TOWARDS LOW MOLECULAR WEIGHT XANTHENE-BASED DYES WITH
ABSORPTION BEYOND 650 NM

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

CAGLAYAN KIZILENIS

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
CHEMISTRY

DECEMBER 2023






Approval of the thesis:

TOWARDS LOW MOLECULAR WEIGHT XANTHENE-BASED DYES
WITH ABSORPTION BEYOND 650 NM

submitted by Caglayan Kizilenis in partial fulfililment of the requirements for the
degree of Master of Science in Chemistry, Middle East Technical University by,

Prof. Dr. Halil Kalipgilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Ozdemir Dogan
Head of the Department, Chemistry

Assoc. Prof. Dr. Emrullah Gorkem Giinbas
Supervisor, Chemistry, METU

Examining Committee Members:

Assoc. Prof. Dr. Salih Ozgubukgu
Chemistry, METU

Assoc. Prof. Dr. Emrullah Gérkem Giinbas
Chemistry, METU

Assoc. Prof. Dr. Emre Biikiisoglu
Chemical Engineering, METU

Assoc. Prof. Dr. Ozgiil Persil Cetinkol
Chemistry, METU

Assist. Prof. Dr. Safacan Kélemen
Chemistry, Kog University

Date: 11.12.2023



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced

all material and results that are not original to this work.

Name Last name : Caglayan Kizilenis

Signature :



ABSTRACT

TOWARDS LOW MOLECULAR WEIGHT XANTHENE-BASED DYES
WITH ABSORPTION BEYOND 650 NM

Kizilenis, Caglayan
Master of Science, Chemistry
Supervisor : Assoc. Prof. Dr. Emrullah Gérkem Giinbas

December 2023, 96 pages

9H-xanthene (10H-9-oxaanthracene or Xanthene) core based Photodynamic
Therapy (PDT) agents became highly sought after since they demonstrated
numerous advantages including a high molar extinction coefficient, high
photostability, high light-dark toxicity ratio, and availability for both lipophilic and
aqueous media. The tunability of the xanthene core makes it a great candidate for
imaging and therapeutic purposes. For PDT action, the agent should have a high
singlet oxygen generation yield, absorb at the therapeutic window, localize at the
subcells, and have a desired hydrophilicity among other factors. In this study, novel
low molecular weight, red absorbing, and water-soluble silicon (SINO-OMe, SiNO-
OMe2) and phosphine oxide (PNN, Morp) containing xanthene dyes were designed
and significant effort has been dedicated to their synthesis. Synthesis of one of the
desired silicon containing xanthene dyes was confirmed in High Resolution Mass
Spectrometry (HRMS), however isolation of the target has not been fruitful so far.
For the synthesis of silicon containing derivatives, several trials were performed for
a key demethylation reaction and a nitrosonium based approach for forming a
nitrogen bridge on the xanthene core as a new concise synthetic approach was
detailly pursued. Aminopeptidase N targeting handle (APN) was synthesized for
modifying novel cores pursued in this study to achieve selective accumulation on

brain cancer (glioblastoma cells). In the second chapter, a Two Photon Absorption



dye, TPA, was designed, and the donor and acceptor components of this dye
(compounds 3.5 and 3.7) were successfully synthesized. As a future work synthesis
of SINO-OMe, PNN-Morp, and TPA will be finalized and their photophysical
properties will be investigated. Their aminopeptidase N caged derivatives will also

be realized and their performance in in vitro studies will be investigated.

Keywords: Photodynamic Therapy, Xanthene, Dye, Cancer Treatment, Therapeutic
Window, 2 Photon Absorption, Aminopeptidase N
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0z

650 NM OTESINDE SOGURMA YAPAN DUSUK MOLEKULER
AGIRLIKLI KSANTEN BOYALARI

Kizilenis, Caglayan
Yiksek Lisans, Kimya
Tez Yoneticisi: Dog. Dr. Emrullah Gérkem Giinbas

Aralik 2023, 96 sayfa

9H-Ksanten (10H-9-oxaantren veya Ksanten olarak da bilinir) ¢ekirdek tabanli
Fotodinamik Tedavi (PDT) ajanlari, yiiksek molar sogurma katsayisi, yiiksek
fotostabilite, yiiksek 1sik-karanlik toksisite orani ve lipofilik ve sulu ortamlar icin
mevcudiyet gibi birgok avantaji sergiledikleri i¢in son derece aranan hale gelmistir.
Ksanten ¢ekirdeginin ayarlanabilir olmasi, goriintiileme ve terapotik amaglar igin
harika bir aday yapar. PDT etkisi i¢cin ajanin yiiksek bir singlet oksijen iiretim
verimine, terapotik pencerede emilime, hiicre altinda lokalizasyona ve diger
faktorlere sahip olmasi gerekmektedir. Bu ¢aligmada, diisiik molekiil agirlikl,
kirmizi emen ve suda ¢6ziinen silikon (SiNO-OMe, SINO-OMe2) ve fosfin oksit
(PNN, Morp) igeren Ksanten boyar maddeler tasarlandi ve sentezleri i¢in 6nemli
caba harcandi. Istenen silikon igeren Ksanten boyar maddelerden birinin sentezi
Yiiksek Coziiniirliiklii Kiitle Spektrometrisi (HRMS) ile dogrulandi, ancak hedefin
izolasyonu su ana kadar basarili olmadi. Silikon igeren tiirevlerin sentezi igin bir ana
demetilasyon reaksiyonu ve yeni bir kisa sentetik yaklasim olarak Ksanten
cekirdeginde bir azot kdpriisii olusturmak i¢in nitrosonyum tabanli bir yaklagim i¢in
birka¢ deneme yapildi. Bu ¢alismada takip edilen yeni ¢ekirdekleri modifiye etmek
icin Aminopeptidaz N hedefleme kolu (APN) sentezlendi ve bu, beyin kanseri

