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SUMMARY

Perylene and BODIPY dyes are popular molecules because of their excellent
properties such as high photochemical stability, fluorescence quantum yields and
tunable optical properties. In this thesis, the synthesis and discovery of ruthenium and
iridium complexes of perylene and BODIPY units have been presented.

This thesis can be divided into three parts. In the first part of the study, a new
perylene diimide derivative was combined with novel ruthenium(Il) and iridium(l11)
phenanthroline complexes in order to investigate the photophysical and photochemical
features for potential applications. During this step, new ruthenium and iridium metal
complexes with 4,7-substitution that can be presented as the first example of
phenanthroline ruthenium metal complex with bis(perylenediimide) in the literature
were synthesized. After chemical characterizations with MALDI-TOF, FT-IR, *H and
13C-NMR, UV-vis spectroscopies, photophysical and photochemical studies were
performed. The photosensitiser behaviour of ruthenium(ll) perylene in vitro was
investigated with human chronic myeloid cells, K562,

In the second part, a new distryl BODIPY core was attached to the ruthenium(Il1)
and iridium(l11) compounds. These unique photosensitiser candidates have two
BODIPY units in the structure which increases the singlet oxygen generation of the
molecules twice. After the UV-vis absorption study in the red region, the ability of
singlet oxygen generation of these complexes was calculated. In vitro PDT efficacy of
the complexes with K562 and cervical cancer cell lines, HeLa, were studied under red
light irradiation in the cell death process. These new ruthenium photosensitisers having
perylene and BODIPY units are notable candidates to apply in vitro PDT.

In the last part, synthesis of a benzimidazole-fused perylene ruthenium(ll)
complex was accomplished. The molecule possesses enlarged w-conjugation over the

molecule that makes it a promising candidate for studying in optoelectronic purposes.

Key Words: perylene, ruthenium(ll), iridium(l11), BODIPY, singlet oxygen,
photodynamic therapy.



OZET

Perilen ve BODIPY boyalari, yiiksek fotokimyasal kararlilik, floresans kuantum
verimleri ve ayarlanabilir optik 6zellikleri gibi mukemmel Ozellikleri sayesinde
populler molekdllerdir. Bu tezde, perilen ve BODIPY bilesiklerinin rutenyum ve
iridyum komplekslerinin sentezi sunulmustur.

Bu tez ¢ bolimde incelenebilir. Calismanin birinci boliimiinde, yeni
rutenyum(I1) ve iridyum(l1l) fenantrolin metal kompleksleri ile yeni bir perilen diimit
tirevi birlestirildi. Bu basamakta, literatlrdeki ilk bis(perilendiimid) fenantrolin
rutenyum metal kompleksi 6rnegi olan 4,7-substitlie yeni rutenyum ve iridyum metal
kompleksleri sentezlendi. Kimyasal yap1 ¢oziimlemeleri MALDI-TOF, FT-IR, 'H ve
13C-NMR ile yapildiktan sonra fotofiziksel ve fotokimyasal caligmalari
gerceklestirildi. Rutenyum(ll) perilen bilesiginin potansiyel fotosensitizer 6zellikleri
insan kronik miyeloid hiicreleri (K562) ile in vitro olarak incelendi.

Ikinci boliimde, rutenyum(I) ve iridyum(Il) bilesiklerine yeni bir distril
BODIPY molekili eklenmistir. Bu degerli 1s18a duyarli molekiil adaylari, yapilarinda
molekiillerin singlet oksijen tiretimini iki kez artiran iki BODIPY iinitesine sahiptir.
Kirmizi bolgedeki UV-Vis absorpsiyon ¢alismasindan sonra, bu komplekslerin singlet
oksijen tretme kapasiteleri hesaplandi. Komplekslerin kronik K562 ve rahim agzi
kanseri hiicre hatlar1 (HeLa) ile in vitro PDT ¢alismalari yapildi. Perilen ve BODIPY
unitelerine sahip olan bu yeni 1s1ga duyarli rutenyum molekilleri karanlikta, istenilen
uzun doku penetrasyonu ve kisa inkiibasyon siiresi gibi 6zellikleri nedeni ile in vivo
PDT'yi uygulamak icin 6nemli adaylardir.

Tezin son bolumunde, benzimidazol ile kaynasik yeni bir perilen Rutenyum (1)
kompleksinin sentezi gergeklestirildi. Molekiil, sahip oldugu genis w-konjugasyonu

sayesinde optoelektronik temelli uygulama alanlar i¢in adaydir.

Anahtar Kelimeler: perilen, rutenyum(ll), iridyum(l1l), BODIPY, singlet

oksijen, fotodinamik terapi.
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1. INTRODUCTION

Over the last decades organic dyes and their metal complex derivatives gained
respectable attention due to their excellent photophysical and photochemical profile in
order to use in various applications. One of the application is photodynamic therapy
(PDT) which is a popular therapeutic procedure to fight against cancer cells. Designing
a photosensitiser for PDT purposes requires a good singlet oxygen quantum yield and
tunable photophysical and photochemical property. There exists very few examples of
ruthenium/iridium perylene and BODIPY metal complex examples as a
photosensitiser in the literature.

In this thesis, we focused on the combination of ruthenium and iridium metal
complexes with organic dyes such as perylene and BODIPY in order to search their
photophysical properties and photochemical behaviour for future PDT studies. During
the study, we worked with human cancer cell lines like Hela and K562 to investigate

in vitro PDT efficiency of the target molecules.



2. GENERAL INFORMATION

2.1. Organic Dyes

Organic dyes are conjugated coloured molecules that have been widely used for
decades. These compounds are attractive due to their wide application area such as
ink-jet printing, imaging and electronical uses [1]. These dyes, especially the ones
having NIR absorbance gained attention for the application in the nanomedicine area.
Many NIR dyes like cyanines, tetrapyrroles, squaraine derivatives and
borondipyrromethane (BODIPY) dyes are used as therapeutic agents owing to their
chemical and photostability, unique fluorescent properties and desirable molar
extinction coefficient. Beside these properties, they also exhibit great ability to target
tumor cells in the biology and good water solubility. To sum up, these dyes are
encouraging photosensitisers in the cancer treatment processes [2]. Some of these

organic dyes are shown in Figure 2.1.
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Figure 2.1: Structures of some dyes.



2.2. Perylenes

Perylene constitutes a widespread example of the organic dyes. Perylene dyes
have gained great attention of scientists for 100 years after the Kardos’s discovery.
This unique compound belongs to a class of rylene dyes. Perylenes are one of the
significant dyes that belong to the n-type semiconductor class. This valuable core has
twelve possible positions, namely, peri- (3,4,9,10-), ortho- (2,5,8,11-) and bay-
(1,6,7,12-) positions (Figure 2.2) [3].
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Figure 2.2: Functionalization positions of perylene core.

Many reactions can be applied to perylenediimides such as nucleophilic
substitution, imidization and cyclodehydrogenation [3]. Functionalization of perylene
core can change many properties such as electronic and optical properties, aggregation
and solubility behaviour [4]. Especially, the substitution from bay-positions of these
molecules provides great pathway to vary the electronic and optical features of
perylenediimides (PDIs) [3]. Due to the derivatization opportunity, perylenes are used
in organic field-effect transistors (OFETS) [5], [6], electrophotographic devices [7],
dye lasers [8], [9] and organic photovoltaic cells (OPVs) [10], [11]. Due to the fact
that perylene complexes have notable absorption coefficient in the visible region of
the spectrum these complexes are also valuable in photochemical processes initiated
by light including singlet oxygen formation and photodynamic therapy processes [12].
Additionally, a large number of PDIs, exhibited good results in the generation of

reactive oxygen species [13], [14].



Owing to the facile and reversible reduction of perylenediimides, wide optical
absorption scale in the visible to near-infrared region scientists designed many PDI

derivatives recently [15].

2.3. Functionalization of Perylene Diimides

Derivatization of perylene-3,4,9,10-perylene tetracarboxylic acid diimides can
be performed by introducing aryl or alkyl substituents to bay positions or N-positions
of the unit in order to have soluble PDIs with improved optical and electronic
properties [16]. There exist many PDI derivatization studies in the literature. In 1981,
Nagao and his co-worker carried out one of the perylene imide derivatizations [17].
In this procedure, they used 3,4,9,10-perylene tetracarboxylic anhydride and
alkylamines in order to get PDI derivatives (Figure 2.3). As one of the first examples
of imide formation reactions, the yields were between 75-80 %.

0] ) o) 0
(84 (84
O~ REOSOS4
o o O O

R = CH,CH(CHj3), , (CH,),CH; , (CH,)sCH5

Figure 2.3: Synthesis of PDI derivatives.

Another work was conducted by Dubey and co-workers were about bay-
substitution of perylene units (Figure 2.4) [18]. As in this study, aromatic alcohols
with alkyl chains are generally used for increasing solubility of the molecule. Here

tert-butyl phenoxy group was used to substitute chlorines.
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Figure 2.4: Bay- substitution of perylenes.

In the ortho-substitution of perylenes the study published by Wu and his team is
a valuable example to discuss [19]. Here, ortho-halogenation of perylenes is produced
with a rhodium catalyst. They performed tetra iodination of perylene precursor
successfully (Figure 2.5).

H H [ [
o}
Rh cat.
e
ortho-halogenation
‘ 90
H H I |

Figure 2.5: Ortho- substitution of perylenes.

Another study that is related with bay-substituted perylenes for PDT applications
is given in Figure 2.6 [20]. In this study, singlet oxygen quantum yields of different
perylenes having pyrene, phenyl or indole units were investigated as PDT agent. Also

the DNA studies of these molecules were demonstrated in this paper.
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Figure 2.6: Bay-substituted perylene diimides.

In the communication published in Angewandte Chemie in 2019, a novel
perylene-fullerene hybrid molecule was designed as an electron transport material
(ETM) for perovskite solar cell (PSC) applications [21]. The device having perylene-
fullerene interlayer showed great efficiency for PSCs (Figure 2.7).
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Figure 2.7: A perylene-fullerene hybrid molecule.

According to the literature library of perylenes, we can say that, they are
encouraging candidates for many applications due to their functionalization properties.

With this knowledge, perylene played key role in this thesis study.

2.4. BODIPYs

Over the last three decades, Boron-dipyrromethene (4,4-difluoro-4-bora-3a,4a-
diaza-sindacene, BDP or BODIPY) dyes have been the centre of respectable attention
(Figure 2.8). After the discovery of BODIPY's by Treibs and co-workers in 1968 [22],
they have been used for many purposes like chromogenic probes [23], biomolecular
labels [24], drug delivery agents [25], light-harvesters [26], laser dyes [27], and solar
cell sensitizers [28]. The most important features of BODIPYs can be noted as low
excited triplet state generation, great fluorescence emission and absorption profile in
the visible region, good photochemical stability, chemical strength and fine solubility
in organic solvents [22], [29]. Also, large conjugation and the rigid structure of these
dye, makes it a good nominee in order to test in deep tissues [30]. The basic structure
of BODIPY is given in Figure 2.8.
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Figure 2.8: Molecular structure of BODIPY core.

Due to the unique properties BODIPY have, it received great interest as fluo-
rophores in bioimaging, biological labelling and fluorescence assays. By modifying
the structure of these molecules, the desired spectroscopic and photo-physical
characteristics can be provided [31]. Therefore, BODIPY derivatives have been
changed for reducing fluorescence and improve intersystem crossing (ISC) as
photosensitisers (PS) for biological applications [32]. Moreover, adding heavy atoms
directly to the s-indacene ring of the BODIPY, these fluorophores can be easily used
in PDT [33]. Especially in the last years, BODIPY molecules have been accepted as a
powerful PS in order to kill microbial cells [34]. Some of the potential photosensitiser

BODIPY examples are given in Figure 2.9.

Figure 2.9: Some of the BODIPY examples.

2.5. BODIPYs in the Literature

BODIPY derivatives have been proposed for many applications due to the

unique and modifiable absorption and fluorescence properties they have. In the work
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published by Jin and his co-workers, water-soluble BODIPY-based probes were
investigated for hypochlorous acid (HCIO) in living cells [35]. In this work,
pyridinium salt increased the water solubility of the main structure that used as
fluorescent probe (Figure 2.10). The probe exhibited remarkable response for the

finding of HCIO in living cells.
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Figure 2.10: A water-soluble BODIPY.

In another study published in Journal of Luminescence in 2019, B-f directly
linked BODIPY oligomers were synthesized and studied according to their
photophysical and photochemical characteristics (Figure 2.11) [36]. As a result, cell
imaging and singlet oxygen generation studies showed that these oligomers are

promising candidates for fluorescence imaging and PDT.

Figure 2.11: BODIPY oligomers.



Other example of BODIPY study was published in Journal of Inorganic
Biochemistry in 2018 [37]. In the study which is conducted by Gupta and co-workers,
binuclear ruthenium(1l) BODIPY organometallic compounds were prepared (Figure
2.12). The antiproliferative properties of these molecules were studied in vitro in

various human cancer cell lines.

Figure 2.12: Ruthenium(ll) dinuclear BODIPY organometallic molecules.

In the study published by Ecik and her group in Journal of Luminescence meso-
piperidine linked BODIPY compounds were synthesized [38]. In their work,
photophysical studies of the compound were investigated, also the cell imaging and
cytotoxicity studies of the targeted molecules were conducted successfully (Figure
2.13).
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Figure 2.13: Piperidine linked BODIPY.

2.6. Ruthenium and Iridium Metal Complexes

Transition metal complexes form a large family of medicinal agents,
photosensitisers and also they play important roles in organic field effect transistor
systems [39]. Among these, heavy metals like iridium and ruthenium gained great
interest of chemists in optoelectronic, biosensing and bioimaging fields during the last
years [40]. Iridium metal is usually highly active in electroluminescence applications
like light-emitting electrochemical cells (LECs) and organic light-emitting diodes
(OLEDs). The emission maxima of iridium can exhibit changes from blue (452 nm) to
red (687 nm) region of the spectrum which makes it suitable for OLEDs [41]. As well
as iridium, ruthenium complexes are also applicable in OLEDs and LECs. However,
iridium is much more useful because of its colour tunability, higher stable complexes
and higher quantum yields when compared [42]. Although there isn’t plenty of iridium
metal application in photodynamic therapy (PDT), many papers reported the
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cyclometallated Ir metal examples as unique photosensitisers in singlet oxygen
production studies and cellular imaging agents [43]. Moreover, they are getting more
popular because of their wide emission wavelength range, sensitive excited states and
efficient cell permeability during biological studies. Iridium(lIl) complexes can be
used applied as photosensitizing agents in order to harm cancer cells upon irradiation
because they have triplet excited state and cause singlet oxygen production [40].
Ruthenium(11/111) complexes are commonly known as their anticancer and
antimetastatic properties [44]. They are widely used in biological fields since they are
readily absorbed by tumour tissues and they are discharged in vivo easily [45]. These
complexes are highly demanded because of their various oxidation states, reduces
toxicity behaviour in vivo and ligand substitution kinetics [46]. Ruthenium compounds
possess a unusual modular system when compared to small molecule bearing drug
[45]. The potential biological activity behaviour of these complexes comes from the
3D arrangement of ligands that dramatically affects the modifications of solubility,
cellular uptake level, targeting ability and ROS (reactive oxygen species) yield, etc
[47]. There exists many examples of iridium and ruthenium metal complexes in the
literature. One example of ruthenium(ll) and iridium(lll) metal complex having
perylene unit is published in Angewandte communications in 2015 (Figure 2.14) [48].

