extracted with hexane or toluene at

Soxhlet apparatus to yield solid as follows:

o) >: 0]
\NHHN/

1,10-Dihydro-1,10-phenanthroline-4,7-dione (3a)%°; brown; 1.4 g (6.8 mmol, 68%); M.pgec. > 350
°C; HNMR (CDsOD/KOD/D,0; 400.2 MHz) & = 6.62 (d, *Jun = 5.6 Hz, 2H, aromatic), 8.08 (s, 2H,
aromatic), 8.36 (d, *Jun = 5.6 Hz, 2H, aromatic); *C{*H}-NMR (CDs;OD/KOD/D0; 100.5 MHz) § =
111.6, 118.8, 127.0, 148.8, 150.5, 174.7.
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5-Fluoro-1,10-dihydro-1,10-phenanthroline-4,7-dione (3b); brown; 1.8 g (7.7 mmol, 77%); M.Pgec.
>350.0 °C; *H-NMR (CD3OD/KOD/D0; 400.2 MHz) & = 6.45 (d, 3Jun = 6.5 Hz, 1H, aromatic), 6.50
(d, 3Jun = 6.2 Hz, 1H, aromatic), 7.31 (d, 3Jur = 14.1 Hz, 1H, aromatic), 8.01 (d, 3Jun = 6.4 Hz, 1H,
aromatic), 8.10 (d, *Jun = 6.1 Hz, 1H, aromatic); ¥*C{*H}-NMR (CD;OD/KOD/D0; 100.5 MHz) § =
101.1 (d, 2Jcr = 24.1 Hz), 113.0 (d, YJcr = 307.7 Hz), 117.6 (d, 2Jcr = 11.3 Hz), 125.0 (d, 3Jcr = 9.6
Hz), 130.7, 136.4, 142.9, 143.4, 147.9, 156.4, 158.9, 175.7, 176.9; GC-MS: t, = 5.1 min, (ElI) M* =
230 (< 1%); F{!H}-NMR (CD;OD/KOD/D,O; 470.5 MHz) & = -119.68; “F-NMR
(CDsOD/KOD/D-0; 470.5 MHz) & = —119.68 (d, *Jen = 13.8 Hz); UV-Vis (methanol; A [nm] (loge)):
352 (3.40), 329 (3.61), 308 (3.55), 273 (3.56), 251(3.63), 224 (3.91), 208 (3.96).

Cl

O : O
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5-Chloro-1,10-dihydro-1,10-phenanthroline-4,7-dione (3c)*; brown; 1.5 g (6.1 mmol, 61%); M.Pdec.
= 272.8-273.6 °C; 1H-NMR (CDsOD/KOD/D,0; 400.2 MHz) 6 = 6.62 (d, 3JH,H = 6.9 Hz, 1H,
aromatic), 6.64 (d, 3Jun = 6.4 Hz, 1H, aromatic), 8.27 (d, ®Jun = 5.9 Hz, 1H, aromatic), 8.31 (d, *Jun =
5.8 Hz, 1H, aromatic); BC{*H}-NMR (CD;OD/KOD/D;0; 100.5 MHz) & = 112.0, 114.5, 120.3,
1225, 125.4, 126.1, 144.0, 147.1, 148.6, 149.4, 169.3, 173.7, 173.8, 176.0, 176.1; GC-MS: t, = 115
min, (EI) M* = 246 (100%), 248 (32%), [M + H]* = 247 (8%), [M-CO]* = 218 (90%); UV-Vis
(methanol; & [nm] (loge)): 356 (3.83), 338 (4.06), 324 (4.06), 285 (3.97), 273 (4.03), 249 (4.42), 231
(4.28), 215 (4.42).

HsC

0 : 0O
\NHHN/

5-Methyl-1,10-dihydro-1,10-phenanthroline-4,7-dione (3d); brown; 1.9 g (8.6 mmol, 86%); M.paec.
> 350.0 °C; ‘H-NMR (CDsOD/KOD/D;0; 500.2 MHz) & = 2.73 (d, “Jun = 0.8 Hz, 3H, CH3), 6.36 (d,
3Jun = 6.6 Hz, 1H, aromatic), 6.48 (d, ®Jun = 6.0 Hz, 1H, aromatic), 7.47 (d, “Jun = 1.0 Hz, 1H,
aromatic), 7.88 (d, 3Jun = 6.6 Hz, 1H, aromatic), 8.08 (d, 3Jun = 6.0 Hz, 1H, aromatic); **C{‘*H}-
NMR(CD;OD/KOD/D,0; 125.8 MHz) & = 24.5, 112.0, 114.0, 119.9, 124.9, 125.9, 132.6, 139.8,
141.0, 142.5, 148.0, 174.6, 180.9; GC-MS: t, = 7.0 min, (EI) [M-H]* = 225 (1%); UV-Vis (methanol; A
[nm] (loge)): 355 (3.66), 327 (3.89), 306 (3.83), 275 (3.93), 247 (4.14), 224 (4.23), 209 (4.28).
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4,7-Dioxo-1,4,7,10-tetrahydro-1,10-phenanthroline-5-carbonitrile (3e); beige, 1.5 g (6.4 mmol,
64%); M.pgec. > 350 °C; 'H-NMR (DMSO-ds/KOD/D-0; 400.2 MHz) & = 6.37 (d, *Jun = 6.8 Hz, 1H,
aromatic), 6.41 (d, *Jun = 6.3 Hz, 1H, aromatic), 8.02 (d, ®Jun = 6.7 Hz, 1H, aromatic), 8.16 (d, Jun =
6.3 Hz, 1H, aromatic), 8.26 (s, 1H, aromatic); **C{*H}-NMR (DMSO-ds/KOD/D,0; 125.8 MHz) & =
101.1, 113.7, 114.2, 122.2, 123.3, 124.8, 131.2, 139.6, 142.2, 144.6, 149.7, 176.1, 176.8; UV-Vis
(methanol; A [nm] (loge)): 382 (3.27), 350 (3.50), 335 (3.44), 277 (3.39), 242 (3.78), 214 (3.81).

0 O

\NHHN/

2,9-Dimethyl-1,10-phenanthroline-4,7-dione (3f)*; brown; 1.6 g (6.8 mmol, 68%); M.pgec. = 291.8—
292.5 °C; H-NMR (CDs;OD/KOD/D,0; 400.2 MHz) & = 2.29 (s, 6H, CH3), 6.24 (s, 2H, aromatic),
7.64 (s, 2H, aromatic); *C{*H}-NMR (CDs;OD/KOD/D,0; 100.5 MHz) & = 21.8, 100.0, 110.1, 117.0,
122.9, 138.9, 155.9, 174.6.

5-fluoro-2,9-dimethyl-1,10-dihydro-1,10-phenanthroline-4,7-dione (3g); brown; 2.2 g (8.7 mmol,
87%); M.peec. = 370.2-372.8 °C; H-NMR (CD:0D/KOD/D;0; 400.2 MHz) & = 2.40 (bs, 6H, CHa),
6.26 (bs, 1H, aromatic), 6.35 (bs, 1H, aromatic), 7.19 (bd, 3Jur = 11.1 Hz, 1H, aromatic); *C{*H}-
NMR (CDsOD/KOD/D,0; 100.5 MHz) & = 21.4, 22.9, 100.4 (d, 2JC,F = 24.2 Hz), 112.2 (d, Ycr =
274.4 Hz), 115.5 (d, Ucr = 11.1 Hz), 123.1 (d, 3Jcr = 9.7 Hz), 135.0, 141.5 (d, “Jcr = 3.7 Hz), 154.0,
155.8, 157.8, 158.3, 175.0, 176.2, 176.2; GC-MS: t, = 10.5 min, (EI) M* = 258 (100%), [M + H-CO]*
= 229 (98%); “F{!H}-NMR (CD:OD/KOD/D,O; 470.5 MHz) & = -119.99; ¥F-NMR
(CDsOD/KOD/D,0; 470.5 MHz) & = —119.99 (d, 3Jrn = 13.9 Hz); UV-Vis (methanol; A [nm] (loge)):
353 (3.76), 337 (3.85), 319 (4.00), 311 (3.97), 270 (4.21), 254 (4.46), 225 (4.31), 214 (4.44).

Cl
0 o)
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5-chloro-2,9-dimethyl-1,10-dihydro-1,10-phenanthroline-4,7-dione (3h); 2.3 g (8.3 mmol, 83%);
brown; m.pgec. = 332.7-334.8 °C; 'H-NMR (CDsOD/KOD/D-0; 400.2 MHz) & = 2.46 (s, 3H, CHs),
2.49 (s, 3H, CHjs), 6.40 (s, 1H, aromatic), 6.41 (s, 1H, aromatic), 7.78 (s, 1H, aromatic); *C{‘H}-
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NMR (CDsOD/KOD/D,0; 100.5 MHz) § = 21.8, 22.6, 112.0, 114.3, 120.1, 121.1, 124.2, 126.2, 138.4,
141.6, 155.2, 156.8, 175.9, 178.1; GC-MS: t, = 11.3 min, (EI) M* = 273.9 (100%), [M-CO]* = 245
(80%); UV-Vis (methanol; A [nm] (loge)): 357 (3.65), 340 (3.84), 327 (3.96), 316 (3.94), 280 (4.00),
254 (4.35), 230 (4.25), 216 (4.35).

5-bromo-2,9-dimethyl-1,10-dihydro-1,10-phenanthroline-4,7-dione (3i); brown; 2.7 g (8.5 mmol,
85%); M.pgec. = 325.9-326.6 °C; *H-NMR (CD3;0D/KOD/D0; 400.2 MHz) & = 2.48 (s, 3H, CH3),
2.50 (s, 3H, CHj3), 6.40 (s, 1H, aromatic), 6.43 (s, 1H, aromatic), 8.09 (s, 1H, aromatic); *C{‘*H}-
NMR (CDsOD/KOD/D;0; 100.5 MHz) 6 =21.6,22.7,112.2, 112.7, 113.9, 121.4, 124.4, 124.9, 138.9,
141.1, 154.4, 157.1, 175.8, 175.8, 178.2; GC-MS: t, = 13.5 min, (EI) M* = 318 (100%), 320 (96%),
[M-COJ* = 290 (63%); UV-Vis (methanol; A[nm] (loge)): 356 (3.87), 339 (4.08), 328 (4.17), 315
(4.13), 281 (4.19), 254 (4.55), 231 (4.46), 217 (4.53).

H3G
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2,5,9-Trimethyl-1,10-dihydro-1,10-phenanthroline-4,7-dione (3j); brown; 2.3 g (9.2 mmol, 92%);
M.Paec. = 337.4-338.9 °C; *H-NMR (CDsOD/KOD/D-0; 400.2 MHz) & = 2.31 (s, 3H, CH3), 2.36 (s,
3H, CHa), 2.66 (s, 3H, OCHs3), 6.16 (s, 1H, aromatic), 6.31 (s, 1H, aromatic), 7.28 (s, 1H, aromatic);
BC{*H}-NMR (CD3;0OD/KOD/D;0; 100.5 MHz) & = 21.1, 23.5, 24.4, 111.4, 113.2, 119.3, 123.0,
123.9, 131.6, 138.2, 139.6, 152.8, 157.5, 174.2, 180.3; GC-MS: t, = 12.1 min, (EI) M* = 254 (100 %),
[M + H-COJ* = 225 (56%); UV-Vis (methanol; A [nm] (logg)): 354 (3.72), 338 (3.95), 320 (4.14), 282
(4.30), 257 (4.45), 226 (4.40), 217 (4.42), 204 (4.40).

N\\
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2,9-Dimethyl-4,7-dioxo-1,4,7,10-tetrahydro-1,10-phenanthroline-5-carbonitrile (3k); brown; 1.6 ¢
(6.2 mmol, 62%); M.pgec. = 390.7-392.5 °C; 'H-NMR (CDsOD/KOD/D0; 400.2 MHz) & = 2.45 (s,
3H, CHs), 2.46 (s, 3H, CHg), 6.45 (s, 1H, aromatic), 6.47 (s, 1H, aromatic), 8.21 (s, 1H, aromatic);
BC{*H}-NMR (CD30OD/KOD/D,0; 100.5 MHz) & = 23.8, 100.0, 112.1, 112.2, 122.0, 122.9, 123.3,
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130.5, 144.5, 146.7, 159.1, 159.2, 162.1, 169.4, 173.8, 174.1; GC-MS: t, = 9.4 min, (EI) M. = 265
(5%); UV-Vis (methanol; A [nm] (loge)): 350 (3.90), 343 (3.93), 328 (3.87), 286 (3.82), 276 (3.90),
252 (4.31), 228 (4.15), 217 (4.28).

Ethyl 2,9-dimethyl-4,7-dioxo-1,4,7,10-tetrahydro-1,10-phenanthroline-5-carboxylate (3l); brown;
2.0 g (6.5 mmol, 65%); M.pgec. = 301.4-301.8 °C; *H-NMR (CD3;OD/KOD/D,0; 400.2 MHz) § = 1.41
(t, 3JH,H = 7.1 Hz, 3H, OCH2CH3), 2.36 (s, 3H, CH3), 2.38 (s, 3H, CH3), 4.46 (q, 3JH,H = 7.0 Hz,
2H, OCH2), 6.29 (s, 1H, aromatic), 6.37 (s, 1H, aromatic), 7.79 (s, 1H, aromatic); GC-MS: t, = 17.9
min, (EI) M* = 312 (50%); UV-Vis (methanol; A [nm] (loge)): 354 (3.58), 345 (3.81), 330 (4.04), 316
(3.99), 279 (4.03), 252 (4.44), 227 (4.26), 214 (4.36).

7.3.3 StepC

Modifications to the existing procedure described in the literature3*“° rely on the evaporation of excess
phosphoryl chloride under reduced pressure and the addition of CH2Cl, or CHCls into reaction mixture
after alkalified by NaOH solution because of the very exothermic hydrolysis of residual phosphoryl
chloride. Next, the crude products were purified by chromatography and crystallization from CH,Cl..
Freshly distilled phosphoryl chloride (82.0 g, 50 mL, 534.8 mmol) was mixed under argon with
compounds 3 (5.0 mmol), and the resulting solutions were stirred at 90 °C for 4 h. The excess
phosphoryl chloride was slowly evaporated under reduced pressure. The reaction mixture was slowly
added to a well stirred mixture of ice (50 g) in water (100 mL). After stirring for 15 min. the resulting
reaction mixture was carefully brought to pH 13-14 (pH 7 in the case of molecule 4g) by adding
NaOH solution (40%). The aqueous layer was extracted with CH.Cl, (4 x 10 mL). The combined
organic layers were separated and dried over MgSQO,.. Evaporation of the brown colored solvent
afforded products 4 as light tan crystals. Next, the crude products were purified by chromatography on
silica gel using methanol/dichloromethane as eluent and finally crystallization from CHClI, to yield

precipitates as follows:
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4,7-Dichloro-1,10-phenanthroline (4a)®2%; beige; 1.041 g (4.2 mmol, 84%); M.p.¢ec. = 254.8-255.0
°C; UV-Vis (methanol; % [nm] (loge)): 300 (3.83), 264 (4.40), 239 (4.33), 225 (4.29), 202 (4.36); IR
(KBr): v = 3422, 3034, 1563, 1487, 1418, 835, 720 cm™.

E
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4,7-Dichloro-5-fluoro-1,10-phenanthroline (4b); beige; 1.130 g (4.2 mmol, 85%); M.p.dec. = 217.8-
218.0 °C; 'H NMR (CDCls; 600.2 MHz) & = 7.75 (d, 3Jun = 4.7 Hz, 1H, aromatic), 7.77 (d, 3Jun = 4.8
Hz, 1H, aromatic), 7.94 (d, 3Jur = 13.3 Hz, 1H, aromatic), 9.02 (dd, 3Jun = 4.8 Hz, 5Jur = 0.5 Hz, 1H,
aromatic), 9.08 (d, 3Jun = 4.8 Hz, 1H, aromatic); *C{*H} NMR (CDCls; 150.0 MHz) & = 106.7 (d,
2)cr = 25.9 Hz), 119.9 (d, 2cr = 12.6 Hz), 124.4, 126.3, 126.8 (d, 3Jcr = 10.8 Hz), 140.3, 142.0 (d,
8)cr=6.2 Hz), 144.7, 148.9 (d, “Jcr = 2.3 Hz), 149.7 (d, *Jcr = 2.6 Hz), 151.0, 156.3 (d, Jcr = 263.6
Hz); *F{*H} NMR (CDCls; 470.5 MHz) & = —108.98; °F NMR (CDCl3; 470.5 MHz) & = —108.98 (d,
3Jen = 13.4 Hz); GC-MS: t, = 9.0 min, (EI) M* = 266.0 (100 %); Anal. Calcd for C12HsN2CloF: C,
53.96; H, 1.89; N, 10.49; Found: C, 53.90; H, 1.93; N, 10.45; UV-Vis (methanol; A [nm] (loge)): 305
(4.01), 268 (4.46), 240 (4.47), 225 (4.40), 203 (4.45); IR (KBr): v = 3422, 3035, 1626, 1571,1546,
1410, 842, 752 cm,

Cl
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4,5,7-Trichloro-1,10-phenanthroline (4c)®; beige; 1.057 g (3.8 mmol, 75%); M.p.dec. = 194.6-195.0
°C; GC-MS: t, = 9.4 min, (El) M* = 281.9 (100 %), 283.9 (95%), (M-CI)* = 247 (46%); UV-Vis
(methanol; & [nm] (loge)): 314 (3.82), 302 (3.87), 270 (4.32), 247 (4.31), 209 (4.30); IR (KBr): v =
3356, 3021, 2920, 2191, 1567, 1403, 833, 716 cm™.

Cl Cl

4 N
=N =

4,7-Dichloro-5-methyl-1,10-phenanthroline (4d)*’; beige; 1.192 g (4.6 mmol, 91%); M.p.gec. =
166.8-167.0 °C; GC-MS: t; = 9.6 min, (El) M* = 262.1 (100 %); UV-Vis (methanol; A [nm] (loge)):
304 (4.09), 271 (4.50), 241 (4.49), 225 (4.42), 205 (4.47); IR (KBr): v = 3454, 3089, 2933, 1685,
1550,1432, 1400, 1085, 844, 744 cm™.
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4,7-Dichloro-1,10-phenanthroline-5-carbonitrile (4e); beige, 0.655 g (2.4 mmol, 48%); m.p. =
249.7-250.0 °C; 'H NMR (CDCls; 400.2 MHz) & = 7.84 (m, 2H, aromatic), 8.88 (s, 1H, aromatic),
9.13 (d, 3Jun = 4.7 Hz, 1H, aromatic), 9.19 (d, 3Jun = 4.7 Hz, 1H, aromatic); *C{*H} NMR (CDCl;;
125.78 MHz) 6 = 108.1, 118.1, 124.2, 125.2, 125.3, 126.5, 135.4, 142.3, 143.6, 147.5, 148.1, 151.5,
153.4; GC-MS: t; = 10.1 min, (EI) M* = 273.0 (100 %); Anal. Calcd for C13HsNsCl,: C, 56.96; H,
1.84; N, 15.33; Found: C, 56.90; H, 1.94; N, 15.29; UV-Vis (methanol; A [nm] (loge)): 315 (3.67), 302
(3.76), 292 (3.68), 268 (4.15), 249 (4.11), 231 (4.02), 210 (4.11); IR (KBr): v = 3406, 3029, 2224,
1569, 1498, 1406, 1084, 846, 798 cm™.