(glioblastoma hiicreleri) iizerinde segici bir birikim elde etmek icin bu calismada

vii



takip edilen ¢ekirdekleri modifiye etmek icin kullanilacaktir. ikinci boliimde, iki
Foton Sogurma boyasi, TPA, tasarland1 ve bu boyanin (bilesikler 3.5 ve 3.7) donoér
ve alict bilesenleri basartyla sentezlendi. Gelecekteki ¢alismada SINO-OMe, PNN-
Morp ve TPA'nin sentezi tamamlanacak ve fotofiziksel ozellikleri arastirilacaktir.
Ayrica bunlarin Aminopeptidaz N kapali tiirevleri gergeklestirilecek ve in vitro

caligmalardaki performanslar1 arastirilacaktir.

Anahtar Kelimeler: Photodinamik Terapi, Ksanten, Boya, Kanser Tedavisi,

Terap0tik pencere, 2 Foton Absorpsiyon, Aminopeptidaz N
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CHAPTER 1

INTRODUCTION

1.1  Photodynamic Therapy

Sunray was used for the treatment of human diseases, including psoriasis, skin cancer,
vitiligo, and rickers in ancient times, and its healing properties were subjected to ancient
religions of Europe, Asia, and America.(Daniell & Hill, 1991) At the end of the
nineteenth century, phototherapy came into the light and was made popular by Danish
Physician Nielson Finsen, who treated cutaneous tuberculosis with ultraviolet from the
sun.(Dolmans et al., 2003) Then, he led the carbon arc phototherapy for this chronic
infection of skin tuberculosis and won the Nobel Prize for his discovery in 1903. In this
way, the structure of modern light therapy was constructed. Later, Tappainer’s student
Oscar Raab found out that “infusoria”, a species of paramecia, could be sensitized in the
presence of acridine. This finding led to further studies by Tappainer and Jodlbauer,
following the first “photodynamic” term, which was described by Tappainer.(Lipson &
Baldes, 1960) External developments and experiments around the chemical reagents and
light components built modern photodynamic therapy (PDT).

PDT is a cancer treatment method that focuses on the elimination of malignant tumor
cells efficiently with fewer side effects compared to the current cancer treatment
methods. This therapy has become popular in the last two decades and is getting
approval among the USA and some European countries for some particular uses like
skin, breast, and prostate cancer.(Shafirstein, 2023) PDT has three components:

photosensitizer (PS), external light source, and oxygen.



111 Components of Photodynamic Therapy

PSs are conjugated, light-sensitive dyes that are accumulated selectively on malignant
tumor cells according to their structural modification. They produce highly toxic
reactive oxygen species like singlet oxygen and free radicals to create cytotoxicity at the
subcellular level at tumor cells. So, this decreases the side effects of the
therapy(Dabrowski et al., 2011) and makes PDT an almost non-invasive cancer

treatment method.

Modifying PS with heavy atoms (-Br, -1, selenophene) enhances the spin-orbit coupling.
Thus, intersystem crossing (ISC) becomes more probable during the transition change
from singlet excited state to triplet excited state. These increase the singlet oxygen
quantum yield.(Hu et al., 2018; Lan et al., 2019; Y. Liu et al., 2018; Monro et al., 2019)

Promising PS should show below properties.(Detty et al., 2004; Juarranz et al., 2008;
O’Connor et al., 2009)

Water-solubility, Fast clearance from the body
- High photostability under illumination

- Amphiphilicity depends on the interested tissue
- Low dark toxicity, high phototoxicity

- High singlet oxygen quantum yield (@A)

- Strong absorption band (high molar extinction coefficient “g”)

Absorption within the therapeutic window

Absorption wavelength is very crucial. Because tissues are bulk medium, light
penetration is very restricted due to the strong light absorbers including water,

oxyhemoglobin, deoxyhemoglobin, and melanin. There is an optical window for PDT



around 650-1200 nm which absorption wavelength does not interfere with any of these
molecules.(Angelier, 1990; Niemz, 2007; Plaetzer et al., 2009) But, the energy of
photons decreases as the wavelength increases. So, there should be a limitation for
triplet-state photosensitizers that exceed the minimum energy for forming the singlet
oxygen. This minimum energy corresponds to the upper level of the absorption
wavelength, which is 850 nm.(Anderson & Parrish, 1981) To achieve the deep
penetration of light through tissue, excitation wavelength should be greater than 600
nm.(Plaetzer et al., 2009) Thus, these conditions determine the therapeutic window,
which PSs are designed to absorb at the wavelength range between 600-800 for optimal

efficiency.(Juzeniene et al., 2006)

With the improvement in the light source, PDT became popular. In the early stage,
KTP:YAG lasers (Nd:yttrium-aluminum-garnet solid-state lasers, 532 nm) and argon
gas laser (488 and 514.5 nm) were predominant due to monochromaticity and intensity.
Then, they were coupled with dyes to obtain the desired illumination wavelength. But,
they have a high cost and large size. Portable diode lasers then became popular around
the PDT community. 690 and 785 nm diode laser are available. Furthermore, some non-
coherent light sources, including LED, serves some advantages to a certain extent
including low cost, a compact-sized, wide range of the spectrum. Also, fluorescence
lamps are available (BLU-U1®, 400-450 nm) and Lumacare® with a specific filter up
to near-IR region.(Awuah & You, 2012; Kessel, 1990)