Figure 2.14: Ruthenium(ll) and iridium(111) metal complexes with perylene
unit literature examples.

In their study, perylene was substituted from the bay position with ruthenium
and iridium starting compounds and phosphorescence emission properties were

investigated.
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Figure 2.15: Ruthenium(ll) and iridium(111) BODIPY complex examples.
In another study conducted by Wang and co-workers, ruthenium and iridium

BODIPY complexes synthesized and their activity in photodynamic therapy was

investigated successfully (Figure 2.15) [49].
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Figure 2.16: Ruthenium(ll) and iridium(111) photosensitisers.

In 2018, there published examples of iridium and ruthenium compounds in
Chemical Communications (Figure 2.16) [50]. According to the study, N-substituted
carbazoles having ruthenium and iridium complexes increase the absorption in the
visible region and they can be accepted as good triplet photosensitisers.

Another research was conducted by Stringer et al. was demonstrated design and
in vitro investigations of ruthenium(ll) and iridium(l11) quinoline metal complexes
(Figure 2.17) [51]. These compounds were studied in vitro for antiplasmodial activities
against of the malaria parasite. According to the results observed, they were found to

show good activities and low toxicity towards the malaria parasite.

14



0 e}
R1‘R,U\D\ HCI RMF\D HCI
AN SN R AN N R

~ ~

~ ~

Cl N Cl N

Figure 2.17: Ruthenium(ll) and iridium(111) metal complexes.

In Figure 2.18, another valuable study was demonstrated that is published in
JACS in 2012 [52]. In this work, different kind of Ru(ll) complexes were synthesized
and their biological effects in terms of DNA binding, cytotoxicity, protein binding and
mitochondrial staining studies were investigated.
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Figure 2.18: Ruthenium(ll) complexes.

In another paper published by Mckenzie and co-workers, iridium(l11) metal
complexes were designed and investigated spectroscopically (Figure 2.19) [53]. They
demonstrated long-lived and photo-stable iridium compounds having low-molecular
weight and high TP-absorption aiming to penetrate lysosomal and mitochondria
structure cells. Final products showed good efficiency with cell death in diverse cancer

cell tissues.
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Although there are many application possibility of these ruthenium(ll) and
iridium(I11) metal complexes, most of them possess biological and opto-electronic

purposes in the literature.

2.7. Photodynamic Therapy

Photodynamic therapy is a therapeutic procedure which is applied in clinics in
order to fight cancer cells [54]. PDT is a unique technique because of its sensitivity
towards healthy cells and tissues [55]. In PDT, a photosensitising agent is
intravenously injected to a tumour cell then it decomposes with the light irradiation.
During this procedure, there produced toxic components that destroy only the
cancerous cells but not the normal tissue. PDT studies can be applied on many cancer
types like lung cancer, cancer of urinary bladder, breast cancer and gastrointestinal

tumours [56].
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Figure 2.20: Working principle of PDT.

In PDT process, there exist two steps (Figure 2.20). First one is fluorescence
emission that formed after the turning of the excited photosensitiser to its ground state
(Figure 2.20). In the second process, toxic singlet oxygen is formed and kills the cells.
The photosensitisers should be a molecule with an absorption maximum correlated
with that incident light. The excited photosensitiser can turn back to the ground state
with fluorescence after adsorption step. If the lifetime of the excited state is short, the
excess energy could be used to begin other chemical reactions. With oxygen molecule
there may exists two types of chemical reactions, Type | and Type Il (Figure 2.20)
[57].

In the Type | mechanism, active PS leads to form a radical that give their excess
energy to molecular oxygen (302) for producing singlet oxygen (*O2) and other
reactive species. In Type Il process, the PS directly transfers its energy to 302 that then
turns into 02 [57]. In most of the PDT studies, Type Il is preferred as in our case. In
this mechanism, production of singlet oxygen which is toxic for tumours is used
against microorganisms.

PDT provides many advantages when compared to other tumour treatment
techniques. One advantage is that PDT is non-invasive over other methods like
surgery. Other benefit is selectivity ability of targeting cancer cells. Another essential
advantage of PDT can be stated as without limitations, repetitive treatments can be
applied such as radiotherapy. Lastly, because the lifetime of singlet oxygen generated

by PDT is very limited, it only harms the cell in which it is produced [57].
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3. RESEARCH OBJECTIVES

Ruthenium and iridium metal complexes are famous transition metals because
of their superior biocompatibility, variable photophysical and chemical and excited-
state characteristics, large Stoke’s Shift, fine photostability and high quantum yield
[58], [59].

Recently, ruthenium complexes have made a splash as photosensitiser in PDT
and related biological investigations, owing to their intriguing singlet oxygen quantum
yields and tuneable photochemical and photophysical properties. Like ruthenium, one
group of the potential PS candidates are iridium complexes which possess hopeful
anticancer behaviour because of their great quantum yield and good photostability
[60]. Although these metal complexes bear unique features for PDT purposes, they
have weak absorbance in the NIR (near infrared) and red region, short-lived triplet
excited states and absorption wave-length [60]. In order to overcome this problem
strong NIR or far-red chromophores like perylene or BODIPY are connected with
transition metals [61].

In this thesis we have chosen perylene and BODIPY organic dyes in order to
form original ruthenium and iridium metal complexes. Due to the large n-conjugation
system perylene have, MLCT absorption band bearing a red-shift and an improved
molar extinction coefficient were obtained [62]. In order to eliminate the low solubility
and aggregation difficulty of perylene, the main core has been derived from the bay
positions in the present study. In addition to perylene dyes, we have chosen BODIPY
as other potential organic fluorophore in this thesis. It belongs to the fluorophore
family bearing supreme thermal and photochemical stability, narrow emission and
good absorption features around near-IR and visible regions [63]. Developing a
photosensitiser that is excited efficiently at wavelengths exceeding 658 nm is crucial
in PDT studies, for this purpose a novel distryl BODIPY was used in the present work
[64]. Moreover, complex formation of heavier halogen addition or can upgrade the
ISC ability of the BODIPY and also bioavailability can be improved by attaching a
metal ion.

In this thesis, we combined perylene and BODIPY organic dyes with ruthenium

and iridium heavy metals in a novel way for biological purposes.
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The first part of our study includes novel ruthenium(ll) and iridium(l11) perylene
complexes. For the formation of this complexes we used two main points, one is
substitution from 4,7-position of phenanthroline ligand (Figure 3.1). In general,
substitution of ruthenium complexes having phenanthroline units are built from 5- or
5,6- positions with some chromophores and there exists only a few perylene bearing
examples substituted from 5-position of phenanthroline [65]. Therefore, this research
can be represented as the first example of a phenanthroline-based metal complex
having two perylenediimide dye substituted from 4,7-positions [66], [67]. Moreover,
planning a metal complex having two PDI and Ru(ll) polypyridyl parts is also unique
in the literature.

4. 7-position _
substitution

- N-—\M{--N - M= Ru, Ir
B/ \ /)
/\
=N N=
N/ \ 7/

Figure 3.1: Structure of 4,7-substituted metal complexes.

In the second part of the study, the final aim was the set-up of two novel iridium
and ruthenium metal complexes bearing two distryl BODIPY compounds for
investigating photosensitizer capability and photodynamic therapy efficiency (Figure
3.2). This unique pattern involves a phenanthroline unit with 4,7-substitution and two
novel BODIPY moiety which can be presented as a novel example of BODIPY iridium
and ruthenium metal complexes.
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Figure 3.2: Structures of BODIPY metal complexes.

The synthesized molecules were fully characterized and the photophysical
properties were studied with florescence and UV-Vis spectroscopy. Photochemical
studies of the three complexes were conducted by studying singlet oxygen generation
abilities. Moreover, the potentials of the target compounds photosensitizing agents for
PDT were applied on cancerous cells such as leukemia and human cervical cancer
cells.

In addition to this work, we also aimed to synthesize benzimidazole-fused
perylene ruthenium(ll) metal complex. This can be also accepted as the first example
of imidazole bearing perylene ruthenium connection (Figure 3.3). In this study, due to
enhanced m-conjugation through the molecule, we aimed to improve photophysical
properties of the molecule for further applications.
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Figure 3.3: Structure of benzimidazole bearing ruthenium perylene metal
complex.

All of the synthesized compounds are summarized in the table 3.1.
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Table 3.1: List of new molecules in the thesis.

PFe

2PFy
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4. EXPERIMENTAL

4.1. Materials

All reagents and solvents were of reagent-grade quality, obtained from
commercial suppliers. Infrared spectra were recorded between 4000 and 650 cm™ by
using a Perkin Elmer Spectrum100 FT-IR spectrometer with an attenuated total
reflection (ATR) accessory featuring a zinc selenide (ZnSe) crystal. The mass spectra
were recorded on a MALDI (Matrix Assisted Laser Desorption lonization) BRUKER
Microflex LT using 1,8,9-anthrasenetriol (dithranol) as a matrix. The NMR spectra
were recorded on a Varian INOVA 500 MHz spectrometer. Electronic absorption
spectra were recorded with a Shimadzu 2101 UV spectrophotometer and the
fluorescence excitation and emission spectra were recorded on a Varian Eclipse
spectrofluorometer using 1 cm pathlength cuvettes at room temperature. Fluorescence
lifetimes were measured by a time correlated single photon counting (TCSPC) method
using FLUOROLOG-3 spectrofluorometer (Horiba JobinYvon, Edison, NJ) equipped
with a NanoLED and a standard air cooled R928 PMT detector.
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Table 4.1: Chemicals Used in the Experiments.

Name Company | Catalog/Cas Number Type
DMF Merck 1.03053 Solvent
DMSO Merck 8.02912 Solvent
SilicaGel 60, Merck 1.07734 For Column
0.063-0.200 mm Chromatograp
o-phenylenediamine Merck 95-54-5 For S;Xthesis
Perylene-3,4,9,12- Aldrich 128-69-8 For Synthesis
tetracarboylic dianydride
1,10-phenanthroline Aldrich 66-71-7 For Synthesis
NH4PFs Acros Organics 16941-11-0 For Synthesis
4-aminophenol Aldrich 123-30-8 For Synthesis
4-hydroxybenzaldehyde Sigma-Aldrich 123-08-0 For Synthesis
IrCl3.H,0 Aldrich 14996-61-3 For Synthesis
RuCl3.H,0 Aldrich 14898-67-0 For Synthesis
2,6-diisopropylaniline Aldrich 24544-04-5 For Synthesis
2,2’-bipyridine Sigma-Aldrich 366-18-7 For Synthesis
p-tertbutyl phenol Acros Organics 98-54-4 For Synthesis
Bromine Sigma-Aldrich 7726-95-6 For Synthesis
Propionic acid Merck 79-09-4 For Synthesis
NMP Merck 872-50-4 For Synthesis
K2CO3 VWR 584-08-7 For Synthesis
KOH Merck 1310-58-3 For Synthesis
t-BuOH Merck 75-65-0 For Synthesis
Quinoline Fluka 91-22-5 For Synthesis
POClI; Acros Organics 10025-87-8 For Synthesis
Zn(OAC)2 Sigma-Aldrich 557-34-6 For Synthesis
LiCl Sigma-Aldrich 7447-41-8 For Synthesis
Ethylene glycol Merck 107-21-1 For Synthesis
MeCN Sigma-Aldrich 75-05-8 For Synthesis
HNO3 Merck 7697-37-2 For Synthesis
2,4-dimethylpyrrole Sigma-Aldrich 625-82-1 For Synthesis
Trifloroacetic acid (TFA) | Sigma-Aldrich 76-05-1 For Synthesis
Triethylamine (EtsN) Sigma-Aldrich 121-44-8 For Synthesis
TLC Plate Merck - Purification
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Table 4.1: Continued.

Etanol Sigma 64-17-5 For Synthesis
Diethyl Ether Sigma 60-29-7 For Synthesis
Acetone-ds Merck 666-52-4 For NMR
CDCl; Merck 845-49-6 For NMR
NH4OH Merck 1336-21-6 For Synthesis
HCI Sigma 7647-01-0 For Synthesis
CHCl; Sigma 75-09-2 Solvent
NaSO4 Alfa Aesar 1313-84-4 For Synthesis
H2S04 Merck 7664-93-9 For Synthesis
Acetone Honeywall 200-662-2 Solvent
THF Merck 109-99-9 Solvent
4-Hydroxybenzaldehyde Sigma 123-08-0 For Synthesis
p-Chloroaniline Sigma 106-47-8 For Synthesis
Benzene Merck 71-43-2 Solvent
Table 4.2: Instruments Used in the Thesis Study.
Name Type Location
FT-IR Spectrometer Perkin Elmer 100 Gebze Technical
University
NMR Spectrometer Varian Inova 500 MHz Gebze Technical
University
Mass Spectroscopy Bruker Microflex LT MALDI- Gebze Technical
TOF MS University
Electronic absorption spectra Shimadzu 2101 UV Gebze Technical
spectrophotometer University
Florouscence emission and Varian Eclipse Gebze Technical
excitation specta spectrofluorometer University
Flouroscence Lifetime FLUOROLOG-3 Gebze Technical
Measurement spectrofluorometer University

Horiba JobinYvon

X-Ray Diffraction

Bruker

Gebze Technical

University

Oven Thermo scientific Gebze Technical
University

Vacuum Oven MMM Group Vacucell Gebze Technical
University

Microplate spectrophotometer | Multiskan GO, Thermo Fisher | Middle East Technical

Scientific University

Ultrasonic Bath Bandelin Sonorex Gebze Technical
University
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4.2. Synthesis

4.2.1. Synthesis of phenanthrolines

4.2.1.1.Synthesis of 5-nitro-1,10-phenanthroline (2)

o O
N__~ H,SO,/HNO; N =
N NI NO,
I _ P
1 2

Figure 4.1: Synthesis of 2.