4,7-Dichloro-2,9-dimethyl-1,10-phenanthroline (4f)%°862%6.257: peige; 1.269 g (4.6 mmol, 92%);
M.p.gec. = 201.0-201.5 °C; *H NMR (CDCls; 400.2 MHz) & = 2.93 (s, 6H, 2CHa), 7.63 (s, 2H,
aromatic), 8.24 (s, 2H, aromatic); *C{*H} NMR (CDCls; 100.5 MHz) & = 26.0, 122.3, 124.4, 125.1,
143.0, 146.2, 160.1; CP/MAS 3C NMR § = 25.1, 121.7, 141.3, 143.8, 159.3; CP/MAS **N NMR § =
—76.15; IR (KBr): v = 2963, 1637, 1568, 1522, 1402, 1385, 1363, 1026 cm™.

4,7-Dichloro-5-fluoro-2,9-dimethyl-1,10-phenanthroline (49)*’; beige; 1.367 g (4.6 mmol, 93%);
M.P.aec. = 213.0-213.5 °C; *H NMR (CDCls; 400.2 MHz) & = 2.97 (s, 3H, CHs), 3.01 (s, 3H, CHa),
7.67 (s, 1H, aromatic), 7.68 (s, 1H, aromatic), 7.86 (d, ®Jur = 13.1 Hz, 1H, aromatic); BC{*H}
NMR(CDCls; 100.5 MHz) & = 25.3, 25.5, 105.6 (d, 2Jcr = 26.0 Hz), 118.0 (d, 3Jcr = 12.5 Hz),
125.1(d, 3Jcr = 11.1 Hz), 126.1 (d, Ycr = 184.1 Hz), 140.3, 142.8 (d, 2Jcr = 68.6 Hz), 147.0, 154.9,
157.5, 159.1, 161.3; °F{*"H} NMR (CDCls; 470.5 MHz) 5 = —110.97; 2°F NMR (CDCls; 470.5 MHz)
8 =-110.97 (d, 3Jen = 11.5 Hz); GC-MS: t, = 8.2 min, (EI) M* = 294 (100%), 296. (64%), (M-Cl)* =
259 (12%); Anal. Calcd for C14sHgNoCIoF: C, 56.97; H, 3.07; N, 9.49; Found: C, 56.90; H, 3.19; N,
9.32; UV-Vis (methanol; & [nm] (loge)): 309 (3.88), 296 (3.95), 273 (4.46), 241 (4.47), 211 (4.40); IR
(KBr): v = 3471, 3075, 1628, 1579, 1375, 1145, 858 cm™.
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4,5,7-Trichloro-2,9-dimethyl-1,10-phenanthroline (4h); beige; 1.209 g (3.9 mmol, 78%); M.p.dec. =
162.9-163.7 °C; *H NMR (CDCls; 400.2 MHz) & = 2.92 (s, 3H, CHj3), 2.94 (s, 3H, CHs), 7.63 (s, 1H,
aromatic), 7.66 (s, 1H, aromatic), 8.27 (s, 1H, aromatic); *C{*H} NMR (CDCls; 100.5 MHz) § = 25.3,
25.7,122.7, 1245, 124.6, 125.0, 128.0, 129.0, 142.1, 142.3, 144.8, 147.6, 160.2, 160.3; GC-MS: t; =
9.9 min, (El) M* = 310 (100%), 312 (95%), (M-CI)* = 275 (11%), (M-2Cl)* = 240 (40%); Anal. Calcd
for C14HoN:Cls: C, 53.97; H, 2.91; N, 8.99; Found: C, 53.90; H, 3.01; N, 8.87; UV-Vis (methanol; A
[nm] (loge)): 316 (4.16), 304 (4.21), 274 (4.64), 247 (4.67), 210 (4.55); IR (KBr): v = 3456, 3065,
2922, 1594, 1576, 1528, 1332, 905, 874 cm™.

5-Bromo-4,7-dichloro-2,9-dimethyl-1,10-phenanthroline (4i); beige; 1.203 g (3.4 mmol, 68%);
M.P.gec. = 180.1-181.7 °C; *H NMR (CDCls; 400.2 MHz) & = 2.93 (s, 3H, CHs), 2.95 (s, 3H, CHa),
7.63 (s, 1H, aromatic), 7.69 (s, 1H, aromatic), 8.58 (s, 1H, aromatic); **C{*H} NMR (CDClz; 100.5
MHz) & = 25.2, 25.8, 116.2, 123.2, 125.0, 125.1, 127.8, 129.2, 142.1, 143.0, 145.0, 147.2, 160.0,
160.5; GC-MS: t, = 12.5 min, (EI) M* = 354 (63.7%), 356 (100%), 358 (44%), (M-Br)* = 275 (28%);
Anal. Calcd for Ci4HgN2Cl.Br: C, 47.23; H, 2.55; N, 7.87; Found: C, 47.90; H, 2.67; N, 7.86; UV-Vis
(methanol; & [nm] (loge)): 318 (3.97), 306 (4.02), 275 (4.43), 249 (4.43), 213 (4.34); IR (KBr): v
3452, 2923, 1588, 1438, 1117, 900, 876, 718 cm™™.

4,7-Dichloro-2,5,9-trimethyl-1,10-phenanthroline (4j)%2°"; beige; 1.247 g (4.3 mmol, 86%); m.p.
111.9-112.6 °C; 'H NMR (CDCls; 400.2 MHz) § = 2.92 (s, 3H, CHs), 2.96 (s, 3H, CHs), 3.11 (s, 3H,
CHs), 7.62 (bs, 2H, aromatic), 7.95 (s, 1H, aromatic); *C{*H} NMR (CDCls; 100.5 MHz) & = 25.2,
25.6, 26.3, 123.9, 124.5, 124.6, 125.4, 126.9, 133.8, 142.3, 143.1, 144.9, 147.2, 159.0, 159.1; CP/MAS
13C NMR & = 25.0, 27.5, 122.5, 123.5, 131.0, 139.0, 143.3, 145.3, 158.3; CP MAS N NMR § =
~75.52; GC-MS: t, = 9.7 min, (EI) M* = 290 (100 %), (M-CI)* = 255 (12%); Anal. Calcd for
CisH12NoCl2: C, 61.88; H, 4.15; N, 9.62; Found: C, 61.89; H, 4.20; N, 9.60; UV-Vis (methanol; A [nm]
(loge)): 343 (3.57), 311 (3.73), 275 (4.30), 254 (4.34), 213 (4.24); IR (KBr): v = 3452, 2924, 1609,
1579, 1530, 1439, 1380, 1236, 902, 871, 716 cm™.
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4,7-Dichloro-2,9-dimethyl-1,10-phenanthroline-5-carbonitrile (4k); beige; 0.482 g (1.6 mmol,
32%); M.p.gec. = 188.6-189.9 °C; *H NMR (CDCls; 400.2 MHz) & = 2.96 (s, 3H, CHs), 2.99 (s, 3H,
CHs), 7.72 (s, 1H, aromatic), 7.73 (s, 1H, aromatic), 8.79 (s, 1H, aromatic); *C{*H} NMR (CDCls;
125.78 MHz) 6 = 25.6, 26.2, 106.9, 118.4, 122.6, 123.7, 125.6, 127.0, 134.3, 142.2, 143.7, 146.1,
146.8, 161.6, 163.8; GC-MS: t, = 10.5 min, (EI) M* = 301 (100%), (M-CI)* = 266 (14%); Anal. Calcd
for CisHgNsCl2: C, 59.63; H, 3.00; N, 13.91; Found: C, 59.89; H, 3.27; N, 13.87; UV-Vis (methanol; A
[nm] (loge)): 353 (3.07), 337 (3.68), 319 (4.24), 307 (4.31), 275 (4.67), 249 (4.60), 235 (4.54), 211
(4.59); IR (KBr): v = 3471, 3406, 2223, 1587, 1443, 1357, 1338, 908, 847 cm™.

Ethyl 4,7-dichloro-2,9-dimethyl-1,10-phenanthroline-5-carboxylate (41); beige; 0.661 g (1.9 mmol,
38%); m.p. = 115.9-116.2 °C; 'H NMR (CDCls; 400.2 MHz) & = 1.43 (t, 3Jun = 7.1 Hz, 3H,
OCHCHg), 2.93 (s, 3H, CHj3), 2.94 (s, 3H, CH3), 4.49 (q, 3Jun = 7.1 Hz, 2H, OCH,), 7.65 (2s, 2H,
aromatic), 8.31 (s, 1H, aromatic); *C{*H} NMR (CDClz; 100.5 MHz) § = 14.1, 25.5, 25.9, 62.6,
122.1, 123.5, 123.8, 124.9, 126.0, 129.3, 141.7, 143.6, 146.3, 146.6, 160.5, 161.5, 169.0; GC-MS: t, =
10.9 min, (EI) M* = 348 (45%), (M-CI)* = 313 (21%); Anal. Calcd for C17H14N2Cl,02: C, 58.47; H,
4.04; N, 8.02; Found: C, 58.90; H, 4.25; N, 7.98; UV-Vis (methanol; A [nm] (loge)): 308 (3.88), 295
(3.95), 272 (4.43), 245 (4.44), 212 (4.33); IR (KBr): v = 3432, 2980, 1727, 1577, 1275, 1248,
1214,1190, 1122, 1031 cm™.

7.4 Synthesis of selected 4,7-di(pyrrolidin-1-yl)-1,10-

phenanthrolines

This synthesis was done according to a literature procedure!?. The modifications to this procedure
involve purification. The appropriate compounds 4a, 4c, 4f, 4g, or 4j (1.0 mmol) were mixed with
pyrrolidine (1.5 g, 21.0 mmol) in a microwave vial equipped with a magnetic stir bar. The vial was
sealed, placed in a microwave reactor, and heated at 130 °C for 45 min (for compound 5a) or 2 h (for
compounds 5b, 5¢, 5d, and 5e). The mixture was cooled to r.t., transferred to a round bottom flask
(100 mL), and evaporated under reduced pressure. The residue has been washed with saturated
NaHCOs (2 - 10 mL) with stirring and then with water (2 - 10 mL). The organic residue has been
dissolved with CHCl, (20 mL), dried over MgSQO,, and evaporated under reduced pressure affording
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the corresponding products. Next, the crude products were purified by chromatography on silica gel
using methanol/dichloromethane as eluent and finally crystallization from CH,CI; to yield precipitates

as follows:

Q - J
/7N N7\

4,7-Di(pyrrolidin-1-yl)-1,10-phenanthroline (5a)'2*%%; 0.134 g (0.4 mmol, 38%); M.p.¢ec. = 246.8-
247.7 °C; 'H NMR (CDCls; 400.2 MHz) & = 2.03 (m, 8H, 4CH>), 3.67 (m, 8H, 4CH), 6.69 (d, *Jun =
5.5 Hz, 2H, aromatic), 7.93 (s, 2H, aromatic), 8.72 (d, 3Jun = 5.4 Hz, 2H, aromatic); *C{*H} NMR
(CDCls; 100.5 MHz) 8 = 26.1, 52.4, 105.6, 119.5, 119.6, 148.5, 149.4, 152.9; MS-IT-TOF [M+H]* =
319 (100%), HRMS (IT TOF): m/z Calcd for CaoH2sN4 [M+H]*: 319.1917, Found 319.1916; UV-Vis
(methanol; A [nm] (loge)): 362 (4.26), 328 (4.18), 274 (4.48), 255 (4.43), 217 (4.54); IR (ATR): v =
2952, 2935, 2860, 1662, 1615, 1552, 1434,1349, 791, 729 cm™.

The data differ with literature values, in the additional signal 7.93 (s, 2H, aromatic) in the
proton spectrum. In the case of the cited literature, the authors did not include this signal in the

characteristics.

5-Chloro-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline (5b); 0.148 g (0.4 mmol, 42%); m.p. = 151.0-
151.6 °C; 'H NMR (CDCls; 400.2 MHz) 6 = 1.99 (m, 4H, 2CHy), 2.07 (m, 4H, 2CH,), 3.53 (m, 4H,
2CHy), 3.70 (m, 4H, 2CH,), 6.67 (d, 3Jun = 5.8 Hz, 1H, aromatic), 6.90 (d, 3Jun = 5.6 Hz, 1H,
aromatic), 7.92 (s, 1H, aromatic), 8.73 (d, 3Jun = 5.7 Hz, 1H, aromatic), 8.74 (d, 3Jun = 5.7 Hz, 1H,
aromatic); C{*H} NMR (CDCls; 100.5 MHz) & = 25.1, 26.1, 52.1, 52.4, 105.9, 107.9, 117.7, 118.5,
122.4,124.1, 145.2, 147.7, 148.2, 148.9, 152.7, 153.9; MS-IT-TOF [M+H]* = 353 (100%), HRMS (IT
TOF): m/z Calcd for CxH2CINs [M+H]*: 353.1527, Found 353.1526; UV-Vis (methanol; A [nm]
(loge)): 372 (3.98), 333 (3.88), 281 (4.22), 262 (4.19), 220 (4.65); IR (ATR): v = 2956, 2870,1572,
1514, 1445, 1350, 803cm™.

QR o~

7 N N
- N=

2,9-Dimethyl-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline (5c); 0.166 g (0.5 mmol, 48%); m.p. =
165.8-166.0 °C; *H NMR (CDCls; 500.18 MHz) § = 2.04 (m, 8H, 4CH>), 2.77 (s, 6H, 2CH3), 3.68 (m,
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8H, 4CH,), 6.61 (s, 2H, aromatic), 7.90 (s, 2H, aromatic); **C{*H} NMR (CDCls; 100.5 MHz) & =
25.8, 26.0, 52.4, 105.7, 118.2, 119.0, 146.3, 158.4, 157.5; CP/MAS 3C NMR & = 26.0, 51.8, 104.7,
117.5, 147.3, 149.6, 154.6; CP/MAS N NMR § = —291.94, —62.66; MS-IT-TOF [M+H]* = 347
(100%), HRMS (IT TOF): m/z Calcd for CxHxNs [M+H]*: 347.2230, Found 347.2229; UV-Vis
(methanol; A [nm] (loge)): 387 (3.80), 358 (4.10), 322 (4.04), 273 (4.34), 245 (4.26), 214 (4.35); IR
(ATR): v = 2954, 2866, 1539, 1423, 1349, 1078, 802 cm™.

5-Fluoro-2,9-dimethyl-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline (5d); 0.186 g (0.5 mmol, 51%);
m.p. = 100.9-101.0 °C; *H NMR (CDCls; 500.18 MHz) & = 1.96 (m, 4H, 2CH,), 2.01 (m, 4H, 2CHy),
2.74 (s, 3H, CHg3), 2.76 (s, 3H, CHs), 3.47 (m, 4H, 2CH,), 3.61 (m, 4H, 2CHy), 6.58 (s, 1H, aromatic),
6.65 (s, 1H, aromatic), 7.45 (d, 3Jur = 15.5 Hz, 1H, aromatic); *C{*H} NMR (CDCls; 100.5 MHz) & =
25.6, 25.6, 25.8, 25.9, 25.9, 51.7, 51.8, 52.0, 102.9 (d, Ncr = 27.1 Hz), 106.1, 109.9 (d, 2Jcfr = 16.2
Hz), 117.6 (d, 2Jcr = 10.6 Hz), 144.5, 148.7 (d, 3Jcr = 4.1 Hz), 152.1 (d, J = 1.0 Hz), 152.3, 152.9 (d,
3Jcr = 4.3 Hz), 154.8, 157.1 (d, “Jcr = 1.6 Hz), 158.7; °F NMR (CDCls; 470.5 MHz) § = —112.29 (d,
3Jen = 155 Hz); “F{*H} NMR (CDCls; 470.5 MHz) & = —112.29; MS-IT-TOF [M+H]* = 365
(100%), HRMS (IT TOF): m/z Calcd for CaHzFNs [M+H]*: 365.2136, Found 365.2135; UV-Vis
(methanol; & [nm] (loge)): 407 (3.91), 359 (4.30), 325 (4.26), 281 (4.56), 256 (4.46), 221 (4.73); IR
(ATR): v =2957, 2866, 1564, 1431, 1352, 1090, 820cm™; CCDC 1479401.