The PDT involves administering a PS, a light-sensitive drug, either orally or topically
to the targeted area. PS is Subsequently distributed around the body if it is given orally.
Then, PS accumulates on the target of interest depending on the targeting strategies.
Once the photosensitizer is absorbed by the targeted cells, a specific wavelength of light
is applied to the area, activating the drug. This activation leads to the production of

reactive oxygen species, which initiate a cascade of reactions that ultimately destroy the



targeted cells while minimizing damage to surrounding healthy tissue.(X. Li et al., 2020)
(Figure 1.1)

) ™ ] ™ M
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Figure 1.1. Schematic illustration of PDT mechanism in human cell.

Oxygen is the third component of the PDT. PS and light interaction lead to excitation
from the triplet-state oxygen to highly reactive singlet oxygen or oxygenated radicals.
All of the reactive oxygen species result in the elimination of tumor cells. Tumor cells
are known to have poor oxygen concentration, which is defined as a hypoxia
condition.(Zhu & Finlay, 2008) This decreases the PDT efficiency toward tumor cells.
But, subcellular targeting, such as mitochondria or lysosomes, which have higher

oxygen concentration compared to other subcellular locations, is a promising approach.

1.1.2 Working Principle of Photodynamic Therapy

PSs have zero total spin in its ground state called singlet ground state (S0). IHluminating
the PS within its singlet ground state excites to the singlet excited state (S1). Singlet
excited state is a highly unstable transition state. At this point, excited PS can make
fluorescence to emit its energy via radiative decay. PSs, which are used for cancer
imaging purposes, make fluorescence. For therapeutic application, PS should undergo
intersystem crossing and go triplet excited state (T1) from S1 due to modifications such

as the presence of heavy atoms in the structure. Phosphorescence is a forbidden energy



transition state by the quantum selection rule. So, PS with its triplet-state is more stable
than in its singlet excited state and allows for a longer lifetime. These situations give
triplet-state PS enough time to collide nearby molecules to start electron-transfer
reaction (Type 1) or transfer its energy (Type II).(Wilson & Hay, 2011) At this point,

there are two types of reaction mechanisms.
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Figure 1.2 Schematic illustration of the Jablonski diagram (W. Li et al., 2022)
(SO: ground state, S1: singlet excited state, T1: triplet excited state, ISC: intersystem crossing, RISC:

reversible intersystem crossing, RTP: room temperature phosphorescence.)

In Type | mechanism, excited PS starts electron-transfer reaction with oxygen
molecules, organic substrates, or solvent to donate electron or proton. But, most excited
PS’s are known as oxidants and lead to radical or radical ion which their further reaction
with Oz gives oxygenated radicals including peroxides, superoxide, and hydroxyl
radicals. In Type Il mechanism, excited PS emits its energy to the ground state triplet
oxygen and results in highly reactive singlet oxygen and PS in its ground
state.(Abrahamse & Hamblin, 2016)

All of these reactive oxygen species (ROS), which are oxygenated radicals and singlet

oxygen, cause oxidation of DNA, proteins as well as lipids.(Foote, 1991) So, this leads



to significant cytotoxicity, disrupt the organization of the membranes, proteins, enzyme
structures, and trigger the upregulation of hypoxia-inducible transcription factors’
(HIFs) pathways, which enable the survival of tumor cells and stem cells under hypoxia

conditions.

1.1.3 Subcellular Localization of Photodynamic Therapy

Cell death mechanisms arise from not only the photodynamic stress but also the
subcellular localization of PS, which results in the production of highly reactive singlet
oxygen and ROS and corresponding cell signaling pathways.(Bacellar et al., 2015) Due
to the low oxygen concentration of tumor cells, PDT activity is restricted to certain
subcellular parts of the tumor. Targeting proper organelles is crucial, whereas limited

oxygen content leads to lower singlet oxygen or ROS generation.

The inner mitochondrial membrane has around negative 150-170 mV membrane
potential(Rubio et al., 2009) which makes positively charged PSs accumulate selectively
in mitochondria.(Ormond & Freeman, 2013) Mitochondria is a well-known oxygen-rich
organelle compared to other subcellular parts, and also many proteases and proteins,

which trigger the apoptosis cell signaling.

Singlet oxygen has a maximum action radius around 20 nm and a short lifetime of
around 40 ns.(Moan & Berg, 1991; Pavani et al., 2009) These create selective

cytotoxicity at the site of action within the subcellular level.