A solution of 1,10-phenanthroline (1 g, 5.5 mmol) and 2 mL H2SO4 and fuming
2 mL HNO3 was stirred at 100 °C for 2 h. After neutralization with NaOH solution,
compound 2 was obtained as a brown solid (0.8 g, 64% yield). The structural analyses
of 2 have been achieved by using mass spectrometry and FT-IR spectroscopy [68].

Mass Spectrum: MALDI-TOF (m/z) Calc. 225.20, Found: 225 [M] *.

FT-IR vmax (cm™): 3424, 3083, 2862, 1639, 1590, 1517, 1505 (N=0), 1488,
1447, 1421, 1385, 1354 (N=0), 1311, 1287, 1715, 1146, 1107, 1045, 832, 806.

4.2.1.2.Synthesis of 5-nitro-6-amino-1,10-phenanthroline (3)

| A | o
N_ = HO.NH, .HCI N NH,
KOH
EtOH
N| NO>  reflux N NO,
= l
2 3

Figure 4.2: Synthesis of 3.

A mixture of 2 (1 g, 4.4 mmol) and hydroxylamine hydrochloride (2.04 g, 29.4
mmol) were refluxed in 50 mL EtOH solution. Then, 2.2 g (39.3 mmol) of KOH in 50
mL EtOH added dropwise to the solution over 45 min. The solution was refluxed for
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additional 30 min, cooled, and then poured into 300 mL ice-water. After filtration, and
washing with EtOH, water and chloroform, compound 3 was isolated (0.3 g, 36%
yield). The structural analyses of 3 have been achieved by using mass spectrometry
and FT-IR and MALDI-TOF spectroscopy [68].

Mass Spectrum: MALDI-TOF (m/z) Calc. 240, Found: 240 [M] *.

FT-IR vmax (cm™): 3400, 3266 (N-H), 3142, 1628, 1596, 1262, 1235, 1173, 1057,
807, 797, 735.

4.2.1.3.Synthesis of 1,10-Phenanthroline-5,6-diamine (4)

I S ] S
N> NH, Pd/C N__~ NH,
e G
N No, NH2NHz NH,
| = | =
3 4

Figure 4.3: Synthesis of 4.

For the synthesis of 4, 0.2 g (0.83 mmol) of 3 and 0.1 g of 10 % palladium on
activated charcoal was refluxed in 200 mL EtOH. Then, 1.0 mL hydrazine hydrate
(55%) was added slowly to the mixture over 15 min. The reaction was refluxed for 45
min, filtered. After concentration with vacuum, the precipitate was observed by adding
petroleum ether to the concentrated reaction mixture (0.06 g, 67% yield). The
structural analyses of 4 have been achieved by using mass spectrometry and FT-IR
spectroscopy [68].

Mass Spectrum: MALDI-TOF (m/z) Calc. 210, Found: 210 [M]".

FT-IR vmax (cm™): 3346 (N-H), 3228, 1609, 1563, 1486, 1435, 1308, 1111, 797,
731.
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4.2.1.4.Synthesis of 1,2-Bis-[(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-
ylidenemethyl)amino]benzene (7).

) O\\I/YO CH(OMe)s Q

- 0 NH HN @]
; 2 OZ/O reflux / \
H>N NH, o) O O o)

5 6 %O 7 O%

Figure 4.4: Synthesis of 7.

First a mixture of Meldrum’s acid (6) (5.05 g, 35 mmol) in trimethyl
orthoformate (50 mL) was stirred over 2 h under argon gas. Then, o-phenylenediamine
(5) (1.62 g, 15 mmol) was added to the solution and the reaction mixture heated at
reflux for an additional hour. After the evaporation of solvent, recrystallisation gave
the product 7 (4.25 g, 68% vyield). The structural analyses of 7 have been achieved by
using mass spectrometry and FT-IR spectroscopy [69].

Mass spectrum: MALDI-TOF (m/z) Calc. 416, Found: 438 [M+Na]".

FT-IR vmax (cm™): 3242 (N-H),3011, 2992, 1725 (C=0), 1674, 1611, 1568,
1426, 1388,1374, 1366, 1319, 1263, 1214, 1199, 1138, 1016, 999, 757.

4.2.1.5.Synthesis of 4,7-dione 1,10-phenanthroline (8)

@] O
@) NH HN 0]
O @] @]
reflux \ NH HN /
7

el 8

Figure 4.5: Synthesis of 8.

Compound 7 (0.18 mmol) was refluxed in diphenyl ether for 30 minutes in a round

bottom flask. Then the reaction is completed, precipitates was filtered and washed with
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hexane (0.85 g, 88% vyield). The structural analyses of 8 have been achieved by using
mass spectrometry and FT-IR spectroscopy [70].

Mass spectrum (MALDI-TOF): MALDI-TOF (m/z) Calc. 212.2, Found: 210
[M-2H]".

FT-IR vmax (cm™): 3226, 1726 (C=0, ketone), 1672, 1611, 1568, 1427, 13086,
1261, 1198, 1138, 1016, 998, 932, 857, 803, 787, 757, 740, 722, 644, 603.

4.2.1.6.Synthesis of 4,7-Dichloro-1,10-Phenanthroline (9)

o) 0] cl Cl
—_—
\ NH HN % reflux \ NH HN %

30 min
8 9

Figure 4.6: Synthesis of 9.

In a flask, compound 8 (0.1 g, 0.47 mmol) was heated 30 minutes in 6 mL POCls.
Next, in the room temperature, the reaction mixture was dropped to the concentrated
KOH solution on an ice-bath. After the precipitation of beige solids, we filtrated and
washed them with hexane and p-dioane (0.02 g, 20% vyield). The structural analyses
of 9 have been achieved by using mass spectrometry and FT-IR spectroscopy [70].

Mass Spectrum (MALDI-TOF): MALDI-TOF (m/z) Calc. 249, Found: 249
[M]".

FT-IR vmax (cm™): 3036, 1609, 1573, 1543, 1487, 1411, 1215.
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4.2.2. Synthesis of Ruthenium(ll) Complexes

4.2.2.1.Synthesis of bis(2,2'-bipyridine)dichlororuthenium(il) (10)

/ \
NV
RuCls.H,0 -
LiCl , DMF

Figure 4.7: Synthesis of 10.

RuCl3.H20 (100 mg, 0.48 mmol) and LiCl (123 mg, 2.9 mmol), 2,2’-bipyridine
(150 mg, 0.96 mmol) mixture was refluxed in DMF under argon over 12 hours. Dark
purple precipitates were obtained after pouring the cold solution into acetone (0.08 g,
40% vyield). The structural analyses of 10 have been achieved by using mass
spectrometry and FT-IR spectroscopy [71].

Mass spectrum: MALDI-TOF (m/z) Calc. 484.39, Found: 484[M]".

FT-IR vmax (cm™): 3041, 1597, 1475, 1457, 1418, 1276, 1260, 1018, 803, 760,
724, 656, 647.

4.2.2.2.Synthesis of 5,6-diamino-phenanthroline  ruthenium(Il)
complex (11)

=
] 4
= N SN = N =
' ! ' \ N NH
= N\ _~C N = NH, = N\Ru/ d ’
Ru + > / \
% N/ | \Cl N| NH, EtOH reflux = :\] ' NI NH,
™ l /N = e /N \ =
= ] x
2PF¢
10 4 1 °

Figure 4.8: Synthesis of 11.
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A mixture of bis(2,2'-bipyridine)dichlororuthenium(ll) (10) (100 mg, 0.21
mmol) and 5,6-diamino phenanthroline (4) (44 mg, 0.21 mmol) was refluxed in EtOH-
water (2:1, 13,5 mL) under argon gas overnight. Next, the mixture was cooled to the
room temperature, half of the ethanol was distilled under vacuum distillation. The
filtrate was added solid NH4PFs (660mg, 4.05 mmol). Next, the product was washed
with diethyl ether and water (0.1 g, 55% yield). The structural analyses of 11 have
been achieved by using mass spectrometry and FT-IR spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for Ca2HzsF12NsP2Ru?: 623.67,
Found: 623[M-2PFs]".

FT-IR vmax (cm™): 3652, 3590, 1702, 1628, 1604, 1562, 1466, 1477, 1425, 1297,
1244, 1162, 877, 829 (P-F), 760, 729, 555.

4.2.2.3.Synthesis of 4,7-dichlorophenanthroline  ruthenium(Il)
complex (12)

|
2 N N @
£
N N\R /C| Cl Cl \F\SU/
u -3
A~ ‘ ¢ YN N EtOH reflux / ‘ \ =
| —N N=— N =
S~ _N cl
g
o 9 2PFs

Figure 4.9: Synthesis of 12.

In ethanol/water solvent mixture (15 mL ethanol/7 mL water) 4,7-
diclorophenanthroline (9) (0.05 g, 0.21 mmol) and ruthenium dichloro complex (10)
(0.1 g, 0.21 mmol) was refluxed one night. After cooling the reaction, the solvent was
removed and PF¢ salt of the complex was obtained with NH4PFg (0.6 g, 3.68 mmol)
addition. Then, the resulting solid was washed with diethyl ether after filtration. The
final substance was used for further reactions without any purification techniques. The
structural analyses of 12 have been achieved by using mass spectrometry and FT-IR
spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for Cs2H22Ci2F12NsP2Ru?:952.5,
Found: 662 [M-2PFs]", 629 [M-2PFs-CI]".
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FT-IR vmax (cmY): 3325, 3123, 1606, 1560, 1469, 1446, 1412, 1395, 1336, 1316,
1245, 1219, 1085, 821 (P-F), 760, 730.

4.2.3. Synthesis of 4,7-dichloro-phenanthroline iridium(l11) complex
(14)

N, Cl
S N\ ’N\\ /N &
Ir | + 7 N\ N Ir.
/\ NS
=N N= ethylene glycol ~ N |
N \ & reflux, 15h = Z>cl
=
13 9 14 PFg

Figure 4.10: Synthesis of 14.

In ethylene glycol, 4,7-Diclorophenanthroline (9) (0.02 g, 0.1 mmol) and iridium
dimer 13 [72] (0.05 g, 0.047 mmol) was stirred over 15 h. Then, the extraction was
performed with water and hexane. Next, the half of the water was removed and PFg
salt of the compound was isolated with addition of NH4PFs (0.3 g, 1.8 mmol) to the
flask. The final precipitate was filtrated and washed with diethyl ether. The structural
analyses of 14 have been achieved by using mass spectrometry and FT-IR
spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for C3aH22Cl2FeIrN4P:894.6, Found:
749 [M-PF¢]".

FT-IR vmax (cm™): 2932, 1607, 1583, 1566, 1516, 1478, 1439, 1418, 1395, 1345,
1310, 1269, 1229, 1165, 1130, 1087, 1064, 1032, 831 (P-F), 758, 556.
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4.2.4. Synthesis of Perylene Derivatives

4.2.4.1.Synthesis of 1,6,7,12-tetrabromo-3,4:9,10-dianhydride (16)

Br Br

Br Br

Figure 4.11: Synthesis of 16.

In a 250 mL flask, perylene 16 (5 g, 0.013 mol) was allowed to stir in 70 mL of
H2SO4 (98 %) [73]. Then, the reaction mixture was heated to 65 °C and, 0.13 g (0.51
mmol ) of 1> was added, placing an water condenser, reaction heated to 85 °C, 3 mL
of Br, was added dropwise (1 drop every 5 second). The reaction was allowed to stir
19 h under argon atmosphere. Next, an additional 1.2 mL of Br, was added after heat
was increased to 110 °C, then, reaction was stirred 5 more days. After cooling to room
temperature, argon gas was bubbled in to get rid of excess Br. from the reaction
medium. Then the reaction mixture poured into 100 mL of ice-water, then after suction
filtration, the red precipitates was collected. Since 16 is insoluble in organic solvents,
there is no other analysis for the compound.

FT-IR vmax (cm™): 1775, 1738, 1585, 1489, 1360, 1304, 1272, 1226, 1209, 1151,
1040, 1012, 964, 910, 857, 799, 733, 694, 645.
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4.2.4.2.Synthesis of 1,6,7,12-tetrabromo-N,N’-(2,6-
diisopropylphenyl)-perylene-3,4,9,10-bis(dicarboximide) (17)

Br Br Br Br
w Propionic Acid :% %;
Br Br

Figure 4.12: Synthesis of 17.

0.1 g (0.14 mmol) of 5 was heated to 140 °C in 5 mL propionic acid under argon
atmosphere. Then, 0.2 mL 2,6-diisopropyl aniline was added to the reaction medium,
and it was stirred overnight. After removing the propionic acid by vacuum, extraction
was done with CH2Cl, and 1 M NaOH solution. Purification on silica 4:1
Hexane/CH>Cl, gave product 17 (0.13 g, %85 yield). The structural analyses of 17
have been achieved by using mass spectrometry and FT-IR spectroscopy [74].

Mass spectrum: MALDI-TOF (m/z) Calc. 1006, Found: 1007 [M+H]".

FT-IR vmax (cm™): 2964, 2936, 2868, 1710 (C=0, imide), 1673, 1650, 1584,
1518, 1459, 1373, 1365, 1236.

4.2.4.3.Synthesis of 1,6,7,12-tetra(4-tert-butyl-phenoxy)-N,N’-bis-
(2,6-diisopropylphenyl)-perylene-3,4:9,10-bis(dicarboximide) (18)

, 5
S =SB
| £3

Figure 4.13: Synthesis of 18.
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A mixture of 17 (0.13 g, 0.13 mmol), p-tert-butylphenol (0.16 g, 1.08 mmol) and
150 mg K2CO3 (0.15 g, 1.09 mmol) was stirred at 140 °C under argon atmosphere in
NMP. After 8 h, it was cooled and poured into 8 % HCI (vol) solution, The precipitate
was washed with water and purified on silica ( 3:1 Hexane/ CH2Cl;) (85 g, 50 %
yield). The structural analyses of 18 have been achieved by using mass spectrometry,
FT-IR spectroscopy, *H NMR and ¥C NMR spectroscopy and single X-ray
crystallography [75].