2,5,9-Trimethyl-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline (5e); 0.140 g (0.4 mmol, 39%); m.p. =
101.7-102.0 °C; *H NMR (CDCls; 400.2 MHz) & = 1.97 (m, 4H, 2CH_), 2.03 (m, 4H, 2CH>), 2.68 (s,
3H, CHa), 2.76 (s, 3H, CHs3), 2.77 (s, 3H, CH3), 3.35 (m, 4H, 2CH>), 3.68 (m, 4H, 2CH>), 6.61 (s, 1H,
aromatic), 6.85 (s, 1H, aromatic), 7.63 (s, 1H, aromatic); *C{*H} NMR (CDCls; 100.5 MHz) & = 21.4,
24.4, 25.6, 25.7, 26.0, 52.0, 52.3, 105.8, 109.3, 117.9, 120.8, 122.4, 127.4, 145.1, 146.7, 153.2, 155.4,
156.7, 157.5; MS-IT-TOF [M+H]* = 361 (100%), HRMS (IT TOF): m/z Calcd for CasHa9Ns [M+H]*:
361.2386, Found 361.2385; UV-Vis (methanol; A [nm] (loge)): 361 (4.17), 325 (4.15), 285 (4.44), 260
(4.36), 216 (4.54); IR (ATR): v =2962, 2846, 1541, 1424, 1349, 1077, 801 cm™.
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7.5 Synthesis of 4,7-di(9H-carbazol-9-yl)-1,10-

phenanthrolines derivatives

These were based on the procedure described in the literature?®. To s suspension of NaH (0.1 g, 3.94
mmol) in THF (50 mL) 9H-carbazole (0.5 g, 3.01 mmol) was added and stirred until the evolution of
H, ceased. Reagents were stirred under reflux for 30 min. under argon. Compounds 4a, 4b, 4d, or 4e
(1.50 mmol) was then added to the reaction mixture, which was refluxed overnight. After evaporation
of the solvent to give a solid, water (20 mL) and chloroform (100 mL) were added. The organic layer
was separated, and the aqueous layer was extracted four times with chloroform. The combined organic
layers were dried over MgSO.. After solvent evaporating, the crude product was purified by column
chromatography on silica gel using methanol/dichloromethane as eluent to afford a white powder, and

finally crystallization from a mixture of CH,Cl, and hexane to yield solids as follows:

4,7-Di(9H-carbazol-9-yl)-1,10-phenanthroline?® (5f) white 0.658 g (1.29 mmol, 86%); M.p.dec. =
275.1-280.0 °C; 'H NMR (CDCls; 500.2 MHz) & = 7.06 (d, 3Jun = 7.9 Hz, 4H, aromatic), 7.28-7.36
(m, 10H, aromatic), 7.85 (d, *Jun = 4.7 Hz, 2H, aromatic), 8.15 (d, ®Jun = 7.2 Hz, 4H, aromatic), 9.49
(d, 3Jun = 4.7 Hz, 2H, aromatic); *C{*H} NMR (CDClg; 125.78 MHz) § = 110.1, 120.7, 121.0, 123.0,
124.1, 126.5, 126.7, 141.3, 143.5, 148.8, 151.6; CP/MAS 3C NMR § = 109.4, 120.2, 122.0, 123.6,
124.8, 127.4, 139.4, 141.2, 147.5, 149.2, 150.3; CP/MAS N NMR § = —250.68, —73.05; UV-Vis
(methanol; & [nm] (loge)): 353 (3.10), 332 (3.54), 319 (3.54), 277 (4.03), 268 (4.06), 247 (4.16), 230
(4.50), 210 (4.18); IR (ATR): v = 3062, 2371, 1448, 1222, 750, 725 cm™.

gy &

QO

4,7-Di(9H-carbazol-9-yl)-5-fluoro-1,10-phenanthroline (5g) 0.428 g (0.81 mmol, 54%); M.p.dec. =
184.3-185.0 °C; *H NMR (CDCls; 400.2 MHz) & = 7.03 (d, 3Juf = 12.6 Hz, 1H, aromatic), 7.09 (dd,
8un = 7.7 Hz, 3Jup = 5.2 Hz, 4H, aromatic), 7.30-7.43 (m, 8H, aromatic), 7.91 (dd, *Jun = 9.9 Hz,
3Jun = 4.7 Hz, 2H, aromatic), 8.18 (t, 3Jun = 8.4 Hz, 4H, aromatic), 9.47 (d, 3Jun = 4.4 Hz, 1H,
aromatic), 9.54 (d, *Jun = 4.6 Hz, 1H, aromatic); *C{*H} NMR (CDClz; 100.5 MHz) & = 106.5 (d,
YJecr =24.7 Hz), 109.4, 110.0, 119.6, 120.7, 120.8 (d, “Jcr = 1.0 Hz), 121.0, 121.2, 121.4, 123.6, 124.1
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(d, Qe =17.7 Hz), 125.1, 125.5, 126.56 (d, Jcr = 4.8 Hz), 126.58 (d, 2Jcr = 23.6 Hz), 141.1, 141.6,
141.7 (d, {Jcr = 1.9 Hz), 143.2 (d, 3Jcr = 6.0 Hz), 146.1, 150.0 (d, *Jcr = 2.5 Hz), 150.9, 152.6, 154.2,
156.8; F NMR (CDCl3; 470.5 MHz) 8§ = —112.43 (d, Jen = 10.6 Hz); *F{*H} NMR (CDCls; 470.5
MHz) & = —112.43; MS-IT-TOF [M+H]* = 529 (100%), HRMS (IT TOF): m/z Calcd for CssH22FN.
[M+H]*: 529.1828, Found 529.1823. UV-Vis (methanol; X [nm] (loge)): 367 (3.14), 329 (3.37), 318
(3.37), 278 (3.88), 256 (3.88), 230 (4.33), 209 (4.08); IR (ATR): v = 3045, 3023, 2361, 1445, 1224,
744, 720 cm™.

4,7-Di(9H-carbazol-9-yl)-5-methyl-1,10-phenanthroline (5h) white 0.702 g (1.34 mmol, 89%);
M.p.gec. >350 °C; *H NMR (CDCls; 500.2 MHz) & = 1.60 (d, “Jun = 0.8 Hz, 3H, CHs), 6.93 (d, 3Jun =
8.1 Hz, 2H, aromatic), 7.10 (d, 3Jun = 8.1 Hz, 2H, aromatic), 7.22 (d, *Jun = 1.0 Hz, 1H, aromatic),
7.29-7.40 (m, 8H, aromatic), 7.68 (d, ®Jun = 4.6 Hz, 1H, aromatic), 7.80 (d, *Jun = 4.7 Hz, 1H,
aromatic), 8.16 (d, 3Jun = 7.7 Hz, 2H, aromatic), 8.18 (d, 3Jun = 8.1 Hz, 2H, aromatic), 9.43 (dd, 3Jun
= 6.9 Hz, 3Jun = 4.7 Hz, 2H, aromatic); *C{*H} NMR (CDCls; 100.5 MHz) § = 21.1, 109.7, 110.1,
120.70, 120.73, 120.8, 121.0, 123.1, 123.7, 124.0, 124.5, 125.6, 126.2, 126.5, 126.8, 128.2, 133.6,
141.4, 142.2, 142.4, 143.4, 148.0, 149.7, 150.9, 151.2; CP/MAS C NMR § = 23.4, 111.3, 116.6,
120.7, 123.3, 126.7, 128.2, 133.7, 136.6, 142.0, 147.4, 148.5, 150.3; CP/MAS N NMR § = —254.60,
—249.48, ~78.17, —54.38; MS-IT-TOF [M+H]* = 525 (30%), HRMS (IT TOF): m/z Calcd for
CarHasNs [M+H]*: 525.2001, Found 525.2091; UV-Vis (methanol; A [nm] (loge)): 355 (3.32), 333
(3.83), 319 (3.76), 277 (4.28), 256 (4.25), 245 (4.41), 232 (4.72), 210 (4.38); IR (ATR): v = 3046,
2363, 1449, 1230, 747, 723 cm™.

Seessce

4,7-Di(9H-carbazol-9-yl)-1,10-phenanthroline-5-carbonitrile (5i) brown 0.690 g (1.29 mmol,
86%); M.p.gec. = 145-147 °C; H NMR (CDCls; 400.2 MHz) 6 = 6.93 (d, 3Jun = 7.4 Hz, 2H, aromatic),
7.07 (d, *Jun = 7.3 Hz, 2H, aromatic), 7.31-7.43 (m, 8H, aromatic), 7.88 (d, *Jun = 4.6 Hz, 1H,
aromatic), 7.93 (d, 3Jun = 4.7 Hz, 1H, aromatic), 8.05 (s, 1H, aromatic), 8.18 (d, %Jun = 7.3 Hz, 4H,
aromatic), 9.55 (d, *Jun = 4.6 Hz, 1H, aromatic), 9.60 (d, ®Jun = 4.7 Hz, 1H, aromatic); *C{*H} NMR
(CDCls; 100.5 MHz) 6 = 107.1, 109.2, 109.6, 115.7, 121.0, 121.1, 121.3, 121.7, 123.8, 124.4, 124.5,
125.2, 125.6, 125.8, 126.6, 126.9, 134.4, 141.2, 142.3, 143.1, 144.5, 148.8, 149.6, 153.1, 154.7; MS-
IT-TOF [M+H]* = 536 (100%), HRMS (IT TOF): m/z Calcd for Cs7H2.Ns [M+H]*: 536.1875, Found
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536.1876; UV-Vis (methanol; A [nm] (loge)): 368 (3.28), 323 (3.77), 292 (4.23), 286 (4.22), 257
(4.33), 232 (4.73); IR (ATR): v = 3050, 2925, 2224, 1450, 1226, 752, 726 cm™.

7.6 Synthesis of 4,7-di(10H-phenothiazin-10-yl)-1,10-

phenanthrolines derivatives

To the suspension of NaH (1.1 g, 48.1 mmol) in THF (50 mL) 10H-phenothiazine (8.0 g, 40.0 mmol)
was added and stirred until evolution of H, ceased. Reagents were stirred under reflux for 30 min.
under argon. Then compounds 4a, 4b, 4d or 4e (20.0 mmol) were added to the reaction mixture in one
portion. After heating under reflux for 24 h, the solvent was evaporated and a mixture composed of
CHCI; (20 mL) and water (20 mL) was added. The organic layer was separated and the aqueous layer
was extracted four times with chloroform (4 x 20 mL). The combined organic layers were dried over
MgSQ,, and the crude product was purified by crystallization from mixture of THF (CH.CI;) and

hexane to yield solid as follows:

549 Qs
C- C@S@

4,7-di(10H-phenothiazin-10-yl)-1,10-phenanthroline (5j) greenish 10.791 g (18.8 mmol, 94%);
M.p.gec. = 149.4-150.0 °C; *H NMR (CDCls; 500.2 MHz) & = 6.10 (dd, 3Jup = 8.2 Hz, “Jup = 1.1 Hz,
4H, aromatic), 6.76 (dt, *3Jun = 7.8 Hz, *Jun = 1.6 Hz, 4H, aromatic), 6.82 (td, 3Jun = 7.5 Hz, “Jun =
1.2 Hz, 4H, aromatic), 7.07 (dd, ®Jun = 7.6 Hz, *Jun = 1.5 Hz, 4H, aromatic), 7.88 (d, 3Jun = 4.7 Hz,
2H, aromatic), 8.15 (s, 2H, aromatic), 9.50 (d, 3Jun = 4.7 Hz, 2H, aromatic); *C{*H} NMR (CDCls;
125.78 MHz) 6 = 116.0, 121.1, 123.4, 123.5, 127.1, 127.3, 128.5, 142.9, 146.5, 149.5, 152.0; MS-IT-
TOF [M+H]* = 575 (100%), HRMS (IT TOF): m/z Calcd for CasH2sNsS, [M+H]*: 575.1364, Found
575.1358. UV-Vis (methanol; A [nm] (loge)): 302 (3.56), 270 (4.09), 251 (4.33), 237 (4.21), 228
(4.15), 208 (4.14); IR (ATR): v = 3055, 2984, 1460, 1305, 1234, 748, 734, 632 cm'..

e

5-fluoro-4,7-di(10H-phenothiazin-10-yl)-1,10-phenanthroline (5k) brown 11.366 g (19.2 mmol,
96%); M.p.gec. = 186.1-187.0 °C; *H NMR (CDCls; 500.2 MHz) & = 5.84 (d, *Jun = 8.2 Hz, *Juy = 0.8
Hz, 2H, aromatic), 6.17 (d, 3Jun = 8.1 Hz, *Jun = 1.2 Hz, 2H, aromatic), 6.69 (td, 2Jun = 7.4 Hz, 2Jun
= 1.6 Hz, 2H, aromatic), 6.75 (td, 3Jun = 7.5 Hz, *Jun = 1.3 Hz, 2H, aromatic), 6.80 (td, 3Jun = 7.4
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Hz, *Jun = 1.7 Hz, 2H, aromatic), 6.85 (td, *Jun = 7.4 Hz, “Jun = 1.3 Hz, 2H, aromatic), 6.98 (dd,
3Jun = 7.6 Hz, “Jun = 1.5 Hz, 2H, aromatic), 7.08 (dd, 3Jun = 7.5 Hz, 4Jun = 1.6 Hz, 2H, aromatic),
7.82 (d, *Jun = 4.6 Hz, 1H, aromatic), 7.87 (d, ®Jur = 12.5 Hz, 1H, aromatic), 7.92 (d, 3Jun = 4.6 Hz,
1H, aromatic), 9.47 (d, 3Jun = 4.6 Hz, 1H, aromatic), 9.52 (d, 3Jun = 4.6 Hz, 1H, aromatic); *C{*H}
NMR (CDCls; 125.78 MHz) & = 106.5 (d, 3Jcr = 24.7 Hz), 115.4 (d, YJcr = 108.4 Hz), 119.8, 121.4,
122.4 (d, *Jcr = 13.5 Hz), 123.3 (d, ZJcr = 91.9 Hz), 127.0 (d, “Jc g = 14.5 Hz), 127.3 (d, 3Jcr = 16.0
Hz), 128.2, 128.4 (d, 2Jcr = 66.8 Hz), 142.8 (d, 3Jcr = 11.9 Hz), 144.3, 145.7 (d, 3Jc ¢ = 5.3 Hz), 147.3,
150.6, 151.1, 153.9, 154.7, 156.8; °F NMR (CDCls; 470.5 MHz) § = —113.33 (d, 3Jrn = 11.9 H2);
FE{1H} NMR (CDCls; 470.5 MHz) § = —113.33; MS-IT-TOF [M+Na]* = 615 (30%), HRMS (IT
TOF): m/z Calcd for CxHasNs [M+Na]*: 615.1089, Found 615.1083. UV-Vis (methanol; A [nm]
(loge)): 307 (3.56), 271 (4.04), 250 (4.33), 239 (4.23), 227 (4.14), 210 (4.19); IR (ATR): v = 3057,
2962, 2360, 1459, 1312, 1235, 739, 643 cm™.

S S
@?Q: ﬁQ@
4 A
N =
5-methyl-4,7-di(10H-phenothiazin-10-yl)-1,10-phenanthroline (51) purple 9.878 g (16.8 mmol,
84%); M.p.dec. >350 °C; *H NMR (CDClg; 500.2 MHz) & = 2.91 (s, 3H, CH3), 5.80 (d, *Jun = 8.0 Hz,
2H, aromatic), 6.11 (d, ®Jun = 7.9 Hz, 2H, aromatic), 6.65-6.85 (m, 8H, aromatic), 6.96 (d, 3Jun = 7.3
Hz, 2H, aromatic), 7.07 (d, 3Jun = 7.4 Hz, 2H, aromatic), 7.70 (d, 3Jun = 4.5 Hz, 1H, aromatic), 7.83
(d, 3Jun = 4.5 Hz, 1H, aromatic), 7.92 (s, 1H, aromatic), 9.45 (dd, ®Jun = 8.4 Hz, 3Jun = 4.6 Hz, 2H,
aromatic); BC{*H} NMR(CDCls; 100.5 MHz) & = 23.6, 115.6, 116.0, 119.0, 120.9, 123.0, 123.3,
124.2, 126.8, 127.06, 127.1, 127.2, 127.8, 129.0, 129.4, 134.5, 142.6, 142.8, 145.4, 146.4, 148.6,
151.0, 151.3, 151.7; CP/MAS C NMR & = 25.9, 116.8, 123.4, 124.6, 127.2, 135.3, 141.5, 144.8,
147.1, 149.0, 152.6, 153.5, 155.6; CP/MAS N NMR § = —273.57, —62.21, —51.07; MS-IT-TOF
[M+H]* = 589 (100%), HRMS (IT TOF): m/z Calcd for CsH2sN4S,; [M+H]*: 589.15207, Found
589.15059; UV-Vis (methanol; A [nm] (loge)): 332 (3.28), 307 (3.79), 273 (4.29), 255 (4.58), 242
(4.48); IR (ATR): v = 3059, 2960, 1461, 1307, 1241, 736, 631 cm™.

s’@ Nb Qs
Oy o D
7 \
=
4,7-di(10H-phenothiazin-10-yl)-1,10-phenanthroline-5-carbonitrile (5m) brown 9.943 g (16.6
mmol, 83%); M.p.gec. = 270-275 °C; *H NMR (CDCls; 500.2 MHz) & = 5.67 (d, 3Jun = 8.2 Hz, 2H,
aromatic), 6.10 (d, 3Jun = 8.1 Hz, 2H, aromatic), 6.67 (t, 3Jun = 7.8 Hz, 2H, aromatic), 6.77 (t, 3Juyn =
7.4 Hz, 2H, aromatic), 6.82 (t, 3Jun = 7.8 Hz, 2H, aromatic), 6.90 (t, 3Jun = 7.2 Hz, 2H, aromatic),
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6.98 (d, 2Jun = 7.6 Hz, 2H, aromatic), 7.13 (d, 3Jun = 7.6 Hz, 2H, aromatic), 7.89 (d, 3Jun = 4.6 Hz,
1H, aromatic), 8.01 (d, ®Jun = 4.6 Hz, 1H, aromatic), 8.76 (s, 1H, aromatic), 9.58 (d, 3Jun = 4.6 Hz,
1H, aromatic), 9.65 (d, ®Jun = 4.6 Hz, 1H, aromatic); *C{*H} NMR(CDClIs; 125.78 MHz) § = 107.5,
115.1, 115.9, 117.6, 119.6, 121.7, 123.4, 124.1, 126.9, 127.1, 127.3, 127.7, 128.6, 129.2, 135.0, 142.1,
142.8, 146.4, 147.4, 149.8, 150.7, 154.3, 155.1; MS-IT-TOF [M+H]* = 600 (100%), HRMS (IT TOF):
m/z Calcd for Cs7H2.NsS; [M+H]*: 600.1317, Found 600.1323; UV-Vis (methanol; X [nm] (loge)):
332 (3.59), 313 (3.79), 298 (3.87), 272 (4.18), 249 (4.47), 206 (4.35); IR (ATR): v = 3053, 2926, 2215,
1466, 1313, 1239, 742, 633 cm™.

7.7 Oxidation and hydrolysis reaction of selected 1,10-

phenanthroline products

7.7.1 Oxidation of 4,7-dichloro-1,10-phenanthroline

The sulfuric acid (96%, 19 mL) was cooled with ice-water bath and the temperature was maintained at
0 - 5 °C. Next, a mixture of 4,7-dichloro-1,10-phenanthroline (1.0 g, 4.0 mmol) and potassium
bromide (6.2 g, 52.1 mmol) was slowly added in several small portions. Then concetrated HNO3
(70%, 9.5 mL) was then introduced into the solution. The mixture was kept in ice-water bath for 10
min and an oil-water separator was connected to the flask. The mixture was heated to 90 °C for 2 h.
After cooling, the crude product was poured onto ice, then neutralized with NaOH to pH = 6. Next, the
crude products were purified by chromatography using CHCI3 : MeOH (1 : 1). The resulting mixture

was dissolved in CHCla.

Br OH

cl cl
4 N
= \=

6-bromo-4,7-dichloro-5,6-dihydro-1,10-phenanthrolin-5-ol (Ox-4a) 0.138 g (0.4 mmol, 10%);
M.P.gec. = 220-220.5 °C; 'H NMR (CDCls; 400.2 MHz) 8 = 5.69 (d, 3Jun = 2.6 Hz, 1H), 5.76 (d, *Jun
= 2.5 Hz, 1H), 7.31 (d, ®Jun = 5.2 Hz, 1H, aromatic), 7.38 (d, 3Jun = 5.2 Hz, 1H, aromatic), 8.45 (d,
8Jun = 5.2 Hz, 1H, aromatic), 8.51 (d, 3Jun = 5.2 Hz, 1H, aromatic); **C{*H} NMR(CDCls; 125.78
MHz) = 42.8, 68.0, 125.6, 125.9, 130.1, 130.2, 145.3, 145.7, 150.3, 150.5, 150.6, 150.9; HRMS (ESI
TOF): m/z Calcd for CiH/BrCloN,O [M+H]": 346.9132, Found 346.9166; m/z Calcd for
C12HsBrCIzN2NaO [M+Na]*: 368.8942, Found 368.8979; UV-Vis (ACN; A [nm] (loge)): 333 (2.71),
296 (3.63), 263 (3.71), 212 (4.23).
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7.7.2 Procedures for Oxidation of 2,9-dimethyl-1,10-phenanthroline

7.7.2.1 First oxidation procedure of 2,9-dimethyl-1,10-phenanthroline
The 2,9-Dimethyl-1,10-phenanthroline (1.0 g, 4.8 mmol) was added to a solution of NaClO. (5.0 g,
55.3 mmol) in 50 mL of water at room temperature. Then the temperature was increased to 90 °C.
After carrying out the reaction for 6 hours at this temperature, the resulting solution was acidified very
slowly to pH 2.8 by adding HCI solution (10%). The water was then evaporated under reduced
pressure, and the crude product was extracted with MeOH and purified by Soxhlet extraction (MeOH).
After the concentration of MeOH, the product was washed with CH>Cl, and finally dried over P;O.

