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ABSTRACT

EFFORTS TOWARDS SYNTHESIS OF HYDROGEN SULFIDE
ACTIVATED BODIPY BASED PDT AGENTS

Canyurt, Merve
Master of Science, Chemistry
Supervisor : Assoc. Prof. Dr. Gorkem Giinbas

May 2022, 117 pages

Photodynamic Therapy (PDT) is an effective and minimally invasive method that
has recently gained widespread acceptance as a new medical treatment for a variety
of conditions. PDT uses photosensitizers in combination with a specific light source
and molecular oxygen to form cytotoxic species that can damage organelles and cell
membranes directly. The photodynamic reactions start with light absorption by the
PS in the target tissue, which sets off a chain of photochemical events. In comparison
to existing sensitizers, BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
allows for the creation of next-generation photosensitizers due to their high
fluorescence and triplet quantum vyields, ease of functionalization, and tunable
photophysical properties. The aim of this project is to synthesize two different water-
soluble, mitochondria-targeted and activatable photosensitizers. For this purpose,
brominated BODIPY core is modified at different positions with pyridinium unit and
azido-benzyl masking unit which is activated with H>S, an over-expressed tumor
metabolite. In the first sensitizer (S-BODMe), two consecutive Knoevenagel
condensation processes were attempted to introduce pyridinium unit to the 5-position
and the corresponding protected aldehyde to the 3-position which would have been
deprotected and modified with the masking unit for H>S activation. Unfortunately,
the target molecule could not be attained. In the second approach (S2-BODMe), the



pyridine unit was incorporated to the bromo-BODIPY core and the aldehyde
incorporation was introduced with a double Knoevenagel condensation reaction
successfully, but insertion of the azido-based masking unit could not be
accomplished. Later on, azido-based masking group was successfully attached to the
corresponding aldehyde. As a future work, this new aldehyde containing masking
unit will be used to modify the bromo-BODIPY core, followed by methylation of

the pyridine unit to attain the target molecule.

Keywords: Photodynamic Therapy, BODIPY, Photosensitizer, Singlet Oxygen
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0z

HIiDROJEN SULFUR iLE AKTiVE OLAN BODIPY TABANLI PDT
AJANLARININ SENTEZi DOGRULTUSUNDA CALISMALAR

Canyurt, Merve
Yiiksek Lisans, Kimya
Tez Yoneticisi: Dog. Dr. Gorkem Giinbas

Mayis 2022, 117 sayfa

Fotodinamik Terapi (PDT), son zamanlarda gesitli hastaliklar i¢in yeni bir tibbi
tedavi olarak yaygin bir sekilde kabul gormiis, etkili ve minimal invaziv bir
yontemdir. PDT, organeller ve hiicre zarlarina dogrudan zarar verebilecek sitotoksik
tirti olusturmak icin 1518a duyarlastiricilarla birlikte belli bir 151k kaynagi ve
molekiiler oksijen kullanir. Fotodinamik tepkimeler hedef dokuda bu
duyarlastiricilarin 15181 sogurmasiyla baslar, bu durum ise fotokimyasal olaylar
zincirini olusturur. Mevcut duyarlastiricilara kiyasla, BODIPY (4,4-difloro-4-bora-
3a,4a-diaza-s-indacene), yiiksek floresan ve tliglii kuantum verimi, islevsellestirme
kolaylig1 ve ayarlanabilir foto fiziksel Ozellikleri sayesinde yeni nesil 1518a
duyarlastiricilarin olusturulmasini saglar. Bu ¢alismanin amaci, suda ¢oziinebilir,
mitokondri hedefli ve aktive edilebilir, iki farkli 1s18a duyarlilastirici sentezlemektir.
Bu amagla, bromlu BODIPY c¢ekirdegi, piridinyum {initesi ve asir1 eksprese edilmis
bir tim6r metaboliti olan H>S ile aktive edilen azido-benzil maskeleme tinitesi ile
farkl1 pozisyonlarda modifiye edilir. Tlk duyarlilastiricida (S-BODMe), ardisik iki
Knoevenagel kondenzasyon islemi denenerek Piridinyum iinitesi 5-pozisyonuna ve
karsilik gelen korunmus aldehit 3-pozisyonuna takilmaya calisildi. Bu aldehit
koruma grubundan ayrilarak H>S aktivasyonunu saglayan maskeleme birimi ile

modifiye edilmeye ¢alisildi. Maalesef ki hedef molekiil elde edilemedi.

vii



Ikinci yaklasimda (S2-BODMe), piridin birimi bromo-BODIPY cekirdegine dahil
edildi ve bir ¢ift Knoevenagel kondenzasyon reaksiyonu ile aldehit birlesmesi
basaril1 bir sekilde uygulandi, ancak azido bazli maskeleme iinitesinin yerlestirilmesi
gerceklestirilemedi. Daha sonra, azido bazli maskeleme grubu, belirtilen aldehite
basarili bir sekilde baglandi. Gelecekteki bir ¢alisma olarak, bu yeni aldehit i¢eren
maskeleme iinitesi, bromlanmis BODIPY ¢ekirdegini modifiye etmek igin
kullanilacak, ardindan hedef molekiile ulasmak i¢in piridin {initesinin metilasyonu

yapilacaktir.

Anahtar Kelimeler: Fotodinamik Terapi, BODIPY, Isiga Duyarlilastirici, Singlet
Oksijen
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CHAPTER 1

INTRODUCTION

Development of novel cancer treatment modalities has gained widespread interest in
from scientific community since it is responsible for the deaths of more than 15% of
the earth's population (Ismaiel, 2017). A typical body has trillions of cells that grow,
reproduce, and die every second. The growth and proliferation of cells in an
abnormal body, on the other hand, is uncontrolled. Instead of dying, these cells
continue to expand as abnormal and cells invade adjacent tissues (Stone et al., 2003).
Furthermore, DNA damage occurs occasionally, and normal cells have mechanisms
to either fix the damage or trigger cell death. Cancer cells lack these abilities hence
the damage spreads in a random and accelerating manner. As a result, cancer is
perhaps one of the world's most dangerous and difficult diseases to treat. In coming
years, the number of people living with cancer is foreseen to rise sharply unless new
effective treatment modalities emerge (Korbelik, 2010).

Several treatment approaches, such as chemotherapy and radiotherapy, are
commonly used worldwide (Triesscheijn et al., 2006). Other techniques include stem
cell transplantation, surgery, immunotherapy, and hormone therapy (Rother &
Harlan, 2004). The most challenging aspect of these techniques, in addition their
general effectiveness, is the significant side effects and the potential for severe
discomfort in patients. Hence, interest in developing innovative, safer, and non-
invasive approaches became one of the leading research areas. Photodynamic
Therapy has emerged as one of the most prominent and promising approaches
towards accomplishing this aim. The role of organic chemists and biochemists are
crucial in development of this technology as it requires synthesis of chemical agents

specific to cancer cells inducing cell death (Drucker, 2005; Klonisch et al., 2008).



1.1 Photodynamic Therapy

Photodynamic Therapy (PDT) is a minimally invasive therapy that has recently
gained widespread recognition as a potentially new treatment for several conditions,
including various types of cancer, age-related macular degeneration and actinic
keratosis (Gler et al., 2012; Triesscheijn et al., 2006). PDT uses a light activatable
compound called a photosensitizer (PS), light of a certain wavelength, and molecular
oxygen (30.). These three components are innocuous separately but, when
combined, produce cytotoxic species (Dolmans et al., 2003) that can directly damage

organelles and cell membranes (Bacellar et al., 2015).

PDT is a two-step approach involves administering a PS intravenously,
intraperitoneally, or topically, which ideally, accumulates in tumor tissue (during a
drug-light interval) in a selective manner, and then exposing the cells to light
(Bacellar et al., 2015). Photosensitizers are designed in a way that they are taken up
preferentially by tumor and macrophage cells. After that, when exposed to light,
these photosensitizers undergo electron/energy transfer through their triplet excited
state, which reacts with molecular oxygen (302) to form reactive oxygen species
(ROS), primarily singlet oxygen (*O2) (Ochsner, 1997). These cytotoxic chemicals
cause a cascade of biological processes that result in cell death or tissue damage
locally (Josefsen & Boyle, 2008). As a result of the short half-life of singlet oxygen
(0.6x10° s) (Moan & Berg, 1991), this is a highly confined effect. In cancer
treatment, PDT can harm the vasculature around tumor cells and trigger immune
responses against them as well (Juarranz et al., 2008). The capacity to accomplish
dual selectivity, which implies that the photosensitizer accumulates preferentially in
diseased — rather than normal — tissues, and the ability to focus light on limiting
damage to the specified location, is PDT’s key feature (Castano et al., 2004).
Because of several advantages, such as tumor targeting, minimal invasiveness,
reduced systemic cytotoxicity, low cost, and spatiotemporal control of light exposed
to tumors, PDT is increasingly recognized as a potential clinical tool in cancer
therapy in addition to other therapies (such as surgery and radiation therapy) (Dang
etal., 2017).



For PDT to be effective, several points must be taken into account. The location of
the photosensitizer accumulation in the tumor cells influences PDT performance
(Dolmans, Kadambi, Hill, Waters, et al., 2002). Another critical aspect in
determining PDT efficacy is the time gap between sensitizer delivery and light
exposure. The most successful technique to target both tumor blood arteries and cells
is to administer photosensitizers at different time intervals before light activation
(fractionated drug-dose PDT). Compared to single-dose regimens like anti-vascular
PDT or antitumor-cell PDT, fractional drug-dose PDT regimens are found to have a
higher therapeutic impact and promote long-term tumor growth suppression
(Dolmans, Kadambi, Hill, Flores, et al., 2002). This is just another example of how
targeting several areas is the most efficient method to treat a tumor. Using particular
targeting carriers, such as conjugated antibodies aimed at tumor-associated antigens
or vascular antigens, is another technique to route the photosensitizer to a specific
cell type or compartment (Ruoslahti, 2002). Photosensitizers that can localize to
mitochondria, plasma membrane, lysosomes, and nuclei have been produced since
the mid-1990s (Peng et al., 1996). Efficiency of PDT is further influenced by the
action location inside a cell (Bachor et al., 1991). These aspects are critical when
combining PDT with other therapy methods, such as medicines that target different

subcellular areas or cell activities (Duska et al., 1999).
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Figure 1.1. Clinical course of PDT using intravenous photosensitizer (Kiibler, 2005)



1.2 Development of Photodynamic Therapy

Since the beginning of time, the light given by our sun has fostered the growth of life
on Earth, and it continues to do so. In many early cultures and beliefs, the sun was
linked to magical forces that were considered to provide humans with therapeutic
effects. In ancient Egyptian, Indian, and Chinese civilizations, several skin illnesses
such as psoriasis, vitiligo, skin cancer, rickets, and even psychosis were all treated
with sunshine. Thousands of years have passed since light has been used as a
medicinal agent (Epstein, 1990; Spikes, 1985).

The ancient Greeks used heliotherapy, or whole-body sunlight exposure, to cure
diseases, and reclining naked in the sun was a common pastime. Herodotus, the
father of heliotherapy, was a Greek physician who highlighted the value of sunlight
exposure for health improvement. Sunlight was also used to treat a range of ailments
in France during the 18" and 19" centuries, including tuberculosis, rickets, scurvy,

rheumatism, paralysis, edema, and muscular weakness (Ackroyd et al., 2001).

Niels Finsen, a Danish physician, developed 'phototherapy’, or 'light therapy' to treat
ailments in the late 19" century. He discovered that exposure to red light reduces the
production and release of smallpox pustules and can be utilized to cure the condition
(Finsen, 1901). He also discovered carbon arc phototherapy and used UV radiation
from the sun to treat cutaneous TB. Finsen was awarded the Nobel Prize for his

discoveries in 1903, marking the birth of modern light treatment.

Phototherapy is the use of light to treat various diseases. In contrast,
photochemotherapy is the delivery of a photosensitizing chemical followed by light
on the tissues in which the agent is localized. Psoralens from natural plants were used
by the Indians in the treatment of vitiligo over 3000 years ago. In contrast, the
Egyptians used distinct psoralens to heal leukoderma in the 12™" century (Fitzpatrick
& Pathak, 1959).