Mass spectrum:) MALDI-TOF (m/z) Calc. 1303.7, Found: 1303 [M+H]".

FT-IR vmax (cm™): 2962 (C-H, t-butyl), 2870, 1706 (C=0, imide), 1673 (C=0),
1585, 1504, 1406, 1339, 1280, 1206.

'H-NMR (500 MHz, CDCls): & 8.30 (s, 4H), 7.43 (t, J = 8.0 Hz, 2H), 7.27 (m,
12 H), 6.88 (d, J = 8.0 Hz, 8H), 2.72 (S, J = 6.5 Hz, 4H), 1.28 (s, 36 H), 1.13 (d, J =
6.5 Hz, 24H).

13C NMR (500 MHz, CD3COCDs3 ): & 163.64, 156.20, 153.08, 17.63, 145.90,
133.52, 130.97, 129.68, 129.96, 124.16, 122.92, 121.05, 120.53, 120.46, 119.49,
34.65, 31.73, 29.99, 29.71, 24.70.

4.2.4.4.Synthesis of 1,6,7,12-tetra(4-tert-butyl-phenoxy) carboximide
carboxyanhydride (19)

0o o o o
0 0 Q 0
2%
eqezedvi—cpetess
Q O reflux, 2h Q O
o o) (o} o]

18 19

Figure 4.14: Synthesis of 19.
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7(0.16 g, 0.12 mmol) and KOH (0.064 g, 1.14 mmol) was heated to reflux in 40
mL of t-BuOH over 2 h. Then the reaction was poured into AcOH and 2 N HCI
solution. The resulting product was washed with water after filtration (0.04 g, 30%
yield). The structural analyses of 19 have been achieved by using mass spectrometry,
FT-IR spectroscopy and *H NMR, **C NMR spectroscopy [76].

Mass spectrum:. MALDI-TOF (m/z) Calc. 1144, Found: 1145 [M+H]".

FT-IR vmax (cm™): 2962, 2928, 2869, 1771 (C=0, anhydride), 1742, 1708, 1673,
1586, 1504, 1463, 1402, 1363, 1338, 1287, 1262, 1211, 1173, 1108, 1095, 1014, 884,
834, 799.

'H-NMR (500 MHz, CD3COCD3): § ppm 8.27 (s, 2H), 8.22 (s, 2H), 7.41 (t, J
= 5.0 Hz, 1H), 7.25 (m, 10 H), 2.63 (S, J = 7.0 Hz, 2H), 1.30 (s, 18H), 1.27 (s, 18H),
1.09 (d, J =7.0 Hz, 12 H).

13C NMR (500 MHz, CD3COCD3 ): § 163.45, 160.25, 156.76, 156.09, 152.82,
152.70, 148.02, 147.84, 145.79, 129.71, 127.07, 126.97, 126.92, 126.90, 124.11,
123.41, 122.40, 121.81, 120.19, 120.12, 119.52, 118.30, 115.78, 34.64, 31.65, 29.92,
29.29, 24.23, 14.34.

4.2.4.5.Synthesis of perylenediimide 20

S, e i

9 Q 9 Q

reflux
Figure 4.15: Synthesis of 20.

p=d

0

Perylene 20 (0.05 g, 0.05 mmol) and 4-aminophenol (0.01 mg, 0.1 mmol) were
refluxed in propionic acid (5 mL) overnight. Next day, the mixture was poured into 1

M NaOH solution to neutralize, then, preparative thin layer chromatography was
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applied to isolate compound 20 (0.03 g, 42% yield). The structural analyses of 20 have
been achieved by using mass spectrometry, FT-IR spectroscopy and *H NMR, 2C
NMR spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for Cg2H7sN20Og: 1235 Found: 1235
[M]".

FT-IR vmax (cm™): 3406 (O-H), 2962, 2930, 2869,1705 (C=0, imide), 1672,
1585, 1504, 1407, 1341, 1283, 1220, 1173, 882, 832.

IH-NMR (500 MHz, CDCl3): 5 ppm 8.28 (s, 2H), 8.23 (s, 2H), 7.41(t, J = 8.0
Hz, 2H), 7.25-7.21 (m, 10H), 7.08 (d, J = 8.5 Hz, 2H), 6.88 (t, J = 10 Hz, 5H), 6.83 (d,
J=8.5Hz, 4H), 5.13 (s, 1H, OH), 2.70 (S, J = 7.0 Hz, 2H), 1.26 (d, J = 4.0 Hz, 36 H),
1.11 (d, J = 7.0 Hz, 12H).

13C NMR (500 MHz, CDCl3 ): § 164.05, 163.58, 156.24, 156.21, 155.92,
153.08, 152.96, 147.64, 147.56, 145.83, 133.39, 130.9, 129.85, 129.61, 127.97,
126.89, 124.09, 122.93, 122.75, 121.08, 120.88, 120.50, 120.36, 120.03, 119.55,
119.41, 116.42, 34.58, 31.64, 29.92, 29.29, 24.23.

4.2.5. Synthesis of 3,5-distryl BODIPY (22)

CH3COOH
piperidine
+ _—
benzene
reflux

Figure 4.16: Synthesis of 22.

21 [77] (0.13 g, 0.38 mmol) and benzaldehyde (0.11 g, 1.07 mmol) were stirred
in benzene (40 mL). Acetic acid (400 pL) and piperidine (400 pL) were added to the
flask. The reaction was then refluxed with Dean-Stark apparatus. The final crude
product was isolated by extraction with CH2Cl. and water. Na.SO4 was used to dry

the organic layer. Applying column chromatography, the crude product was obtained
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with CH2Cl> mobile phase. Fraction of 22 was collected then the solvent was removed
under reduced pressure (0.12 g, 61% yield). The structural analyses of 22 have been
achieved by using mass spectrometry, FT-IR spectroscopy and *H NMR, *C NMR
spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for C33H27BF2N20: 516.22 Found:
516 [M]".

FT-IR vmax (cm™): 3463 (O-H), 3061, 3033, 962, 2924, 1622, 1609, 1577, 1531,
1480, 1444, 1417, 1382, 1365, 1301, 1268, 1198, 1158, 1116, 1082, 987, 948, 898,
832, 813, 749, 693.

'H-NMR (CD3COCD3): & ppm 7.75 (d, J = 16.41 Hz, trans, 2H), 7.67 (d, J =
7.55 Hz, 4H), 7.53 (d, J = 16.40 Hz, trans, 2H), 7.47 (t, J = 7.52 Hz, 4H), 7.38 (t, J =
7.31 Hz, 2H), 7.26 (d, J = 8.24 Hz, 2H), 7.08 (d, J = 8.25 Hz, 2H), 6.89 (s, 2H), 1.58
(s, 6H).

13C NMR (CD3COCD3): & 159.46, 153.30, 143.46, 141.50, 137.70, 137.18,
134.70, 130.64, 130.03, 129.98, 128.19, 126.53, 119.93, 118.90, 117.07, 15.08.

4.2.5.1.Synthesis of bis(perylenediimide) ruthenium(ll) complex (23)

Figure 4.17: Synthesis of 23.

A mixture of ruthenium perylenediimide 20 (0.08 g, 0.06 mmol) and K2CO3

(8.2 mg, 0.06 mmol) and (I1) dichloro complex (12) (0.02 g, 0.03 mmol) was stirred
under Ar at room temperature in DMF for 72. Next, the mixture was extracted with
H>O/CH,Cl,. Chromatography on silica gel (CH2Cl, — CH2Cl, /EtOH (50/1)
yielded dark purple solid (0.06 g, 60% yield). The structural analyses of 23 have been
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achieved by using mass spectrometry, FT-IR spectroscopy and *H NMR, *C NMR
spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for CigsHi176F12N10018P2RU?:
3350.6 Found: 3060 [M-2PFs]* and 3204 [M-PFs]".

FT-IR vmax (cm™): 3067, 2962 (C-H, t-butyl), 2906, 2869, 1705 (C=0, imide),
1671, 1585, 1501, 1466, 1405, 1363, 1339, 1281, 1206, 1173, 1110, 1014, 834, 761,
729.

IH-NMR (CDCls): 8 ppm 8.61 (s, 2H), 8.30-8.27 (m, 8H), 8.24 (s, 4H), 7.93-
7.91 (m, 4H), 7.86-7.83 (m, 4H), 7.59 (d, J = 6.0 Hz, 2H), 7.47-7.38 (m, 14 H), 7.25-
7.20 (m, 21H), 6.99 (d, J = 6.0 Hz, 2H), 6.86-6.82 (m, 16 H), 2.7 (septet, J = 6.5 Hz,
4H), 1.26 (s, 72 H), 1.11 (d, J = 6.5 Hz, 24H).

13C NMR (CDCls3): § 181.37, 180.87, 163.61, 163.56, 163.49, 162.62, 157.40,
156.40, 156.34, 156.12, 153.07, 152.88, 152.67, 152.57, 148.18, 147.59, 145.82,
137.83, 137.56, 137.48, 133.92, 133.41, 133.38, 131.51, 130.88, 129.70, 129.62,
129.19, 128.77, 128.08, 127.10, 126.88, 126.70, 126.65, 124.09, 123.87, 123.68,
123.59, 123.42, 123.00, 122.38, 122.27, 122.16, 122.09, 121.38, 120.73, 120.63,
120.55, 120.34, 120.30, 120.05, 119.63, 119.49, 119.46, 119.33, 119.28, 116.87,
110.36, 34.72, 34.58, 34.44, 33.40, 32.14, 31.84, 31.78, 31.65, 31.50, 29.92, 29.67,
29.58, 29.50, 29.46, 29.39, 29.30, 24.97, 24.24, 22.91.

4.2.5.2.Synthesis of bis(perylenediimide) iridium(l11) complex (24)

PFg

Figure 4.18: Synthesis of 24.
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A mixture of perylenediimide 20 (0.08 g, 0.07 mmol), iridium (I1) complex (14)
(0.03 g, 0.03 mmol) and K>CO3 (15 mg, 0.11 mmol) was stirred under Ar at room
temperature in DMF for 72. After extraction with H>O/CHCl2, chromatography on
silica gel (CH2Cl> — CH2Cl, /EtOH (50/1) yielded dark purple solid (0.05 g, 47%
yield). The structural analyses of 24 have been achieved by using mass spectrometry,
FT-IR spectroscopy and *H NMR, *C NMR spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for Ci9sH176FslrNgO1gP: 3292.7
Found: 3147 [M-PFe]".

FT-IR vmax (cm™): 2958, 2925, 2856, 1703 (C=0), 1668, 1609, 1584, 1552,
1499, 1413, 1364, 1341, 1364, 1288, 1212, 837, 738.

IH-NMR (CDCl3): & ppm 8.62 (s, 2H), 8.28 (s, 4H), 8.25 (s, 4H), 7.90 (d, J =
6.0 Hz, 2H), 7.82 (d, J = 8.0 Hz, 2H), 7.66 (t, J = 7.5 Hz, 4H), 7.61 (d, J = 7.5 Hz, 2H),
7.55 (d, J = 5.5 Hz, 2H), 7.41 (m, 12 H), 7.24 (m, 20H), 7.0 (t, J = 6.0 Hz, 2H), 6.96
(t, J = 7.5 Hz, 4H), 6.86 (m, 16H), 2.70 (S, J = 2.0 Hz, 4H), 1.27 (s, 72H), 1.11 (d, J =
1.5 Hz, 24H).

13C NMR (CDCls): § 167.86, 163.75, 163.65, 163.55, 156.34, 156.17, 153.07,
152.91, 151.88, 150.13, 149.41, 149.30, 148.11, 147.67, 147.61, 145.82, 144.03,
138.03, 133.95, 133.43, 133.38, 132.25, 132.21, 132.10, 131.46, 131.42, 130.92,
130.88, 130.77, 129.62, 126.91, 124.74, 124.22, 124.09, 123.74, 123.03, 122.68,
122.45, 122.14, 121.36, 120.75, 120.56, 120.36, 120.31, 120.08, 119.52, 119.44,
119.40, 109.52, 34.59, 31.65, 29.91, 29.29, 24.22.
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4.2.6. Synthesis of Ruthenium and Iridium BODIPY Metal
Complexes

4.2.6.1.Synthesis of BODIPY ruthenium(ll) complex (25)

A \N”RU/-‘N/ A
22 12 = [\ )=
N N
7N ¢ N 2PFg

25

Figure 4.19: Synthesis of 25.

A mixture of 22 (0.05 g, 0.097 mmol), 12 (0.05 g, 0.048 mmol) and K2CO3
(13.2 mg, 0.097 mmol) was heated to 50 T in MeCN under argon gas. The solvent was
removed using rotary evaporation after 36 h then column chromatography with silica
gel (CH2Cl, — CH2Cl> /EtOH (25/1) yielded 25 (0.08 g, 45% vyield). The structural
analyses of 25 have been achieved by using mass spectrometry, FT-IR spectroscopy
and *H NMR, 3C NMR spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for CogH72B2F16N1002P2RU?:
1912.3 Found: 1622 [M-2PF¢]" .

FT-IR vmax (cm™): 3706, 3059, 2965, 2920, 2850, 1706, 1615, 1583, 1576, 1539,
1488, 1464, 1446, 1408, 1370, 1311, 1300, 1284, 1229, 1202, 1178, 1163, 1112, 1081,
1056, 1016, 991, 958, 919, 875, 841, 821, 763, 732, 695.

'H-NMR (CD3COCD3): § ppm 8.83 (m, 6H), 8.31 (d, J = 6.14 Hz, 2H), 8.23
(t, J = 8.53 Hz, 2H), 8.19 (t, J = 8.51 Hz, 2H), 8.16 (d, J =5.29 Hz, 2H), 8.11 (d, J =
5.65 Hz, 2H), 7.76 (m, 10H), 7.68 (m, 14H), 7.60 (m, 2H), 7.58 (d, trans, J = 16.57
Hz, 4H), 7.49 (t, J = 7.46 Hz, 10H), 7.41 (t, J = 7.42 Hz, 2H), 7.23 (d, J = 6.06 Hz,
2H), 6.95 (s, 4H), 1.60 (s, 12H).
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13C NMR (CD3COCD3): & 174.74, 163.11, 158.74, 158.36, 155.07, 154.99,
153.83, 153.15, 153.01, 138. 80, 137.82, 137.55, 132.45, 130.32, 130.28, 130.13,
130.12, 130.05, 128.69, 128.27, 125.29, 124.89, 123.06, 122.79, 119.32, 110.86.,
15.26, 14.42.