Solubility of the PS is another factor that affects its selectivity. Hydrophobic PSs can
easily accumulate in the membrane, but they lack proper delivery methods in aqueous
media. Hydrophilic PSs have several advantages over hydrophobic ones. Removing
hydrophilic PS from the body is faster which results in fewer side effects.(Dysart &
Patterson, 2005)



1.14 Cell Death Mechanisms in Photodynamic Therapy

PDT causes both vascular and cellular phototoxicity. Vascular phototoxicity is achieved
by disruption of endothelium and vascular walls through PS activation by the external
light source. (Sakamoto et al., 2002) Vasculature damage results in blood-flow status
via blood vessel constriction. Thus, oxygen and nutrient transportation is restricted, and
tumor regression occurs.(Calzavara-Pinton et al., 2001) Cellular phototoxicity is
achieved by direct tumor cell damage via PS activation, and results in disruption of intra-
cellular medium. Both phototoxicity mechanisms are coexist and vary depending on PS,

drug-light interval, wavelength, tissue, and clinical approach.(Sakamoto et al., 2002)

PDT results in three types of cell death mechanisms, which are apoptotic (apoptosis)
cell death mechanism, and non-apoptotic ones which are necrosis and autophagy. Key
elements that dominate one of these mechanisms is subcellular localization include
endoplasmic reticulum, lysosomes, plasma membrane and mitochondria. Also, PDT
concentration, light intensity, and PDT-light interval are the other factors.(Wilson &
Hay, 2011)

Apoptosis is a controlled cell death pathway by mediating caspases. The disruption of
endoplasmic reticulum and mitochondria are the well-known apoptotic pathway.(W.
Wang et al., 2012) Also, Danial and coworkers’ studies indicated that there is an
integration between glucose metabolism and the apoptotic pathway.(Danial &
Korsmeyer, 2004) Second, autophagy is mainly initiated by disruption of lysosomes and
endosomes due to the PDT localization on them.(Danial et al., 2003) They can be
thought of as “eating itself” cell death mechanisms. The third type is necrosis, which is
an unprogrammable and violent cell death mechanism and responsible for the
destruction, swelling of organelles, and loss of cytoplasm contents(Mroz et al., 2011).
They arise from the loss of the plasma membrane integrity due to the localized PDT

action on the plasma membrane.(Tsujimoto, 2012) In contrast to in vitro studies, in vivo



situations led to unequal light distribution to tissues, and inhomogeneous PS localization
on targeting organelles can result in not a single death mechanism but a mixture of
them.(Danial et al., 2003)

Recently, Jung et al. reported that targeting and inhibition of carbonic anhydrase 9 which
is located on the mitochondria membrane, through acetazolamide (AZ)-conjugated
BODIPY photosensitizer triggers the HIF pathway resulting in the dysfunction of
mitochondria and cell signaling for apoptosis.(Kessel & Poretz, 2000)

Also, Kawai and coworkers indicate that detachment of cytochrome c from
mitochondria is attributed to the apoptosis through lipid oxidation and changing of the
inner mitochondrial membrane.(Jung et al., 2017) These studies show that targeting and
disrupting the mitochondria membrane regulates apoptosis and overcomes the hypoxia
condition for PDT.

1.2 Photosensitizers

1.2.1 Photosensitizers Based on Porphyrin Structure

Most of the clinically approved PDT agents are porphyrin derivatives which are cyclic
tetrapyrrole-based structures that include porphyrin, chlorin, and bacteriochlorin (Figure
1.3)(Kawai et al., 2014; Mroz et al., 2011)
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Figure 1.3. Structures of (a) porphyrin, (b) chlorin, and (c) bacteriochlorin.

5-Aminolaevulinic acid (ALA) has been a commonly used topical photodynamic
therapy agent since 1999. It has a porphyrin ring structure when it is converted to
protoporphyrin IX in cells. Then, illuminating the areas with radiation makes
protoporphyrin IX start PDT action.(Sternberg et al., 1998) Typically, ALA is used in

skin cancer treatment. (Figure 1.4)
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Figure 1.4. (a) structure of ALA, (b) structure of protoporphyrin IX

Porphyrin based PDT agents have some drawbacks including lack of solubility in water,
dark toxicity, photosensitivity which lasts several weeks, limited depth of irradiation,
severe pain during illumination and not being modifiable for further analogous (Morton
etal., 2002)

Hematoporphyrin is the first-generation PDT agent whereas m-THPP and m-THPC are
the second-generation PDT agents which are chemically pure and have greater tumor
selectivity than the first generations. Saturation of one double bond in m-THPP yields
chlorin based porphyrin derivative, m-THPC (Foscan®) which results in a bathochromic
shift.(Nyman & Hynninen, 2004) (Figure 1.5)
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Figure 1.5. Structure of (a) hematoporphyrin (b) m-THPP, (b) m-THPC.

1.2.2 Photosensitizers Based on Non-Porphyrin Structure

Although Porphyrin-based PDT agents dominate through industry and research interest,
non-porphyrin-based PDT agents are also found. Several non-porphyrin-based PS
candidates (Figure 1.6), which are second generation, show high-level PDT activity and

better cellular targeting properties than porphyrin-based PSs.(Senge & Brandt, 2011)
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Figure 1.6. Examples of non-porphyrin based PS.
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1.2.3 Photosensitizers Based on Xanthene Dyes

The promising properties of xanthene-based dyes, such as water solubility,
photostability, and ease of modification, motivated researchers to investigate the
modification of classical dyes such as fluorescein and rhodamine B (Figure 1.7) towards
realizing NIR absorbing/emitting dyes with highly cancer-selective activation for
imaging and treatment opportunities(Xiao & Qian, 2020). These efforts proved fruitful,

and several novel xanthene-based dyes were developed with remarkable properties.
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Figure 1.7. Structures of (a) Fluorescein (b) Rhodamine B.