Scientists have known for nearly a century that cell death is induced by the
interaction of light and chemicals, which is referred to as photosensitizers. H. Scherer

discovered hematoporphyrin (Hp) in 1841 while examining the structure of blood.
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The extraction of hematoporphyrin from dried blood was a defining moment in the
realm of photosensitizers (PSs) (Scherer, 1841).Although its luminous qualities were
identified in 1867 (Thudichum, 1867), it wasn’t until 1871 that it was given the name
hematoporphyrin (Hoppe-Seyler, 1871).

OH
OH

HOOC COOH
a b

Figure 1.2. (a) Structure of porphyrin ring, (b)Structure of hematoporphyrin

Photodynamic therapy (PDT) has a long history in medicine, dating back to the early
20" century. In 1900, Oskar Raab, a German medical student working with Professor
Herman von Tappeiner in Munich, reported for the first time that paramecia cells
(Paramecium caudatum) were unaffected when exposed to either acridine orange or
a light source but perished within 2 hours if exposed to both. In this study, the
photosensitizer acridine orange was employed to sensitize paramecia cells to the
effects of the light source (Raab, 1900). Raab identified the optical property of
fluorescence and concluded that in vitro toxicity was caused by a component of
fluorescence rather than by light. He theorized that the energy transferred from light
to the chemical was responsible for this effect (von Tappeiner, 1900).

In 1900, eosin was the first recorded instance of a photosensitizing medication
delivered intraperitoneally to humans. J. Prime, a French neurologist, was the first to
use eosin orally to treat epilepsy. According to Prime, dermatitis appeared on parts
of the body exposed to light (Prime, 1900). As a result of this discovery, H. von
Tappeiner and dermatologist A. Jesionek employed a combination of topical eosin
and white light to treat skin cancers in the first medical application of a fluorescent
chemical with light (von Tappeiner & Jesionek, 1903). H. von Tappeiner and A.



JodlIbauer revealed in 1904 that photosensitization reactions require oxygen. These
studies were compiled into a book in 1907, in which H. von Tappeiner created the
phrase 'photodynamic action' to define oxygen-dependent photosensitization (von
Tappeiner & Jodlbauer, 1907).

Acndine orange Eosin

Figure 1.3. Structure of Acridine orange and Eosin

Hematoporphyrin (Hp) is formed when iron is paired with a porphin structure. W.
Hausmann was the first to study the biological features of these compounds in 1908.
He used hematoporphyrin and light to kill paramecium and red blood cells, and
observed that the combination killed the cells. In addition, he described skin
reactions in mice exposed to light after receiving hematoporphyrin (Hausmann,
1911).

When German scientist Friedrich Meyer-Betz injected himself with 200 mg of
hematoporphyrin in 1913, he became the first person to show that porphyrins may
work as photosensitizing substances in humans. He felt acute discomfort and
swelling localized to the light-exposed areas shortly after exposure to the light
(Meyer—Betz, 1913).

Policard, a Frenchman, detected the distinctive red fluorescence of hematoporphyrin
in an experimental rat sarcoma irradiated with UV light from a Woods lamp in 1924,
which was the first report of fluorescent porphyrin localization in a malignant tumor
(Policard, 1924). Although the fluorescence was accurately attributed to porphyrin
localization within the tumor, it was originally assumed to result from secondary

infection because comparable fluorescence had been detected in bacterial cultures.



Auler and Banzer explored hematoporphyrin intake into tumors in 1942, firmly
demonstrating its selective uptake and retention, with more significant levels in the
tumor than in the normal surrounding tissues. During their study, they found that the
fluorescing tumors were generally more necrotic, and identified photodynamic
action of hematoporphyrin on tumors for the first time (Auler & Banzer, 1942). This
discovery led Figge and Weiland to look into the tumor-localizing capabilities of
porphyrins in order to develop its use for tumor detection and treatment (Figge et al.,
1948).

Schwartz revealed in 1955 that the hematoporphyrin utilized in earlier studies was a
combination of porphyrins with varying characteristics (Schwartz et al., 1955). He
treated crude hematoporphyrin with acetic and sulfuric acids filtered and neutralized
the precipitate with sodium acetate. He then redissolved the precipitate in saline to
generate a hematoporphyrin derivative (HpD), among other things. This compound
was discovered to be up to twice as phototoxic as crude hematoporphyrin, causing
death in mice exposed to light. The drug dose, the duration of light exposure, and the
length between medication and light exposure all influenced the intensity of the

reaction.
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Figure 1.4. Synthesis of hematoporphyrin derivative (HpD) from heme (Ormond
& Freeman, 2013)

Lipson of the Mayo Clinic, along with Baldes, showed the property of tumor
localization (Lipson & Baldes, 1960), and they became intrigued by the applicability
of HpD in tumor identification in the early 1960s. They went on to show that HpD
was more efficient in tumor localization and distinction from normal tissues than
crude hematoporphyrin and that they could do it with considerably lower
concentrations (Lipson et al., 1961a). This was the first research to show that tumor
localization and fluorescence may be used clinically to detect human tumors (Lipson
etal., 1961b).

I. Diamond and fellow researchers in 1972 suggested that porphyrins could be used
to destroy cancer cells by combining their tumor-localizing and tumor-phototoxic
capabilities. PDT was found to slow the growth of gliomas injected in rats in vivo
research. Tumor growth was slowed for 10-20 days, but after that, surviving areas

in the tumor's deeper sections began to grow once more (Diamond et al., 1972).



In 1975, Thomas Dougherty and fellow researchers suggested that administering
HpD and activating it with red light entirely abolished mammary tumor growth in
mice (Dougherty et al., 1975). A significant discovery in PDT happened in 1975
when Thomas Dougherty and collaborators revealed that administering HpD and
activating it with red light eliminated breast tumor growth in mice (Dougherty et al.,
1975). J.F.Kelly and collaborators found in the same year that light stimulation of
HpD also eradicated bladder carcinoma in mice (Kelly et al., 1975). Another
significant milestone in the evolution of PDT occurred in 1976 when the first human
trials of PDT with HpD began. J. F. Kelly and M. E. Snell needed thus in patients
with bladder cancer, and HpD was used to diagnose cancer in five cases (Kelly &
Snell, 1976)

Moan and Wold evolved different electron spin resonance in 1979 to monitor the
extremely reactive singlet oxygen radical (*O) generation when HpD was exposed
to light (Moan & Wold, 1979). J. S. McCaughan was the first to employ this
approach in treating gastrointestinal disorders in 1984 when he used PDT to treat
patients with esophageal cancer. Y. Hayata employed PDT to treat patients with
gastric carcinoma the following year (Ackroyd et al., 2001; Dolmans et al., 2003).
When Kennedy published the first topical porphyrin derivative, aminolevulinic acid
(ALA), in 1990, they forever transformed the nature of PDT. This photosensitizer is

a prodrug that is converted to its active form in the skin (Kennedy et al., 1990).
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Figure 1.5. (a) Structure of ALA, (b) Structure of PpIX



PDT generates an apoptotic response in cells (Agarwal et al., 1991) , which was
discovered in 1991, and this presented an explanation for PDT's overall

effectiveness.

T. Dougherty and fellow researchers also purified HpD and developed porfimer
sodium, also known as Photofrin, the first photosensitizer (PS) molecule to be
approved by the US Food and Drug Administration (FDA) for cancer treatment in
1995 (C.N. Lee et al., 2020).

Figure 1.6. Structure of Porfimer Sodium (Photofrin)

Since then, PDT has progressed, and its therapeutic potential has broadened outside

tumor treatment.
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Table 1.1. Timelime of PDT. The timeline shows selected applications of PDT for
cancer (Gunaydin et al., 2021)

Timeline | History of photodynamic therapy (1900-present)

1.3 Photodynamic Reaction

Photodynamic therapy is a medical treatment method that uses photosensitizers in
combination with a specific light source to cause tumor cells to die (Dougherty et
al., 1998). The photodynamic reaction (PDR) starts with light absorption by the PS
in the target tissue, which sets off a chain of photochemical events that produce

reactive oxygen species (ROS) (Huang et al., 2008).

The photosensitizer formulation is administered systemically via intravenous
injection in the PDT process. After injection, the affected tissue is irradiated with
light of the proper wavelength and energy dose that corresponds to the most
significant photosensitizer accumulation in the target tissue. PDT is based on the

mechanisms of light absorption and energy transfer (Nelius et al., 2004).

Photosensitizers have a persistent electronic structure in which two electrons with
opposite spins are in a singlet state in their lowest or ground energy level (PSo)
(Konan et al., 2002), indicating thatthere are no unpaired electron spins

(Kalyanasundaram, 1992). The activation of these electrons into a higher-energy
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orbital is caused by the absorption of a photon of light with the right wavelength.
This singlet excited-state PS (PS:) is a volatile short-lived species that loses its
surplus energy as light (fluorescence) or generates heat (internal conversion) (Foote,
1968). Because most PSs are fluorescent, sensitive techniques for quantifying PS in
cells or tissues have been designed, as well as in vivo fluorescence imaging in living
animals or patients to assess PS pharmacokinetics and allocation (Castano et al.,
2004).

The excited singlet PS (PS1) may undergo ‘intersystem crossing," which results in the
formation of a more stable excited triplet state (T1) with parallel spins (Foote, 1968),

which has a longer survival time and lower energy than PS; (Ochsner, 1997).

The triplet-state PS molecule (T1) can deteriorate back to its ground by losing energy
through light emission (phosphorescence), but this is a 'forbidden process' according
to quantum selection theory. Hence, the triplet state is much more stable than the
singlet state, with a life span of microseconds (10°, ps) compared to only
nanoseconds (10° ns) for the excited singlet (Foote, 1968). Moreover, the
photosensitizer is not always eliminated; it can return to its initial state via
phosphorescence without undergoing any chemical changes. It may be likely to
repeat the energy transfer process multiple times(Ochsner, 1997). This triplet state
(T1) is the photoactive state, capable of generating cytotoxic species through two

major reactions known as Type-1 and Type-II.
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Figure 1.7. Schematic illustration of PDT including Jablonski Diagram (Baskaran
et al., 2018)

The excited triplet state of photosensitizer (T1) can carry electrons to biomolecules
from its surroundings in the Type-I mechanism. T1-PS combines directly with
malignant tissue (substrate) and performs hydrogen atom abstraction or electron
transfer processes, resulting in free radicals and anionic radicals (Luksiene, 2003;
Nowak-Stepniowska et al., 2013). These radicals interact with molecular oxygen
(302) to generate reactive oxygen species (ROS), such as superoxide (O2™) and
peroxide (H202), which cause oxidative damage in the body (Fitzgerald, 2017).
Because the triplet state has such a long life, it has enough time for energy
transition by combining with molecular oxygen (302), which is conceivable because
their spins are the same. The reaction is known as a Type-Il photochemical process
(Foote, 1968), because it results in the creation of singlet oxygen (*O2), which has

powerful oxidizing capabilities, as well as ground-state PS (PSo).

The Type-Il reaction is preferred over the Type-I response since it has a shorter
mechanism and is generally thermodynamically preferable for red-absorbing PS.
This helps to explain why 'O is thought to be the primary cause of PDT
phototoxicity. One of the essential properties of a PS is its quantum yield (®A),
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which is defined by the quantum yield (®T) and lifespan (z7) of its triplet-excited

state (Calzavara-Pinton et al., 2007).

Only molecules and structures proximal to the area of its production (areas of PS
localization) are directly affected by PDT because of the high reactivity and short
half-life of singlet oxygen and hydroxyl radicals. Because singlet oxygen has a half-
life of 40 nanoseconds in biological systems, its radius of action is on the order of
20 nanometers (Moan & Berg, 1991).

The amount of damage and cytotoxicity caused by PDT varies due to the type of PS,
its extracellular and intracellular location, the total dose injected, the light dose (light
fluence) and the light fluence rate, oxygen availability, and the time between PS

administration and light exposure (Dolmans et al., 2003).

1.4 Cell Death and Tumor Destruction Imposed by PDT

Surgery is not a drastic treatment for some types or extents of cancer when it comes
to treatment. Radiation and chemotherapy can be ineffective and have several
adverse effects. As a result, new cancer therapy options are required. Direct
phototoxicity to tumor cells, which results in apoptosis, necrosis, or autophagy cell
death, is one of the three processes involving photochemical reactions. The
breakdown of the tumor vascular system and immune-mediated inflammatory

damage to tumor cells are the other two options (Buytaert et al., 2007).