4.2.6.2.Synthesis of BODIPY iridium(l11) complex (26)

22 14

Figure 4.20: Synthesis of 26.

A mixture of 14 (0.04 g, 0.048 mmol), 22 (0.05 g, 0.097 mmol) and K>COs3
(14.0 mg, 0.01 mmol) was heated to 50 C in MeCN under argon gas. The solvent was
removed using rotary evaporation after 36 h. Then, column chromatography on silica
gel (CH2Cl> /EtOH (200/1— CH2Cl2 /EtOH (50/1) yielded 26 (0.02 g, 20% yield).
The structural analyses of 26 have been achieved by using mass spectrometry, FT-IR
spectroscopy and *H NMR, *C NMR spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for C1ooH74B2F10lrNgO2P™: 1854.5
Found: 1709 [M-PFe]" .

FT-IR vmax (cm™): 3060, 2959, 2924, 2853, 1710, 1608, 1583, 1539, 1490, 1462,
1447, 1410, 1387, 1369, 1301, 1281, 1263, 1229, 1203, 1164, 1111, 1080, 1063, 1016,
992, 960, 918, 843, 761, 730, 696.

'H-NMR (CD3COCD3): 5 ppm 8.83 (s, 2H), 8.30 (d, J = 6.0 Hz, 2H), 8.24 (d,
J=7.10 Hz, 2H), 7.93 (m, 4H), 7.86 (d, J = 5.5 Hz, 2H), 7.75 (m, 8H), 7.69 (m, 12H),
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7,57 (d, J = 16.37, trans, 4H), 7.48 (t, J = 7.56 Hz, 8H), 7.40 (t, J = 7.33 Hz, 4H), 7.36
(d, J = 6.0 Hz, 2H), 7.06 (m, 4H), 6.93 (m, 6H), 6.42 (d, J = 7.50 Hz, 2H), 1.62 (s, 12).

13C NMR (CD3COCD3): § 168.95, 163.88, 154.89, 154.04, 153.82, 151.04,
150.35, 149.19, 145.32, 143.23, 139.51, 137.79, 137.57, 134.51, 134.18, 132.76,
132.44, 131.25, 130.26, 130.04, 128.27, 125.85, 125.15, 124.40, 123.37, 123.19,
122.79, 120.78, 120.70, 119.73, 119.32, 110.94, 15.31.

4.2.7. Synthesis of benzimidazole-fused perylene ruthenium(ll)
complex (27)

o 0 1 ;o 0: _
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Figure 4.21: Synthesis of 27.

A mixture of 11 (0.11 g, 0.096 mmol) and 19 (0.03 g, 0.048 mmol) was refluxed
in quinoline using presence of Zn(OAc). under argon gas for 24 h. After cooling, the
reaction was poured into 5 % HCI solution. The extraction of the resulting mixture was
done with CH2Cl», then chromatography on silica gel using CH2Cl; yielded 27 as
dark red solid (0.02 g, 15% vyield). The structural analyses of 27 have been achieved
by using mass spectrometry, FT-IR spectroscopy and H NMR, ¥C NMR
spectroscopy.

Mass spectrum: MALDI-TOF (m/z) Calc. for C1osHosF12N9O7P2RU%: 2021.97
Found: 1732 [M-2PFs]".

FT-IR vmax (cm™): 3055, 2964 (C-H, t-butyl), 2932, 2871, 1699 (C=0, imide),
1665, 1587, 1503, 1398, 1364, 1328, 1283, 1265, 1216, 1173, 884, 833, 735, 703.

'H-NMR (CDCl3): & ppm 9.03(m, 2H), 8.40 (m, 5H), 8.02 (s, 1H), 7.88 (d, J =
8.5 Hz, 1H), 7.77 (t, J = 8.0 Hz, 1H), 7.72 (m, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.49 (m,
1H), 7.42 (t, J = 8.0 Hz, 2H), 7.25-7.21 (m, 14H), 7.08 (d, J = 8.5 Hz, 2H), 6.88 (t, J
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= 10 Hz, 5H), 6.83 (d, J = 8.5 Hz, 4H), 2.70 (septet, J = 7.0 Hz, 2H), 1.26 (d, J = 4.0
Hz, 36 H), 1.11 (d, J = 7.0 Hz, 12H).

13C NMR (CDCls): 5 163.84, 156.11, 154.97, 154.57, 154.40, 154.78, 153.70,
153.60, 153.55, 153.36, 147.0, 146.83, 146.73, 145.91, 134.89, 133.86, 133.0, 131.23,
129.75, 129.43, 128.64, 128.54, 126.69, 126.67, 126.59, 126.47, 124.01, 123.23,
122.81, 121.95, 121.74, 120.98, 120.61, 120.56, 119.47, 119.33, 119.22, 119.07,
118.41, 114.95, 52.93, 45.71, 34.51, 32.15, 31.67, 29.9, 29.88, 29.58, 29.22, 24.22,
22.91, 14.33, 8.80, 8.36, 7.97.

4.3. Singlet Oxygen Measurements

Singlet oxygen quantum yields (®A) were calculated according to the
literature [78]. The relative quantum yields were calculated with reference to
Methylene Blue (MB) in DMSO as 0.52 [79]. Air saturated DMSO was obtained by
bubbling air for 30 minutes. The absorbance of DPBF was adjusted around 1.0-1.1 in
air saturated DMSO. Then, the sample was added to cuvette and sample’s absorbance
was adjusted around 0.1-0.2. After, taking some measurements in dark, we exposed
the cuvette to red LED (A= 632 nm, 2.5 mW /cm?) at the peak absorption wavelength
for a certain time for compounds. Absorbance was measured for several times after
each irradiation. Then, slope of absorbance maxima of DPBF at 414 nm versus time
graph for each sample was calculated. Singlet oxygen quantum yield was calculated
according to the equation:

DA (samp) = OA (ref) x [m (samp)/m(ref)]x[F(ref)/F(samp)] (4.2)

“m” is the slope of difference in change in absorbance of DPBF (414 nm) with

the irradiation time, “F” is the absorption correction factor, which is given by

F =1-10-°P (OD at the irradiation wavelength) (4.2)
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Figure 4.22: Set-up of the singlet oxygen measurement,
b) Uv cuvette during the red light treatment.

4.4. X-ray crystallography

Intensity data were recorded on a Bruker APEX Il QUAZAR diffractometer.
Absorption correction by multi-scan has been applied [80] and space groups were
determined using XPREP implemented in APEX2 [81]. Structures were determined
using the direct methods procedure in SHELXS-97 and refined by full-matrix least
squares on F2 using SHELXL-97 [82]. All non-hydrogen atoms were refined with
anisotropic displacement factors and C-H hydrogen atoms were placed in calculated
positions and allowed to ride on the parent atom. The final geometrical calculations
and the molecular drawings were carried out with PLATON [83], MERCURY [84]
and DIAMOND (Version 3.1) [85] programs.
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Figure 4.23: X-ray instrument.

4.5. Invitro PDT Studies

45.1. Cell lines and cell culture

In this study, human chronic myeloid leukemia, K562 cell line and cervical
cancer cell line (HeLa )were used for photodynamic therapy studies (Figure 4.24).
Cells were maintained in RPMI 1640 medium (Biochrom AG, Germany) in the
presence of 10% FBS (v/v; Biochrom AG, Germany) and 1% gentamycin (v/v;
Biological Industries, Israel) at 37°C and 5% CO..
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Figure 4.24: Set up of in vitro PDT studies.

4.5.2. Cell viability assay

In the first part of the study, we studied with bis(perylenediimide) ruthenium(l1)
complex (23). Cell viabilities were analysed by 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) assay. 30x103cells were seeded into two different
96-well plates and incubated for 24h. Next, cells were treated DMSO to check the
solvent effect and increasing concentration of Ru-BP (0.3125-20 uM). One of the
plates was incubated in dark while the other was incubated under red LED for 5 hours.
Then, 10 ul of MTT solution (5mg/mL) was added onto cells and incubated for 4h.
Finally, cells were disrupted with SDS-HCI solution (1g SDS in 0.01M HCI in 10 mL
final volume) overnight and the microplates were read by microplate
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spectrophotometer (Multiskan GO, Thermo Fisher Scientific, USA) at a wavelength
of 570 nm. Optical densities were converted to % viability by using untreated cells as
100% and all the treatments were correlated to untreated group. Data were analysed
by GraphPad Prism 7.0 software (GraphPadInc, USA). The results were considered
significant at the level of 0.05.

In the second part of the study we studied with BODIPY ruthenium(1l) complex
(25) and BODIPY iridium(111) complex (26). Cell viabilities were determined by MTT
assay. For HeLa cells, 30 x 102 cells were seeded into two different 96-well plates and
incubated for 48 h. Then, cell were washed with PBS twice and treated with DMSO,
23, and increasing concentrations (1.5-25.0 uM) of 25 and 26 for 5h in the dark or
under red light. Appropriate medium controls were added to the experiments. For
K562 cells, cells were pelleted and pellets were washed with PBS twice. Then, cells
were counted in PBS and 50 x 10° cells were pelleted and resuspended in the medium
containing related treatment of DMSO, 22 and increasing concentrations (1.5-25.0
uM) of 25 and 26. Next, cells were seeded into two different 96-well plate and
incubated in the dark or under red light for 5h. After 5h, 10.0 uL of MTT solution (5
mg/mL) was added onto cells and incubated for 4h. Cells were disrupted with SDS-
HCI solution (1.0 g SDS in 0.01 M HCI in 10.0 mL final volume) overnight and the
microplates were read using a microplate spectrophotometer (Multiskan GO, Thermo
Fisher Scientific, USA) at 570 nm. Optical densities were converted to % viability by
considering untreated cells to have 100% viability and all the treatments were
correlated with the untreated group.

4.5.3. Trypan Blue staining

To further demonstrate the cell death, 480x10% cells were treated into two
different 6-well plates. One of the plates was incubated in dark while the other was
treated red light for 5 h. Next, cells were incubated with Trypan Blue (10%) for 5 min

and washed by PBS twice. Next, cells were imaged under a light microscope.
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4.5.4, Statistical analysis

All biological experiments were performed as three replica each of which
including four technical replica. Data were analyzed by Two-way ANOVA by
GraphPad Prism 8.0 software (GraphPadIinc, USA). The results were considered
significant at the level of 0.05.
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5. RESULTS AND DISCUSSION

Among the thesis study, syntheses of perylene (23, 24 and 27) and BODIPY (25,
26) bearing ruthenium and iridium metal complexes have been accomplished. The
chemical characterizations of the compounds have been performed by mass
spectrometry, FT-IR and NMR spectroscopies. The photophysical studies of all the
compounds have been carried out by UV-Vis absorption and fluorescence emission
spectroscopies. In vitro PDT studies of the metal complexes (23, 25 and 26) have been

completed using human cancer cell lines like, K562 or HeLa.

5.1. Synthesis and Characterization

5.1.1. Synthesis and characterization of phenanthrolines

5.1.1.1.Synthesis and characterization of 5-nitro-1,10-phenanthroline
(2).

In the first step, syntheses of phenanthroline starting compounds were carried
out. In order to synthesize 5-nitro-1,10-phenanthroline (2), we used commercially
available 1,10-phenanthroline in the presence of H.SO4/HNO3 mixture [68]. Nitration
reaction at 100 °C yielded the compound 2 (Figure 5.1).

N NO,

N

Figure 5.1: Molecular structure of 2.

In the mass spectrum of the compound 2, molecular ion peak was observed at
225.16 that represent [M] * (Figure 5.2). Also, in the FT-IR spectrum, NO; stretches
at 1505, 1517 and 1353 cm™* supports the structure of 2 (Figure 5.3).
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Figure 5.2: Mass spectrum of 2.
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Figure 5.3: FT-IR spectrum of 2.
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5.1.1.2.Synthesis and characterization of 5-nitro-6-amino-1,10-
phenanthroline (3).

The synthesis of 5-nitro-6-amino-1,10-phenanthroline (3) performed with
compound 2 and hydroxylamine hydrochloride in EtOH (Figure 5.4) [68].

| AN
N__-A_ _NH,
N NO,
| =
3

Figure 5.4: Molecular structure of 3.

In the mass spectrum, molecular ion peak at 240.94 belongs to [M] * supports
the structure of 3 (Figure 5.5). In the FT-IR spectrum of 3, N-H stretch of the amino
group comes at 3266 cm (Figure 5.6).
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Figure 5.5: Mass spectrum of 3.
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Figure 5.6: The FT-IR spectrum of 3.

5.1.1.3.Synthesis and characterization of 1,10-Phenanthroline-5,6-

diamine (4)

1,10-Phenanthroline-5,6-diamine (4) was synthesized according to the literature
method [68]. Nitration of 3 was carried out in the presence of hydrazine hydrate and
Pd catalyst in EtOH (Figure 5.7).

| ~
N__~~_ _NH,
N NH,
| =
4

Figure 5.7: Molecular structure of 4.

The mass spectrum of the compound supports the molecular ion peak that comes
at 210.16 (Figure 5.8). Also, in Figure 5.9, N-H stretch of the two amino groups can

be shown easily at around 3300 cm™.
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5.1.1.4.Synthesis and characterization of 1,2-Bis-[(2,2-dimethyl-4,6-
dioxo-1,3-dioxan-5-ylidenemethyl)amino]benzene (7).

For the synthesis of 1,2-Bis-[(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-

ylidenemethyl)amino]benzene (7) we applied literature method [69].

0 Vi NH HN A\ 0
0 0 0 0o
) 0o

Y

Figure 5.10: Molecular structure of 7.

In the mass spectrum of 7, the molecular ion peak that appears at 438.24
represents [M+Na]" (Figure 5.11). Also in the FT-IR spectrum of compound show the
necessary peaks, as ester C=0 at 1725 cm* (Figure 5.12).
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Figure 5.11: Mass spectrum of compound 7.
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Figure 5.12: The FT-IR spectrum of compound 7.

5.1.1.5.Synthesis of 4,7-dione 1,10-phenanthroline (8)

The synthesis of 4,7-dione 1,10-phenanthroline (8) was carried out in the diphenyl ether
over 30 minutes [70].

Figure 5.13: Molecular structure of 8.
The mass spectrum of the compound 8 demonstrates the molecular ion peak at

210.77 (M-2H]" (Figure 5.14). In Figure 5.15, the C=0 stretch of the -dione can be
seen at 1726 cm™. Other necessary peak belongs to the N-H that comes at 3226 cm™.
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Figure 5.14: Mass spectrum of 8.
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Figure 5.15: FT-IR spectrum of 8.
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5.1.1.6.Synthesis of 4,7-Dichloro 1,10-Phenanthroline (9)

4,7-Dichloro 1,10-Phenanthroline (9) was synthesized according to the literature
[70].