HO

9-methyl-1,10-phenanthroline-2-carboxylic acid (Ox-Phen-2CHzs) 0.66 g (2.78 mmol, 58%); m.p. >
300 °C ; *H NMR (D.O/KOD; 400.2 MHz) & = 2.46 (s, 3H, CHs), 6.99 (bs, 2H, aromat), 7.02 (d, Jun
= 8.2 Hz, 1H, aromatic), 7.50 (d, 3Jun = 8.2 Hz, 1H, aromatic), 7.68-7.76 (m, 2H, aromatic), 8.41 (bs,
1H, OH); ¥C{*H} NMR (D-0; 100.5 MHz) § = 23.3, 122.2, 123.7, 124.6, 125.9, 126.8, 128.5, 136.8,
137.0, 142.0, 142.6, 151.2, 158.2, 172.4; HRMS (ESI TOF): m/z Calcd for C14H1:N,O, (M — H)™ =
237.0664, Found 237.0662; UV-Vis (methanol; A [nm] (loge)): 314 (3.06), 275 (3.95), 230 (4.10); IR
(KBr): v = 1628, 1393, 1007, 972, 835 cm™.

7.7.2.2  Second oxidation procedure of 2,9-dimethyl-1,10-phenanthroline

The 2,9-dimethyl-1,10-Phenanthroline (5.00 g, mmol) was dissolved in portions during stirring in 30
mL of concentrated sulfuric acid (96%). Then, sodium bromide (2.50 g, mmol) was added, followed
by 15 mL of 70% nitric acid. The mixture was heated to boiling and then kept refluxing for 40 min.
After being cooled to room temperature, the mixture was poured onto 400 g of ice, carefully
neutralized to pH 7 with NaOH, and allowed to stand for 30 min. The mixture was filtered, and the
solids were extracted with 100 mL of boiling water. The insoluble material was removed from the
cooled extract by filtration, and the combined aqueous solutions were extracted with dichloromethane
(5 x 100 mL). The organic phase was washed with 50 mL of water, dried over MgSO., and evaporated
under reduced pressure. The crystalline residue was recrystallized from methanol. The complex
reaction mixture was obtained. The products identified only by MS suggest a structure of molecule
Ox2-Phen-2CHg,

182



5,6-diox0-5,6-dihydro-1,10-phenanthroline-2,9-dicarbaldehyde (Ox2-Phen-2CHs3)

7.7.3 Hydrolysis of 4,7-dichloro-1,10-phenanhtroline-5-carbonitrile

Compound 4e (1.0 g, 3.7 mmol) was dissolved in concentrated hydrochloric acid (35%) (23 mL) at r.t.
After stirring for 72 h at 100 °C, the volatiles were evaporated. The crude product was purified by
extraction at Soxhlet apparatus (H.O) and finally was dried over P4Oy to yield a precipitate of 7-
chloropyrrolo [2,3,4-de][1,10]phenanthrolin-5(4H)-one (Ox-4e, 0.3 g, 1.4 mmol, 37%).

(0]
HN Cl

4 N
- =

7-Chloropyrrolo[2,3,4-de][1,10]phenanthrolin-5(4H)-one (Ox-4e) 0.358 g (1.4 mmol, 37%).beige;
M.pP.gec. = 310-330 °C; H NMR (D,0/KOD; 500.2 MHz) & = 6.47 (d, 3Jun = 6.9 Hz, 1H, aromatic),
6.61 (d, 3Jun = 5.9 Hz, 1H, aromatic), 7.69 (s, 1H, aromatic), 8.05 (d, 3Jun = 6.9 Hz, 1H, aromatic),
8.28 (d, 3Jun = 5.9 Hz, 1H, aromatic); *H NMR (D20/D2SO0s; 400.2 MHz) & = 7.29 (d, 3Jun = 6.8 Hz,
1H, aromatic), 7.42 (d, ®Jun = 6.8 Hz, 1H, aromatic), 8.28 (s, 1H, aromatic), 8.78 (d, 3Jun = 6.8 Hz,
1H, aromatic), 8.87 (d, ®Jun = 6.8 Hz, 1H, aromatic); “*C{*H} NMR (D.O/KOD; 125.8 MHz) & =
1115, 111.6, 114.8, 120.7, 125.1, 132.5, 138.1, 139.2, 140.7, 149.3, 173.8, 178.0, 179.7; MS-IT-TOF
(M-H)" = 254 (80%), (M+H)* = 256 (30%), HRMS (IT TOF): m/z Calcd for C1sH/NsCIO (M+H)*:
256.0278, Found 256.0279; UV-Vis (methanol; A [nm] (loge)): 348 (3.28), 334 (3.27), 278 (3.31), 245
(3.64), 221 (3.36); IR (KBr): v = 3086, 1560, 1522, 1402, 1385, 1363, 1026 cm-%.

7.7.4 Hydrolysis of 4,7-disubstituted-9-0x0-9,10-dihydro-1,10-

phenanthroline-5-carbonitrile

Compounds 5i or 5m (3.5 mmol) dissolved in a mixture composed of THF and 10% sodium
hydroxide (55 mL) were stirred for 4 days at 50 "C. The cooled solution was acidified to neutral pH
with concentrated hydrochloric acid. After solvent evaporation, the crude product was purified by

column chromatography on silica gel using methanol/dichloromethane as eluent to afford a
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whitepowder, and finally crystallization from the mixture of CH>Cl, and hexane to yield solids as

follows:

SOt

=N HN
]

4,7-di(9H-carbazol-9-yl)-9-0x0-9,10-dihydro-1,10-phenanthroline-5-carbonitrile (Hyd-5i)
yellowish 0.606 g (1.1 mmol, 31%); M.p.gec. 195-200 °C; *H NMR (CDCls; 400.2 MHz) & = 6.90 (d,
8Jun = 7.3 Hz, 2H, aromatic), 7.14 (s, 1H, aromatic), 7.21 (d, %Jun = 8.0 Hz, 2H, aromatic), 7.29-7.45
(m, 8H, aromatic), 7.65 (s, 1H, aromatic), 7.83 (d, 3Jun = 4.3 Hz, 1H, aromatic), 8.16-8.17 (m, 4H,
aromatic), 9.27 (d, ®Jun = 4.3 Hz, 1H, aromatic), 11.24 (bs, 1H, NH); C{*H} NMR (CDClIs; 100.5
MHz) 6 = 100.8, 109.1, 110.0, 115.5, 115.7, 121.0, 121.2, 121.5, 121.7, 124.2, 124.4, 124.5, 126.3,
126.7, 126.8, 126.9, 133.5, 139.0, 140.1, 140.5, 142.2, 143.6, 146.5, 151.8, 161.7; MS-IT-TOF
[M+H]* = 552.1830 (100%), [M-H] = 550.1668 (100%), HRMS (IT TOF): m/z Calcd for C37H2:NsO
[M+H]*: 552.1824, Found 552.1830; UV-Vis (methanol; A [nm] (loge)): 374 (3.46), 355 (3.57), 329
(3.82), 316 (3.76), 292 (4.27), 287 (4.25), 282 (4.27), 247 (4.31), 231 (4.62), 210 (4.33); IR (ATR): v
= 3051, 2360, 2218, 1675, 1446, 1226, 747, 723 cm™; CCDC 191090.

SO O
C
o ~
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9-ox0-4,7-di(10H-phenothiazin-10-yl)-9,10-dihydro-1,10-phenanthroline-5-carbonitrile (Hyd-
5m) yellowish 0.984 g (1.6 mmol, 46%); M.p.gec. 220-230 °C; *H NMR (CDCls; 400.2 MHz) & = 5.63
(d, 3Jun = 8.2 Hz, 2H, aromatic), 6.63-6.58 (m, 2H, aromatic), 6.66 (dd, 3Jun = 7.8 Hz, “Jun = 0.9 Hz,
2H, aromatic), 6.77 (t, ®3Jun = 7.5 Hz, 2H, aromatic), 6.90-7.00 (m, 6H, aromatic), 7.12-7.18 (m, 2H,
aromatic), 7.25 (s, 1H, aromatic), 7.84 (d, 3Jun = 4.5 Hz, 1H, aromatic), 8.45 (s, 1H, aromatic), 9.27
(d, 3Jun = 4.6 Hz, 1H, aromatic), 11.11 (bs. 1H, NH); BC{*H} NMR (CDCls; 100.5 MHz) § = 101.0,
115.1, 116.2, 116.7, 117.5, 119.8, 122.6, 123.5, 124.5, 127.0, 127.2, 127.5, 127.9, 128.5, 129.7, 129.8
134.1, 139.6, 141.0, 141.9, 142.1, 146.9, 149.2, 153.0, 161.7; MS-IT-TOF [M+H]" = 616.1271
(100%), [M-H] = 614.1110 (100%), HRMS (IT TOF): m/z Calcd for C37H20N50S [M-H]-:
614.1109, Found 614.1110; UV-Vis (methanol; A [nm] (loge)): 339 (3.94), 295 (4.52), 284 (4.38), 273
(4.18), 251 (4.79), 205 (4.59); IR (ATR): v = 3059, 2974, 2360, 2216, 1673, 1461, 1312, 743, 648 cm’
1. CCDC 1919692.
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7.8 Symmetrical and unsymmetrical quinoline and 1,10-

phenanthroline derivatives

7.8.1 General Procedures  for  Synthesis  4-chloro-2-methyl-1,10-

phenanthroline

These syntheses were based on procedures described in the literature®#°, Due to the multi-stage
synthesis reactions, they have been divided into 3 separate steps: Step A, Step B and Step C.

7.8.1.1 Step A
Ortho ester (Trimethyl orthoacetate, TMOA) (72.0 g, 600.0 mmol) and Meldrum’s acid (11.5 g, 80.0
mmol) was brought to a gentle reflux for 30 min. The resulting greenish solution was cooled to 80 °C
and quinolin-8-amine (1n, 8.6 g, 60.0 mmol) was added portion wise (exothermic reaction). The
resulting mixture was stirring up to reflux for 2 h, and left under r.t. for 16 h. Subsequently, hexane
was added and the solution was cooled to —35 °C where a precipitate formed. The precipitate was

filtered off, washed with diethyl ether (4 x 100 mL) and dried to afford a solid:

2,2-Dimethyl-5-(1-(quinolin-8-ylamino)ethylidene)-1,3-dioxane-4,6-dione (2n); 16.3 g (52.2 mmol,
87%); m.p. = 167-170 °C; *H NMR (CDCls; 400.2 MHz) & = 1.76 (s, 6H, 2CHs), 2.64 (s, 3H, CHs),
7.49 (dd, 3Jun = 8.3 Hz, “Jun = 4.2 Hz, 1H, aromatic), 7.56-7.59 (m, 2H, aromatic), 7.82 (p, 3Jun =
3.5 Hz, 1H, aromatic), 8.21 (dd, 3Jun = 8.3 Hz, “Jun = 1.5 Hz, 1H, aromatic), 8.95 (dd, 3Jun = 4.2 Hz,
“Jun = 1.5 Hz, 1H, aromatic), 13.49 (s, 1H, NH); 2¥C{*H} NMR(CDCls; 100.6 MHz) & = 20.7, 26.8,
86.9, 102.8, 122.4, 125.4, 126.0, 127.8, 129.1, 133.9, 136.3, 142.9, 151.1, 163.2, 167.4, 173.3; UV-Vis
(methanol; A [nm] (loge)): 328 (4.43), 314 (4.48), 301 (4.49), 293 (4.51), 262 (4.14), 229 (4.79), 204
(4.79); IR (KBr): v = 2992, 2938, 1708, 1655, 1597, 1356, 1295, 1204, 802 cm™*; CCDC 1953940.

7.8.1.2 Step B
Into freshly distillated diphenyl ether (50 mL) at 220 °C was added 2n (3.1 g, 10.0 mmol) in small
portions, resulting in vigorous gas evolution. The resulting orange solution was brought to reflux for
30 min, and was then allowed to cool to 50 °C. The hexane (25 mL) was added and a brown solid
precipitated was filtered, washed with hexane (2 x 10 mL). The crude product was purified by

crystallization from chloroform/hexane mixture to yield solid as follows:
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2-Methyl-1,10-phenanthrolin-4(1H)-one (3n) 1.8 g (8.6 mmol, 86%); m.p. = 204-205 °C; *H NMR
(DMSO-dg; 500.2 MHz) & = 2.50 (s, 3H, CHs), 6.17 (d, “Jun = 0.6 Hz, 1H, aromatic), 7.71 (d, 3Jun =
8.8 Hz, 1H, aromatic), 7.76 (dd, 3Jyn = 8.2 Hz, “Jun = 4.3 Hz, 1H, aromatic), 8.12 (d, 3Jun = 8.8 Hz,
1H, aromatic), 8.46 (dd, *Jun = 8.2 Hz, “Jun = 1.6 Hz, 1H, aromatic), 9.01 (dd, 3Jun = 4.1 Hz, *Jyn =
1.6 Hz, 1H, aromatic), 12.03 (s, 1H, NH); 2*C{*H} NMR (DMSO-ds; 125.8 MHz) § = 19.6, 111.8,
121.6, 122.4, 123.1, 123.8, 128.8, 136.6, 137.3, 138.8, 149.2, 149.6, 176.4; GC-MS: t; = 9.5 min, (EI)
M* = 210 (82%); UV-Vis (methanol; A [nm] (loge)): 343 (3.38), 317 (3.75), 280 (4.07), 261 (4.25),
238 (4.26), 207 (4.31); IR (KBr): v = 3342, 3250, 2931, 1621, 1548, 1522, 1407, 1371, 843, 836, 738
cm™t; CCDC 1954745,

7.8.1.3 Step C
Into freshly distillated phosphoryl trichloride (82.0 g, 50 mL, 534.8 mmol) under argon was mixed
with 3n (1.0 g, 5.0 mmol) and the resulting solution was stirred at 90 °C for 4 h. The excess of
phosphoryl trichloride was slowly evaporated, under reduced pressure. The reaction mixture was
slowly added to a well stirred mixture of ice (50 g) in water (100 mL). After stirring for 15 min. the
resulting reaction mixture was carefully brought to pH 13 - 14 by adding NaOH solution (40%). The
aqueous layer was extracted with CH,Cl, (4 x 10 mL). The combined organic layers were separated
and dried over MgSO,. Evaporation of the brown colored solvent afforded 4n as light tan crystals.
Next, the crude products were purified by chromatography on silica gel using
methanol/dichloromethane as eluent and finally crystallization from CH.CI, to yield precipitates as

follows:

4-Chloro-2-methyl-1,10-phenanthroline (4n) 1.1 g (4.8 mmol, 96%); m.p. = 117-118 °C; *H NMR
(CDCls; 400.2 MHz) & = 2.93 (s, 3H, CHs), 7.62 (s, 1H, aromatic), 7.67 (dd, 3Jun = 8.1 Hz, Uyn=4.4
Hz, 1H, aromatic), 7.83 (d, 3Jun = 9.1 Hz, 1H, aromatic), 8.22 (d, *Jun = 9.1 Hz, 1H, aromatic), 8.29
(dd, 33y = 8.1 Hz, YJyn = 1.5 Hz, 1H, aromatic), 9.25 (dd, 3Jun = 4.3 Hz, “Jun = 1.6 Hz, 1H,
aromatic); 'H NMR (DMSO-de; 400.2 MHz) § = 2.76 (s, 3H, CHs), 7.79 (dd, 3Jun = 8.1 Hz, “Jup =
4.3 Hz, 1H, aromatic), 7.86 (s, 1H, aromatic), 8.04 (d, 3Jun = 9.1 Hz, 1H, aromatic), 8.13 (d, 3Jun =
9.0 Hz, 1H, aromatic), 8.50 (dd, 3Jun = 8.1 Hz, “Jun = 1.5 Hz, 1H, aromatic), 9.11 (dd, 3Jun = 4.2 Hz,
“Jup = 1.5 Hz, 1H, aromatic); *C{*H} NMR (CDCls; 125.8 MHz) & = 25.7, 122.5, 123.5, 124.1,
125.0, 126.5, 129.0, 136.8, 142.8, 145.2, 146.6, 150.6, 159.8; GC-MS: t, = 8.5 min, (EI) M* = 228
186



(100%), (M-CI)* = 192 (28%); UV-Vis (methanol; A [nm] (loge)): 328 (3.08), 313 (3.21), 297 (3.89),
279 (4.29), 267 (4.55), 234 (4.61), 204 (4.45); IR (KBr): v = 3428, 1586, 1552, 1487, 1375, 832, 726

cmL,
7.8.2 General Procedures for Synthesis of 4-chloro-8-nitroquinoline

These syntheses were based on procedures described in the literature®*#, Due to the multi-stage
synthesis reactions, they have been divided into 3 separate steps: Step A, Step B and Step C.

7.8.2.1 Step A
Trimethyl orthoformate (TMOF, 406.2 g, 500 mL, 3.83 mol) and Meldrum’s acid (21.6 g, 150.0
mmol) was brought to a gentle reflux for 30 min. The resulting greenish solution was cooled to 80 °C
and 2-nitroaniline (Im, 15.0 g, 108.7 mmol) was added portion wise (exothermic reaction). The
resulting mixture was stirring up to reflux for 2 h, and left under r.t. for 16 h. Subsequently, hexane
was added and the solution was cooled to —35 °C where a precipitate formed. The precipitate was

filtered off, washed with diethyl ether (4 x 100 mL) and dried to afford a solid:

2,2-Dimethyl-5-(((2-nitrophenyl)amino)methylene)-1,3-dioxane-4,6-dione  (2m) 28.2 g (96.6
mmol, 89%); m.p. = 175-178 °C; 'H NMR (CDCls; 400.2 MHz) § = 1.77 (s, 6H, 2CHs), 7.41 (d, 3Jun
= 7.8 Hz, 1H, aromatic), 7.66 (d, *Jun = 8.3 Hz, 1H, aromatic), 7.79 (t, 3Jun = 7.7 Hz, 1H, aromatic),
8.32 (d, 3Jun = 7.6 Hz, 1H, aromatic), 8.75 (d, *Jun = 13.6 Hz, 1H, vinyl), 13.02 (d, 3Jun = 13.6 Hz,
1H, NH); B®C{*H} NMR(CDCls; 100.6 MHz) & = 27.3, 91.4, 105.5, 118.0, 125.9, 127.0, 134.4, 136.1,
138.1, 151.2, 163.3, 164.2; UV-Vis (methanol; A [nm] (loge)): 357 (4.59), 308 (4.68), 274 (4.49), 256
(4.40), 216 (4.67); IR (KBr): v = 3161, 3094, 3004, 1733, 1686, 1604, 1518, 1343, 1265, 1201, 933,
741 cm™

7822 StepB

Into freshly distillated diphenyl ether (50 mL) at 220 °C was added 2m (2.92 g, 10.0 mmol) in small
portions, resulting in vigorous gas evolution. The resulting orange solution was brought to reflux for
30 min, and was then allowed to cool to 50 °C. The hexane (25 mL) was added and a brown solid
precipitated was filtered, washed with hexane (2 x 10 mL). The crude product was purified by

crystallization from chloroform/hexane mixture to yield solid as follows:
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oMo

8-Nitro-4(1H)-quinolinone (3m)*° 1.6 g (8.4 mmol, 84%); m.p. = 192-194 °C; *H NMR (DMSO-dg;
500.2 MHz) & = 6.24 (d, *Jun = 7.5 Hz, 1H, aromatic), 7.50 (d, Jun = 8.0 Hz, 1H, aromatic), 7.97 (d,
3Jun = 7.5 Hz, 1H, aromatic), 8.56 (d, *Jun = 7.9 Hz, 1H, aromatic), 8.63 (d, 3Jun = 7.9 Hz, 1H,
aromatic), 11.86 (s, 1H, NH); *H NMR (CDCls; 400.2 MHz) § = 6.23 (dd, 3Jun = 7.6 Hz, 4Jun = 1.8
Hz, 1H, aromatic), 7.97 (dd, 3Jun = 7.6 Hz, 1H, aromatic), 8.54-8.57 (m, 1H, aromatic), 8.58-8.64 (m,
1H, aromatic), 11.86 (bs, 1H, NH); *C{*H} NMR(CDCls; 100.6 MHz) & = 112.5, 122.2, 128.5, 130.3,
134.9, 135.5, 138.4, 177.1; BC{*H} NMR(DMSO-ds; 125.8 MHz) & = 110.5, 121.8, 127.7, 129.7,
133.5, 134.1, 136.5, 141.2, 175.6; UV-Vis (methanol; & [nm] (loge)): 382 (4.07), 256 (4.30), 220
(4.51), 207 (4.54); IR (KBr): v = 3331, 3234, 1643, 1605, 1564, 1490, 1314, 1291, 1245, 1188, 1068,
745 cm.