Photochemical processes produce reactive oxygen species (ROS), which have a
direct phototoxic effect on tumor cells and cause irreversible photodamage to
specific targets at the molecular level, such as membranes and organelles. Other cell
death pathways, such as tumor-associated vasculature destruction and immune
response against tumor cells, are commonly thought to be useful targets for inducing
and thus increasing photo-killing in tumor cells with apoptotic pathway defects,
which is a crucial step in carcinogenesis and therapy resistance (Buytaert et al., 2007,
Henderson & Dougherty, 1992; Moan & Berg, 1992). Improving the efficacy of PDT
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against cancer cells by focusing on the fundamental distinctions of cell death
processes generated by PDT would undoubtedly provide helpful hints for the

development of new treatment modalities and medication selectivity.
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Figure 1.8. Schematic illustration of PDT mechanisms for tumor destruction
(Correia et al., 2021)

141 Apoptosis, Necrosis, and Autophagy

PS is required for intracellular action, and it has a profound impact on the cell's fate.
Depending on its properties, a PS will often localize to organelles such as the plasma
membrane, lysosomes, mitochondria, golgi apparatus, or endoplasmic reticulum
(ER) (Castano et al., 2004). PDT can cause tumor death by both planned (apoptotic)
and non-programmed (necrosis) pathways (Boyle & Dolphin, 1996; Igney &
Krammer, 2002). Apoptosis is defined as a genetically encoded and energy-
dependent mechanism of planned cell death. Apoptosis is more likely to be induced
by PSs that localizes to mitochondria(Kessel & Reiners, 2007). Apoptotic death can
also be triggered by PDT, primarily when low light dosages are used (Agarwal et al.,
1991).

Components of the apoptotic cascade may be disrupted due to significant cell
damage, and apoptosis may not be correctly implemented. This process is favored
by more severe PDT techniques, which include high dose of PS and light, resulting
in increased cell damage and necrosis (Lavie et al., 1999; Luo & Kessel, 1997,
Nagata et al., 2003). Necrosis, in contrast to the apoptotic pathway, is thought to be

less controlled and is more common when the PS site of action is the plasma
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membrane. Photodamage to the plasma membrane causes intracellular substances to

flow into the immediate environment, causing inflammation (Castano et al., 2006).

Autophagy is the ability of a cell to recycle damaged organelles and cytoplasmic
components. The damaged particles are swallowed by an autophagosome, a double-
membrane structure that merges with lysosomes to destroy the contents (Levine &
Klionsky, 2004). Autophagy has been observed as a cell death mechanism in
response to PDT (Buytaert et al., 2006; Kessel et al., 2006) despite being thought to
be a cytoprotective mechanism. Autophagy appears to be the main step responsible
for cell death when apoptosis is compromised (Kessel & Oleinick, 2009; Xue et al.,
2007).

1.4.2 Vascular Mechanisms

Vascular mechanism of PDT therapy appears to be promising, notably in cancer
treatment. Compared to traditional cell-targeting techniques, this approach is more
efficient, easier to access tumor cells, and has a lower risk of developing drug
resistance (Chen et al., 2006).

The amount of nutrients and oxygen delivered by tumor-related blood arteries
determines tumor growth. Blood vessel formation and maintenance are dependent
on growth factors supplied by tumor or host cells. The disruption of the vascular
walls causes the tumor's nutrition (i.e., oxygen and nutrients) to be interrupted,
resulting in tumor cell death (Rocha, 2015). When the PS is largely localized in the
vasculature, a brief drug—light interval (the time between systemic PS injection and
light illumination) can considerably boost the vascular effect of PDT (Hamblin &
Huang, 2017).
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1.4.3 Immunological Mechanisms

For many years, PDT was thought to be a limited treatment that only affected tumor
cells and microvasculature. PDT has recently been shown to have a major impact on
immune system of patients, either through stimulation or repression of the
immunological response. In areas outside of the irradiation field, the PDT-induced
immune response can contribute considerably to the effectiveness of therapy and
may even influence the development of disseminated tumors (Chen et al., 1999;
Gollnick & Brackett, 2010; Kabingu et al., 2007; Mroz et al., 2010).

Long-term tumor control is most likely a combination of direct PDT effects on the
lesion and its vasculature, as well as immune system upregulation. PDT causes
immunosuppression under specific circumstances, which has been linked to
reactions to topical treatments with high fluence rates and broad regions of
irradiation (Rocha, 2015).

An immune cascade is triggered when PDT causes necrosis of tumors and associated
vasculature (Gollnick et al., 1997). Inflammatory mediators, including as cytokines,
growth factors, and proteins, are released from the treated site. This release causes
numerous white blood cells, such as neutrophils and macrophages, to become
activated, causing them to converge on the treatment area. When macrophages
arrive, they phagocytize PDT-damaged cancer cells and deliver proteins from the
tumors to CD4 helper T lymphocytes, which activate CD8 cytotoxic T lymphocytes.
These cytotoxic T cells can detect and destroy tumor cells and also circulate
throughout the body for lengthy periods, enabling a systemic antitumor immune
response (Coutier et al., 1999; Gollnick et al., 2003).

17



1.5 Subcellular Uptake and Localization of Photosensitizers

For efficient PDT, PS absorption by cancer or other cells is critical. Due to its short
half-life duration (0.04 s), singlet oxygen has a limited action radius. As a result,
exact localization of PS is critical to its therapeutic impact. Understanding and
managing PS localization is thus vital for effective selection (Castano et al., 2004;
van Straten et. al., 2017). The better the selectivity, the more PS accumulates in
cancer cells, increasing PDT's potential and reducing adverse effects compared to
other therapeutic techniques (Rancan et al., 2005).

After the photosensitizer enters the cells, they are primarily found in the plasma
membrane, lysosomes, endoplasmic reticulum, golgi apparatus, and mitochondria
(Castano et al., 2004). The monitoring of activity and damage following illumination
can be done using fluorescence resonance energy transfer (FRET) or introducing

particular probes with different fluorescence (Kessel et al., 1997).

The cellular localization of a variety of photosensitizers with vastly varying
structures has been determined. The net ionic charge, which can range from -4
anionic to +4 cationic, the degree of hydrophobicity and the degree of asymmetry
contained in the PS molecule are all key structural properties (Castano et al., 2004).

According to studies, changing the lipophilicity of a PS influences its plasma
distribution and, as a result, its uptake and localization. The photosensitizer's
selectivity is directly proportionate to its lipophilic nature. Hydrophobic sensitizers
with two or fewer negative charges connect to lipoproteins and are delivered to tumor
tissues (Castano et al., 2005), but hydrophobic sensitizers with more than two
negative charges become too polar to move across the cellular membrane. As a
result, they lose their chance to transmit through and are taken into cells via
endocytosis, resulting in localization to lysosomes, which harms the cells mostly

through direct contacts (Robertson et al., 2009).

Lipophilicity can substitute low negative charges (Castano et al., 2004). Cationic

PSs, on the other hand, circulate freely across the plasma membrane and
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predominantly localize to mitochondrial membranes in the cell (Dummin et al.,
1997; Woodburn et al., 1991). Higher lipophilicity contributes to enhanced
absorption at the tissue level. With greater amphiphilicity, lipophilicity altered
subcellular localization as it moved away from lysosomes and toward mitochondria.
Higher affinity of more lipophilic substances for membrane contacts improves their

localization to mitochondria (Pavani et al., 2009).

In comparison to hydrophilic PSs, hydrophobic PSs usually stay in the person's body
for longer. Hydrophilic PSs, on the other hand, have the advantage of decomposing
or disappearing from the body quickly, resulting in fewer adverse effects. As a result,
water solubility can boost bioavailability and in vivo distribution (Sakamoto et al.,
2002).

1.6 Major Components of PDT

The molecular mechanism of photodynamic therapy comprises three non-toxic
components that mutually interact to create the desired effects within problematic
tissues: the photosensitizer (PS), proper wavelength of light, and oxygen dissolved
in the cells (Allison & Moghissi, 2013).

16.1 Lightin PDT

Photodynamic interactions begin with the photosensitizer being activated by

treatment light of the proper photosensitizer wavelength.

To perform PDT effectively, the light must reach all of the affected tissue. The depth
of penetration of light in tissues is proportional to the amount of light utilized
(Castano et al., 2004).

Depending on the composition of the tissue and the wavelength of light, the spatial

distribution of light inside the target tissue is primarily dispersed or absorbed.
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Still, it can also be reflected or transmitted (Juzeniene & Moan, 2007; Tong &
Kohane, 2012).
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Figure 1.9. Penetration depth of different wavelength range to the skin
(Dabrowski, 2017)

The structure of the tissues is not uniform because of the existence of
macromolecules, cellular organelles, and specific other forms, which contribute
significantly to light scattering due to their turbidity, particularly at shorter
wavelengths (Tong & Kohane, 2012).

Light absorption by endogenous chromophores, including hemoglobin or melanin,
occurs below 600 nm, but tissue water light absorption goes up exponentially above
1300 nm. The range of wavelengths that can best enter tissue is thus limited, which
is referred to as the optical window of tissue (Agostinis et al., 2011; Castano et al.,
2006). Because light absorption by tissues reduces as wavelength increases, longer
wavelengths of light (red or infrared light) reach tissue more efficiently (Agostinis
etal., 2011). Shorter wavelengths (< 600 nm) penetrate the skin less and are absorbed
more, resulting in greater skin photosensitivity. However, longer wavelengths (>850
nm) do not bear sufficient energy to excite oxygen in its singlet form and create
enough reactive oxygen species. As a result, tissue penetration is greatest between
600 and 850 nm. This range is referred to as the "therapeutic window" in PDT
(Agostinis et al., 2011; Kwiatkowski et al., 2018; Rocha, 2015; Simdes et al., 2020).
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Figure 1.10. Optical window in tissue (Dgbrowski, 2017)

It is unlikely that a single light source could encompass all types of PDT employed
with different light sources, such as lasers, incandescent light, and laser-emitting
diodes (LEDs) (Yanovsky et al., 2019). The light source should be tailored to the
photophysical characteristics (absorption spectrum) of the photosensitizers, the kind
of disease (location, tumor size, tissue type), and usability (cost, size, handling)
(Brancaleon & Moseley, 2002).

Lasers are commonly employed in clinical PDT because they are strong and can be
connected to optical fibers to illuminate deeply placed lesions using diffusing tips
(Brancaleon & Moseley, 2002). Creating monochromatic light with a highly narrow
bandwidth is a distinctive attribute of lasers. Lasers have good optical power and can
be tuned to match the wavelength of a given photosensitizer (Saleh & Teich, 2007).
However, laser light sources are typically costly and necessitate the employment of
an optical system to widen the light beam for irradiation of a greater tissue region
(Chenetal., 2012).

Lamps are better for superficial tumors, such as those on the skin or in the mouth.
Because the light generated by lamps has a broad spectrum (wavelengths of 300

1200 nm), adequate optical filtering is required to match the photoactivating
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wavelength to the absorption band of photosensitizer. Optical filtering is also
necessary to guarantee that the output light is free of unwanted ultraviolet and
infrared wavelengths. Lamps have several advantages, including a simple design,
lower cost, and a large illuminating field (Morton et. al., 2008). On the other hand,
traditional lights may have heat effects that must be eliminated in PDT (Chen et. al.,
2012).

Numerous studies are exploring alternative ways to optimize light sources. The use
of Light Emitting Diodes (LEDs) in PDT, for example, is being examined(van
Straten et al., 2017). LEDs are inexpensive, simple to produce, less dangerous, offer
a high-power output, are thermally non-destructive, and are easily accessible in
flexible arrays. On the other hand, they are limited in their application for larger

tumors requiring an interstitial approach (Cantisani et al., 2015; Lacour et al., 2015).

As shown in Table 1.2, the advantages and disadvantages of various light sources

are compared.