In classical xanthene dyes, oxygen occupies the 10th position, replacing oxygen with
any other elements, such as the pnictogens (group 4), the chalcogens (group 5), or boron
have seen significant interest due to several orbital interactions leading to a decrease in
the band gap. This bathochromic shift is crucial for imaging and treating deep tumors.
Up to the present, carbon, silicon, germanium, tin, sulfur, and boron substituted pyronine
scaffolds (Figure 1.8) have been proposed with red-shifted emission, and a wide range

of biological applications was reported where classical pyronines were not effective.
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Figure 1.8. Structure of classical xanthene core (pyronine scaffold)
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Silicon substituted pyronine (Si-Pyronine, SiP), is one of the classes of pyronine, and
the Fu group reported the first silicon incorporation into the commercial xanthene
core.(Fu et al., 2008) They showed that single silicon atom substitution resulted in a
simultaneous decrease in LUMO energy level and increased HOMO energy level due to
r* (silicon atom) p* (adjacent carbon atom) interaction that resulted in a 90 nm
bathochromic shift. Besides the red-shift, narrow absorption with a 2-fold increase in
molar absorption coefficient was observed compared to classical pyronine, which bears
oxygen atom at the 10th position. It is crucial to mention that polar protic solvents
resulted in lower quantum fluorescence yield. This observation was attributed to the
electron-deficient character of the carbon atom at position 9. Thus, increasing the
bulkiness at this position became one of the endeavors in the community for reaching
higher quantum yields.

Hybrid xanthene dyes, particularly ones bearing silicon or phosphine oxide as the
bridging unit of xanthene moiety, gained significant interest not only due to their
excellent photochemical properties in aqueous media, high fluorescence quantum yield,
photostability but also their proper absorption and emission maxima that allow for deep

tissue imaging and therapy.

Figure 1.9. Structures of (a) Si fluorescein (b) Phosphine oxide fluorescein

In addition to group 4 elements Si and Ge and group 6 elements S, Se, and Te,
Phosphorus (group 5) was used for the electronic modifications of p-conjugated systems

due to the orbital interaction between p-skeleton and significant perturbation of the
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electronic structure. The oxidation of the phosphorus atom enhanced the electron-
accepting ability and chemical stability of the p- skeleton. Wang’s group demonstrated
the first introduction of phosphorus into xanthene dyes in 2015.(Chai et al., 2015)
Replacement of bridging oxygen atom in the classic rhodamine framework with
phosphine oxide yielded a series of phosphorous substituted tetraethyl rhodamines
(PRs). Replacement of the bridging oxygen atom with silicon yielded near-infrared
(NIR) Si-rhodamine with an emission maximum of around 650 nm. When phosphorus
was integrated into conjugated ring systems, r*- p* orbital interactions increased, and
the energy level of the LUMO decreased, resulting in greater shift towards the NIR
region. (Figure 1.9, Figure 1.10)

Figure 1.10. Structures of (a) Si rhodamine (b) Phosphine oxide rhodamine

The review written by O. Karaman, G.A. Alkan, C. Kizilenis et al.(Karaman et al., 2023)
aims to highlight these exciting advancements towards searching for ‘‘the core”,
focusing on xanthene dyes bearing heteroatoms other than oxygen at the 10-position due
to their significantly red-shifted absorption and emission maxima with preserved

optimal features of their ancestors.
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1.24 Two-photon absorption dyes

Two-photon absorption (2PA) is the simultaneous absorption of two photons by an
atom, molecule, or semiconductor that results in a transition to a higher energy state.
This phenomenon is distinct from the more common single-photon absorption, which
was originally shown experimentally in 1961 and involves the excitation of an electron
by a single photon. (Kaiser & Garrett, 1961)

Since two photons with energy lower than the difference between the starting and end
states are absorbed simultaneously in a typical 2PA process, there shouldn't be an
intermediate excited state. (Fig. 1.11) The combined energy of the two photons, which
is highly dependent on the intensity of the incoming light, is sufficient to excite one
electron to a higher energy state. The probability of 2PA increases by the square of
intensity of the light, in contrast to single-photon absorption, which depends linearly on
intensity.(Pawlicki et al., 2009)

Upper energy level
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process process
(2 x 532 nm) (266 nm)

Figure 1.11. Demonstration of simultaneous absorption of 2 photons (Moagar-Poladian,
2008)

TPA is frequently used in two-photon microscopy, a method for high-resolution imaging
of biological material. Compared to conventional one-photon excitation, 2PA has the
benefit of deeper penetration into biological tissues with less photodamage. (Tkachenko,
2006) In the context of cellular and biological imaging, greater TPA cross-sections allow
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deeper penetration in more scattering tissue samples and lower laser intensities to excite

more molecules. This reduces the risk of tissue heat damage.

TPA is more prominent in materials with particular features, such as a high two-photon
absorption cross-section (GM), specified by Maria Goppert-Mayer, who created the

theory of two-photon absorption in the 1930s. (Goppert-Mayer, 1931)

2PA dyes should exhibit a relatively high two-photon absorption cross-section. This
parameter quantifies the probability of the dye undergoing 2PA and is crucial for
efficient excitation with low-power laser sources. Branched planar chromophores which
are linear dipolar, quadrupolar (Figure 1.12) as well as octupolar systems are widely

investigated due to tunability of their charge transfer ability. (Pawlicki et al., 2009)
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Figure 1.12. Structure of a) quadrupolar and b) octupolar systems

Quadrupolar and octupolar systems consist of two donor or two acceptor unit at the end,
and one conjugated core which show sensible charge polarization at the center and bond
with conjugated linker contains ethynylene and vinyl units are represented as A-z-D-z-
A and D-z-A-7-D (Figure 1.13)
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Figure 1.13. A-z-D-7-A and D-z-A-z-D systems in quadrupolar and octupolar

systems.