Figure 5.16: Molecular structure of 9.

According to the mass spectrometry analysis of 9, molecular ion peak [M]* can
be seen at 249.1 in Figure 5.17 below. In addition, FT-IR spectrum of the compound
supports the molecular structure (Figure 5.18). All corresponding bond stretches are

consisted with the compound 9.
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Figure 5.17: Mass spectrum of 9.
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Figure 5.18: FT-IR spectrum of 9.
5.1.2. Synthesis and Characterization of Ruthenium(l1) Complexes

5.1.2.1.Synthesis and Characterizations of bis(2,2'-
bipyridine)dichlororuthenium(ll) (10)

For the synthesis of bis(2,2'-bipyridine)dichlororuthenium(ll) (10) a literature
method was applied [71].

10

Figure 5.19: Molecular structure of 10.
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In the Figure 5.20, the molecular ion peak at 484.77, and other related peaks that

represent chlorine splits from the molecule can be easily noticed. Moreover, FT-IR

spectrum of 10 confirms the molecular structure (Figure 5.21).
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Figure 5.21: The FT-IR spectrum of compound 10.
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5.1.2.2.Synthesis and  Characterizations of  5,6-diamino
phenanthroline Ruthenium(Il) complex (11)

Synthesis of novel diamino-phenanthroline ruthenium complex (11) was
developed by our group. The reaction was performed in EtOH, and ammonium

hexafluorophosphate salt of the final complex was obtained.

"]
A SN S
S N\R\’U/N = NH,
T
| Pz
A f\ | 2PFy
1

Figure 5.22: Molecular structure of 11.

According to the mass spectrum of 11, 623.18 represents molecular ion peak
with PFe” splits from the molecule [M-2PFs]* (Figure 5.23). In the FT-IR spectrum of
the compound 11, all peaks are consisted with expected stretches. Also, at 835 cm™?,

peaks of PFe counter ion of the complex are clear (Figure 5.24).
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Figure 5.23: Mass spectrum of compound 11.
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Figure 5.24: FT-IR spectrum of compound 11.
5.1.2.3.Synthesis and Characterizations of 4,7-

dichlorophenanthroline ruthenium(ll) complex (12)

The synthesis of novel ruthenium complex (12) that bearing 4,7-

dichlorophenanthroline substitution was performed in EtOH/H>O solvent mixture.

"]
2 SN B cl
s
S SR
SN Z ¢l
$ 2PFg
12

Figure 5.25: Molecular structure of 12.

The resulting complex was analysed by mass and FT-IR spectrometry. In the
mass spectrum of complex 12, molecular ion peaks at m/z 662.07 and 629.42
represents [M-2PFs]*and [M-2PFe-CI]", respectively (Figure 5.26). Also, FT-IR
spectrum of the complex confirms the molecular structure (Figure 5.27).
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Figure 5.27: FT-IR spectrum of 12.

This product was used in the next reactions without any detailed purification. By
crystallization we could solve its single X-ray crystallographic data (Table 5.1). Both
the crystal structure and the synthesis of 12 were reported for the first time by our
group. Moreover, crystal structure of compound 12 with the atom-numbering
representation is demonstrated in the Figure 5.28. According to the analysis, the central
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metal has the distorted octahedral geometry and the Ru-N bond has an average distance
as 2.065 A. Phenanthroline core of the complex is planar. There is a distortion on
phenylene ring (N3-N4-bipyridyl ring) that belongs one of the two bipyridyl parts. The
bond lengths of the C-Cl atoms is 1702 and 1720 A. Ruthenium(11) complex (12) has
a hexafluorophosphate counter anion therefore it has two hexagonal PFg salt crystals

in its structure (Figure 5.28).

C25-% s C24

C26 &’ = C23

Figure 5.28: Crystal structure of compound 12 with the atom-numbering scheme.
Displacement ellipsoids are drawn at the 30% probability level. The hydrogen atoms
have been omitted for clarity.
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Table 5.1: X-ray crystallographic data and refinement parameters for

compound 12.

Empirical formula C32H22Cl2F12NgP2RuU
Formula weight 952.46
Temperature (K) 295
Crystal system Monoclinic
Space group P21/n
a(A) 11.1241 (12)
b (A) 20.936 (2)
¢ (A) 14.7692 (19)
B (° 94.332 (6)
Volume (A3) 3429.8 (7)
Z 4
Density (calc, Mg/m?3) 1.845
Absorption coeff. (mm) 0.81
F(000) 1888
Omax (°) 28.4
Reflections collected 33225
Independent reflections 8560
Rint (Mmerging R value) 0.085
Parameters 496

R (F>20F?) 0.058
WR (all data) 0.162
Goodness-of-fit on F2 1.02

5.1.3. Synthesis and
phenanthroline iridium(l11) complex (14)

Characterization of 4,7-dichloro-

The synthesis of 4,7-dichloro-phenanthroline iridium(I1l) complex (14) was

obtained.

performed in ethylene glycol. Once again, the PFg salt of the iridium complex was
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Figure 5.29: Molecular structure of 14.

In Figure 5.30, mass spectrum of complex 14 demonstrates the molecular ion
peak at 749.51 which belongs to 749 [M-PFs]". In addition, FT-IR spectrum of the
molecule confirms the structure (Figure 5.31).
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Figure 5.30: Mass spectrum of 14.
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Figure 5.31: FT-IR spectrum of 14.

5.1.4. Synthesis and Characterization of Perylenes

5.1.4.1.Synthesis of 1,6,7,12-tetrabromo-3,4:9,10-dianhydride (16)

1,6,7,12-Tetrabromo-3,4:9,10-dianhydride (16) was synthesized by following a
literature method [73].

Br Br
MO
) Q.O y
(0] (o]

Br Br

16

Figure 5.32: Molecular structure of 16.

Since 16 is insoluble in organic solvents, there is only FT-IR spectrum of the

reaction mixture that contains tetrabromo-, tribromo- and dibromo-substituted
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perylene dianhydride derivatives (Figure 5.33). Without any advanced purification
techniques crude product was used for next steps.
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Figure 5.33: FT-IR spectrum of compound 16.

5.1.4.2.Synthesis and characterization of 1,6,7,12-tetrabromo-N,N’-
(2,6-diisopropylphenyl)-perylene-3,4,9,10-bis(dicarboximide) (17)

1,6,7,12-Tetrabromo-N,N’-(2,6-diisopropylphenyl)-perylene-3,4,9,10-
bis(dicarboximide) (17) was synthesized according to the literature method [74].

Br Br
O.O
PO
0O @]

Br Br
17

Figure 5.34: Molecular structure of 17.

There are only mass spectrum and FT-IR spectrum of compound, due to the fact

that the reaction mixture contains tetrabromo-, dibromo- and tribromo substituted
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diimides beside the target compound. Without purification of the mixture, next step
was followed. In the mass spectrum of the compound 17, side products are easily
noticed (Figure 5.35). In the FT-IR spectrum, the C=0 bond peaks are distinctive
(Figure 5.36).
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Figure 5.35: Mass spectrum of 17.
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Figure 5.36: The FT-IR spectrum of 17.
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5.1.4.3.Synthesis and characterization of 1,6,7,12-tetra(4-tert-butyl-
phenoxy)-N,N’-bis-(2,6-diisopropylphenyl)-perylene-3,4:9,10-
bis(dicarboximide) (18)

1,6,7,12-Tetra(4-tert-butyl-phenoxy)-N,N’-bis-(2,6-diisopropylphenyl)-
perylene-3,4:9,10-bis(dicarboximide) (18) was synthesized applying a literature
method [75]. Full analyses of this compound were done carefully. Although the
structure of the compound 18 was reported in some papers before, the crystal structure

of the compound is published firstly by our group [86].

18

Figure 5.37: Molecular structure of 18.

In Figure 5.38, the mass spectrum confirms the purity of the compound and the
molecular ion peak 1303.29 represents [M+H]*. Also in the FT-IR spectrum, all
necessary peaks are consistent with the structure (Figure 5.39). The specific C=0
imide peaks are shown at 1706 cm™.
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Figure 5.39: The FT-IR spectrum of compound 18.

'H NMR spectrum of compound 18 is given in Figure 5.40. Aromatic peaks
appear between 8.50-6.70 ppm. Tertiary H of i-propyl groups of imide parts give a
septet at 2.73 ppm. Methyl protons of the t-butyl groups appear at 1.28 while methyl
protons of i-propyls come at 1.13 ppm. Also in the 3C NMR spectrum of 18, aromatic
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carbons resonate between 163 and 119 ppm as expected (Figure 5.41). Ali
carbons appear between 34-24 ppm in the high field of the spectrum.
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Figure 5.40: The *H NMR spectrum of compound 18.
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Figure 5.41: The 3C NMR spectrum of compound 18.

As mentioned before, single X-ray crystal structure of 18 was characterized and
published by our group for the first time ( Figure 5.42). In the Table 5.2, refinement
parameters are given in detail. The tert-butylphenoxy parts are oriented almost vertical
to the naphthyl- part of perylene unit. Due to symmetry four tert-butylphenoxy units
possess the same order according to naphtyl part. The value of the dihedral angle
between the planes of two tert-butylphenoxy cores attached to same naphthyl unit is
54.48°. In the crystal of 18 there are only Van der Waals and edge-to-face interactions
between the molecules (Table 5.3). Because the twisting of perylene skeleton its 7—

system was destroyed but the naphthyl moieties are planar.
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Figure 5.42: Crystal structure of compound 18. Displacement ellipsoids are

drawn at the 30% probability level.

Table 5.2: X-ray crystallographic data and refinement parameters for

compound 18.

Empirical formula CssHooN20s
Formula weight 1303.61 g/mol
Temperature (K) 173(2) K
Crystal system Orthorhombic
Space group Fddd

a (A) 24.160(5)

b (A) 25.471(5)
c(A) 26.711(6)
Volume (A3) 16437.(6) A®
Z 8
Density (calc, Mg/m3) 1.054 g/cm?®
Absorption coeff. (mm) 0.067 mm*
F(000) 5568
Bmax (°) 25.0
Reflections collected 26289
Independent reflections 3614
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Table 5.2: Continued.

Rint (Mmerging R value) 0.0940
Parameters 229

R (F>26F?) 0.0694
WR (all data) 0.2036
Goodness-of-fit on F? 1.056

Table 5.3: Short ring-interactions for 18. d is the distance between ring
centroids Cgl and CgJ, a is the dihedral angle between planes I and J.

Planes land J | d, A a,’ B,° Symmetry code for
Cgl---Cg2 5.06 87.8 23.0 1/2%332%1/2-2
Cgl---Cg2 5.06 87.8 23 12-x,-1/4+y,1/4+7
Cg3---Cg2 5.112 84.9 25.5 1/2-x,2-y,1/2-2
Cg4---Cg2 5.112 84.9 25.5 12-x,-1/4+y, 1/4+7
Cgl:N1C1C2CT7C2#C1#; Cg2:C15C16C17C18C23C24;
Cg3:C3C4C5C6C7; Cg4a:. C6CTC2#HC3H#HCAH#COH#

5.1.4.4.Synthesis and characterization of 1,6,7,12-tetra(4-tert-butyl-
phenoxy) carboximide carboxyanhydride (19)

Synthesis of 1,6,7,12-tetra(4-tert-butyl-phenoxy) carboximide
carboxyanhydride (19) was achieved by a standard method [76].
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Figure 5.43: Molecular structure of 19.

The mass spectrum of the compound 19 is given in the Figure 5.44. The
molecular ion peak at 1145.19 represents [M+H]*. Moreover, in the FT-IR spectrum
of the compound, we can see the necessary peaks of the structure in detail. Especially
C=0 peak observed at 1771 cm™ supports the anhydride existence in the molecule
(Figure 5.45).
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Figure 5.44: Mass spectrum of 19.
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Figure 5.45: FT-IR spectrum of 19.

In the *H NMR of the spectrum, aromatic protons of the compound 19 appear
between 8.27-7.25 ppm (Figure 5.46). As noted in the illustration, the specific tertiary
protons of the two isopropyl group come at 2.6 ppm as septet. The peaks of t-butyl and
i-propyl methyl protons are given at 1.3 and 1.1 ppm, respectively. **C NMR spectrum
of compound 19 is shown in Figure 5.47. The sp? carbons of the structure resonate
between 163-115 ppm. Also aliphatic carbons appear between 34-14 ppm in the

spectrum.
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Figure 5.47: The 3C NMR spectrum of compound 19.
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5.1.4.5.Synthesis and characterization of perylenediimide (20)

Synthesis of perylenebisimide (20) was performed in propionic acid over 24 h.
The novel perylenebisimide derivative 20 was fully characterized by mass, FT-IR and
NMR spectrometry, respectively.
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Figure 5.48: Molecular structure of 20.

In the mass spectrum of compound 20, molecular ion peak is seen at 1235.50
that belongs to [M]* (Figure 5.49). Additionally, in Figure 5.50, FT-IR spectrum of the
compound confirms the molecular structure of 20. Specifically, O-H signal comes at
3406 cm™ and C=0 imide signal comes at 1705 cm™ supports the molecular structure

clearly.
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Figure 5.49: Mass spectrum of 20.
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Figure 5.50: FT-IR spectrum of 20.

'H NMR and *C NMR spectra of 20 are depicted in Figure 5.51 and 4.52. Aromatic
protons of the molecule come between 8.3-6.8 ppm (Figure 5.51). The specific
perylene protons (6-9) appear at 8.2 ppm as two singlets. Also, the O-H proton of

the diimide side comes at 5.1 ppm as singlet. The distinctive isopropyl protons
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(29,30) appear at 2.7 ppm as septet. The methyl protons are showed at 1.2 and 1.1
ppm in the spectrum. In the 3C NMR spectrum of the compound, aromatic carbons

resonate between 164-116 ppm (Figure 5.52). The methyl carbons and other

aliphatic carbons appear between 34-24 ppm.
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Figure 5.51: *H-NMR spectrum of 20.
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Figure 5.52: 3C-NMR spectrum of 20.

5.1.5. Synthesis and Characterization of 3,5-distryl BODIPY (22)

The synthesis of 3,5-distryl BODIPY (22) was performed in benzene medium.
The structural analyses were done by mass, FT-IR and NMR spectrometry. Both the
structure and single X-ray analyses of this compound is firstly reported by our group
[87].