Table 1.2. Advantages and disadvantages of laser, LED, and lamp sources
(Gunaydin et al., 2021a; M. M. Kim & Darafsheh, 2020)

Light

Source Advantages Disadvantages
Laser <5"¢. .
® Capable of high powers ® Expensive ‘\\"{f
® Highly monochromatic ® Can be large
® Adaptable to various ® Requires high
source fibers maintenance ¢
LED
® Small, adaptable ® Thermal effects o,;é (6 ~
® Low cost ® |ow power b ~ . \"/O ao « Low cost
® Can be used directly for ® Broad spectral width ¥ Hi(;rr:o;()\:voeTa 9 * Simple
endoscopic/interstitial ® Large beam SBioad
applications divergence * Expensive spectrum
Lamp
® Simple design ® Can suffer from LED
® Low cost coupling losses with « Low cost
® Broad field irradiation light guides * Small

® Very broad spectrum + Low power
® Large beam

divergence
® Needs optical filtering

Table 1.3. summarizes the types of light sources (lamps, lasers, and new prospective

sources) and their attributes features.
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Table 1.3. Types of light sources available for use in PDT (Brancaleon & Moseley,

2002)
Type Wavelength(s) Bandwidth Light Delivery
Lasers
Argon laser 488 and 514.5 nm Monochrome Dwectﬁci)re(r)ptlcal
Dye laser pumped by 500-750 nm 510 nm Direct or optical
argon laser (depending on the fiber
dye)
Metal vapor laser UV or V.'S'ble Monochrome Direct or optical
(depending on fiber
metal)
Dye laser pumped by 500-750 nm 510 nm Direct or optical
metal vapor laser (depending on the fiber
dye)
. For a Nd:Yag 1064, Direct or optical
Solid state 532, 355, 266 nm Monochrome fiber
Dye laser pumped by 400-750 nm 510 nm Direct or optical
solid state laser (depending on dye) fiber
Solid stgte op_tlcal 250-2000 nm Monochrome Direct or optical
parametric oscillator fiber
Semlcor;ductor diode 600-950 nm Monochrome Optical fiber
asers
Lamps
. 10-100 nm (depending Direct or via
Tungsten filament 400-1100 nm on filters used) liquid light guide
Xenon arc 300-1200 nm 10-100 nm (depending Nor_mally I_|qU|d
on filters used) light guide
. Depending on the metal, | 10-100 nm (depending | Direct or liquid
Metal halide lines bet‘”ﬁem” 250-730 on filters used) light guide
Sodium (phosphor 590-670 nm 1078002?”(2 erg;a nding Direct
coated) illumination
Fluorescent 400-450 nm Approximately 30 nm Direct
illumination

Potential New Sources

Solid state lasers
for two photon PDT

Near infrared

Monochrome

Direct, scanned
over the lesion

LED

Visible and infrared

5-10 nm

Direct
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16.2 Oxygen

Molecular oxygen (*0.) is a significant component in the PDT mechanism since it
is required for the generation of ROS, particularly singlet oxygen, during PDT
(Woodhams et al., 2007).

The success of photodynamic therapy using photosensitizers that localize in tumor
tissue is largely determined by the yield of singlet oxygen (*O2), which is dependent
on the oxygen content in the tumor tissue (Weishaupt et al., 1976).

The amount of free oxygen present in a tissue is determined by blood supply and
oxygen consumption (Tromberg et al., 1990). In tumors, hypoxic regions (loss of
oxygen) constitute a significant therapy stumbling block (Vaupel et al., 2001). The
creation of reactive oxygen species (ROS), which kill tumors, happens in the

existence of molecular oxygen during cancer therapy.

A stable triplet ground state (3Z"g) occurs for an oxygen molecule. When oxygen is
excited, it forms one of two excited states: the low-lying excited singlet (*Aq, also
known as 10,) and the triplet state (1Z*g), which have energies of 95 ki/mol (22.5
kcal/mol) and 158 kJ/mol (31.5 kcal/mol) above the ground, respectively (Jovanovi¢
etal., 2017).

In Figure 1.11, the electrical configurations of both excited states are shown.
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Figure 1.11. Presentation of the electronic configuration of ground, singlet and
triplet excited states of the molecular oxygen. (The Chemogenesis Web Book -
Collecting It All Together: The Five Reaction Chemistries https://www.meta-
synthesis.com/webbook/11 _five/five.php. (n.d.)).

The orbital occupancy and spin orientation are significant variations between
ground, singlet, and triplet excited states. Electrons in the triplet ground state are
random and transmitted in the highest occupied orbital. In contrast, they are paired
in a single orbital in the first excited state (*Ag). Electrons in the triplet excited states
(1=*g) have the same distribution as in the ground state, except their spin orientation
is antiparallel. Spin is restricted in the transition from (*Ag) to (1), yet allowed in

the opposite transition (Jovanovi¢ et al., 2017).

1.6.3 Photosensitizers

The presence of photosensitizers, along with light and oxygen, is one of the three
critical elements of PDT. These dyes are substances that can absorb light of a specific
wavelength, causing photochemical or photophysical reactions (Agostinis et al.,
2011).
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Most of the PSs that are used to treat cancer depend on the tetrapyrrole backbone
which, in a sense, resembles the structure contained in the protoporphyrin prosthetic
group which is also be found in hemoglobin. The structures of tetrapyrrole form the
largest group of PSs which are benefited in applications such as naturally appearing
anti-cancer and tetrapyrrole structures are used with many significant biomolecules,

including chlorophyll and bacterochlorophyll, which are called ‘pigments of life’

(Battersby, 2000).

Porphyrin Chlorin

Corrole

Porphycene

z
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TZz" N
\
o
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Zx
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Figure 1.12. Examples of Teyrapyrrole structures

The perfect photosensitizer is a single pure composition that eventually will help to
produce good manufacturing practice (GMP) and essentials with low manufacturing
cost and quality control which paves the way for better storage stability (Allison &
Sibata, 2010). PS must be soluble in water or a mixture that is harmless and water-
soluble. It should not accumulate too much in a biological environment because it
may decrease its photochemical efficiency (Allison et al., 2004; Detty et al., 2004).
Single-photon absorption of a wavelength of more than 800 nm does not provide
sufficient energy to excite oxygen to its singlet state and for the production of other
reactive oxygen species but with a strong absorption rise from the red to the near-

infrared spectral region (between 650 and 800 nm) will provide enough energy
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(Allison & Sibata, 2010). The tissue penetration will be less likely to cause skin light
sensitivity if the absorption band has a short wavelength. In addition, the larger
absorption band might reduce the amount of PS required to get the desired effect
(Allison et al., 2004; Detty et al., 2004). PSs should have a high triplet quantum yield
resulting in good ROS generation when exposed to light. It should have no dark
toxicity and clear relatively quickly from normal tissues that will reduce negative
effects of phototoxicity (Allison & Sibata, 2010). Although it used to be thought that
the time between drug administration and irradiation (drug—light interval, DLI) is
sufficient (up to 4 days), and allows the PS to clear from normal tissues while
remaining condensed in tumors, many studies currently indicate that the tumor
response may be significantly better when light is delivered at a much shorter DLI
(minutes or hours). At the same time, the majority of the PS is still visible in the
blood vessels, which is cost-efficient and in favor of patients, resulting in significant
vascular damage (B. Chen et al., 2002). Although it was previously assumed that
light-mediated elimination of the PS (photobleaching) was unfavorable, recent
studies suggest that this process may lead light dosimetry to be less crucial during
PDT, because over-treatment is prevented when the residual PS is removed during

illumination (Ascencio et al., 2008).

1.6.3.1  Photosensitizers Based on Other Dyes

1.6.3.1.1 First Generation Photosensitizers

Hematoporphyrins (Hp), which first appeared in the 19" century and were generated
from dried blood, are the first generation PSs. It was originally utilized as a
fluorescent diagnostic tool for tumors and was made up of multiple porphyrins, but
due to its heterotypical structure, huge doses were required to obtain desired results
(O’Connor et al., 2009).

Purification and chemical alteration of the first porphyrin used as PS which was

hematoporphyrin (Hp) resulted in the formation of hematoporphyrin derivative
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(HpD). When compared to Hp, HpD demonstrated better tumor tissue selectivity and
less photosensitizing potential on the skin (Abrahamse & Hamblin, 2016).

Porfimer sodium (Photofrin) was produced after a further purification process, and
it was recognized for use in the clinic by the US Food and Drug Administration
(FDA) and the European Medicine Agency (EMA) to treat cancers and pre-cancers
(O’Connor et al., 2009).

Given the different uses of PDT, its clinical application is limited by the following
conditions: low chemical pureness (it consists of more than 60 molecules) or weak
tissue infiltration due to maximum absorption at a relatively short wavelength (630
nm). Furthermore, because of the extended half-life of PS and its significant
concentration in the skin, skin hypersensitivity to light exists for some weeks after
PDT. Due to the drawbacks of first-generation photosensitizers, the search for novel
compounds necessitated which led to the invention and advancement of second-

generation photosensitizers (Chatterjee et al., 2008; Zhang et al., 2018).

1.6.3.1.2 Second Generation Photosensitizers

Despite being the most commonly used PS for cancer treatment, Photofrin is a
complex mixture of molecules with minimal tissue selectivity, low light absorbance,
and poor light penetration into tissues. The therapeutic success of PDT necessitates
a high dosage of Photofrin, which causes patients to have chronic skin sensitivity
after treatment (O’Connor et al., 2009).

The second generation photosensitizers presently involve hematoporphyrin
derivatives and synthetic photosensitizers such as 5-aminolevulinic acid (ALA),
benzoporphyrin  derivatives, texaphyrins, thiopurine derivatives, chlorin,
bacteriochlorin analogues, and phthalocyanines (Moriwaki et al., 2018; Yoon et al.,
2013). The usage of 5-aminolevulinic acid (ALA), which is the precursor of
protoporphyrin 1X, proved to be a significant finding (PplX). Therefore, ALA is a
type of prodrug that only becomes an active PS after being converted into
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protoporhyrin. As a result, ALA or its esters could be utilized topically or orally in a

wide range of clinical practices (de Rosa & Bentley, 2000; C. Morton, 2002).

The second generation photosensitizers have increased chemical pureness and
reproducibility, allowing for better control of production and drug behavior, as well
as a higher yield of singlet oxygen creation and improved penetration into deep-lying
tissues. They also show fewer side effects, such as skin photosensitivity, because of
a stronger selectivity for cancerous tissues and faster clearance of the photosensitizer
from the body, which has been lowered from weeks to days or even hours as a result
of the impact of lower PS dosages. The major drawback of the second generation PS
is their low water solubility, which is a serious limiting factor in intravenous
administration and necessitates the development of novel drug delivery systems
(Nowak-Stepniowska et al., 2013; O’Connor et al., 2009).
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Figure 1.13. Examples of First & Second Generation of photosensitizer
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1.6.3.1.3 Third Generation Photosensitizers

The invention of third generation photosensitizers is based on the production of
chemicals that have a stronger affinity for tumor tissue, resulting in less harm to
healthy tissues in the surrounding area (Josefsen & Boyle, 2008). As a result, the
second generation PSs are adjusted with biologic conjugates such as carriers,
antibodies, or liposomes to enhance their physical, chemical and therapeutic
qualities. These chemicals are frequently actively targeted towards the tumor,
leading to greater selectivity, lower dose, and fewer undesired side effects. These
PSs have also been developed to absorb light of the best wavelength feasible for

optimal tissue penetration (Yoon et al., 2013).

1.7 BODIPY

It is stated that there is a comprehensive list of commonly produced fluorophores
that cover the whole ultraviolet-visible area of the electromagnetic spectrum, and
perhaps, even touch the near infrared (NIR). Nonetheless, finding molecular
structures with enhanced photophysical characteristics and photostability remains an
active challenge in the design of novel organic fluorophores. It is highlighted that all
of those are critical qualities for any real implementation, including the aforesaid
bio-imaging, as they govern the sensitivity and efficiency of the recognition process,
as well as the operating lifespan. Those chromophores classified as

borondipyrromethene (BODIPY) are unguestionably at the top of the list.