Variation of each of these groups change its 2PA characteristics like 2PA cross-
section and its absorption band. For example, ethynylene-linked systems have less
conjugation compared to vinylene-linked (trans) due to m—m and w*—m* energy
mismatches at C(sp1)-C(sp2) connections (Drobizhev et al., 2006), and result in slightly

lower two photon cross-section (GM), and so lead lower fluorescence quantum yield.

But in sterically hindered systems, having twisted out (where vinylene bridge makes the
bonded units twist out the conjugation) properties can make the conjugation in more
planer surface(Pawlicki et al., 2009), and result in better 2PA cross-section. Rebane,
Spangler, and co-workers showed (Drobizhev et al., 2006) that the vinylene-linked

porphyrin has a lower cross-section than the ethynylene-linked ones. (Figure 1.14)
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Figure 1.14. Demonstration of Spangler and coworkers® work
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Other widely investigated systems are dipolar linear chromophores which are
conjugated strong push-pull olefins like diphenylacetylenes and found out that they
can show great 2PA properties for used both imaging and therapeutic
purposes.(Chisholm et al., 2019; Gala De Pablo et al., 2020)
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Figure 1.15. Structure of Diphenylacetylene type dipolar chromophore (DCM324)

1.3  Aim

13.1 Silicon and Phosphine Oxide Bearing Xanthene Dyes

In this study, the aim is to introduce novel activable silicon and phosphine oxide bearing
xanthene dyes that exceed 600 nm absorption when they are in ON state at the target

site, and their brominated product on the main core to use in PDT action.
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In 2018 Miller’s group (Choi & Miller, 2018) foreseen that in addition to the
modification of classical xanthene core by replacing the bridging oxygen moiety with
heteroatom, they replaced the carbon atom at the 9-position with nitrogen, could yield a
further NIR shift in the absorption maximum. (Figure 1.16)
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Figure 1.16. Demonstration of structural modification done by Miller Group

Difluoro and dimethyl derivatives of the azetidine- bearing azasilane dyes were
synthesized. (Figure 1.17) The difluoro derivative ASiFluor710 and dimethyl derivative
AsiFluor730 showed red-shifted absorption maxima beyond 700 nm. The
fluorescence quantum yield of ASiFluor730 was low in aqueous medium however
showed good photostability, where irradiation at its peak absorption wavelength for 1
h did not result in any decomposition, where its difluoro derivative decomposes in
aqueous medium. This work also shows that introduction of electronically different

substituents on the azasiline core determine the xanthene core stability.
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Figure 1.17. Structure of (a) Oxazine 1, (b) Si-oxazine derivatives

With the findings of heteroatom substitution on xanthene core of fluoresceins and

rhodamines on 10-position and nitrogen replacement with carbon on 9-position, we
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designed silicon and phosphine oxide bearing xanthene dyes which can be used in both

imaging and for therapeutic purposes at NIR region upon heavy atom modification.

We designed the synthetic pathway of our candidates in the light of Wang’s work which
they did amine cyclization through producing nitrosonium cation in acidic reaction
medium in ethanol with NaNO». (L. Wang et al., 2020). Although reaction yield of both
amine derivatives are below 10%, these reaction decrease 3 or 4 reaction steps for
achieving desired xanthene core and also readily available starting materials in the
market which are 3-bromo-N,N,5-trialkylaniline derivatives, makes for a practical

synthetic route. (Figure 1.18)
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Figure 1.18. Amine cyclization of silyl alanine with NaNO; in acidic condition

This pathway has been utilized in our labs for the silicon-fluorescein derivatives without
any success. We speculated the difference in reactivity occurred due to difference in
donating ability of oxygen versus nitrogen. Hence, we designed new silicon-fluorescein
derivatives with additional oxygen at 1- and 8-position that can enhance donation
significantly. Additional phospha-analogue was pursued as a novel red shifted-dye

utilizing the similar synthetic approach. (Figure 1.19)
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SiNO-OMe PNN-Morp

Figure 1.19. Structure of (a) SINO-OMe, (b) PNN-Morp
Introduction of appropriate handles for effective targeting

The "handle™ is one of the most crucial components of a PDT drug. PSs are often made
so that they switch from an OFF to an ON state when the handle is cleaved. The singlet
oxygen generation occurs only when a PS in an ON state is illuminated. These handles
are engineered to be cleaved at the tumor site while leaving healthy tissue unharmed by
a small biomolecule or enzyme that is specifically expressed by cancer cells. A well-
known illustration of these handles is boronic esters. H>O., an oxidant that some cancer
cells produce excessively, cleaves these handles, causing the PS to go into the ON
state.(H. W. Liu et al., 2017) Unfortunately, even though there are several handles
known for a variety of cancers, brain tumor-specific handles to be used for realizing
targeted activatable PDT on brain cancer is unknown. In fact, specific targeting of brain
tumors has proven to be a difficult task. Here, a progressive approach is going to be

followed.