7.8.23 StepC
Into freshly distillated phosphoryl trichloride (82.0 g, 50 mL, 534.8 mmol) under argon was mixed
with 3m (0.9 g, 5.0 mmol) and the resulting solution was stirred at 90 °C for 4 h. The excess of
phosphoryl trichloride was slowly evaporated, under reduced pressure. The reaction mixture was
slowly added to a well stirred mixture of ice (50 g) in water (100 mL). After stirring for 15 min. the
resulting reaction mixture was carefully brought to pH 13 - 14 by adding NaOH solution (40%). The
aqueous layer was extracted with CH,Cl, (4 x 10 mL). The combined organic layers was separated and
dried over MgSO,. Evaporation of the brown colored solvent afforded 4m as light tan crystals. Next,
the crude products were purified by chromatography on silica gel using methanol/dichloromethane as

eluent and finally crystallization from dichloromethan to yield precipitates as follows:
o

o N

4-Chloro-8-nitroquinoline (4m)®*; 0.8 g (4.0 mmol, 81%); m.p. = 120-125 °C; 'H NMR (DMSO-ds;
400.2 MHz) & = 7.93 (dd, 3Jun = 8.1 Hz, 3Jun = 7.9 Hz, 1H, aromatic), 7.98 (d, 3Jun = 4.7 Hz, 1H,
aromatic), 8.39 (dd, 3Jun = 7.5 Hz, “2Jun = 0.8 Hz, 1H, aromatic), 8.48 (dd, 3Jun = 8.5 Hz, 2Jun = 0.9
Hz, 1H, aromatic), 8.98 (d, *Jun = 4.7 Hz, 1H, aromatic); *C{*H} NMR (DMSO-ds; 100.6 MHz) & =
123.4, 124.1, 126.3, 127.40, 127.42, 139.3, 141.9, 148.2, 152.5; GC-MS: t, = 7.228 min, (ElI) M* =
208 (100%), (M-NO)* = 162 (33%); UV-Vis (methanol; A [nm] (loge)): 316 (4.23), 302 (4.30), 283
(4.47), 216 (5.02); IR (KBr): v = 3047, 1958, 1847, 1535, 1484, 1358, 880, 865, 750, 717 cm™*; CCDC

1967406.
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7.8.3 Preparation of 4-chloro-8-aminoquinoline

Stannous chloride crystal (10 equiv.) was added to a stirred solution of nitroquinoline 4m (10.4 g, 50.1
mmol) and hydrochloric acid (5 mL) in ethanol (20 mL). After stirred 0.5 h at rt, the reaction mixture
was heated to 40-50 °C for 2 h. After cooling to rt, the mixture was basified with aqueous ammonia
and extracted with chloroform (3 x 15 mL). The combined extract was dried over magnesium sulfate
and evaporated to afford a yellow solid, which was purified by crystallization from chloroform/hexane

mixture to yield precipitates as follows:
Cl

NH,

4-Chloroquinolin-8-amine (10)%?; 6.7 g (37.6 mmol, 75%); m.p. = 90-95 °C; *H NMR (CDCl;;
400.2 MHz) & = 4.94 (bs, 2H, NH), 6.95 (d, 3Jun = 7.5 Hz, 1H, aromatic), 7.40 (t, 3Jun = 8.0 Hz, 1H,
aromatic), 7.44 (d, 3Jun = 4.6 Hz, 1H, aromatic), 7.51 (dd, 3Jun = 8.4 Hz, “Jun = 0.6 Hz, 1H,
aromatic), 8.59 (d, 3Jun = 4.6 Hz, 1H, aromatic); **C{*H} NMR (CDCls; 100.6 MHz) § = 110.9,
112.1,121.5,127.2,128.5, 139.0, 142.6, 144.3, 146.4; GC-MS: t, = 6.305 min, (EI) M* = 178 (100%);
UV-Vis (methanol; » [nm] (loge)): 363 (3.80), 340 (3.84), 291 (3.45), 253 (4.71), 207 (4.76); IR
(KBr): v = 3426, 3285, 1620, 1501, 1358, 808, 743 cm™™.

7.8.4 General Procedures for Synthesis of 4,7-dichloro-2-methyl-1,10-

phenanthroline

These syntheses were based on procedures described in the literature®*%°. Due to the multi-stage

synthesis reactions, they have been divided into 3 separate steps: Step A, Step B and Step C.

7.84.1 Step A
Ortho ester (TMOA) (72.0 g, 600.0 mmol) and Meldrum’s acid (11.5 g, 80.0 mmol) was brought to a
gentle reflux for 30 min. The resulting greenish solution was cooled to 80 °C and 5-chloro-quinolin-8-
amine (10) (10.7 g, 60.0 mmol) was added portion wise (exothermic reaction). The resulting mixture
was stirring up to reflux for 2 h, and left under r.t. for 16 h. Subsequently, hexane was added and the
solution was cooled to —35 °C where a precipitate formed. The precipitate was filtered off, washed

with diethyl ether (4 x 100 mL) and dried to afford a solid:
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5-(1-((4-Chloroquinolin-8-yl)amino)ethylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (20); 18.5 ¢
(53.4 mmol, 89%); M.p.aec. = 190-195 °C; *H NMR (CDCls; 400.2 MHz) & = 1.78 (s, 6H, 2CHs), 2.68
(s, 3H, CH3), 7.60 (d, ®Jun = 4.7 Hz, 1H, aromatic), 7.67-7.74 (m, 2H, aromatic), 8.20 (dd, 3Jyn=7.2
Hz, 2Jun = 2.5 Hz, 1H, aromatic), 8.83 (d, 3Jun = 4.7 Hz, 1H, aromatic), 13.53 (s, 1H, NH); ¥C{H}
NMR(CDCls; 100.6 MHz) & = 20.5, 26.7, 87.1, 102.7, 122.5, 123.8, 126.0, 126.9, 127.2, 134.0, 142.9,
1435, 150.3, 163.0, 167.2, 172.9; UV-Vis (methanol; A [nm] (loge)): 319 (4.36), 308 (4.34), 295
(4.33), 226 (4.68), 210 (4.69); IR (KBr): v = 2991, 2982, 2940, 1713, 1665, 1584, 1315, 1289, 1204,
672cm™.

7.8.4.2 Step B
Into freshly distillated diphenyl ether (50 mL) at 220 °C was added 20 (3.5 g, 10.0 mmol) in small
portions, resulting in vigorous gas evolution. The resulting orange solution was brought to reflux for
30 min, and was then allowed to cool to 50 °C. The hexane (25 mL) was added and a brown solid
precipitated was filtered, washed with hexane (2 x 10 mL). The crude product was purified by

crystallization from chloroform/hexane mixture to yield solid as follows:

7-Chloro-2-methyl-1,10-phenanthrolin-4(1H)-one (30); 1.8 g (7.4 mmol, 74%); m.p. = 250-255 °C;
IH NMR (DMSO-ds/KOD; 400.2 MHz) § = 2.50 (s, 3H, CHa), 6.28 (s, 1H, aromatic), 7.87 (d, *Jun =
9.0 Hz, 1H, aromatic), 7.91 (d, 3Jun = 4.8 Hz, 1H, aromatic), 8.28 (d, 3Jun = 9.0 Hz, 1H, aromatic),
8.92 (d, 3Jun = 4.8 Hz, 1H, aromatic); *C{*H} NMR(DMSO-ds/KOD; 125.8 MHz) § = 21.8, 112.0,
115.9, 123.5, 124.1, 124.9, 126.7, 140.9, 141.8, 142.9, 149.0, 153.8, 176.0; UV-Vis (methanol; A [nm]
(loge)): 348 (3.57), 325 (3.89), 277 (4.41), 260 (4.28), 241 (4.42), 211 (4.38); IR (KBr): v = 3427,
3370, 1627, 1563, 1551, 1517, 1416, 842, 819 cm™™.

7.8.4.3 Step C
Into freshly distillated phosphoryl trichloride (82.0 g, 50 mL, 534.8 mmol) under argon was mixed
with 30 (1.2 g, 5.0 mmol) and the resulting solution was stirred at 90 °C for 4 h. The excess of
phosphoryl trichloride was slowly evaporated, under reduced pressure. The reaction mixture was

slowly added to a well stirred mixture of ice (50 g) in water (100 mL). After stirring for 15 min. the
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resulting reaction mixture was carefully brought to pH 13 - 14 by adding NaOH solution (40%). The
aqueous layer was extracted with CH.Cl, (4 x 10 mL). The combined organic layers were separated
and dried over MgSO.. Evaporation of the brown colored solvent afforded 40 as light tan crystals.
Next, the crude products were purified by chromatography on silica gel using
methanol/dichloromethane as eluent and finally crystallization from CH.CI; to yield precipitates as

follows:

4,7-Dichloro-2-methyl-1,10-phenanthroline (40); 0.9 g (3.8 mmol, 76%); m.p. = 180-185 °C; H
NMR (CDCls; 400.2 MHz) & = 2.94 (s, 3H, CHs), 7.65 (s, 1H, aromatic), 7.73 (d, 3Jun = 4.8 Hz, 1H,
aromatic), 8.26 (d, 3Jun = 9.4 Hz, 1H, aromatic), 8.30 (d, 3Jun = 9.4 Hz, 1H, aromatic), 9.10 (d, 3Jun =
4.8 Hz, 1H, aromatic); *H NMR (DMSO-ds; 500.2 MHz) & = 2.78 (s, 3H, CHz), 7.93 (s, 1H, aromatic),
8.00 (d, J = 4.8 Hz, 1H, aromatic), 8.22 (d, ®Jun = 9.3 Hz, 1H, aromatic), 8.25 (d, 3Jun = 9.3 Hz, 1H,
aromatic), 9.05 (d, *Jun = 4.8 Hz, 1H, aromatic); *C{*H} NMR (CDCls; 125.8 MHz) 6 = 25.7, 122.1,
123.3, 123.6, 124.4, 125.0, 127.0, 142.8, 143.0, 146.4, 146.6, 150.2, 160.2; GC-MS: t, = 8.5 min, (El)
M* = 262 (100%), (M-CI)* = 227 (25%); UV-Vis (methanol; A [nm] (loge)): 332 (3.00), 303 (3.92),
292 (3.97), 268 (4.53), 239 (4.47), 209 (4.43); IR (KBr): v = 3398, 3047, 2980, 1577, 1542, 1485,
1274, 843, 820, 806, 727 cm ™.

7.8.5 General Procedures for Synthesis of 7-chloro-2-methyl-1,10-

phenanthrolines

7.8.5.1 Preparation of 9-Methyl-1,10-phenanthrolin-4(1H)-one
Toluene (30 mL) and (2E)-but-2-enal (1.3 mL, 15.5 mmol) were added to a solution of 4-
chloroquinolin-8-amine (10) (2.0 g, 11.2 mmol) in aqueous 6 M HCI (200 mL), and were heated under
reflux for 3 h. The mixture was allowed to cool to room temperature. The aqueous layer was separated
and neutralized with aqueous solution of NaOH (10%). After extraction with CH,Cl, (3 x 50 mL), the
organic layer was separated and dried over MgSQ., then was filtered and evaporated. The residue was

purified by chromatography and crystallization.
o)

\NH}\I/

9-Methyl-1,10-phenanthrolin-4(1H)-one (3p)?** 2.1 g (10.0 mmol, 89%); m.p. = 190-191 °C; H
NMR (CDCls; 400.2 MHz) & = 2.76 (s, 3H, CHs), 6.52 (d, 3Jun = 7.3 Hz, 1H, aromatic), 7.46 (d, 3Jup
= 8.3 Hz, 1H, aromatic), 7.57 (d, %Jun = 8.8 Hz, 1H, aromatic), 7.84 (d, 3Jun = 7.1 Hz, 1H, aromatic),
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8.11 (d, *Jun = 8.3 Hz, 1H, aromatic), 8.29 (d, ®Jun = 8.8 Hz, 1H, aromatic), 10.65 (bs, 1H, NH);
BC{*H} NMR(CDCls; 100.6 MHz) & = 25.1, 113.0, 121.9, 122.1, 124.4, 124.7, 127.1, 136.3, 136.7,
138.3, 158.3, 178.5; GC-MS: t; = 9.0 min, (EI) M* = 210 (68%), (M-CO)* = 182 (100%); UV-Vis
(methanol; A [nm] (loge)): 321 (3.81), 310 (3.80), 282 (4.06), 261 (4.15), 236 (4.20), 218 (4.17); IR
(KBr): v = 2925, 1629, 1601, 1564, 1523, 1493, 808 cm ™.

7.8.5.2 Preparation of 7-chloro-2-methyl-1,10-phenanthrolines
Into freshly distillated phosphoryl chloride (82.0 g, 50 mL, 534.8 mmol) under argon was mixed with
3p (2.1 g, 10.0 mmol) and the resulting solution was stirred at 90 °C for 4 h. The excess of phosphoryl
chloride was slowly evaporated, under reduced pressure. The reaction mixture was slowly added to a
well stirred mixture of ice (50 g) in water (100 mL). After stirring for 15 min. the resulting reaction
mixture was carefully brought to pH 13-14 by adding NaOH solution (40%). The aqueous layer was
extracted with CH2Cl; (4x10 mL). The combined organic layers was separated and dried over MgSQa.
Evaporation of the brown colored solvent afforded 4p. Next, the crude products were purified by
chromatography on silica gel using methanol/dichloromethane as eluent and finally crystallization

from CHCI; to yield precipitates as follows:

7-Chloro-2-methyl-1,10-phenanthroline (4p)?3; 1.0 g (5.0 mmol, 50%); m.p. = 100.0-100.3 °C; H
NMR (CDCls; 400.2 MHz) & = 2.96 (s, 3H, CHs), 7.55 (d, Jun = 8.2 Hz, 1H, aromatic), 7.70 (d, 33w
= 4.8 Hz, 1H, aromatic), 7.86 (d, ®Jun = 9.0 Hz, 1H, aromatic), 8.16 (d, *Jun = 8.4 Hz, 1H, aromatic),
8.19 (d, 3Jun = 9.2 Hz, 1H, aromatic), 9.07 (d, 3Jun = 4.8 Hz, 1H, aromatic) 'H NMR (DMSO-ds;
400.2 MHz) & = 3.02 (s, 3H), 8.14 (d, 3Jun = 8.0, 1H, aromatic), 8.21 (d, ®Jun = 4.6, 1H, aromatic),
8.29 (d, ¥Jun = 3.4, 2H, aromatic), 9.02 (d, ®Jun = 8.1, 1H, aromatic), 9.11 (d, 3Jun = 4.7, 1H,
aromatic); BC{*H} NMR(CDCls; 100.6 MHz) & = 25.9, 121.1, 123.1, 124.3, 126.8, 126.9, 127.6,
136.3, 142.7, 145.4, 147.1, 149.7, 160.2; BC{*H} NMR(DMSO-ds; 100.6 MHz) & = 22.1, 122.5,
125.3, 126.8, 126.9, 127.3, 127.8, 137.6, 140.3, 142.7, 143.2, 149.7, 159.2; GC-MS: t; = 8.048 min,
(EI) M* = 228 (100%), (M-CI)* = 193 (5%); UV-Vis (methanol; A [nm] (loge)): 268 (3.96), 234 (4.02),
205 (3.86); IR (KBr): v = 3014, 2053, 1646, 1627, 1581, 1224, 857 cm ™.
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7.9 Synthesis of selected Quinolinecarbaldehydes

7.9.1 Synthesis of selected Quinolinecarbaldehydes based on Reimer-

Tiemann reaction

Potassium hydroxide (14.0 g, 250.0 mmol) in water (15 mL) was added into the solution of Qla, Q1b
or Qlc (34.5 mmol) in ethanol (20 mL) and the resulting reaction mixture was brought to a gentle
reflux. Next chloroform (8.3 ml, 103.5 mmol) was subsequently gently dropped within an hour. The
resulting red mixture was refluxed for another 3 h, and then was cool down to room temperature. The
obtained suspension was acidified by an aqueous solution of hydrochloric acid (1%) to pH ca. 7, and
then volatiles were evaporated under reduced pressure. The resulting solid was dried over P,O1 and
extracted at Soxhlet apparatus (chloroform). From the resulting solution the volatiles were evaporated
under reduced pressure, and finally the crude product was purified on a silica gel chromatography with
chloroform/methanol (3:1) as eluent, and purified by crystallization from chloroform/hexane to yield

precipitates as follows:

N

=

N
OH

8-Hydroxyquinoline-5-carbaldehyde (Q2a)?; beige 0.6 g (3.5 mmol, 10.1%); m.p. = 171.3-171.8
°C; 'H NMR (DMSO-ds; 400.2 MHz) & = 7.26 (d, 3Jun = 8.0 Hz, 1H, aromatic), 7.78 (dd, 3Jun = 8.6
Hz, *Jun = 4.1 Hz, 1H, aromatic), 8.17 (d, %Jun = 8.1 Hz, 1H, aromatic), 8.97 (dd, 3Jun = 4.1 Hz, “Jun
= 1.6 Hz, 1H, aromatic), 9.56 (dd, ®Jun = 8.6 Hz, “Jun = 1.6 Hz, 1H, aromatic), 10.14 (s, 1H, HC=0);
BC{*H} NMR (DMSO-dg; 100.6 MHz) & = 110.8, 122.4, 124.6, 126.8, 133.0, 138.0, 140.2, 149.0,
159.6, 192.2; GC-MS: t, = 6.024 min, (EI) m/z (rel. int.) M* = 173 (100%); (M-HCO)* = 144 (17%):;
UV-Vis (methanol; A [nm] (loge)): 395 (3.04), 322 (3.89), 263 (3.96), 239 (4.40), 210 (4.13); IR
(KBr): v = 3177, 2845, 1663, 1474 cm™.