The dyes of 4,4-difluoro-4-bora-3a, 4a-diaza-s-indacene (hereinafter abbreviated as
BODIPY) are among the most prominent photosensitizers in the world. Treibs and
Kreuzer discovered BODIPY dyes in 1968, and they are now quite popular due to
their vast range of applications. The chemical, photochemical, and thermal stability
of their boron-dipyrone core, which gives high absorption and fluorescence spectrum
bands, is the basis for their success (Bafiuelos, 2016; Benstead et al., 2011; Loudet
& Burgess, 2007).
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BODIPY dyes are used as photoactive media in a variety of bio-technical
applications. For instance, they can be employed in organic dye lasers, fluorescence
probes and sensors for bioimaging identification, photosensitizers in imaging guided
chemotherapeutic agents, photovoltaic performance artificial antennas, and photo-

voltaic systems (Sola-Llano & Banuelos, 2019).

A) Tunable organic dye lasers

D) Light harvesting artificial antenna

Amplification of stimulated emission

i o - ﬁ r ‘x( 4 717
B) Fluorescent probes and sensors AX(
On/off L‘ \ N A\ ii—-
I I switches N‘B’N = \V 4 \V}
Bwlmaglngy F’ \F FRET FRET
|

BODIPY E) Dye sensitized solar cells
All in one
target receptor labelling orgamc scaffold

ion )) ) biomolecule

(ondur!ion

C) Ph itizers for Photody Therapy band
PS (S1) J Electron
\ ﬂro) Valen(e

Enerw band
Transrer

Semlcondu(tor

YPS (Sp) 2
Photosensitizer (PS)

Figure 1.14. The main application fields of BODIPYs (Sola-Llano & Baiiuelos,
2019).

Compared to other sensitizers, BODIPY's are advantageous due to their high molar
extinction coefficients, high fluorescence quantum yields, and the fact that most of
them have high triplet quantum yields. On the other hand, they are interesting for
investigation and conducting study because they are in just the correct therapeutic
window, and as they have the correct physiological pH, and can maintain acceptable
solvent polarity. Lastly, the luminescence property of the BODIPY dye is fine-tuned
thanks to synthetic modifications made using various organic techniques (Loudet &
Burgess, 2007; Rihn et al., 2012; Yogo et al., 2005).
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Figure 1.15. Schematic view of the structural modifications and chemical reactions
tested herein (a:Sola-Llano & Banuelos, 2019; b:Awuah & You, 2012)
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1.7.1 Functionalization

The core of the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) is appropriate
for alterations in order to increase the effect of PDT. The modified BODIPY should
be designed to have long wavelength absorption and enhance intersystem crossing
capability. Because this activity occurs at the triplet excited state, absorption at
longer wavelengths allows for the therapeutic window to be reached (650 nm — 850
nm), and intersystem crossing allows for the generation of singlet oxygen from
molecular oxygen (Hinkeldey et al., 2008). Additionally, targeted and/or cancer cell
specific activated agents are highly sought after due to their potential diminished side

effects during treatment.

An electrophilic process, such as sulfonation or halogenation, is required to
functionalize the 2-, 6- positions. This is due to the fact that the 2- and 6-positions
have less positive charge. The insertion of a heavy atom, Br or 1, into the 2- and 6-
positions produces a considerable red shift in the absorption and emission maxima.
Because of the low brightness generated by electron transport, this kind of

functionalization is preferred by PDT application.

Figure 1.16. Example of sulfonation or halogenation of BODIPY derivatives at 2-,
6- positions (Awuah & You, 2012)

In terms of the influence of crosslinking positioning on absorption and emission
bands, aryl group substitution on the meso position has a small effect. Substitution

on 1-, 7- locations, on the other hand, boosts the quantum vyield compared to
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unsubstituted places (Loudet & Burgess, 2007). It is due to the fact that 1-, 7-

substitution prevents rotational movement of the phenyl ring on the meso position.

Functionalization on 1-, 3-, 5-, and 7-positions involving various types of
interactions, such as transition metal catalyzed processes (Suzuki, Sonagashira, Stille
and Heck couplings), could be used to create BODIPY dyes with prolonged
conjugation and distributed emission maxima. Bathochromic shift occurs when
thioalkoxides or amino groups are substituted on the 3- and 5-positions, resulting in
BODIPY derivatives with altered emission and absorption maxima. Knoevenagel
reactions generate a high yield due to the acidic nature of the methyl groups on these
locations (Rurack et al., 2001).

Figure 1.17. Example of the heteroaryl-fused BODIPY based photosensitizer
synthesized by Suzuki coupling reaction (Kamkaew et al., 2013)

A nucleophilic addition of active hydrogen to a carbonyl molecule is known as the
Knoevenagel condensation process. The reaction medium necessitates a basic
atmosphere as well as the removal of water, which is achieved using the Dean-Stark
apparatus. With substitution on the 1-, 3-, 5-, and 7-positions, this strategy produces
excellent results. As a consequence, mono-, di-, tri-, and tetrastyryl-Bodipy
derivatives can all be produced in one Knoevenagel process (Guliyev et al., 2009; H.
Y. Lee et al., 2009; Qi et al., 2008).

The first tetra-styryl derivative of BODIPY dye was created in 2009 by Akkaya et
al. According to the findings of this study, the 1,7-position of the BODIPY core is
as acidic as the methyls at the 3- and 5-positions. Mulliken-charge study on the core

carbon atoms of tetramethyl-BODIPY reveals the acidic character of various places.
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Bromine atoms in 2- and 6-positions, as well as pyridine groups in tetrastyryl

substitution, were utilized in this investigation (Buyukcakir et al., 2009).
Ar= 3 5-didecyloxphenyl
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Figure 1.18. Schematic representation of created tetra-styryl BODIPY derivatives
(Buyukcakir et al., 2009)

Following the tetrastyryl substitution article, Ziessel et al. produced many BODIPY
derivatives containing the same and different aldehydes. The absorption maxima of
the novel tetrastyryl substituted BODIPY derivatives are 720 nm while the emission
maxima are 800 nm. As according Ziessel et al., methyls at 3-, 5- positions on the
BODIPY core are more reactive than methyls at 1-, 7- positions in Knoevenagel

condensation (Bura et al., 2011).

Figure 1.19. Schematic representation of tetra-styryl BODIPY derivatives (Bura et
al., 2011)
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CHAPTER 2

RESULTS AND DISCUSSIONS

2.1 Aim of the Study and Design of the Target Photosensitizers

O 0]
d S2-BODMe b

N3 N3

Figure 2.1. S-BODMe & S2-BODMe molecular systems which are BODIPY -
based and activable with physiologically active species (H2S)

The BODIPY dyes are among the most widely used photosensitizers worldwide.
Their success is based on the chemical, photochemical, and thermal stability of their
boron-dipyrone core, which produces high absorption and fluorescence spectrum
bands. But, the core needs be changed to improve PDT performance (Banuelos,
2016). High fluorescence quantum yields, high molar extinction coefficients and
high triplet quantum yields are essential for sensitization that the minimal dosage of
photosensitizer may abstain from disrupting the natural distribution of
physiologically active species (Loudet & Burgess, 2007; Yu et al., 2014). BODIPY-
based photosensitizers are great candidates specifically if they can be decorated in a
way that they show their activity upon reaction with a tumor metabolite. In this
project, two essential alterations on the BODIPY core were pursued. Firstly, methyl
pyridinium (MP) substituents are incorporated to the hydrophobic bromine-

containing BODIPY core to realize a water-soluble agent (Hammerer et al., 2018).
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This insertion not only increases the solubility of photosensitizer in water, but also
permits it to be localized in the mitochondria, where the oxygen-rich nature of this
organelle enhances the PDT efficiency (Wang et al., 2013). In addition, this
adjustment also causes a considerable red shift in the photosensitizer's absorption
maxima (Wallace, 2012) will be achieved through increase in extend of conjugation.
Secondly, by utilizing an azide containing masking unit that is activated by a cancer
cell metabolite, H2S, significant activation difference between healthy and cancerous
cells is aimed. In this context, the reduction of an azide to an amine by hydrogen
sulfide was utilized as a practical technique for targeted phototherapy (Yu et al.,
2014). Hence, azido-benzene containing masking units are attempted to be
introduced to the photosensitizer core. On our previous work from our group, we
have already demonstrated that the methyl pyridinium incopration through a
Knoevenagel condensation resulted in both the NIR shift and water solubility.
However, this agent lacked selective activation in cancer cells and only moderate
differentiation was achieved between healthy and cancerous cells. With the
activatable design proposed here we are attempting the first example of a BODIPY
based agent utilizing NIR absoption, significant water solubility, mithochondria

targeting with activatable nature.

2.1.1 Efforts Towards Synthesis of S-BODMe

First step towards obtaining the final product was the synthesis of phenyl BODIPY
core (1) from benzaldehyde and 2,4-dimethyl pyrrole as starting materials. Secondly,
the BODIPY core (1) was brominated (2) from 2 and 6 position via NBS in DCM.
The reactions were performed according to the established procedures.
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H
N 1.dry CH,Cly
+
Cl \
2.Et;N, BF3.0Et,

RT, 2 days

dry CH,Cl,
RT, 60 mins

Scheme 2.1. Synthetic pathway of compounds 1 and 2

Thirdly, mono Knoevenagel condensation was attempted on brominated-BODIPY
core (2) with 4-pyridinecarboxaldehyde as the aldehyde component. A variety of
temperature/solvent couples has been reported in the literature for similar reactions
however the attempted condensation could not be achieved. Then, we decided to
investigate if 4-pyridinecarboxaldehyde was the reason for difficulties in the mono
condensation. Hence, we pursued mono condensation with the other aldehyde

counterpart, 4-hydroxybenzaldehyde.

DMF, piperidine, AcOH
RT, 2h

Acetonitrile,
piperidine, AcOH
85°C,2h

Scheme 2.2. Attempted synthetic pathway of compound 3
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While Knoevenagel reaction in DMF with piperidine/TsOH couple was not
successful, changing of the solvent to toluene under Dean-Stark conditions gave the

desired compound 4 in moderate yield.

N\
DMF, piperidine, p-TsOH
150°C,2h

OH

Toluene, piperidine, p-TsOH
115 °C, 3 h

Scheme 2.3. Synthetic pathways for compound 4

With mono condensation product 4 in hand, we attempted to introduce pyridine unit
via a second Knoevenagel under different conditions. Although a new spot with
absorption in the longer wavelength region forms, the reaction was plagued with
number of side reactions and due to difficulties in purification attempt, the desired

product 5 could not be attained.
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DMF, piperidine, AcOH
RT, 1.5h

Toluene, piperidine, p-TsOH
Dean-Stark, 115 °C, 4 h

Scheme 2.4. Attempted synthetic pathways for compound 5

Next, we wanted to investigate if the unprotected phenol present in compound 4 was
the reason for unsuccessful second condensation. Hence, we decided to protect the
phenol with PMB. Alkylation efforts with PMB-CI under the effect of K.COs in
DMF was proved ineffective. Thus, we decided to protect the 4-hydroxybenzaldeyde
first followed by the condensation reaction. This sequence of reactions was proved
fruitful and protected BODIPY 6 was attained successfully.

Cl

DMF, K,COj
RT, 5h

Scheme 2.5. Attempted synthetic pathway of compound 6
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OH Cl OH

Scheme 2.6. Synthetic pathway for compound 7

Toluene, piperidine, p-TsOH
Dean-Stark, 115 °C, 3-4 h

Scheme 2.7. Synthetic pathway for compound 6

With compound 6 in hand, Knoevenagel reaction was performed with 4-
pyridinecarboxaldehyde once more, and to our delight, target material 8 was attained

successfully.

DMF, piperidine, AcOH
40°C,3h

Scheme 2.8. Synthetic pathway for compound 8
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Due to low vyields, which are quite common in Knoevenagel reactions of the
BODIPY core, attaining compound 8 was proved difficult. To be able to determine
the optimal conditions for the deprotection reaction, model compound 9 was
prepared by the double condensation of the BODIPY 2 with the protected aldehyde
7 successfully. Next, we attempted to cleanly deprotect the PMB group with
commonly applied methods in literature. Unfortunately, none of the acidic or
oxidative cleavage approaches gave the target deprotected compound 10 and starting

material was recovered in most cases.