Figure 5.53: Molecular structure of 22,
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According to the mass spectrum, 516.19 belongs to the molecular ion peak of 22

(Figure 5.54). Additionally, in Figure 5.55 FT-IR of the 22 is given. The sharp stretch

of the O-H is shown at 3463 cm™* besides other peaks are consistent with the molecular

structure.
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Figure 5.54: Mass spectrum of 22.
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Figure 5.55: FT-IR Spectrum of 22.
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The *H and 3C NMR spectra of the compound 22 are shown in Figure 5.56 and
4.57. In the *H NMR spectrum of the molecule, aromatic protons resonate between
7.8-6.9 ppm. Specifically, the olefinic trans protons of the distryl units appear at 7.75
and 7.53 ppm as doublets. Moreover, in the 3C NMR spectrum, aromatic sp? carbons

resonate between 159-117 ppm. Aliphatic carbon of the methylene groups come at 15
ppm (Figure 5.57).
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Figure 5.56: *H-NMR spectrum of 22.
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Figure 5.57: 33C-NMR spectrum of 22.

The crystal structure of compound 22 is shown in Figure 5.58 and the
crystallographic data are demonstrated in Table 5.4.

Compound 22 is a new BODIPY compound that including two distryl moiety
bonds to C1 and C9 of the BODIPY with a trans-configuration. The main body of the
structure is almost planar with a six-membered rings and two five-membered. The

angle between the planes of BODIPY and phenol ring is 79.33°.
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Figure 5.58: Crystal structure of compound 22 with the atom-numbering
scheme. Displacement ellipsoids are drawn at the 30% probability level.
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Table 5.4: X-ray crystallographic data and refinement parameters for

compound 22.

Empirical formula Cs3H27BF2N20
Formula weight 516.73
Temperature (K) 173
Crystal system Monoclinic
Space group C2lc
a(A) 26.758 (9)
b (A) 9.137 (2)
c(A) 22.861 (6)
B (°) 109.102 (18)
Volume (A3) 5281 (3)
Z 8
Density (calc, Mg/m?3) 1.299
Absorption coeff. (mm) 0.09
F(000) 2160
Omax (°) 25.0
Reflections collected 15349
Independent reflections 4646
Rint (Mmerging R value) 0.085
Parameters 357

R (F>26F?) 0.067
wR (all data) 0.182
Goodness-of-fit on F2 1.04
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5.1.6. Synthesis and Characterization of Ruthenium and Iridium
Bis(perylenediimide) Metal Complexes

5.1.6.1.Synthesis and characterization of bis(perylenediimide)
ruthenium(ll) complex (23)

For the synthesis of bis(perylenediimide) ruthenium(ll) complex (23) was
performed using a new ruthenium(ll) dichloro complex and a new perylenediimide
derivative. Nucleophilic substitution reaction in DMF gave the novel product 23 in
good yields. Compound 23 is the first example of 4,7-phenanthroline substituted
ruthenium complex and also it contains two perylenediimide moiety at the same time

in a complex [88]. Full characterization of 23 was analysed successfully.

Figure 5.59: Molecular structure of 23.

According to the mass spectrum of the compound, the molecular ion peak at
3060.35 representing [M-2PF¢]" is clearly seen in Figure 5.60. Also, in the FT-IR
spectrum of the complex, all the necessary aliphatic and aromatic peaks are depicted
(Figure 5.61). The disappearance of the O-H stretch and the C=0 bond stretch at 1705

cm confirm the molecular structure.
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Figure 5.61: The FT-IR spectrum of compound 23.

The NMR analyses of complex were demonstrated in Figure 5.62 and 4.63. In
the 'H NMR spectrum of the compound, all the specific protons are numbered and

depicted in the Figure 5.62. Aromatic protons of phenanthroline (9) come at lowest
89




field while protons of phenoxy sides (17,18) appear at the highest field of the spectrum.
Aliphatic protons of the i-propyl groups resonate at 2.7 ppm as septet. Also the methyl
protons of the compound come between 1.26-1.11 ppm. In addition, *3C NMR of the
spectrum confirms the structure. Aromatic carbons appear between 181-110 ppm

while the rest of the carbons resonate between 34-24 ppm (Figure 5.63).
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Figure 5.62: *H NMR spectrum of 23.
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Figure 5.63: 3C NMR spectrum of 23.

5.1.6.2.Synthesis and characterization of bis(perylenediimide)

iridium(I11) complex (24)

The synthesis of bis(perylenediimide) iridium(l11) complex (24) was done by

following the same method as synthesis of 23. This is also a novel iridium complex

bearing two perylene moieties in its core.
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Figure 5.64: Molecular structure of 24.

The mass spectrum of the compound, clearly supports the molecular ion peak at
3148.77 that belongs to 3147 [M-PFes+H]" (Figure 5.65). Also, in the FT-IR spectrum
all necessary stretches are given in Figure 5.66. Especially the aliphatic peaks and C=0

stretch supports the molecular structure as well.
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Figure 5.65: Mass spectrum of compound 24.
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Figure 5.66: The FT-IR spectrum of compound 24.

The H and *C NMR spectra of 24 are given in Figure 5.67 and 4.68. In the *H
NMR spectrum of the compound, all the necessary protons are numbered and
illustrated in the Figure 5.67. Aromatic protons of phenanthroline core come at lowest
field. Other aromatic protons of the complex come between 8.25-6.75 ppm. Aliphatic
protons of the i-propyl groups resonate at 2.7 ppm as septet whereas the methyl protons
of the compound come between 1.27-1.11 ppm. Moreover, 3C NMR of the spectrum
supports the molecular structure. Aromatic carbons appear between 168-110 ppm

while the aliphatic carbons resonate between 35-24 ppm (Figure 5.68).
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Figure 5.68: 3C NMR spectrum of 24.
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5.1.7. Synthesis and Characterization of Ruthenium and Iridium
BODIPY Metal Complexes

5.1.7.1.Synthesis and characterization of BODIPY ruthenium(ll)
complex (25)

For the synthesis of the novel BODIPY ruthenium(ll) complex (25) the
nucleophilic substitution reaction was performed in the presence of K.CO3 in

acetonitrile medium.

Figure 5.69: Molecular structure of 25.

According to the mass spectrum given in Figure 5.70, 1622 belongs to the
molecular ion peak of 1622.35 [M-2PFs]". Additionally, in the FT-IR spectrum of the
compound 25, all necessary aliphatic and other peaks are depicted in detail (Figure
5.71).
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Figure 5.71: FT-IR Spectrum of 25.

'H and C NMR spectra of complex 25 are given in Figure 5.72 and 5.73,
respectively. In the *H NMR spectrum of the compound, the aromatic protons appear
between 8.3-6.9 ppm in the low field region (Figure 5.72). The specific protons of
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phenanthroline core come at 8.8 ppm. Aromatic protons of BODIPY core come at 6.9
ppm as singlet. In the *C NMR spectrum of 25 aromatic carbons resonate between
174-110 ppm. Also, the methyl carbons of the BODIPY core are shown at 15.2 and
14.4 ppm (Figure 5.73).
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Figure 5.72: *H-NMR spectrum of 25.
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Figure 5.73: 33C-NMR spectrum of 25.

5.1.7.2.Synthesis and characterization of BODIPY idirium(lII)
complex (26)

The synthesis of BODIPY iridium(lll) complex (26) was performed by

following the same procedure of synthesis of complex 25.
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Figure 5.74: Molecular structure of 26.

In the mass spectrum given in Figure 5.75, the molecular ion peak 1709.14
represents [M-PFs]". In addition to mass spectrum, in the FT-IR spectrum of 26, all

necessary peaks support the molecular structure (Figure 5.76).
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Figure 5.75: Mass spectrum of 26.
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Figure 5.76: FT-IR Spectrum of 26.

The NMR spectra of complex 26 are given in Figure 5.77 and 4.58, respectively.
The aromatic protons appear between 8.8-6.4 ppm in the *H NMR spectrum of the
compound (Figure 5.77). Aromatic protons of phenanthroline core appear at the lowest
field of the spectrum (8.83-8.24 ppm). Also, the methyl carbons of the BODIPY core
are given at 1.62 ppm as singlet (Figure 5.77). In the 3C NMR spectrum of 26 aromatic
carbons resonate between 168-110 ppm and the methyl carbons of the BODIPY core
are shown at 15.3 ppm (Figure 5.78).
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Figure 5.78: 3C-NMR spectrum of 26.
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5.1.8. Synthesis and characterization of benzimidazole-fused
perylene ruthenium(ll) complex (27)

The synthesis of benzimidazole-fused perylene ruthenium(1l) complex (27) was
performed in quinoline under argon atmosphere. The novel compound was

characterized by mass, FT-IR and NMR spectrometry.

27

Figure 5.79: Molecular structure of 27.

According to the mass spectrum given in Figure 5.80, the molecular ion peak of
the compound is seen at 1732.99 [M-2PFs]". Other main peak, 1749, could be resulted
from a fluorine atom addition to the molecule in the spectrum ([M-2PF¢+F-2H]"). In
the FT-IR spectrum of the complex 27, all peaks are relevant and consistent with the
structure (Figure 5.81). The disappearance of the anhydride C=0 stretch at around
1770 cm™ and the lack of NH- peak support the imidazole formation of the molecule

clearly.
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Figure 5.80: Mass spectrum of compound 27.
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Figure 5.81: FT-IR spectrum of compound 27.

In the *H NMR of the spectrum aromatic peaks appear between 9.03-6.83 ppm
(Figure 5.82). The specific protons are labelled in the spectrum, respectively. In Figure
5.83, 13C NMR spectrum confirms all necessary carbon peaks of 27. Aromatic carbons

resonate between 163-114 ppm while aliphatic ones resonate between 52 and 7 ppm.

103



=
-9
e
2
o
£
o
Ll
Z
=
b
= &
S - '
Al [Tn
Z2 zY 3 n
PRV 3
7~z )~ 3
avra
A =
-
z o
5 Z
= =2
o ]
- —
[ £
E] E
o) =
o
NN
s
e
- o]
- oM -~
1ER o
& 18 -
R~
Ngo
5

#HTEL
*6079€

F LOC

0.5

4.0 3.5 3.0 2.5 2.0 1.5 1.0

4.5

ppm)

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 p

9.5

'H NMR spectrum of 27.

Figure 5.82

Y8'E9T_

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

160

f1 (ppm)

13C NMR spectrum of 27.

.83:

5

Figure

104



5.2. Photophysical Studies

5.2.1. Photophysical Studies of bis(perylenediimide) ruthenium(ll)
(23) and iridium (111) complex (24)

NN

=N N= = =
NS/ N\ 4 PRy

24

23

Figure 5.84: Molecular structures of 23 and 24.

Spectral characterization of 23 and 24 was performed with excitation, absorption
and emission spectra at room temperature in dimethylsulphoxide (DMSO). The
fluorescence emission, excitation and UV-vis absorption spectra of 23 and 24 are
demonstrated in Figure 5.85. The emission behaviour of the compounds were
investigated in (Table 5.5). In table 5.5, absorption maxima with molar extinction
coefficients are shown. The spectra of 23 and 24 possess a equivalent profile bearing
almost same maxima characteristics as expected. Ruthenium complex 23 have four
maxima at 260, 285, 450 and 580 nm while iridium complex 24 bear three maxima
observed at 265, 448 and 581 nm. Specific n- ©* transition of PDI and MLCT
transitions that has an expected overlap came between 440 and 590 nm. Also, the
ground state absorption spectra of 23 and 24 were also studied at different
concentrations (Figure 5.86). The emission behaviour of 23 and 24 were almost same,
and the emission maxima were found at 615 and 616 nm. The excitation spectra were
similar with related absorption spectra for both of the compounds. The absorption and
excitation spectra were mirror image of the fluorescence emission spectra. The Stoke’s
shift was as 33 nm for 23 and 35 nm for 24 and. The fluorescence lifetimes (t¢) of 23

and 24 was recorded in DMSO using the time correlated single photon counting
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(TCSPC) technique in DMSO. The lifetimes were measured as 1.04, 5.65 ns for 23
and 2.81 ns for 24. The absorption and emission characteristics of 23 and 24 are

appropriate for application in vivo and deeper penetration in tissue [89], [90].
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Figure 5.85: UV-vis, fluorescence emission and excitation spectra of 23 and 24
in DMSO (2.0 uM).
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Table 5.5: Photophysical properties of 23 and 24 2.

Compound Lab, nm (Log &) Aem, NM TF (nS)°
23 264 (8.12), 290 (8.16), | 615 1.04 (23.6 %) 5.65
451 (8.35), 582 (8.46) (76.4 %)
(CHISQ =
0.9366626)
24 265 (8.12), 448 (8.35), | 616 2.81

581 (8.46)

(CHISQ=2.167815
)

aDimethylsulphoxide PMolar extinction coefficients ¢ Lifetime
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Figure 5.86: UV-vis spectra of 23 and 24 in DMSO at different concentrations
between 2x10° M and 10° M.
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5.2.2. Photophysical Studies of BODIPY ruthenium(ll) (25) and
iridium(111) complex (26)

Figure 5.87: Molecular structures of 25 and 26.

Photophysical study of 25 and 26 were performed with absorption, emission and
excitation spectra in DMSO at room temperature. The UV-vis absorption and
fluorescence emission spectra of both novel molecules are shown in Figure 5.88. The
characteristic absorption bands of 25 and 26 were detected at 629 nm, that belongs to
the So-S1 transition [91]. The complexes also exhibited two main bands at 350, 575
nm. The fluorescence emission spectra of the molecules recorded in DMSO at room
temperature and the outcome are shown in Table 5.6. The emission analyses of 25 and
26 shown a similar profile having a maximum at 642 nm. Additionally, the excitation
spectra of compounds were recorded in DMSO. For both of the compounds,
excitation/absorption spectra and fluorescence emission spectra are mirror images
(Figure 5.88). The Stokes shifts are founds as 11 nm and 12 nm for 25 and 26,
respectively.

Using the time correlated single photon counting (TCSPC) technique, the
fluorescence lifetimes (tF) of 25 and 26 were studied in DMSO. The lifetimes were
found as 4.72 and 4.70 ns for 25 and 26.