S

Ox -

N
OH

8-Hydroxyquinoline-7-carbaldehyde (Q2a’)?*®; 'H NMR (DMSO-ds; 400.2 MHz) & = 7.24 (d, 3Jun
= 7.9 Hz, 1H, aromatic), 7.57 (dd, 3Jun = 8.1 Hz, *Jun = 4.3 Hz, 1H, aromatic), 7.99 (d, 3Jun = 8.0 Hz,
1H, aromatic), 8.78 (dd, 3Jun = 4.4 Hz, “Jun = 1.5 Hz, 1H, aromatic), 9.07 (dd, 3Jun = 8.0 Hz, 4Jyn =
1.6 Hz, 1H, aromatic), 10.41 (s, 1H, HC=0); GC-MS: t; = 6.360 min, (EI) m/z (rel. int.) M* = 173
(12%); (M-CO+H)* = 146 (100%).
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Cl

=

Ow 2

N
OH

5-Chloro-8-hydroxyquinoline-7-carbaldehyde (Q2c)**; yellow 0.5 g (2.5 mmol, 7.2%); m.p. =
170.0-170.6 °C; *H NMR (CDCls; 500.2 MHz) & = 7.71 (dd, 3Jun = 8.5 Hz, {Jun = 4.2 Hz, 1H,
aromatic), 7.86 (s, 1H, aromatic), 8.56 (dd, *Jun = 8.5 Hz, “Jun = 1.5 Hz, 1H, aromatic), 8.97 (dd,
3Jun = 4.2 Hz, 4y = 1.5 Hz, 1H, aromatic), 10.39 (s, 1H, HC=0); *H NMR (DMSO-ds; 500.2 MHz)
8 =7.74 (s, 1H, aromatic), 7.88 (dd, 3Jun = 8.5 Hz, “Jun = 4.2 Hz, 1H, aromatic), 8.51 (dd, 3Jun = 8.5
Hz, #Jun = 1.4 Hz, 1H, aromatic), 9.05 (dd, 3Jun = 4.2 Hz, “2Jun = 1.4 Hz, 1H, aromatic), 10.49 (s, 1H,
HC=0); BC{*H} NMR (DMSO-ds; 125.78 MHz) & = 118.7, 119.8, 122.7, 125.7, 129.3, 133.1, 140.2,
149.9, 158.4, 188.0; C{*H} NMR (CDCls; 125.78 MHz) & = 117.8, 121.8, 124.7, 125.4, 130.2,
133.7, 139.9, 149.9, 157.6, 190.6; GC-MS: t, = 6.917 min.; (EI) m/z (rel. int.) M* = 207 (15%); (M-
CO)* = 179 (100%); UV-Vis (metanol; % [nm] (loge)): 429 (2.86), 350 (3.27),286 (3.65), 267 (4.03),
248 (3.83), 207 (4.09); IR (KBr): v = 3344, 2859, 1667, 1425 cm.

O -~

N
OH

5-Methyl-8-hydroxyquinoline-7-carbaldehyde (Q2d)??; greenish 0.5 g; (2.8 mmol, 8.0%); m.p. =
172.7-173.5 °C; *H NMR (CDCls; 400.2 MHz) § = 2.56 (s, 3H, CH3), 7.53 (s, 1H, aromatic), 7.58 (dd,
8Jun =8.2 Hz, 2Jun = 3.5 Hz, 1H, aromatic), 8.26 (d, *Jun = 8.3 Hz, 1H, aromatic), 8.90 (d, 3Jun = 2.7
Hz, 1H, aromatic), 10.36 (s, 1H, HC=0); 3C{*H} NMR (CDCls; 100.6 MHz) & = 17.9, 117.2, 124.3,
124.7, 124.9, 131.8, 133.0, 139.5, 148.9, 157.4, 192.3; GC-MS: t; = 7.186 min.; (EI) m/z (rel. int.) M*
=187 (19%); (M-CO)* = 159 (100%); UV-Vis (metanol; A [nm] (loge)): 452 ( 2.88), 426 (3.04), 358
(3.51), 291 (3.88), 270 (4.37), 246 (4.05), 207 (4.35); IR (KBr): v = 3063, 2852, 1686, 1426 cm.

7.9.1.1 Synthesis  of  7-bromo-8-hydroxy-2-methylquinoline-5-carbaldehyde
through on carbene insertion reaction

Potassium hydroxide (40.0 g; 714.3 mmol) in water (15 mL) was added into the solution of Q1d (5.6
g; 18.0 mmol) in ethanol (20 mL). The resulting solution was irradiated (75W) and stirred under
reflux. Next, chloroform (30 ml; 372.0 mmol) was gently dropped for an hour. The resulting red
mixture was refluxed for another 16 h, and then was cool down to room temperature. Subsequently the
obtained suspension was acidified by an aqueous solution of hydrochloric acid (1%) to pH ca. 7, and
then volatiles were evaporated under reduced pressure. The resulting solid was dried over P4O1 and

extracted at Soxhlet apparatus with chloroform. From the resulting solution the volatiles were
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evaporated under reduced pressure, and finally the crude product was purified on a silica gel
chromatography with chloroform/methanol (3:1) as eluent, and purified by crystallization from

chloroform/hexane to yield precipitates as follows:

=

P

Br N
OH

7-Bromo-8-hydroxy-2-methylquinoline-5-carbaldehyde (Q2e)?%*; < 1%; 'H NMR (DMSO-dg;
400.2 MHz) & = 2.77 (s, 3H, CHs), 7.73 (d, 3Jun = 8.7 Hz, 1H, aromatic), 8.32 (s, 1H, aromatic), 9.45
(d, *Jun = 8.7 Hz, 1H, aromatic), 10.05 (s, 1H, HC=0); GC-MS: t; = 7.617 min.; (EI) m/z (rel. int.) M*
=267 (15%); (M-CO+H)* = 238 (20%).

7.9.2 Synthesis of selected Quinolinecarbaldehydes based on Vilsmeier Haack

reaction

To the solution of dry chloroform (6.5 mL) and dry DMF (0.8 mL, 10.4 mmol) phosphorus trichloride
(3.2 mL, 34.3 mmol) was added at 0 °C and the mixture was stirred for an hour. Next Qle, Q1f, Q1i
(8.0 mmol), respectively was added, and the resulting reaction mixture was brought to a gentle reflux
for 16 h. The reaction was quenched by the addition of crushed ice, and was neutralized by aqueous
solution of Na,COs (10%) to pH 6 - 7 and then the layers were separated. The aqueous layer was
extracted by chloroform (3 x 30 mL), collected, and was dried over anhydrous MgSO.. After filtration,
the solvent was evaporated on a rotary evaporator and the obtained residue was purified by column

chromatography on silica gel with chloroform/THF/hexane (2:1:1) as eluent.

6-(Dimethylamino)-2-methylquinoline-5-carbaldehyde (Q2f) yellow 0.7 g (3.1 mmol, 38.6%); m.p.
= 75.2-75.8 °C; *H NMR (DMSO-ds; 400.2 MHz) & = 2.58 (s, 3H, CHs), 3.11 (s, 6H, 2NCHj3), 7.43
(d, 3Jun = 8.8 Hz, 1H, aromatic), 7.64 (d, *Jun = 9.4 Hz, 1H, aromatic), 7.98 (d, *Jun = 9.4 Hz, 1H,
aromatic), 9.18 (d, 3Jun = 8.8 Hz, 1H, aromatic), 10.20 (s, 1H, HC=0); B¥C{'*H} NMR (DMSO-dg;
100.6 MHz) 6 = 24.2, 45.7, 114.8, 121.9, 124.1, 125.2, 131.4, 135.2, 142.4, 155.6, 157.1, 190.4; GC-
MS: t; = 7.683 min, (EI) m/z (rel. int.) M* = 214 (85%); (M-HCO)* = 185 (55%); UV-Vis (methanol;
A [nm] (loge)): 416 (3.55), 365 (3.12), 304 (3.60), 289 (3.68), 260 (4.35), 214 (4.21); IR (KBr): v =
3386, 2878, 1671, 1498 cm™.
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6-(Dimethylamino)quinoline-5-carbaldehyde (Q2g) yellow 1.2 g (5.9 mmol, 73.8%); m.p. = 56.1-
56.8 °C; 'H NMR (DMSO-ds; 400.2 MHz) & = 3.16 (s, 6H, 2NCHs), 7.54 (dd, 3Jun = 8.7 Hz, “Jun =
4.2 Hz, 1H, aromatic), 7.70 (d, ®Jun = 9.5 Hz, 1H, aromatic), 8.05 (d, 3Jun = 9.4 Hz, 1H, aromatic),
8.69 (dd, ®Jun = 4.2 Hz, “Jun = 1.6 Hz, 1H, aromatic), 9.30 (dd, ®Jun = 8.7 Hz, “Jun = 1.5 Hz, 1H,
aromatic), 10.19 (s, 1H, HC=0); ¥*C{*H} NMR (DMSO-ds; 125.8 MHz) & = 45.5, 113.4, 122.7,
123.6, 127.5, 132.0, 134.7, 141.6, 146.6, 157.5, 190.0; GC-MS: t; = 7.259 min, (EI) m/z (rel. int.) M*
= 200 (76%); (M-HCO)* = 171 (20%); UV-Vis (methanol; A [nm] (loge)): 423 (3.61), 373 (3.18), 307
(3.60), 268 (4.33), 222 (4.17), 204 (3.96); IR (KBr): v = 3421, 2895, 1636, 1458 cm™.

8-(Dimethylamino)quinoline-5-carbaldehyde (Q2j) yellow 0.01 g (0.05 mmol, 0.6%); m.p. = 100.8-
101.0 °C; *H NMR (CDClg; 400.2 MHz) § = 3.36 (s, 6H, 2NCHs), 6.97 (d, 3Jun = 8.2 Hz, 1H,
aromatic), 7.53 (dd, 3Jun = 8.6 Hz, *Jun = 4.1 Hz, 1H, aromatic), 7.84 (d, 3Jun = 8.3 Hz, 1H,
aromatic), 8.87 (dd, 3Juu = 4.0 Hz, “Jyn = 1.7 Hz, 1H, aromatic), 9.72 (dd, 3Jun = 8.6 Hz, Jun = 1.7
Hz, 1H, aromatic), 10.06 (s, 1H, HC=0); 3C{*H} NMR (CDCls; 125.8 MHz) & = 44.1, 111.2, 122.2,
123.3, 128.3, 133.9, 139.5, 141.0, 146.9, 155.0, 191.3; GC-MS: t, = 7.156 min, (EI) m/z (rel. int.) M*
= 200.1 (24%), (M-Me)* = 185.1 (100%), (M-HCO)* = 171.1 (38%); UV-Vis (methanol; A [nm]
(loge)): 390 (4.07), 289 (3.91), 263 (4.20), 234 (3.99), 206 (4.36); IR (KBr): v = 2840, 1665, 1555,
1509, 1352, 1251, 1080, 760 cm™.

O P>

8-(Dimethylamino)quinoline-5,7-dicarbaldehyde (Q2Kk) yellow 0.006 g (0.002 mmol, 0.3%); m.p. =
100.0-100.1 °C; *H NMR (CDCls; 400.2 MHz) & = 3.61 (s, 6H, 2NCH3), 7.57 (dd, 3Jun = 8.6 Hz, “Jn
= 4.1 Hz, 1H, aromatic), 8.26 (s, 1H, aromatic), 8.88 (d, *Jun = 4.1 Hz, “Jun = 1.7 Hz, 1H, aromatic),
9.70 (dd, ®Jun = 8.6 Hz, “Jun = 1.7 Hz, 1H, aromatic), 10.06 (s, 1H, HC=0), 10.17 (s, 1H, HC=0);
BC{*H} NMR (CDCls; 125.8 MHz) & = 48.3, 122.1, 122.6, 124.7, 130.2, 134.0, 141.9, 144.4, 147.5,
157.0, 188.5, 191.3; GC-MS: t; = 7.952 min, (EI) m/z (rel. int.) M* = 227.9 (100%), (M-Me)* = 213.0
(3%), (M+2H-CO)* = 202 (10%); LCMS-IT-TOF: m/z (rel. int.) (M+H)* = 229 (100%), (M+H-CO)*
= 201 (100%); HRMS (IT-TOF): m/z Calcd for Ci3H13N.O, (M+H)* = 229.0977, Found 229.0970;
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UV-Vis (methanol; & [nm] (loge)): 400 (4.33), 355 (4.04), 287 (4.38), 234 (4.33), 210 (4.33); IR
(KBr): v = 2872, 1678, 1661, 1515, 1381, 1265, 1103, 765 cm'™.

7.9.3 Synthesis of selected Quinolinecarbaldehydes based on the Duff

reaction

These were based on a procedure described in the literature?®®. To a solution of Q1a, Q1b, Qlc, Qlg,
Q1h or Q11 (5.0 mmol) in a minimum amount of TFA (7-8 mL) hexamethylenetetramine (1.4 g, 10.0
mmol) was gently added under an argon atmosphere. The solution was stirred at 70 °C for 70 h and
then at 100 °C for another 4 h. Subsequently, the obtained suspension was acidified by an aqueous
solution of hydrochloric acid (10%, ~10 mL) and the reaction mixture was kept at 100 °C for 1 h. The
whole suspension was cooled down to r.t. Next, the obtained reaction mixture was alkalified by
aqueous solution of NaOH (10%), and the resulting precipitate was collected in a Buchner funnel,
followed by washing with water (3 x 50 mL) and dried to afford a solid. Next, the crude product was
purified by chromatography to yield 2d precipitates as follows, or the crude product was extracted

with CHCl; at Soxhlet apparatus to yield 2i solid as follows:

OH

8-Hydroxy-quinoline-5,7-dicarbaldehyde (Q2b)*%; green 0.84 g (4.0 mmol, 80%); m.p. > 360 °C;
1H-NMR NMR (400 MHz, DMSO-ds) & = 8.04 (dd, 3Jun = =8.6, “Jun = 4.8, 1H, aromatic), 8.39 (s,
1H), 8.97 (dd, 3Jun = 4.7, {Jun = 1.5, 1H, aromatic), 9.83 (dd, 3Jun = 8.6, *Jun = 1.5, 1H, aromatic),
10.03 (s, 1H, HC=0), 10.46 (s, 1H, HC=0), “*C{'H}- (100.6 MHz, DMSO-ds) & 116.85, 119.13,
126.75, 130.36, 138.05, 138.33, 139.17, 145.21, 166.76, 188.06, 191.73. IR (KBr): v = 2901, 1673,
1666, 1555, 1512, 1341,1236 cm™.

Cl
e

O N/

OH
5-Chloro-8-hydroxyquinoline-7-carbaldehyde (Q2c)®* vyellow 0.7 g (3.5 mmol, 70%).
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5-Methyl-8-hydroxyquinoline-7-carbaldehyde (Q2d)?? greenish 0.7 g (3.7 mmol, 75.0%).

HO N

—

N

6-Hydroxyquinoline-5-carbaldehyde (Q2h)** beige 0.6 g (3.5 mmol, 28.1%); m.p. = 138.6-138.9
°C; H-NMR (CDCls; 400.2 MHz) & = 7.39 (d, 3Jun = 9.3 Hz, 1H, aromatic), 7.53 (dd, 3Jun = 8.6 Hz,
“Jun = 4.2 Hz, 1H, aromatic), 8.26 (d, ®Jun = 9.3 Hz, 1H, aromatic), 8.67 (d, 3Jun = 8.6 Hz, 1H,
aromatic), 8.85 (d, 3Jun = 3.1 Hz, 1H, aromatic), 10.76 (s, 1H, HC=0), 13.06 (s, 1H, OH); *C{‘*H}-
NMR (CDCls; 100.6 MHz) 6 = 110.7, 123.1, 123.5, 127.0, 128.2, 140.7, 143.4, 148.7, 164.9, 192.4;
GC-MS: t, = 6.168 min, (EI) m/z (rel. int.) M* = 173 (100%); (M — HCO)* = 144 (20%): UV-Vis
(methanol; A [nm] (loge)): 400 (2.46), 346 (3.16), 300 (3.43), 290 (3.37), 226 (4.04), 203 (0.98); IR
(KBr): v = 3050, 2733, 1632, 1480 cm.

o}

X

=

Qs NT

OH

8-Hydroxy-2-methylquinoline-5,7-dicarbaldehyde (Q2i) red 0.2 g (0.7 mmol, 14.9%); m.p. > 360
°C; 'H-NMR (DMSO-ds; 400.2 MHz) & = 2.85 (s, 3H, CH3), 7.92 (d, 3Jun = 8.7 Hz, 1H, aromatic),
8.29 (s, 1H, aromatic), 9.71 (d, 3Jun = 8.7 Hz, 1H, aromatic), 9.95 (s, 1H, HC=0), 10.42 (s, 1H,
HC=0); BC{*H}-NMR (DMSO-dg; 125.8 MHz) & = 21.6, 115.6, 119.5, 128.0, 128.6, 137.8, 138.5,
139.0, 155.7, 167.2, 188.2, 191.5; LCMS-IT-TOF: m/z (rel. int.) (M — H)" = 214 (100%), M~ = 215
(10%); (M — HCO)™ = 186 (10%); (M — 2HCO) = 157 (<1%); HRMS (IT-TOF): m/z Calcd for
C12HsNOs; (M — H)™ = 214.0504, Found 214.0496; UV-Vis (methanol; A [nm] (loge)): 359 (3.65), 282
(3.91), 237 (3.59); IR (KBr): v = 3423, 2965, 2847, 2835, 1657, 1458 cm*; CCDC 1890715.

10-hydroxybenzo[h]quinoline-7,9-dicarbaldehyde (Q2I) red 0.9 g (3.5 mmol, 70.6%); m.p.gec. > 360
°C; 'H-NMR (DMSO-ds/KOD/D0; 400.2 MHz) & = 7.51 (dd, 3Jun = 8.0 Hz, “Jun = 4.2 Hz, 1H,
aromatic), 7.96 (d, ®Jun = 9.0 Hz, 1H, aromatic), 8.10 (s, 1H, aromatic), 8.26 (dd, 3Jun = 8.1 Hz, “Jun
= 2.0 Hz, 1H, aromatic), 8.89 (dd, ®Jun = 4.2 Hz, “Jun = 2.0 Hz, 1H, aromatic), 9.20 (d, 3Jun = 9.0 Hz,
1H, aromatic), 9.65 (s, 1H, HC=0), 10.08 (s, 1H, HC=0); ®C{*H}-NMR (DMSO-ds/KOD/D;0:
125.8 MHz) 6 = 115.1, 122.2, 123.8, 124.8, 126.1, 126.9, 132.3, 137.4, 140.0, 144.6, 148.1, 151.1,

182.0, 192.6, 192.7; HRMS (ESI): m/z Calcd for C1sHsNO3z M~ = 251.05826, Found 251.07750; UV-
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Vis (methanol; A [nm] (loge)): 453 (2.41), 405 (3.22), 364 (3.38), 329 (3.46), 315 (3.48), 274 (3.96),
260 (4.03), 241 (4.02), 223 (4.01), 211 (4.04); IR (KBr): v = 3424, 3062, 2877, 1673, 1483 cm™.