/@AO
/©/\O
AN ~N 7

- - N Br °

\ _
N‘B/N Toluene, piperidine, p-TsOH

FE Dean-Stark, 115 °C, 4-5 h

Br

Scheme 2.9. Synthetic pathway for compound 9

1N HCI

N/

EtOH, reflux, 3 h
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TiCl,

DCM, 0 °C

Scheme 2.10. Attempted synthetic pathways for compound 10

Since deprotection of the PMB group proved unsuccessful, we decided introduce a
silicon based protection which is in general terms easier to remove compared to
PMB. Along these line 4-hydroxybenzaldehyde was protected with TBDMS
successfully, and the double condensation with this protected aldehyde also shown

to proceed with moderate yield.

le) o}
| | I
N cl—si < Et;N, DCM \Sl/
HO | 0°C — RT, 2h "0

(TBDMS-CI) 78%

"

Scheme 2.11. Synthetic pathway for compound 11
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1"

Toluene, piperidine, p-TsOH
130°C,5h

Scheme 2.12. Synthetic pathway for compound 12

The new model compound 12 was then subjected to deprotection with TBAF and the

target compound 10 was attained successfully.

TBAF-THF
THF, 0°C, 1h

Scheme 2.13. Synthetic pathway for compound 10

With protection/deprotection chemistry decided on model compounds, we moved to
the synthesis of target asymmetrically substituted BODIPY. The main motivation
here is to insert different functionalities to the main BODIPY core. In the current
work, we aimed to introduce methyl pyridinium unit for water solubilty and
mitochondria targeting, and azido masked unit for realization of H»S activated PDT

agent. Mono condensation with TBDMS protected aldehyde was performed.
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The crude NMR analyses showed the desired product was successfully obtained, but
after the column chromatography, low yields were obtained since the protecting

group was partially removed.

Toluene, piperidine, p-TsOH
120°C,4 h

Scheme 2.14. Synthetic pathway for compound 13

|

d
>‘/ "l

(TBDMS-CI)
DCM, Et3N
0°C—>=RT—>50°C
2 days

Scheme 2.15. Synthetic pathway for compound 13

With deprotected compound 4 in hand, we decided to introduce the silicon protecting
group. The protection was successful and single flash chromatography gave

compound 13 in moderate yield.
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Next, we onto the introduction of pyridine unit with protected 14 in hand.
Unfortunately, the desired condensation reaction could not be achieved even though

the phenol unit was protected.

Due to major issues faced in introduction of the pyridine unit through condensation
reactions, we decided to change our synthetic approach and introduce pyridine unit
to the BODIPY core.

DMF, piperidine, AcOH
40°C,1h

Scheme 2.16. Attempted synthetic pathway for compound 14

2.1.2 Efforts Towards Synthesis of S2-BODMe

The first step towards obtaining our new target was the synthesis of pyridine
containing BODIPY core (15) from 2,4-dimethyl pyrrole and 4-
pyridinecarboxaldehyde as starting materials. The literature reported method (Luo et
al., 2014) proved successful and BODIPY 15 was attained. Then, using NBS
solution in DCM, the BODIPY core was brominated (16) from 2 and 6 positions
(Bartelmess et al., 2014)
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NBS

dry CH,Cl,
at RT, 2 hours

Scheme 2.17. Synthesis of compounds 15 and 16.

As the third step, double Knoevenagel condensation was attempted on brominated-
BODIPY core (3) with 4-hydroxybenzaldehyde as the aldehyde component. The
specified temperature/solvent/acid as a reagent have been reported in the literature
for similar reactions however the attempted condensation could not be achieved.

OH

3¢
piperidine, p-TsOH
Toluene
110 °C

Scheme 2.18. Attempted synthetic pathway for compound 17.

While Knoevenagel reaction in toluene with piperidine/p-TsOH couple was not
successful, changing the solvent to DMF, changing the acid to AcOH, and decreasing

the temperature to room temperature gave the desired product 17 albeit in low yield.
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OH

piperidine, AcOH, DMF
atRT, 1h

Scheme 2.19. Synthetic pathway for compound 17

Next, we attempted to introduce masking unit using azide substituted benzyl bromide
with K>COs in acetonitrile for attaining the targeted BODIPY 18. Unfortunately,

under these conditions the desired product could not be attained.

Br

.

N3

A
K,COg3, acetonitrile
80°C,3h

Scheme 2.20. Attempted synthetic pathway for compound 18

Next, we decided to attach the masking group to the corresponding aldehyde before
the condensation reaction. Azido-benzyl masking unit was successfully introduced
to the aldehyde under the action of Cs2COs in acetone to give the target the

compound 19.
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Cs,CO3, acetone
atRT, 4h
OH (0]

Scheme 2.21. Synthetic pathway for compound 19.

Our initial attempt for the double condensation looked promising in the crude NMR,
albeit with difficulties in removing the excess aldehyde used in the synthesis. As a
future work, the purification of 20 will performed followed by methylation to get the

title compound S2-BODMe. Then, photophysical measurements and cell studies will

be performed in detail.

Scheme 2.22. Schematic representation of the final steps towards realizing S2-
BODMe
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CHAPTER 3

CONCLUSION

The main aim of this project was to synthesize two different NIR absorbing, water-
soluble, mitochondria-targeted and activatable photosensitizers. Two essential
alterations on the BODIPY core were pursued. Firstly, methyl pyridinium (MP)
substituents are incorporated to the hydrophobic bromine-containing BODIPY core
to realize a water-soluble agent. This insertion not only increases the solubility of
photosensitizer in water, but also increase localizatiom in the mitochondria, the most
oxygen rich organelle in cancerous cells for increased PDT efficiency. In addition,
this adjustment also causes a considerable red shift in the photosensitizer's absorption
maxima is mainly achieved by increase in extend of conjugation. Secondly, by
utilizing an azide containing masking unit that is activated by a cancer cell
metabolite, H>S, significant activation difference between healthy and cancerous
cells is aimed. With the design proposed here we are attempting the first example of
a BODIPY based agent utilizing NIR absoption, significant water solubility,

mithochondria targeting with activatable nature.

For this purpose, brominated BODIPY core is modified at different positions with
pyridinium unit and azido-benzyl masking unit, which is activated with H,S, an over-
expressed tumor metabolite. In the first photosensitizer (S-BODMe), two
consecutive Knoevenagel condensation processes were attempted to introduce
pyridinium unit to the 5-position and the corresponding protected aldehyde to the 3-
position which would have been deprotected and modified with the masking unit for
H>S activation. Unfortunately, the target molecule could not be attained due to
significant issues arised in achieving consecutive Knoevenagel condensations and
protection/deprotection chemistry that has been pursued. In the second approach (S2-
BODMe), the pyridine unit was incorporated to the bromo-BODIPY core and the

aldehyde with open position for masking group introduction was incorporated
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successfully with a double Knoevenagel condensation, however insertion of the
azido-based masking unit could not be accomplished. Later, azido-based masking
group was successfully attached to the corresponding aldehyde before the
Knoevenagel reaction. As a future work, this new aldehyde containing masking unit
will be used to modify the bromo-BODIPY core, followed by methylation of the

pyridine unit to attain the target molecule.
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CHAPTER 4

EXPERIMENTAL

4,1 Materials and Methods

A Bruker Avance 111 Ultrashield (400 MHz) spectrometer was used to record the *H
and 3C-NMR spectra. The chemical shifts are given in parts per million (ppm)
downfield from an internal TMS (trimethylsilane) reference. Coupling constants (J)
were expressed in hertz (Hz), and spin multiplicities were given by the symbols: s
(singlet), d (doublet), t (triplet), and m (multiplet). MestReNova program was used
to process NMR spectrums. Column chromatography was conducted by utilizing
thick-walled glass columns and silica Gel 60 (Merck 230-400 mesh). Commercially
prepared 0.25 mm silica gel plates were used to perform Thin-layer chromatography
(TLC Merck Silica Gel 60 F254) and a UV lamp was used for visualization. In
chromatography solvent mixtures, the volume: volume ratio refers to the relative
proportions of solvents. All of the reagents were purchased from mostly Sigma-
Aldrich and TLC commercially and utilized without further purification. The
Mbraun MBSPS5 solvent drying system supplied all dry solvents used in the

reactions. Argon gas was used for the inert atmosphere.

4.2 Equipments

The solvents CDCls and ds-DMSO were used for the *H and *C-NMR analyses on
Bruker Spectrospin Avance DPX-400 Spectrometer and the internal reference was
tetramethylsilane. To determine the exact masses of the synthesized compounds,

High resolution mass spectroscopy with Waters Synapt MS System was used.
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4.3 Experiments Towards Synthesis of S-BODMe

4.3.1 Synthesis of Compound 1

0]

H
o N 1.dry CH,Cl,
+ -
5—?/ 2.Et;N, BF5.0Et,

RT, 2 days

Scheme 4.1. Synthetic route of Compound 1

A literature report on a closely related system was utilized with modification
(Karaman et al., 2019). Anhydrous CH2Cl2 (95 ml) was introduced in a 250 ml two-
neck flask and argon-purged for 1 hour. Then, under argon atmosphere, 2,4-
dimethylpyrrole (1.2 g, 12.6 mmol) and benzoyl chloride (0.975 g, 6.94 mmol) were
added respectively. The mixture was stirred under argon atmosphere at room
temperature (RT) during overnight in the dark until TLC showed that the aldehyde
has been completely consumed. Triethylamine (TEA, 6.5 ml, 47 mmol) and
BF3.Et2O (6.5 ml, 47 mmol) were added dropwise at 0 °C respectively into the
reaction mixture, and the reaction mixture was continued to stir overnight at room
temperature in the dark. Water was added and the reaction mixture was extracted
with CH2Cl». Then, the organic layers were washed with saturated Na.COs. The
collected organic layers were combined and dried over anhydrous Na>SO4 and the
solvent was evaporated under reduced pressure. The crude product was purified by
column chromatography (silica gel, Hexane:EtOAc - 6:1; DCM:Hexane — 2:1) to
obtain the desired product (Compound 1) as an orange solid (508 mg, 24%).
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IH NMR (400 MHz, CDCls) 8: 7.44 — 7.38 (m, 3H), 7.24 — 7.17 (m, 2H), 5.90 (s,
2H), 2.48 (s, 6H), 1.30 (s, 6H); 3C NMR (101 MHz, CDCls) 5: 155.4, 143.2, 141.7,
135.0, 131.4, 129.1, 128.9, 128.0, 121.2, 14.6, 14.3.

4.3.2 Synthesis of Compound 2

NBS

dry CH20|2
RT, 1h

Scheme 4.2. Synthetic route of Compound 2

A literature report on a closely related system was utilized with modification
(Karaman et al., 2019). Compound 1 (200 mg, 0.616 mmol) was dissolved in
anhydrous DCM (30 ml) and N-bromosuccinimide (NBS, 275 mg, 1.54 mmol)
solution was prepared with dry DCM (20 ml) which was added into the solution of
compound 1 a dropwise manner. The mixture was stirred at room temperature and
the thin layer chromatography (TLC) demonstrated that the reaction was completed
after 1 hour stirring. The organic phase washed with water (50 ml), then brine (50
ml). The organic layers were combined and dried over anhydrous Na;SOas. The
mixture was filtered and the solvent was evaporated under reduced pressure. The
crude product was purified by column chromatography (silica gel, DCM:Hexane —
1:1) to obtain the final product (Compound 2) as a dark red solid (236 mg, 79%).
'H NMR (400 MHz, CDCls) &: 7.49 — 7.43 (m, 3H), 7.20 — 7.16 (m, 2H), 2.54 (s,
6H), 1.29 (s, 6H); 3C NMR (101 MHz, CDCls) &: 152.9, 141.1, 139.6, 133.4, 129.4,
128.5,128.4, 126.8, 110.7, 12.6
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4.3.3 Synthesis of Compound 4