First, PS will be modified with a handle which targets an enzyme that is known to be
upregulated in human glioblastoma: aminopeptidase N (APN). Recent studies have
shown that APN is upregulated in several human malignancies (mostly in solid tumors)
including brain tumors, and acts by regulating a variety of processes such as cell—cell
contact, proliferation, tumor invasion and metastasis, angiogenesis, and tumor
progression. (J. Lietal., 2014) There is presently no research on targeting these enzymes

for brain cancer treatment, even though they are potential candidates that are employed
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in selective fluorescence imaging for the investigations of brain cancer cells. Hence,
SINO-OMe-X or SiINO-OMe2-X will be modified by APN-specific handle towards a

first-ever targeted and effective PDT-based brain cancer treatment. (Figure 1.20)
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Figure 1.20. Structure of (a) APN SiNO-OMe-X, (b) APN SiNO-OMe2-X

1.3.2 Two Photon Absorption Dyes

Chisholm and coworkers’ found out that diphenylacetylene type retinoid derivative
(Figure 1.15) showed 2PA PDT action.(Chisholm et al., 2019) Thus in the light of this
work, another aim of this study is to introduce novel 2PA dye based on low molecular
diphenylacetylene type linear dipolar chromophore towards realizing a more
straightforward and higher yielding synthetic approach with strong acceptor
characteristics of chromone (Z. Wang et al., 2017) and donor characteristics of trialkyl
amine moieties. (Figure 1.21) The dye expected to show non-linear optic properties and

have near strong absorption in the NIR region to fit in the therapeutic window.
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Figure 1.21. Structure of TPA
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CHAPTER 2

RESULTS AND DISCUSSION

2.1  Design of the Target Photosensitizers

In previous studies from our group (Figure 2.1) which | also contributed, two
fluorophores were successfully synthesized. Slicon substituted xanthene core with N
bridge (SINO) showed absorption at around 650 nm where the phosphine oxide
substituted one (PNO) gave an absorption maxima at around 600 nm. Unfortunately,
silicon based derivative showed no significant fluorescence which hinders its utilization
as for both imaging and treatment. Even though several fluorescence quenching
mechanisms are known in the literature, the specific mechanism in our case is, as of
now, unknown. On the other hand, phosphine oxide substituted dye PNO showed strong

fluorescence.
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HO Si o HO P o)
/ \ ~o
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Figure 2.1. Structure of SINO and PNO

We ended up with the tagret SINO-OMe 2 which was designed for ease of synthesis
and to make steric hindarence around the nitrogen to avoid any interaction of water with
nitrogen bridge and see the effect of donating units methoxy instead of methyl in the

outcome of the absorption characteristics.
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Figure 2.2. Theoretical outcome of absorption characteristics of SINO-OMe 2

Density functional theory used in theoretical calculations confirms that proposed dye
(SINO-OMe 2) will absorb beyond 600 nm. But, main challinging issue will be the
position of the methoxy unit with respect to bridging nitrogen on the core structure. Our
proposed straightforward synthetic path has no favored selectivity on methoxy unit
compared to hydroxyl during cylazation reaction thus two possible structures are
expected. We investigated both possible outcome theoretically, in which hydroxyl unit
are on the 1 and 8 position.
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Figure 2.3. Theoretical outcome of absorption characteristics of SINO-OMe
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Density functional theory used in theoretical calculations confirms that second dye
(SINO-OMe) will absorb beyond 600 nm as well, even 20 nm higher than SINO-OMe
2. Suprisingly position of the hydroxy unit on the xanthene core which contributes to
resonance structure through their p orbital mesomerically, change their absortion
maxima, means deacreases the energy difference between HUMO and LUMO gap of
the target molecule. This findings is one of the rare examples where the position of the
resonance contributer unit on the main core changes the absorption charecteristics.

With the promising results on the phosphine oxide substituted xanthene core studied in
the our lab (PNO), an alky amine substituted on 3- and 6-position instead of hydroxy
units was targeted to realize hybrid xanthene core (PNN-Morp) as a rhodamine analog
towards comparing their photophysical properties and in vitro behaviors like subcellular

localization. (Figure 1.19)

Computational Calculations

Time Dependent Density Functional Theory is very well known tool for determination
of electronic excited states of small molecules (up to 100 atom systems).(Bauernschmitt
& Ahlrichs, 1996; Casida et al., 1998; Marques & Gross, 2004; Runge & Gross, 1984;
Stratmann et al., 1998). Tuttle group’s work show that inclusion of the solvent is needed
to predict excitation energy calculations of several oxazine dyes and found out that SMD
description of solvent method was show greater accuracy compare to CPCM in that
sytstems. (Fleming et al., 2011) So, parameters and methods used in SINO-OMe and
SINO-OMe 2 are taken from Tuttle group’s work. But, equilibriam solvation method
was applied for consistency of the results with the decreasing the band gap of ground

state and excitated state which is not mentioned in that work.
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2.2  Approach for the Synthesis of Target Photosensitizers

2.2.1 Approach for the Synthesis of SINO-OMe.

(o] Br
- 1) n-BuLi, THF at-78° C, SI BBrj (1 eq) at-78° C,
30 min 78 tort
2) Si(CH3),Cl, at -78° C Dry DCM, 4h, 40%
o

~ rt, 90 min, 92%

1.1 1.2

Figure 2.4. Early synthetic route of compound 1.2

In the early stages, 1-bromo-3,5-dimethoxybenzene was subjected to lithium-halogen
exchange reaction, and subsequently, the silicon unit was coupled with a 92%.
(Compound 1.1, Appx. A.1, A.2) After that 2 methoxy parts of the molecule were
subjected to the demethylation with BBr3. But due to having a total of 4 methoxy on the
main structure and not achieving selectivity, 5 different demethylated products were
obtained. Temperature screening showed that reaction did not undergo through kinetic
product, all products started to occur at -40 °C simultaneously and their yields were
similar. Even though the major product was the desired product on the crude NMR data,

their separation was quite impractical by silica column chromatography. (Figure 2.4)