The ground state absorption spectra of 25 and 26 were recorded in various
concentrations in order to calculate molar extinction coefficient (¢) (Figure 5.89). The

value of 25 was observed as 19.71x10* M-tcm™, while the values of 26 is 19.49x10*
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M-1cm™. Since high molar extinction coefficient of the PS is important, the value of

25 and 26 are higher when compared to literature examples [92], [93].
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Figure 5.88: UV-vis, fluorescence emission and excitation spectra of 25 (0.5
uM) and 26 (0.5 uM) in DMSO.
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Table 5.6: Photophysical properties of 25 and 262,

Compound hab, nm (g°, 10* Xem, TF (NS)°
M-1cm?) nm
25 352, 579, 629 642 4.72
(19.71) (CHISQ=1.28079)
26 352, 577, 629 642 4.70)
(19.49)

2 Dimethylsulphoxide. ® Molar extinction coefficients. ¢ Lifetime.
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Figure 5.89: UV-vis spectra of 25 and 26 in DMSO at different concentrations
between 2.5x10° M and 0.5x10° M.

113



5.2.3. Photophysical Studies of benzimidazole-fused perylene
ruthenium(ll) complex (27)

Hg
é:
$ 8,

27

Figure 5.90: Molecular structure of 27.

Photophysical investigations of 27 was performed with absorption, excitation
and emission spectra in dichloromethane (DCM) at room temperature. The UV-vis
absorption, fluorescence emission and excitation spectra of 27 is depicted in Figure
5.91 and the emission properties of the complexes were recorded in DMSO at room
temperature (Table 5.7). Absorption maxima of the compound 27 are depicted in Table
5.7 with molar extinction coefficients. The spectra of 27 has three maxima observed
approximately at 277, 426, 548 nm and also a shoulder at 515 nm. When compared to
compounds 23 and 24, the absorption maxima of the benzimidazole bridged complex
27 showed a blue shift in the spectrum. Additionally, the ground state absorption
spectra of 27 was also recorded at different concentrations (Figure 5.92). The emission
maxima of 27 was found as 596 nm and the absorption and spectra excitation were
mirror image of its fluorescence emission spectra. The fluorescence lifetime (tF) of 27
was found using the time correlated single photon counting (TCSPC) technique in
DCM and it was found to be 6.85 ns (Table 5.7).
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Figure 5.91: UV-vis, fluorescence emission and excitation spectra of 27 in

DCM (2 uM).

Table 5.7: Photophysical properties of 272.

Compound \ab, nm (Log £P) dem, e (NS)°
nm
27 277 (8.14), 426 600 6.85
(8.33), 548 (8.44) (CHISQ =
1.120579)

adichloromethane ? Molar extinction coefficients ¢ Lifetime
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Figure 5.92: UV-vis spectra of 27 in DCM at different concentrations between
1x10° M and 10° M.

5.3. Photochemical Studies

5.3.1. Singlet oxygen generation study of bis(perylenediimide)
ruthenium(ll) complex (23)

5.3.1.1.Singlet oxygen measurements

The type Il PDT mechanism includes energy transfer from triplet state of the
photosensitizers to molecular oxygen in order to produce singlet oxygen (*O2) that
harm biomolecules to initiate cell death [94]. In order to apply PDT at the molecular
level, examining the generation of Oy is highly critical. In this thesis, singlet oxygen
production potential of novel bis(perylenediimide) ruthenium (1) complex (23) was
investigated in DMSO with diphenylisobenzofuran (DBPF), singlet oxygen trap
molecule. Compound 23 (2.0 uM) and DPBF (35.0 uM) was held for 20 min in the

dark to remove possible inputs to the absorbance signal of DPBF from dark reactions.
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As a reactions in the dark, absorption band of DPBF at 414 nm did not exhibit any
change. The solution of the 23 and DPBF was treated with red light (A= 632 nm, 2.5
mW /cm?) over a time period 0 to 24.0 min. The gradual photo-induced generation of
singlet oxygen of 23 decrease was observed as absorption intensity of DPBF (Figure
5.93). The change in absorption of the trap molecule at 414 nm versus irradiation time
graph was plotted using the obtained data for 23 (Figure 5.94). Singlet oxygen
determination of the reference molecule, methylene blue, was also carried out under
the same conditions (Fig. 4.94). Singlet oxygen quantum yield (®4) of the 23 and the
free ligand 20 were found according to the literature [95]. According to the final
results, the singlet oxygen quantum yield of 23 (®,=0.30) is thirty times higher than
the ligand 20 (®,=0.01). Heavy atom effect, a common way of increasing the
intersystem crossing (ISC) ability of the chromophore, may be accepted as the reason
of the significant increase of the ®4 [96]. According to the results, singlet oxygen
generation showed good efficiency compared with the previous examples having
ruthenium(I1) or ruthenium perylene photosensitisers [30], [60]. The photostability of
compound 23 is also significant and desirable upon repetitive excitation in PDT
studies. Compound 23 without DPBF were kept under light for 20 min and there
observed no change was in the absorption band of compound in the red region of the
spectrum (Figure 5.95). It is clear that, this complex is stable under the singlet oxygen

study conditions.
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Figure 5.93: Decrease in absorbance spectrum of DPBF (35.0 uM) in the
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Figure 5.94: Decrease in absorbance spectrum of methylene blue in DMSO.
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Figure 5.95: Decrease in absorbance spectrum of DPBF (35.0 uM) in the
presence of 20 (2.0 uM) in DMSO.

5.3.1.2.In vitro photodynamic therapy

Beside the photophysical investigations of the compound, we studied the
photodynamic therapy efficacy of 23 as well. In the PDT studies for treatment of
cancer, in vitro and/or in vivo studies of ruthenium derivatives are widely used [59],
[66]. In this part, for controlling the efficacy of 23 in PDT human chronic myeloid
leukemia cell line, K562 was used. Increasing concentrations of 23 were used while
incubating cells either under red light (A= 632 nm, 2.5 mW /cm?) or in dark for 5 h.
Then, MTT assay was used to determine the cell viabilities. The results showed that
complex 23 significantly reduces cell viabilities only under red light irradiation (Fig.
4.96). The singlet oxygen generation capability of 23 using red light was depicted in
Figure 5.96. Apoptosis, well-regulated cell death mechanism, can be initiated by
singlet oxygen [97]. In Figure 5.96, it is clear that, complex 23 cannot start cell death
in dark. The success of light-excited 23 in the initiating cell death can be proved by

the inhibitory concentration 50 (ICso) value, which is below 5.0 uM.
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Figure 5.96: In vitro photodynamic therapy efficacy. *p<0.05; **p<0.01;
****p<0.0001.

In order to further study the capacity of 23 during cell death process under red
light, Trypan Blue was used. It is a common dye that generally applied in cell culture
and it cannot survive in living cells but it turns the nonviable cells into blue [98]. After
the treatment of cells with Trypan Blue with or without 23 and using light or in dark,
the blue colour was only observed in 23-treated cells under red light. There exists
several problems of the ruthenium complexes in PDT studies like high ICsp value [99]
unwanted incubation time of dye [100] and treatment under lower wavelengths
forbidding tissue penetration deeply [101]. Therefore, this study is significant for
defeating these difficulties with having low cytotoxicity of 23 in dark relatively low
ICso value (<5 uM), short incubation time (5 h) and using light that facilitates the deep
tissue penetration (Figure 5.97). However, additional in vivo studies are required to

prove the efficiency of 23 in clinics.
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Figure 5.97: Trypan Blue staining of 23-treated or —untreated cells in dark or
under red light. Red arrows point the blue-coloured cells. Scale: 200 pm.

5.3.2. Singlet Oxygen Generation Study of BODIPY ruthenium(ll)
(25) and iridium(111) complex (26)

5.3.2.1.Singlet oxygen measurements

Figure 5.98: Molecular structures of 25 and 26.

As in the previous part, for measuring the relative singlet oxygen quantum yields

of 25 and 26, 1,3-diphenylisobenzofuran (DPBF) was used as the singlet oxygen trap
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molecule and methylene blue as a reference sensitizer (¢2=0.52 in DMSO. Firstly,
each of the solutions including photosensitiser and DPBF was held for 30 min in the
dark for removing possible input to the absorption of DPBF from dark reactions. For
all candidates, the absorption value of trap molecule at 414 nm did not change. The
solution containing DPBF (35.0 uM) and 25 (0.5 uM) was irradiated with red light (
A= 632 nm, 2.5 mW cm2) over 2.33 min. After treatment of 25 in DMSO, *0; was
sensitized to 1O, the characteristic absorption of DPBF at 414 nm decreased due to
the decomposition by the singlet oxygen. Singlet oxygen production capacity of
methylene blue (2.0 uM) and 26 (0.5 uM) were recorded with the same conditions.
The change in absorption of DPBF versus irradiation time graph was plotted using the
data of 25 and 26 (Figure 5.99).

Singlet oxygen quantum yields (¢a) were found as 0.06 for 26 and 0.20 for 25.
10, generation ability of 26 is weaker (6%) which may be resulted from essential
properties of the PS like the triplet excited state life and light absorbing capacity [102].
Ruthenium BODIPY complex 25 exhibited a well singlet oxygen generation
performance. The noticeable @A may be resulted from heavy atom effect which also
causes the rise of the intersystem crossing (ISC) and the spin—orbital coupling (SOC)

rate that increase generation of O, [103].
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Figure 5.99: Decrease in absorbance of DPBF (35.0 uM) at 414 nm with time

in DMSO in the presence of (a) 25 (0.5 uM) and (b) 26 (0.5 uM).
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Figure 5.100: Decrease in absorbance of DPBF in the presence of methylene
blue in DMSO.

5.3.2.2.1n vitro photodynamic therapy

In vitro photodynamic therapy potentials of 25 (Ru-BD) and 26 (Ir-BD) were
tried on human cancer cells. In this step, in order to test novel compounds on different
tissue-like models human cervical cancer cell line, HeLa, and human chronic myeloid
leukemia cell line, K562, were used. In the treatment of cells, increasing
concentrations (1.5-25.0 uM) of 25 and 26 and DMSO were used. Over 5 hours, the
cells were kept in the dark and under red light (A= 632 nm, 2.5 mW /cm?), then MTT
assay was used to investigate cell viabilities. According to the findings, both 25 and
26 reduce cell viabilities under red light but not in the dark for both cells, HeLa (Figure
5.101) and K562 (Figure 5.102). The cell death potential of ruthenium complex 25 was
much more than 26. For both cell lines, the inhibitory concentration 50 (ICso) of 25
was below 5.0 uM, although maximum amount of 26 was needed to initiate significant
cell death. This consequence is proved by the singlet oxygen measurements (Figure
5.99).
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Figure 5.101: Effect of 25 on viabilities of HeLa and K562 cells in the dark and
under the red light. **p<0.01; ****p<0.0001
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Figure 5.102: Effect of 26 on viabilities of HeLa and K562 cells in the dark
and under the red light. *p<0.05; ****p<0.0001

In order to test the potential of the molecules, 25 (Ru-BD) and 26 (Ir-BD), in
vitro, Trypan Blue staining was used again. In this part, Trypan Blue was used to apply
on Hela cells after treatment with DMSO, 25 and 26 under red light and dark and a
light microscope was used to take images. The blue color, an indicator of nonviable
cells, was only seen in 25- or 26-treated cells with red light but not in dark according
to the findings (Figure 5.103). As mentioned before, iridium and ruthenium complexes
have some difficulties in PDT studies such as high 1Csp value and long incubation time
of photosensitizer [104], [105]. These novel complexes are unique examples that
overcome these problems in PDT applications.
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Figure 5.103: Trypan Blue staining of HeL a cells. Red arrows point the Trypan
Blue-stained cells. Trypan Blue-stained cells are shown black in the figure.

Apoptosis, a common cell-regulated cell death mechanism, can be activated by
intracellular or extracellular singlet oxygen. For further investigations, in order to
quench the cell-free fluorescence and to get the signal from intracellular parts Trypan
Blue used again [106]. Although the fluorescence intensity of the complexes were
remarkable, the complexes was illustrated to penetrate into cells (Figure 5.104). To

sum up, according to the in vitro PDT studies, the compounds are successful to
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are promising candidates for in vitro and/or in vivo PDT research.
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Figure 5.104: Internalization of complexes by HelLa cells.

promote cell death in HeLa cells with red irradiation, and also these novel complexes
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6. CONCLUSION

In this thesis, the design and synthesis of novel perylene and BODIPY
iridium(I1) and ruthenium(Il) metal complexes were achieved. Three of them were
also investigated for photooxygenation purposes. The chemical characterizations of
compounds were carried out by MALDI-TOF, FT-IR, *H and *C-NMR, UV-vis
spectroscopy analyses.

In the first part of the work, we synthesized perylene bearing ruthenium and
iridium metal complexes (23 and 24). The novel 23 and 24 compounds having two
PDI core in a iridium(111) and ruthenium(I1) complex which can be presented as a first
phenanthroline ruthenium metal complex with bis(perylenediimide) substitution. The
photochemical and photophysical properties of the compounds were recorded with
fluorescence and absorption spectroscopies. The complexes exhibited favourable
photophysical properties in the red region with good molar extinction coefficient.
Among these compounds, the photosensitiser behaviour of ruthenium(ll) perylene
complex (23) was investigated. The final complex 23 showed notable photodynamic
therapy potential in vitro. Additionally, the survival of human chronic myeloid cells,
K562, was decreased by 23 significantly with red led but not in dark. This ruthenium
photosensitiser (23) is also a considerable nominee to study in vivo PDT therapy owing
to its low I1Cso value, low toxicity in dark, possible longer tissue penetration and short
incubation time.

In the second part of the thesis, the syntheses of novel BODIPY bearing
ruthenium(Il) (25) and iridium(lll) (26) photosensitisers were exhibited and
characterized chemically. The UV-vis absorptions of the molecules were measured in
the red region of the spectrum. The capacity of singlet oxygen generation of the final
complexes 25 and 26 were calculated by chemical method. To study in vitro PDT
efficacy of the novel organic-metal complexes, chronic myleoid leukemia and cervical
cancer cells were chosen. Both compounds (25 and 26) promoted the cell death upon
red led irradiation. However, it is clear from the data that the addition of ruthenium to
the main core drastically increases the photosensitizer behavior of the molecules, while
iridium possesses lower potency as in the singlet oxygen measurements of the
complexes. This part of the thesis also supports a new insight into the designing and

developing photodynamic therapy candidates in vivo for related future works.
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In the final step, the synthesis of new benzimidazole-fused perylene ruthenium
(111) complex (27) was investigated. This molecule has an unique high w-conjugation

which may be used in many applications.
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