OH

Toluene, piperidine, p-TsOH
115 °C,3h

Scheme 4.3. Synthetic route of Compound 4

A literature report on a closely related system was utilized with modification (Bura
et al., 2011). In a 50 ml two-neck flask equipped with a Dean-Stark apparatus,
compound 2 (100 mg, 0.207 mmol) and toluene (15 ml) were introduced, and the
temperature was set as 40 °C. The mixture was stirred at this temperature until
compound 2 was totally dissolved. Then, under argon atmosphere, 4-
hydroxybenzaldehyde (43.08 mg, 0.353 mmol), piperidine (0.4 ml), and a crystal of
p-TsOH were added to a stirred solution of the BODIPY dye. The mixture was
heated at its boiling point (115 °C). The thin layer chromatography (TLC)
demonstrated that the distortions have begun after 3 hours stirring, so it was ended.
The resulting mixture was washed with water and extracted with DCM. The organic
layers were combined and dried over MgSOs. The mixture was filtered and the
solvent was evaporated under reduced pressure. The crude product was purified by
column chromatography (silica gel, DCM:MeOH — 100:2) to obtain the final product
(Compound 4) as violet purple solid (43.7 mg, 36%). 'H NMR (400 MHz, CDCls)
8:8.08 (d, J = 17.1 Hz, 1H), 7.58 — 7.52 (m, 7H), 7.28 (d, J = 3.5 Hz, 1H), 6.86 (d,
J=8.7 Hz, 2H), 2.66 (s, 3H), 1.41 (s, 3H), 1.37 (s, 3H).
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4.3.4 Synthesis of PMB-CI

(0] o
dry ether
SOCl,
RT, 5h
OH Cl
97%

Scheme 4.4. Synthetic route of PMB-CI

A literature report on a closely related system was utilized with modification (St.
Amant et al., 2016). A solution of 4-methoxybenzyl alcohol (1.38 g, 10 mmol) in
Et.O (20 ml) was prepared in a 100 ml two-neck flask and thionyl chloride (2.38 g,
20 mmol) was added dropwise. The reaction mixture was stirred at room temperature
for 5 hours. Water (20 ml) was added slowly and carefully, and the reaction mixture
was stirred for 5 minutes, in the following the mixture was transferred to a separatory
funnel. The layers were separated, then the aqueous layer was extracted again with
DCM (2 x 20 ml). The organic layers were combined, washed with water (20 ml),
then brine (20 ml). The organic layers were dried over MgSOa. The mixture was
filtered and the solvent was evaporated under reduced pressure. Without purification,
4-methoxybenzyl chloride (1.41 g, 97%) was obtained as pale pink color and clear
oil. 'H NMR (400 MHz, CDCls) §: 7.20 (d, J = 8.7 Hz, 2H), 6.77 (d, J = 8.8 Hz, 2H),
4.45 (s, 2H), 3.68 (s, 3H); *°C NMR (101 MHz, CDCls) 5: 159.7, 130.1, 129.7, 114.2,
55.3, 46.4.
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4.3.5

A literature report on a closely related system was utilized with modification (Houze
et al., 2012). 4-hydroxybenzaldehyde (100 mg, 0.82 mmol) was dissolved with
anhydrous DMF (5 ml) in a 25 ml Schlenk tube. 4-methoxybenzyl chloride (PMB-
Cl, 166.8 mg, 1.065 mmol) was added to the mixture, followed by K2CO3 (226.3 mg,
1.638 mmol). The reaction mixture was stirred at room temperature for 5-6 hours.
The thin layer chromatography (TLC) showed no further progress in the reaction
after 6 hours. The reaction mixture was poured into cold water. Then, the product
was collected by filtration and rinsed with water. After drying thoroughly, compound
7 (164 mg, 79%) was obtained as a light-yellow powder. 'H NMR (400 MHz,
CDCl3) 3: 9.82 (s, 1H), 7.77 (d, J = 8.8 Hz, 2H), 7.30 (d, J = 8.8 Hz, 2H), 7.00 (d,

Synthesis of Compound 7

Cl

DMF, K,COjy /@/\
o

RT, 5-6 h
OH

Scheme 4.5. Synthetic route of Compound 7

J=8.8Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 5.01 (s, 2H), 3.76 (s, 3H).
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4.3.6 Synthesis of Compound 6

Toluene, piperidine, p-TsOH
Dean-Stark, 115 °C, 3-4 h

Scheme 4.6. Synthetic route of Compound 6

A literature report on a closely related system was utilized with modification (Bura
et al., 2011). In a 50 ml two-neck flask equipped with a Dean-Stark apparatus,
compound 2 (100 mg, 0.207 mmol) and toluene (15 ml) were introduced, and the
temperature was set as 40 °C. The mixture was stirred at this temperature until
compound 2 was totally dissolved. Then, under argon atmosphere,
4-hydroxybenzaldehyde (85.5 mg, 0.353 mmol), piperidine (0.4 ml), and a crystal of
p-TsOH were added to a stirred solution of the BODIPY dye. The mixture was
heated at its boiling point (115 °C). The thin layer chromatography (TLC)
demonstrated that the distortions have begun after 3 hours stirring, so it was ended.
The resulting mixture was washed with water and extracted with DCM. The organic
layers were combined and dried over MgSOs. The mixture was filtered and the
solvent was evaporated under reduced pressure. The crude product was purified by
column chromatography (silica gel, DCM:Hexane — from 2:1 to 4:1 gradually) to
obtain the final product (Compound 6) as violet purple solid (26 mg, 18%). *H NMR
(400 MHz, CDCl3) 8: 8.03 (d, J = 16.8 Hz, 1H), 7.52 (d, J = 8.9 Hz, 3H), 7.49 — 7.44
(m, 3H), 7.31 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H),
4.97 (s, 2H), 3.76 (s, 3H), 2.58 (s, 3H), 1.50 (s, 2H), 1.32 (d, J = 13.3 Hz, 6H), 1.18
(s, 1H).
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4.3.7 Synthesis of Compound 8

DMF, piperidine, AcOH
40°C,3h

Scheme 4.7. Synthetic route of Compound 8

A literature report on a closely related system was utilized with modification
(Karaman et al., 2019). Compound 6 (50 mg, 0.0708 mmol) was dissolved with
anhydrous DMF (3 ml) in a 10 ml Schlenk tube. Then, 4-pyridinecarboxaldehyde
(15 mg, 0.14 mmol) was added to the mixture. To this solution, piperidine (0.15 ml)
and acetic acid (0.15 ml) were added dropwise respectively, and the reaction mixture
continued to stir at 40 °C. The thin layer chromatography (TLC) demonstrated that
the distortions have begun after 3 hours stirring, so it was ended, and it was
immediately evaporated with vacuum. Then, the crude product was purified by
column chromatography (silica gel, DCM:MeOH - 100:3) to give Compound 8 as
a blackish purple solid (26.8 mg, 25%). *H NMR (400 MHz, CDCls) &: 8.57 (d, J =
5.9 Hz, 2H), 8.19 (d, J = 16.7 Hz, 1H), 7.89 (s, 2H), 7.57 (d, J = 8.9 Hz, 4H), 7.49
(dd, J =5.0, 1.9 Hz, 3H), 7.31 (d, J = 8.7 Hz, 2H), 7.25 — 7.21 (m, 2H), 6.97 (d, J =
8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 5.01 (s, 2H), 3.76 (s, 3H), 1.36 (d, J = 15.7 Hz,
6H); 3C NMR (101 MHz, CDCls) &: 159.6, 158.6, 150.5, 147.8, 144.7, 143.4, 142 .4,
140.4, 138.8, 138.6, 133.5, 132.4, 132.3, 131.0, 128.7, 128.5, 128.4, 128.2, 127.5,
127.2,122.4,120.7, 114.7, 114.4, 113.1, 110.7, 109.2, 99.0, 69.0, 54.3, 28.7, 13.0,
12.5.
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4.3.8 Synthesis of Compound 9

Toluene, piperidine, p-TsOH
Dean-Stark, 130 °C, 4-5 h

Scheme 4.8. Synthetic route of Compound 9

A literature report on a closely related system was utilized with modification (Bura
et al., 2011). Compound 2 (100 mg, 0.207 mmol) and toluene (15 ml) were
introduced in a 50 ml Schlenk tube, and the temperature was set as 50 °C. The
mixture was stirred at this temperature until compound 2 was totally dissolved. Then,
under argon atmosphere, 4-hydroxybenzaldehyde (302.4 mg, 1.248 mmol),
piperidine (0.34 ml), and a crystal of p-TsOH were added to a stirred solution. The
mixture was heated at 130 °C. The thin layer chromatography (TLC) demonstrated
that the distortions have begun after 4 hours stirring, so it was ended. The resulting
mixture was washed with water and extracted with chloroform. The organic layer
was dried over MgSOas. The mixture was filtered and the solvent was evaporated
under reduced pressure. The crude product was purified by column chromatography
(silica gel, DCM:Hexane — from 1.5:1 to 4:1 gradually) to obtain the final product
(Compound 9) as dark green- blackish solid (101.6 mg, 34%). *H NMR (400 MHz,
CDCls) 6: 8.04 (d, J = 16.6 Hz, 1H), 7.59 — 7.51 (m, 3H), 7.48 — 7.44 (m, 2H), 7.31
(d, J = 8.7 Hz, 2H), 7.22 (d, J = 3.6 Hz, 1H), 6.95 (d, J = 8.8 Hz, 2H), 6.87 (d,
J = 8.8 Hz, 2H), 4.98 (s, 2H), 3.75 (s, 3H), 1.51 — 1.15 (m, 6H).
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4.3.9 Synthesis of Compound 11

) )
/©) ) CI—Sli { Et;N,DCM \Si/ /@)
HO | 0°C — RT, 3h >‘/ "0

(TBDMS-CI)

78%
1"

Scheme 4.9. Synthetic route of Compound 11

A literature report on a closely related system was utilized with modification
(Panduwawala et al., 2019). Anhydrous DCM (80 ml) was introduced in a 250 ml
two-neck flask, then 4-hydroxybenzaldehyde (4 g, 16.4 mmol) and EtsN (7 ml, 24.6
mmol) were added, and the flask was placed in ice. A solution of TBDMS-CI (7.4 g,
24.6 mmol) in DCM (10 ml) was added to the mixture at 0 °C portionwise. The
reaction mixture was stirred at room temperature for 3 hours. The thin layer
chromatography (TLC) showed no further progress in the reaction, then it was
quenched with water (20 ml) and continued to stir for 5 minutes more. The organic
layer was separated and the aqueous layer was extracted with DCM. All organic
layers were combined and washed with brine, dried over MgSOas. Then, it was
filtered and the solvent was evaporated under reduced pressure. The crude product
was purified by column chromatography (silica gel, EtOAc:petroleum ether — 1:9)
to give Compound 11 as pale yellow oil (7.84 g, 78%). *H NMR (400 MHz, CDCls)
5: 9.63 (s, 1H), 7.56 — 7.52 (m, 2H), 6.72 — 6.66 (m, 2H), 0.74 (s, 9H); 3C NMR
(101 MHz, CDCl3) 6: 190.9, 171.1, 161.5, 131.9, 130.4, 120.5, 25.7, 25.5, 18.2, -3.6,
-4.4.
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4.3.10 Synthesis of Compound 12

11

Toluene, piperidine, p-TsOH
130°C,5h

Scheme 4.10. Synthetic route of Compound 12

A literature report on a closely related system was utilized with modification (Bura
et al., 2011). Compound 2 (200 mg, 0.415 mmol) and toluene (30 ml) were
introduced in a 100 ml Schlenk tube, and the temperature was set to 50 °C. The
mixture was stirred at this temperature until compound 2 was completely dissolved.
Then, 4-hydroxybenzaldehyde (451.3 mg, 0.955 mmol), piperidine (1.4 ml), and a
crystal of p-TsOH were added to a stirred solution. The mixture was heated to
130 °C. The thin layer chromatography (TLC) demonstrated that the distortions have
begun after 5 hours stirring, so it was ended. Water was added to the final reaction
mixture and extracted with DCM. MgSO4 was used to dry the organic layer. After
the filtration of the mixture, the solvent was evaporated under reduced pressure. The
crude product was purified by column chromatography (silica gel, DCM:Hexane —
2:1) to obtain the Compound 12 as dark green- blackish solid (179 mg, 47%).
'H NMR (400 MHz, CDCl3) &: 8.03 (d, J = 16.7 Hz, 1H), 7.54 — 7.44 (m, 4H), 7.22
(d, J=3.6 Hz, 1H), 6.82 (d, J = 8.7 Hz, 2H), 1.33 (s, 3H), 0.94 (s, 9H), 0.17 (s, 6H).
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4.3.11 Deprotection of TBDMS Protection Group