7.10 Oxidation of selected dicarbaldehydes

To a solution of the appropriate hydroxy dicarbaldehyde (Q2b or Q2I) (1.0 mmol) in water (25 mL)
(formic acid for Q2I) was slowly added a solution of NaClO, (5.00 g, 55.6 mmol) ) in water (25 mL).
The reaction was stirred at room temperature for 3 h and then at 90 °C for another 3 h. The reaction
mixture was then concentrated, and the resulting suspension was cooled. The resulting precipitate was
filtered off, washed with cold water (3 x 50 mL), and air-dried. The product thus obtained was further

purified by crystallization from ethanol to obtain:

OH
Sodium  (E)-3,3-dichloro-2-(2-(hydroxy(methoxy)methylene)-2,3-dihydropyridin-3-yl)acrylate
(Ox-Q2b) 0,04 g (0,15 mmol, 15.0%); *H NMR (400.2 MHz, DMSO-ds) & = 3.59 (s, 3H), 7.76 (dd,
3Jun = 4.8, 7.8 Hz, 1H), 8.43 (dd, 3Jun = 1.7, {Jup = 7.9 Hz, 1H), 9.02 (dd, *Jnun = 1.7, *Iun =4.8 Hz,
1H). BC{*H} NMR (DMSO-ds; 100.6 MHz) & = 54.02, 86.56, 90.31, 125.80, 126.89, 134.74, 158.31,
165.55, 168.75, 186.75; HRMS (ESI TOF): m/z Calcd for C10HsCI:2NNaO4 (M)* = 298.9728, Found
299.9632.

10-Hydroxybenzo[h]quinoline-7,9-dicarboxylic acid (Ox-Q2I) yellowish, 0,09 g (0,32 mmol,
32.4%); M.p.gec. = 235-245 °C; *H NMR (DMSO-ds; 400.2 MHz; 60 °C) d = 8,13 (dd or t, 3Jyy = 7.0
Hz, 1H, aromatic), 8.24 (d, 3Jun = 9.5 Hz, 1H, aromatic), 8.94 (s, 1H, aromatic), 9,07 (d, *Jun = 8,0
Hz, 1H, aromatic), 9,24 (d, %Jun = 5,4 Hz, 1H, aromatic), 9.36 (d, 3Jun = 9,4 Hz, 1H, aromatic), 16,21
(s, 1H, OH); BC{*H} NMR (DMSO-ds; 100.6 MHz; 60 °C) d = 112,2, 113,2, 113,4 122,2, 126,1,
1276, 128,1, 137,5, 138,3, 141,3, 142,1, 143,1 167,5, 167,8, 172,6; HRMS (ESI TOF): m/z Calcd for
CisH9gNOsNa (M+Na)*™ = 306.0378, Found 306.0388; UV-Vis (methanol; A [nm] (loge)): 322 (3,96),
308 (4,03), 255 (4,49), 232 (4,84), 220 (4,85); IR (KBr): v = 2928, 1718, 1678, 1514, 1464, 1245, 846

cm,
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7.11 Synthesis of selected nitroquinolines; VNS reaction

7.11.1 Synthesis of nitroquinolines

7.11.1.1  Synthesis of 8-nitroquinoline
Toluene (50 mL) and acrolein (2.1 mL, 1.8 g, 31.4 mmol) were added to a solution of 2-nitroaniline
1m (2.2 g, 15.7 mmol) in aqueous 6 M HCI (200 mL) and were heated under reflux for 16 h. The
mixture was allowed to cool to room temperature. The agueous layer was separated and neutralized
with aqueous solution of K,COs. After extraction with CH2Cl, (3 x 50 mL), the organic layer was

separated and dried over MgSQs, and then was filtered and evaporated to afford yellowish crystals:

8-Nitroquinoline (Q3a)?®” 2.6 g (14.8 mmol, 94%); mp = 90.1-91.3 °C; 'H-NMR (CDCls; 400.2
MHz) & = 7.57 (dd, 3Jun = 8.4 Hz, 3Jun = 4.2 Hz, 1H, aromatic), 7.63 (t,3JH,H = 7.9 Hz, 1H,
aromatic), 8.05 (2d, 3JH,H = 7.9 Hz, 2H, aromatic), 8.28 (d, 3Jun = 8.4 Hz, Jun = 1.4 Hz, 1H,
aromatic), 9.08 (dd, 3Jun = 4.1 Hz, 3y = 1.4 Hz, 1H, aromatic); *C{*H}-NMR(CDCls; 100.6 MHz)
6=122.8,123.8,125.3, 129.1, 132.1, 136.2, 139.6, 147.5, 152.7.

7.11.1.2  Synthesis of 8-(iso-Propyl)-2-methyl-5-nitroquinoline
8-(iso-Propyl)-2-methylquinoline Q1k (7.5 mmol) was dissolved in a mixture of concentrated H,SO,
and HNOs (4.5 and 10.5 mL, respectively) at 5 °C. After stirring for 1 h at room temperature, no
evolution of gas was observed, so the reaction mixture was heated up to 70 °C and stirred overnight.
After this time, the reaction mixture was poured down to a beaker containing 25 g of ice and 25 mL of
water and the precipitated solid was filtered off, washed with 10 mL of cold water, and dried on air,

giving:

8-(iso-Propyl)-2-methyl-5-nitroquinoline (Q3d) beige solid. 1.3 g (5.7 mmol, 76%); mp = 59.1-60.3

°C; 'H-NMR (CDCl3; 500.2 MHz) § = 1.38 (d,%Jun = 6.9 Hz, 6H, CH(CHs)z), 2.79 (s, 3H, CHs), 4.47

(septet, 3Jun = 6.9 Hz, 1H, CH), 7.50 (d,3Jun = 8.9 Hz, 1H, aromatic), 7.64 (d,®Jun = 8.1 Hz, 1H,

aromatic), 8.28 (d,®Jun = 8.1 Hz, 1H, aromatic), 8.92 (d,*Jun = 8.9 Hz, 1H, aromatic); *C{‘H}-

NMR(CDCls; 125.8 MHz) 6 = 23.3, 25.4, 27.9, 119.4, 123.5, 123.8, 124.4, 132.2, 143.5, 145.3, 155.3,
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159.0; UV-Vis (methanol; & (nm) (log(c)): 321 (4.06), 225 (4.67), 202 (4.55); IR (KBr): v = 2963,
1960, 1895, 1606, 1517, 1449, 1342, 803 cm™; Anal. Calcd for C13HwN-O,: C, 67.81; H, 6.13; N,
12.17; O, 13.90 Found: C, 67.94; H, 6.19; N, 12.01.

7.11.2 VNS reaction

These were based on the procedure described in the literature?®®, To the suspension of tert-BuOK (1.0
g, 9.0 mmol) in THF (50 mL), 9H-carbazole (1.1 g, 6.6 mmol) was added and reagents were stirred
under reflux for 30 min under argon. 8-Nitroquinolines Q3a, Q3d (4.52 mmol), respectively was then
added to the reaction mixture, which was refluxed overnight. After the evaporation of the solvent to
give a solid, water (20 mL) and dichlroromethan (100 mL) were added. The organic layer was
separated and the aqueous layer was extracted with dichloromethan (4 x 50 mL). The combined
organic layers were dried over MgSQa.. After solvent evaporating, the crude product was purified by
column chromatography on silica gel using methanol/dichloromethane as eluent to afford a crude
solid, and finally crystallization from a mixture of dichloromethan and hexane to yield solids as

follows:

pIee
O oMo

9-(8-Nitroquinolin-7-yl)-9H-carbazole (Q4a) 0.11 g (0.3 mmol, 7%); mp = 160-163 °C; 'H NMR
(CDCls, 500.2 MHz) & = 7.20 (dt, 3Jun = 8.1 Hz, “Jun = 0.9 Hz, 2H, aromatic), 7.32 (ddd, 3Juu =8.1
Hz, 2Jun = 7.2 Hz, “Jun = 1.0 Hz, 2H, aromatic), 7.40 (ddd, 3Jun =8.3 Hz, “Jun = 7.2 Hz, “Jun = 1.3
Hz, 2H, aromatic), 7.60 (d, Jun = 8.7 Hz, 1H, aromatic), 7.69 (dd, 3Jun = 8.4 Hz, “Jun = 4.3 Hz, 1H,
aromatic), 8.12 (ddd, 3Jun = 7.8 Hz, 2Jun = 1.3 Hz, “Jun = 0.8 Hz, 2H, aromatic), 8.16 (d, 3Jun = 8.7
Hz, 1H, aromatic), 8.39 (dd, 3Jun = 8.4 Hz, *Jun = 1.7 Hz, 1H, aromatic), 9.14 (dd, 3Jun = 4.3 Hz,
4“Jun = 1.7 Hz, 1H, aromatic); 3C{*H} NMR (CDCls; 125.8 MHz) & = 110.2, 120.6, 121.2, 123.6,
124.3, 126.6, 127.8, 128.8, 130.5, 131.3, 136.1, 140.5, 141.5, 148.0, 153.3; HRMS (IT-TOF): m/z
Calcd for Co1H1NsO; (M + H)* = 340.1086, Found 340.1094; UV-Vis (methanol; A [nm] (logg)): 329
(3.74), 315 (3.74), 287 (4.21), 225 (4.88), 206 (4.69); IR (KBr): v = 3060, 2925, 1731, 1541, 1450,
1225, 757 cm™; CCDC 2048038.

o}
s

b
O N-oH
(2)-7-(9H-Carbazol-9-yl)-8-(hydroxyimino)quinolin-5(8H)-one (Q4b) 0.24 g (0.7 mmol, 16%);
MPeec. = 210-211 °C; *H NMR (CDCls, 500.2 MHz) & = 6.97 (s, 1H, aromatic), 7.31 (ddd, 3Jun = 8.0
Hz, 2Jun = 4.7 Hz, “Jun = 3.4 Hz, 2H, aromatic), 7.42 (dd, ®Jun = 3.6 Hz, “Jun = 1.0 Hz, 4H,
aromatic), 7.84 (dd, 3Jun =8.0, “Jun = 4.9, 1H, aromatic), 8.10 (dt, 3Jun =7.8, “Jun = 1.0, 2H,
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aromatic), 8.81 (dd, 3Jun =8.0, *Jun = 1.8 Hz, 1H, aromatic), 8.88 (dd, 3Jun =4.9 Hz, *Jun = 1.8 Hz,
1H, aromatic), 17.76 (s, 1H, OH); *H NMR (DMSO-ds, 500.2 MHz) & = 7.03 (s, 1H, aromatic), 7.29
(dd, 3Jun = 7.4 Hz, 2H, aromatic), 7.43 (dd, 3Jun = 7.3 Hz, 2H, aromatic), 7.56 (d, 3Jun = 8.2 Hz, 2H,
aromatic), 8.03 (dd, 3Jyn = 8.0 Hz, 9Jun = 4.9 Hz, 1H, aromatic), 8.21 (d, 3Jun =7.7 Hz, 2H,
aromatic), 8.74 (dd, 3Jun =8.0 Hz, “Jun = 1.5 Hz, 1H, aromatic), 9.07 (dd, 3Jun = 4.9 Hz, “Jun = 1.5
Hz, 1H, aromatic), 17.41 (s, 1H, OH); *H NMR (DMSO-ds/KOD, 500.2 MHz) § = 7.19-7.33 (M, 3Jup
= 7.0 Hz,*Jun = 0.8 Hz, 4H, aromatic), 7.40 (t, Jun = 7.4 Hz, 2H, aromatic), 7.55 (dd, 3Jun = 7.9 Hz,
“Jun = 4.4 Hz, 1H, aromatic), 8.23 (d, 3Jun =7.6 Hz, 2H, aromatic), 8.66 (dd, 3Jun =8.1 Hz, “Jun = 2.0
Hz, 1H, aromatic), 8.94 (bs, 1H, aromatic); *C{*H} NMR (CDCls; 125.8 MHz) § = 111.2, 120.5,
121.2, 124.6, 126.0, 126.3, 126.4, 126.7, 136.7, 140.2, 141.3, 147.6, 148.1, 150.2, 182.4; MS (IT-
TOF): m/z (rel. int) (M + H)* = 340.1091 (100%); (M - H,0)* = 322.0984 (23%);(M + Na)*
=362.0913 (9%): HRMS (IT-TOF): m/z Calcd for CaiH1aNsO (M + H)* = 340.1086, Found 340.1091;
UV-Vis (IM KOH; A [nm] (logg)): 406(4.22), 330 (3.83), 318 (3.86), 287 (4.10), 276 (4.13), 234
(4.63); (DMF; A [nm] (loge)): 430 (3.56), 330 (4.13), 317 (4.18); (DMSO; A [nm] (logg)): 430 (3.00),
331 (3.77), 320 (3.81), 290 (4.03); (ACN; A [nm] (loge)): 444 (2.64), 330 (3.63), 317 (3.71), 289
(3.78), 228 (4.10); (methanol; A [nm] (loge)): 453 (3.22), 328 (4.13), 317 (4.17), 287 (4.37), 228
(4.69); (THF; A (nm) (loge)): 459 (3.18), 330 (4.11), 318 (4.15), 288 (4.34), 239 (4.55); (CDCls; A
[nm] (loge)): 478 (3.35), 329 (4.23), 318 (4.24), 289 (4.42); IR (KBr): v = 3045, 2927, 1649, 1601,
1447, 1298, 750, 719 cm™!; CCDC 2048039.

9-(8-isoPropyl-2-((8-isopropyl-2-methyl-5-nitroquinolin-6-yl)methyl)-5-nitrosoquinolin-6-yl)-9H-
carbazole (Q4d) 0.61 g (1.0 mmol, 44%); mp = 290.1-291.3 _C; 1H-NMR (CDCI3, 500.2 MHz) 5 = 1.48 (d,
3JH,H = 6.8 Hz, 6H, CH(CH3)2), 1.56 (d, 3JH,H = 7.0 Hz, 6H, CH(CH3)2), 2.80 (s, 3H, CH3), 4.24
(septet,3JH,H = 6.8 Hz, 1H, CH), 4.47 (septet,3JH,H = 6.8 Hz, 1H, CH), 7.26 (s, 2H, aromatic), 7.36 (dt,3JH,H
= 7.1 Hz, 4JH,H = 0.7 Hz, 2H, aromatic), 7.41-7.47 (m, 3H, aromatic), 7.80 (s, 1H, aromatic), 8.17 (d,3JH,H =
7.8 Hz, 2H, aromatic), 8.50 (s, 2H, aromatic), 8.54 (s, 1H, aromatic), 8.77 (d,3JH,H = 8.1 Hz, 1H, aromatic);
13C{1H}-NMR (CDCI3; 125.8 MHz) & = 23.1, 23.3, 25.6, 27.9, 28.6, 109.6, 115.3, 115.6, 116.6, 120.6, 120.7,
121.1,121.3,122.2, 124.1, 126.5, 126.6, 129.4, 132.1, 132.4, 140.9, 143.6, 144.9, 148.49, 148.54, 149.4, 154.1,
156.4, 160.2, 160.6; MS (ES-TOF): m/z (rel. int) M+ = 606.2502 (100%), (9-(8-isopropyl-2-methyl-5-
nitrosoquinolin-6-yl)-9H-carbazole “VNS product” Scheme 79, chapter 6.5) Calcd for CosH2:N30 (M — 2H)* =
377.2294 (20%); HRMS (AP-TOF): m/z Calcd. for CssH32NsOs M* = 606.2505, Found 606.2505; UV-Vis
(methanol; A (nm) (loge)): 381 (4.46), 327 (4.17), 287 (4.57), 230 (4.86); IR (KBr): v = 2962, 1600, 1529, 1452,

1316, 1228, 750 cmL.
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8. Conclusions

Presented doctoral thesis was devoted to study the oxidation and reduction processes
for 1,10-phenanthroline derivatives and their analogs. As a result of the work, 87 compounds
(57 new ones) were synthesized, nine molecules were determined by single-crystal X-ray
diffraction measurements. Part of the research includes detailed electrochemical studies,
which were carried out for eleven selected 1,10-phenanthroline derivatives during the stay of
9 months at Jaroslav Heyrovsky Institute of Physical Chemistry in Prague in Czech Republic
under the supervision of Dr. Romana Sokolova.

In the case of research on 1,10-phenanthroline derivatives, their synthesis and
functionalization were carried out in order to obtain new compounds. The obtained
compounds were fully characterized by the spectroscopic techniques, elementary analysis and
melting points measurements. This work has been divided into two parts focusing on the
preparation of selected 1,10-phenanthroline derivatives and electrochemical studies of the
compounds that were obtained:

1. The eleven 4,7-dichloro-1,10-phenanthroline derivatives were obtained based on
synthesis with the use of Meldrum acid. These compounds were prepared using various
substituents at the C5 position (i.e., H, F, Cl, CHs, CN) and the C2 and C9 positions (i.e., H,
CHs) on the 1,10-phenanthroline backbone. The procedure of their preparation has been
optimized in terms of improving the yield of individual reaction steps. Limitations in the
separate stages of the reaction were analyzed, and it was proposed modifications to improve
their preparation. Mass spectral analysis for the prepared 4,7-dichloro-1,10-phenanthroline
showed fragmentation with an initial loss of chloride followed by the loss of the second
chloride except for 5-bromo-4,7-dichloro-1,10-phenanthroline (4i), which was the first to
eliminate bromide.

2. Substitution reactions were performed for eight selected 4,7-dichloro-1,10-
phenanthroline derivatives with selected amines such as pyrrolidine, 9H-carbazole, and 10H-
phenothiazine. The yield of the reaction depended mainly on the selected amine and
substituents at the C2, C5, and C9 positions on the substrates. The highest yields for
compounds with substituted amines are for 5-fluoro-4,7-di(10H-phenothiazin-10-yl)-1,10-
phenanthroline (5k, 96%), 4,7-di(9H-carbazol-9-yl)-5-methyl-1,10-phenanthroline (5h, 89%)
and 5-fluoro-2,9-dimethyl-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline (5d, 51%). As a result
of the substitution reaction, 12 products were obtain, 9 of which are new. 5-Fluoro-2,9-
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dimethyl-4,7-di(pyrrolidin-1-yl)-1,10-phenanthroline (5d) was determined by single-crystal
X-ray diffraction measurements.

As a result of the next stage of research, comprehensive electrochemical studies were
conducted, which allow to propose the mechanisms of oxidation and reduction processes
supported by DFT calculations. In view of the above:

1. For five selected 4,7-dichloro-1,10-phenanthrolines, electrochemical studies were
carried out to determine their oxidation and reduction potentials.

The oxidation of the studied molecules leads to the formation of an unstable dimer
through a radical cation. IR spectroelectrochemistry did not show any changes in the intensity
of vibrations belonging to water traces but successfully lead to the suggestion of the dimer
structure, which was then confirmed by theoretical calculations.

Their reduction mechanism involves the cleavage of one or two chlorides from the
molecule depending on the applied potential. This cleavage proceeds by a stepwise
mechanism; the first step is forming a radical anion, and afterward, chloride is cleaved. The
resulting radical accept one electron and forms an aryl anion. A reaction with a proton
terminates the reaction; traces of water were confirmed as the source of protons under the
used experimental conditions. The proposed pathways were confirmed by chromatographic
and mass spectrometric characterization of solutions before, during and after exhaustive
electrolysis.