TBAF-THF
THF, 0°C, 1h

Scheme 4.11. Synthetic route of Deprotection of the TBDMS Group

A literature report on a closely related system was utilized with modification (S.J.
Kim et al., 2014). In a 25 ml Schlenck tube, compound 12 (50 mg, 0.054 mmol) was
dissolved with dry THF (6 ml). After dissolution of starting material, it was placed
into the ice-water bath to decrease the temperature to 0 °C. TBAF solution (31.4 mg,
0.12 mmol) was diluted with dry THF (0.3 ml) and added over starting material
dropwise. Completion of the reaction after 1 hour, the mixture was extracted with
DCM, the collected organic layer was washed with saturated NH4Cl solution, then
brine is used. Following evaporation of the solvents, the residue was purified by
column chromatography (silica gel, DCM:MeOH - 100:3) to obtain the Compound
10 as dark green solid (23.4 mg, 62%). *H NMR (400 MHz, ds-DMSO) §: 8.10 (d,
J=16.7 Hz, 2H), 7.70 — 7.66 (m, 3H), 7.57 (d, J = 8.8 Hz, 4H), 7.55 — 7.52 (m, 2H),
7.48 (d, J = 16.4 Hz, 2H), 6.96 (d, J = 8.7 Hz, 4H), 1.43 (s, 6H).
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4.3.12 Synthesis of Compound 13

Toluene, piperidine, p-TsOH
120 °C, 4 h

Scheme 4.12. Synthetic route of Compound 13

A literature report on a closely related system was utilized with modification (Bura
et al., 2011). Compound 2 (200 mg, 0.415 mmol) and toluene (30 ml) were
introduced in a 100 ml Schlenk tube, and the temperature was adjusted to 50 °C.
Compound 2 was completely dissolved when the mixture was stirred at this
temperature. Then, 4-hydroxybenzaldehyde (225.6 mg, 0.955 mmol), piperidine (0.7
ml), and a crystal of p-TsOH were added to a stirred solution. The mixture was heated
to 120 °C. The distortions have begun after 5 hours stirring according to the thin
layer chromatography (TLC) demonstration, so it was ended. The reaction mixture
was washed with water and then extracted with DCM. MgSO4 was used to dry the
organic layer. After the filtration of the mixture, the solvent was evaporated under
reduced pressure. The crude product was purified by column chromatography (silica
gel, DCM:Hexane — from 1.5:1 to 2.5 gradually) to get the Compound 13 as purple
violet solid (36.7 mg, 22%). *H NMR (400 MHz, CDCls) &: 7.98 (d, J = 16.7 Hz,
1H), 7.43 (dd, J = 5.9, 2.9 Hz, 4H), 7.18 (d, J = 4.0 Hz, 2H), 6.76 (d, J = 8.5 Hz,
2H), 2.55 (s, 3H), 0.89 (s, 9H), 0.12 (s, 6H).
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4.3.13 Synthesis of Compound 13

(TBDMS-CI)
DCM, Et3N
0°C—>RT—>50°C
2 days

Scheme 4.13. Synthetic route of Compound 13

A literature report on a closely related system was utilized with modification
(Panduwawala et al., 2019). Compound 4 (100 mg, 0.17 mmol) was introduced in a
25 ml Schlenk tube, and chloroform (12 ml) was added. After the dissolution occurs,
EtsN (25.8 mg, 0.255 mmol) was diluted in chloroform (0.5 ml) and was added to
the solution of compound 4, then the flask was placed in ice-water bath. A solution
of TBDMS-CI (38.4 mg, 0.255 mmol) in chloroform (0.5 ml) was added to the
mixture at 0 °C dropwise. When the addition was completed, the ice bath was
removed, and the reaction was continued to stir at room temperature for 3 hours, then
the temperature was adjusted to 50 °C for 2 days. No further progress in the reaction
was observed according to the thin layer chromatography (TLC), then it was
quenched with water (20 ml). The organic layer was separated and the aqueous layer
was extracted with DCM. All organic layers were combined and washed with brine,
dried over MgSOas. Then, it was filtered and the solvent was evaporated under
reduced pressure. The crude product was purified by column chromatography (silica
gel, DCM:MeOH — 100:2) to give Compound 13 as violet purple (146 mg, 52%).
'H NMR (400 MHz, CDCls) §: 7.98 (d, J = 16.7 Hz, 1H), 7.43 (dd, J = 5.9, 2.9 Hz,
4H), 7.18 (d, J = 4.0 Hz, 2H), 6.76 (d, J = 8.5 Hz, 2H), 2.55 (s, 3H), 0.89 (s, 9H),
0.12 (s, 6H).
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4.4 Experiments Towards Synthesis of S2-BODMe

44.1 Synthesis of Compound 15

(i) TFA, dry CH,CI,

H H 0]
N )
+
\ = | (i) DDQ
\N (iii) NEt,, BF 3.OFt,

at RT, 2 days

Scheme 4.14. Synthetic route of compound 15

A literature report on a closely related system was utilized with modification (Luo et
al., 2014).Anhydrous CH2 Cl> (150 ml) was introduced in a 250 ml two-neck flask
and argon-purged for 20 minutes. Then, under a nitrogen atmosphere, 2,4-
dimethylpyrrole (0.62 ml, 6 mmol) and 4-pyridinecarboxaldehyde (0.28 ml, 3 mmol)
were added respectively. Trifluoroacetic acid (TFA, 0.15 ml, 1.96 mmol) was added
to the mixture dropwise. The mixture was stirred overnight at room temperature (RT)
in the dark until TLC showed that the aldehyde has been completely consumed.
Dichlorodicyanobenzoquinone (DDQ, 681 mg, 3 mmol) was added within 30
minutes portion wise and the mixture was stirred for an additional 2 hours. A large
excess of triethylamine (TEA, 9 ml, 64,5 mmol) and BF3.Et20 (9 ml, 72,9 mmol)
were added dropwise respectively into the reaction mixture, and the reaction mixture
was continued to stir overnight at room temperature in the dark. Water was added
the reaction mixture was extracted with CH2Cl.. The organic layers were combined
and dried over MgSOQ4 and the solvent was evaporated under reduced pressure. The
crude product was purified by column chromatography (silica gel, MeOH:DCM -
2:98) to obtain the desired product (Compound 15) as a dark orange solid (264 mg,
27%). *H NMR (400 MHz, CDClIs) &: 8.78 (s, 2H), 7.31 (d, 2H, J=3.8 Hz), 6.00 (s,
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2H), 2.54 (s, 6H), 1.39 (s, 6H); **C NMR (101 MHz, CDCl3) &: 156.6, 150.6, 143.8,
142.7,137.7, 130.4, 123.5, 121.9, 14.9

4.4.2 Synthesis of Compound 16

NBS

dry CH,Cl,
at RT, 2 hours

Scheme 4.15. Synthetic route of Compound 16

A literature report on a closely related system was utilized with modification
(Bartelmess et al., 2014). Compound 15 (211 mg, 0.68 mmol) was dissolved in
anhydrous DCM (33 ml) and N-bromosuccinimide (NBS, 302 mg, 1.7 mmol)
solution in dry DCM (22 ml) was added in a dropwise manner. The mixture was
stirred at room temperature and the thin layer chromatography (TLC) demonstrated
that the reaction was completed. The organic phase washed with water (80 ml),
followed by brine (80 ml). The organic layers were combined and dried over
anhydrous Na>SOas. The mixture was filtered, and the solvent was evaporated under
reduced pressure. The crude product was purified by column chromatography (silica
gel, EtOAc:DCM - 15:100) to obtain the final product (Compound 16) as a dark
red solid (286 mg, 87%). *H NMR (400 MHz, CDCls) &: 8.84 (d, 2H, J=4.8 Hz),
7.32 (d, 2H, J=4.8 Hz), 2.60 (s, 6H), 1.39 (s, 6H); *3C NMR (101 MHz, CDCls) &:
154.9, 150.3, 143.3, 139.9, 137.4, 129.1, 123.1, 112.3, 13.9 13.7
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443 Synthesis of Compound 17

OH

piperidine, AcOH, DMF
atRT, 1h

16

Scheme 4.16. Synthetic route of Compound 17

A literature report on a closely related system was utilized with modification
(Karaman et al., 2019). Compound 16 (100 mg, 0.207 mmol) was dissolved with
anhydrous DMF (5 ml) in a 25 ml Schlenk tube. Then, 4-hydroxybenzaldehyde
(100.14 mg, 0.82 mmol) was added to the mixture. To this solution, piperidine (0.3
ml) and acetic acid (0.3 ml) were added dropwise respectively, and the reaction
mixture continued to stir at room temperature. The TLC showed that the reaction
was completed after 1 hour, and it was immediately evaporated with vacuum. Then,
the crude product was purified by column chromatography (silica gel,
MeOH:Chloroform — 3:97) to give Compound 17 as a dark green solid (22.9 mg,
16%). *H NMR (400 MHz, DMSO-ds) &: 10.16 (s, 2H), 8.83 (br. s, 2H), 8.33 (s, 2H),
8.06 (d, 2H, J= 16 Hz), 7.63 (s, 2H), 7.50 (d, 4H, J=7.3 Hz), 7.4 (d, 2H, 16 Hz), 6.90
(d, 4H, J=7.3 Hz), 1.40 (s, 6H).
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4.4.4 Synthesis of Compound 19

ONH
Br
o H [j
N3 o
OH

Cs,COg, acetone
at RT, 4 hours

N3
89%
19

Scheme 4.17. Synthetic route of azide containing masking unit

A literature report on a closely related system was utilized with modification (Patti
et al., 2009). 4-hydroxybenzaldehyde (82.3 mg, 0.674 mmol) was dissolved with
acetone (5 ml) in a 50 ml Schlenk tube. Then, 1-azido-4(bromomethyl)benzene (143
mg, 0.674 mmol) and cesium carbonate (Cs.COs, 307.5 mg, 0.944 mmol) were
added to the solution. The TLC indicated that the reaction was completed after 6
hours. Then, the reaction mixture was filtered and the solution part of it was taken to
dryness under reduced pressure. The desired compound was obtained without
purification as colorless oil (151.6 mg, 89%). *H NMR (400 MHz, CDCls) &: 9.91
(s, 2H), 7.87 (d, 2H, J=8.8 Hz), 7.45 (d, 2H, J=8.7 Hz), 7.09 (d, 4H, J=8.7 Hz), 5.14
(s, 2H).
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Figure A.1. 'H NMR spectrum of compound 1 in CDCls
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Figure A.2. 3C NMR spectrum of compound 1 in CDCl3
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Figure A.3. *H NMR spectrum of compound 2 in CDCls
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Figure A.4. 3C NMR spectrum of compound 2 in CDCl3
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Figure A.5. 'H NMR spectrum of compound 4 in CDCls
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Figure A.6. 'H NMR spectrum of PMB-CI in CDCls
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Figure A.7. 3C NMR spectrum of PMB-CI in CDCl3
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Figure A.8. 'H NMR spectrum of compound 7 in CDCls
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Figure A.9. 'H NMR spectrum of compound 6 in CDCls
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Figure A.10. *H NMR spectrum of compound 8 in CDCl3
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Figure A.11. 3C NMR spectrum of compound 8 in CDCl3
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Figure A.12. *H NMR spectrum of compound 9 in CDCls
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Figure A.13. *H NMR spectrum of compound 11 in CDCls
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Figure A.14. 3C NMR spectrum of compound 11 in CDCls
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Figure A.15. *H NMR spectrum of compound 12 in CDCl3
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Figure A.16. *H NMR spectrum of compound 10 in de-DMSO
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Figure A.17. *H NMR spectrum of compound 13 in CDCls
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A.2 Compounds Towards Synthesis of S2-BODMe
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Figure A.18. *H NMR spectrum of compound 15 in CDCls
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Figure A.19. 3C NMR spectrum of compound 15 in CDCls
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Figure A.20. *H NMR spectrum of compound 16 in CDCl3
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Figure A.21. 3C NMR spectrum of compound 16 in CDCls
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Figure A.22. *H NMR spectrum of compound 17 in ds-DMSO
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Figure A.23. *H NMR spectrum of Azide Containing Masking Unit in CDCls