2. The electrochemical behavior of two selected 4,7-di(pyrrolidin-1-yl)-1,10-
phenanthrolines (5a, 5¢) was investigated.

The oxidation of these compounds leads to the formation of one dominant and several
minor hydroxylated derivatives, increasing thus their solubility in water and possibly their
bioavailability. The identified products of oxidation of 2,9-dimethyl-4,7-di(pyrrolidin-1-yl)-
1,10-phenanthroline (5¢) were (4-(2-hydroxypyrrolidin-1-yl)-2,9-dimethyl-7-(pyrrolidin-1-
yl)-1,10-phenanthroline) ~ (5¢c-P1) and  4-(2-hydroxypyrrolidin-1-yl)-2,9-dimethyl-7-
(pyrrolidin-1-yl)-1,10-phenanthrolin-5-ol ~ (5c-P2) which were confirmed by mass
spectrometry. The obtained oxidation products of compounds 5c¢ and 4,7-di(pyrrolidin-1-yl)-
1,10-phenanthroline (5a) allow to propose their oxidation mechanism.

For their reduction mechanism, the first step is followed by cleavage of one
pyrrolidine moiety from the molecular assembly, while the other pyrrolidine moiety is
detached upon the second reduction step. The identified products of reduction of 4,7-

di(pyrrolidin-1-yl)-1,10-phenanthroline (5a) were 4-(pyrrolidin-1-yl)-1,10-phenanthroline
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(5a-P7), which lost one pyrrolidine substituent from the molecule, and 1,10-phenanthroline
(phen) formed after the cleavage of both substituents were confirmed by mass spectrometry.
The obtained reduction products of compounds 5a and 2,9-dimethyl-4,7-di(pyrrolidin-1-yl)-
1,10-phenanthroline (5¢) allow to propose their oxidation mechanism.

3. The 4,7-di(9H-cabrazol-9-yl)-1,10-phenanthroline (5f) was also studied in terms of
the processes of its reduction and oxidation.

The oxidation of compound 5f leads to the formation of radical cation, biradical
dication (one or two carbazole substituents oxidized) as intermediates, and the final dimeric
products. The reduction leads to the cleavage of one carbazole moiety from the molecular
assembly, while the other carbazole moiety is detached upon the second reduction step. The
two identified products the 4-(9H-carbazol-9-yl)-1,10-phenanthroline (5f-P1), which lost one
9H-carbazole substituent from the molecule, and 1,10-phenanthroline (phen) formed after the
cleavage of both 9H-carbazoles were confirmed by mass spectrometry. These products
allowed me to propose a reduction mechanism.

4. The reduction and oxidation mechanisms were also proposed for selected 4,7-
di(10H-phenothiazin-10-yl)-1,10-phenanthroline derivatives.

The oxidation proceeds in two subsequent one-electron steps, hence the overall by the
four electrons. Two oxidation products 5-methyl-4,7-bis(5-oxido-10H-phenothiazin-10-yl)-
1,10-phenanthroline  (51-P2) and an intermediate species 5-methyl-4-(5-oxido-10H-
phenothiazin-10-yl)-7-(10H-phenothiazin-10-yl)-1,10-phenanthroline (51-P1) were identified
by mass spectrometry. These products allowed me to proposed an oxidation mechanism.

For the reduction processes as a result of the research, a mechanism was suggested
where the reduction leads to the cleavage of one 10H-phenothiazine moiety from the
molecular assembly, while the other 10H-phenothiazine moiety is eliminated upon the second
reduction step (analogous to the 4,7-di(9H-cabrazol-9-yl)-1,10-phenanthroline). Two
reduction products, 5-methyl-4-phenothiazine-1,10-phenanthroline (51-P3) and 5-methyl-
1,10-phenanthroline, were identified by mass spectrometry which confirms the proposed
mechanism.

As part of this doctoral thesis the results of research on the oxidation and hydrolysis of
selected 1,10-phenanthroline derivatives were presented.

For oxidation reaction, a procedure that was successfully used to oxidize 2,9-dimethyl-
1,10-phenanthroline (Phen-2CHs) was developed to obtain selectively 9-methyl-1,10-
phenanthroline-2-carboxylic acid (Ox-Phen-2CHz3).
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The result of the hydrolysis reaction of nitrile group for selected 4,7-dichloro-1,10-
phenanthroline-5-carbonitrile (4e) was presented. This reaction did not lead did not lead to the
expected product 4,7-dichloro-1,10-phenanthroline-5-carboxylic acid but to non-obvious
cyclization of the product to give 7-chloropyrrolo[2,3,4-de][1,10]phenanthrolin-5(4H)-one
(Hyd-4e).

In turn, for the compounds 4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline-5-
carbonitrile (51) and 4,7-di(10H-phenothiazine-10-yl)-1,10-phenanthroline-5-carbonitrile
(5m) the hydrolysis reaction was also not as expected. Both products 4,7-di(9H-carbazol-9-
yl)-9-0x0-9,10-dihydro-1,10-phenanthroline-5-carbonitrile (Hyd-5i) and 9-oxo-4,7-di(10H-
phenothiazin-10-yl)-9,10-dihydro-1,10-phenanthroline-5-carbonitrile (Hyd-5m) were
possibly obtained through a reaction of oxidative nucleophilic substitutions of hydrogen
(ONSH) of the type SNArH , with hydroxide ion as a nucleophile and in the presence of air as
an oxidized reagent.

The next part of the research was the preparation of unsymmetric 1,10-phenanthroline
derivatives. The reactions were carried out based on reaction using Meldrum acids and a
Skraup-Doebner-Von Miller reaction. As a result of the study, new unsymmetric mono and
dichloro-1,10-phenanthrolines were obtained.

Another topic of this PhD thesis was to get unsymmetric monosubstituted 1,10-
phenanthroline. As a result of the series of reactions, a precursor of monosubstituted 1,10-
phenanthrolines, i.e., 4-chloro-8-nitroquinoline (4m), was obtained. At this stage of the
research, a series of reactions provide the substitution of activated chlorine for 4-chloro-8-
nitroquinoline (4m) by a selected amine were designed. However, a competitive reaction
turned out to be a limitation in the synthesis. The direct nucleophilic displacement of an
aromatic hydrogen reaction proceeds together with expected aromatic nucleophilic
substitution of halogen SnAr. The product 9,9’-(8-nitroquinoline-4,7-diyl)bis(9H-carbazole)
(QA4c) as a result of VNS and SnAr subsequent substitutions was identify. The studies on VNS
reactions were performed to confirm the possible substitution of the hydrogen atom of
selected nitroquinoline. The conducted research confirmed that the 8-nitrogquinoline (Q3a)
was transformed through the VNS reaction and demonstrated the possibility of obtaining the
product via two different substitutions (hydrogen and chloride) for 4-chloro-8-nitroquinoline
(4m) molecule. It turned out that the VNS reaction proceeds rapidly with a visible color
change of the reaction solution, which is corresponding with the literature.

206



Additionally, for 8-nitrogquinoline (Q3a), the unexpected product of the VNS reaction was
received (9-(8-nitroquinolin-7-yl)-9H-carbazole). The oxidation product ((Z)-7-(9H-carbazol-
9-yl)-8-(hydroxyimino)quinolin-5(8H)-one) was also isolated. For both products of this
reaction, single crystal x-ray diffraction measurements were carried out. The product of
double VNS substitution of 8-(iso-propyl)-2-methyl-5-nitroquinoline (Q3d) was confirmed.

During this PhD, auxiliary syntheses on 1,10-phenanthroline analogs was conducted.
These studies were devoted to preparing and functionalizing mono and dicarbaldehydes
quinoline and benzo[h]quinoline derivatives. This research allows to learn about the
complexity of their oxidation processes and develop an oxidation procedure that was used in
the oxidation of 2,9-dimethyl-1,10-phenanthroline (Ox-Phen-2CHs). The compounds were
obtained based on the Reimer-Tiemann, Vilsmeier-Haack, and the Duff reactions.

The theoretical calculations for their precursors such as 8-hydroxyquinoline (Q1a), 6-
hydroxyquinoline (Q1h), N,N-dimethylquinolin-6-amine (Q1e) and N,N-dimethylquinolin-8-
amine (Q1i) were carried out to explain the differences in reactivity. The formylation reaction
for these compounds may depend on the electrostatic potential of the atoms participating in
this transformation. The higher difference in atomic charges between C5 and C7 positions
shows the preference of monoformylation products with new carbonyl group only in the C5
position. In turn, the smaller differences in the atomic charges difference of atoms in bonds
C5-H and C7-H suggest the possibility of double formylation and the presence of both
regioisomers with carbonyl groups in C5 and C7 positions. In the case of Q2k on IR spectrum
two signals from both carbonyl groups located at C5 and C7 were detected. Comparison of
the double formylated products Q2i and Q2k revealed that the presence of intramolecular and
intermolecular hydrogen bonds between the carbonyl groups and hydroxyl groups has the
impact on overlapping signals.

In the case of their functionalization, the oxidation reactions for two selected
compounds, ie., 8-hydroxyquinoline-5,7-dicarbaldehyde (Q2b) and 10-
hydroxybenzo[h]quinoline-7,9-dicarbaldehyde (Q2I) were performed. As a result of the
reaction to the path of the oxidation procedure which was developed, two oxidation products
were obtained. For the quinoline derivative, the oxidation procedure led to an unexpected
product. The reaction proceeded by cleavage of the phenyl ring bond and other side reactions.
In turn, for the benzo[h]quinoline derivative, the oxidation reaction successfully leads to the
preparation of 10-hydroxybenzo[h]quinoline-7,9-dicarboxylic acid (Ox-Q2l).
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8.1 Other research achievements

During doctoral studies, research topics unrelated to the topic of the doctoral
dissertation were discussed. The first research topic was the preparation and purification of
graphene oxide and its modified derivatives. As a result of this research, two patents were
developed:

The first patent was devoted to graphene oxide modified by 5-amino-1,10-
phenanthroline, which has been tested for their use, especially for the sorption of metal ions,
which are water pollutants.

The second patent concerned a method for purification of graphene oxide, proposing
the use of continuous extraction in the Soxhlet apparatus using hydrochloric or hydrobromic
acid.

Another unrelated research topic was the spectroelectrochemical detection of reaction
intermediates and the reduction and oxidation mechanism of azoquinoline dye 2-methyl-5-
[(E)-phenyldiazenyl]quinolin-8-ol. As a result of the research, the reduction and oxidation

mechanisms for selected dyes were presented.
9. Summary

One of the most important scientific achievements is designing and carrying out
oxidation reactions for commercially available 2,9-dimethyl-1,10-phenanthroline. This
reaction selectively yields 9-methyl-1,10-phenanthroline-2-carboxylic acid. The procedure
and the obtained reaction product were submitted as national patent application. The obtained
carboxylic acid can be used as a ligand in complexation reactions that will be carried out in an
aqueous medium.

Another significant achievement is the performance of electrochemical studies for
selected 4,7-dichloro-1,10-phenanthroline, thanks to which selective elimination of chlorine
atoms was showed. Electrochemical knowledge of the routes for the reductive dechlorination
of one or two chloro substituents may help predict experiments in a reduction-based synthesis.
These studies show an exciting possibility of obtaining monochloro derivatives of 1,10-
phenanthrolines in a much shorter process than the series of reactions in classical organic
synthesis, which were proposed. The selective elimination of chlorine atoms to obtain
monochloro derivatives of 1,10-phenanthroline opens up new possibilities for

electrosynthesis.
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In the case of electrochemical research, an important achievement is also the
determination of oxidation and reduction mechanisms for such groups of compounds as 4,7-
di(pyrrolidin-1-yl)-1,10-phenanthroline, 4,7-di(9H-carbazol-9-yl)-1,10-phenanthroline and
4,7-di(10H-phenothiazine-10-yl)-1,10-phenanthroline derivatives. Understanding the reaction
mechanism, in addition to the cognitive importance, is also important in the conscious control

of the reaction in order to obtain or avoid the expected product.
10. Main achievements

Obtaining a pro-quality scholarship 2018/2019, 2019/2020, 2020/2021.
Obtaining the rector's scholarship in 2020/2021.

Completing internships at the Heyrovsky Institute, where | stayed for a total of 9 months. For 3
months under the project "Chemia I Staze", under the Erasmus project twice for 3 months.

I received a scholarship to travel to a foreign conference from the PROM 2019 project.

I have published a total of eight publications, where | am a co-author, in six of them | am the first
author, for one in a special conference issue | am the correspondening author. As part of my
achievements, | am also a co-author of 3 national patents and 2 patent applications.

I received a distinction in the 11th edition of the “Student-Wynalazca” Competition in 2021. For
national patent “Tlenek grafenu modyfikowany 5-amino-1,10-fenantroling”.

Participation in the International Warsaw Invention Show in 25-27.10.2021. For national patent
“Tlenek grafenu modyfikowany 5-amino-1,10-fenantroling”.

On September 15, 2021 based on data from the Web of Science database:
Hirsch index = 3

Citations = 13

ORCID: 0000-0001-5689-9105
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1. R.Sokolové, S. Rame$ova, I. Degano, M. Hromadova, M. Szala, J. Wantulok, J. E. Nycz, M. Valasek,
Application of Spectroelectrochemistry in Elucidation of Electrochemical Mechanism of Azoquinoline
Dye 2-Methyl-5-[(E)-phenyldiazenyl]quinolin-8-ol, Electrochimica Acta; 2018, 270, 509-516.
DOI: 10.1016/j.electacta.2018.03.096
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2. J.E. Nycz, J. Wantulok, R. Sokolova, L. Pajchel, M. Stankevic, M. Szala, J.G. Matecki, D. Swoboda,
Synthesis and electrochemical and spectroscopic characterization of 4,7-diamino-1,10-phenanthrolines
and their precursors, Molecules, 2019, 24, 4102 DOI: 10.3390/molecules24224102

3. J. Wantulok, I. Degano, M. Gal, J.E. Nycz, R. Sokolova, IR spectroelectrochemistry as efficient
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Electroanal. Chem. 2020, 859, 113888 DOI: 10.1016/j.jelechem.2020.113888
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Their Schiff Base Derivatives, Molecules, 2020, 25, 2053 DOI: 10.3390/molecules25092053

5. J. Wantulok, R. Sokolova, I. Degano, V. Kolivoska, J. E. Nycz, The effects of 4,7-di(pyrrolidin-1-yl)
substituents on the reduction and oxidation mechanisms of 1,10-phenanthrolines: new perspectives in
tailoring of phenantroline  derivatives, Electrochimica Acta, 2021, 137674 DOI:
10.1016/j.electacta.2020.137674

6. J. Wantulok, D. Swoboda , J. E. Nycz, M. Ksiazek, J. Kusz, J. G. Malecki, V. Kubicek, Direct
Amination of Nitroquinoline Derivatives via Nucleophilic Displacement of Aromatic Hydrogen,
Molecules, 2021, 26, 1857 DOI: 10.3390/molecules26071857

7. J. Wantulok, R. Sokolova, I. Degano, V. Kolivoska, J. E. Nycz, J. Fiedler, Spectroelectrochemical
properties of 1,10-phenanthroline substituted by phenothiazine and carbazole redox-active units,
ChemElectroChem, 2021, 8, 2935-2943 DOI: 10.1002/celc.202100835

11.2 Patents
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3. J. Nycz, J. Wantulok; Hydroksydialdehydy pochodne 8-hydroksychinoliny lub jej analogu
benzo[h]chinolino-10-olu oraz sposdb ich otrzymywania” 11.12.2020,
P. 237226

11.3 Proceedings

1. J. Wantulok., R. Sokolova, J. Nycz, I. Degano, Oxidation and reduction of selected 1,10-
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»Synteza i identyfikacja pochodnych aldehydowych chinoliny” XII Seminarium Naukowe ,,Aktualne
problemy Chemii Analityczne;j”,

6. Katowice 11.05.2018 D. Swoboda, A. Phuciennik, J. Wantulok, poster pt. ,,Aktywowane $wiattem
wlasciwosci  bakteriobdjcze kopolimerow zawierajacych analogi blgkitu metylenowego” XII
Seminarium Naukowe ,,Aktualne problemy Chemii Analitycznej”

7. Chorzow 14.09.2018 J. Wantulok, M. Szala, D. Swoboda, J. E. Nycz poster pt. ,,Formylowanie
pochodnych chinoliny z wykorzystaniem reakcji Duffa” Pomi¢dzy Naukami 2018
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8. Katowice 17.05.2019 M. Szala, D. Swoboda, J. Wantulok, J. E. Nycz, poster pt. ,,Regioselektywne
deuterowanie 2-metylo-8-hydroksychinoliny”, XIII Seminarium Naukowe ,,Aktualne problemy Chemii
Analitycznej”

11.5.2 International conferences

1. Ustron 28.05.2015. Jakub Wantulok, Marcin Szala, Karolina Czyz, Jacek E. Nycz; poster Wptyw
domieszekorganicznych na wybrane wilasciwosci perowskitow” II Migdzynarodowe Forum Zielonej
Energii i Czystej Wody.

2. Ustron 28.05.2015. K. Byrdy, J. Wantulok, K. Czyz, M. Szala, J. E. Nycz; Modyfikacja tlenku
grafenu za pomocg wybranych pochodnych 1,10-fenantroliny; II Migdzynarodowe Forum Budownictwa
Ekologicznego, Zielonej Energii i Czystej Wody.

3. Szczyrk 24-26.05.2017. Jakub Wantulok, Krzysztof Byrdy, Tadeusz Pazdziorek, Jacek E. Nycz;
poster “Identification of instability products of the cathinone derivatives”,

4. Szczyrk 19-22.06.2018. Jakub Wantulok, Daniel Swoboda, Tadeusz Pazdziorek, Jacek E. Nycz;
poster pt. “Synthesis and identification of derivatives of 4,7-dichloro-1,10-phenanhtroline”,

5. Jetrichovice 20-24.05.2019. J. Wantulok, R. Sokolova, J. Nycz, 1. Degano; wystapienie ustne,
prezentacja pt. ,,Oxidation and reduction of selected 1,10-phenantrolines”, XXXIX Modern
electrochemical methods

6. Chorzow 19-20.09.2019. J. Wantulok, D. Swoboda, N. Wiese, S. Balcerowska, J. G. Malecki, J. E.
Nycz, poster pt. ,,Synthesis and identification of tribenzoylhydrazine as a potential radical precursor”,
Science Beyond Disciplines 2019

7. Seville 8-11.09.2019. D. Swoboda, J. Wantulok, J. Nycz, M. Wainwright, J. E. Nycz, poster pt.
.Synthesis of novel phenothiazinium photosensitisers”, International Symposium on Dyes & Pigments,
Modern Colorants; The Synthesis and Applications of 7-Systems.

11.6 Scientific internships

Project CIS — Chemia i Staze; Academy of Sciences of the Czech Republic J. Heyrovsky Institute of
Physical Chemistry, v.v.i.; 09-11.2017, Czech Republic

Erasmus plus; Academy of Sciences of the Czech Republic J. Heyrovsky Institute of Physical
Chemistry, v.v.i. 06-08.2018, Czech Republic

Erasmus plus; Academy of Sciences of the Czech Republic J. Heyrovsky Institute of Physical
Chemistry, v.v.i. 06-08.2019, Czech Republic
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