Reagent Equivalency | Temperature (°C) | Yield of desired product | Observation

Ethanethiol 2 reflux 8% Si-C bond broken

Ethanethiol 2 80 8% Si-C bond broken

Dodecanethiol 2 reflux 8% Si-C bond broken

Hydroiodic acid | 6 0 ND | Si-C bond broken

BBr3 2 -78 28% 5 different demethylated product
BBr3 1 -78 40% 5 different demethylated product

Table 1. Demethylation trials of compound 1.5 with various reagent and conditions

Hence, we started with the demethylation of 1-bromo-3,5-dimethoxybenzene first
achieving the reaction with 72% yield. (Compound 1.3, Appx. A.5, A.6) Then,
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protection of hydroxyl unit with benzyl bromide was performed with 98% yield.
(Compound 1.4, Appx. A.7, A.8) (Figure 2.5)

/O Br HO Br  BnBr(1.25eq) BnO Br
BBr; (0.88 eq) at-78° C K,CO3 (2.5 eq)
—_—
Dry DCM, -78° C to rt, 18h, 72% DMF / Acetone (1/2)

° o
/O /O 80° C, 43h, 98 % /O

1.3 1.4

Figure 2.5. Synthetic route of compound 1.4

Then the product was subjected to lithium halogen exchange reaction with n-BuLi.
However, lithium halogen exchange reaction followed by introduction of the silicon

based electrophile did not give the expected product either in THF or Et;0O. (Figure 2.6)

BnO Br \ /
\[ j 1) n-BulLi (1.15 eq), _© Si N§
at-78° C, 75 min
2) Si(CH3),Cl, at-78° C
0 Dry Et,0, (or THF) rt

- OBn OBn

1.4 1.5

Figure 2.6. Lithium-halogen exchange attempts on 1.4

Other lithium sources such as sec-BuLi and tert-BuLi gave similar results. Hence,
grignard-halogen exchange was attempted. However, the reaction did not proceed as

well and starting material was recovered. (Figure 2.6)

BnO Br  1)i-PrMgBr, THF at-78° C, 30 min, -78 to rt \ /
\©/ 2) Si(CHs),Cl, at -78° C, -78 to rt A Si o
o Dry, THF, rt, overnight

- OBn OBn
1.4 1.5

Figure 2.7. Magnesium-halogen exchange attempts on 1.4

Butyllithium reagents exist as tetramer or dimer coordinated structures in solvents.(Tai
et al., 2017) So, tetramethyl ethylenediamine (TMEDA) was added as a ligand to break
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this coordinated form and increase the basicity of the n-butyl lithium reagent, and
lithium halogen exchange reaction proceeded. Subsequent quenching with the silicon
electrophile unit gave 89% vyield (Compound 1.5, Appx. A.9, A.10) without any
impurities and any column chromatography. (Figure 2.8)

BnO Br 1) n-BuLi (1.15 eq), TMEDA (1.15 eq) o \SI/ o
) ~ ~
at-78° C, 75 min
2) Si(CH3),Cl, at-78° C
/O OBn OBn
Dry Et,O, rt, overnight, 89 %
1.4 1.5

Figure 2.8. Lithium halogen exchange attempts on 1.4 with TMEDA

Then, the debenzylation reaction on the palladium/carbon catalyst gave the target
compound in 92% yield. (Compound 1.2, Appx. A.3, A.4) Overall, these 4 steps gave a
much higher total yield (58%) compared to the earlier attempts (36%). Their separation

and isolation processes were much easier and time and solvent-saving.

Next, several amine cyclization reactions were attempted to obtain the xanthene core
structure. As a first nitration attempt, NaNO. was used in acidic ethanol according to the
work of Wang group (L. Wang et al., 2020), however complex mixture formation was
observed. HRMS data indicated the desired product was in the mixture however,

isolation efforts were not fruitful. (Appx. A.27) (Figure 2.9)

NaNO, HCl(aq) ~ -
\ Ethanol ? ? i i
i t
/O Si O\ ano N N
AN AN
or
NaNO; (3 eq.) HO Si 0 o Si o~
OH OH /\ /\
HyS0, in AcOH 16% (w/w)
1.2 0° C, 1 min, under argon SiNO-OMe 2 SiINO-OMe

Figure 2.9. Amine cyclization attempts with NaNO3.

Hence, other, milder amine cyclization reactions were attempted with isoamyl nitrite

and nitrosonium tetrafluoroborate respectively. In the isoamyl nitrite reaction, NMR
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data showed that one of the rings was nitrosylated. Further modification of the reaction
condition like increasing the acidity of the medium and increasing the temperature did

not give the desired cyclized product. (Figure 2.10)

\0 0/
\/ .
ONO Si OH AN
\ / HO Si ]
_o si o No /\
o o [o]
Isoamyl nitrite (1.1 eq.) - ~
>
OH OH

HCI (3.3 eq) in EtOH, 0 °C, in EtOH, 40 °C

HCI (3.3 eq) SiNO-OMe 2
—_—

or
2.5 h under argon \ /
ONO Si OH OH o
1.2
N
AN
o /@i jé\
S " e
/0 0\ (o) /SI\ ()

SiNO-OMe

Figure 2.10. Amine cyclization attempt with isoamyl nitrite

Then, we concentrated on nitrosonium tetrafluoroborate and the nitrosylating agent.
After the addition NOBF3, the reaction medium turns blue from colorless. A dark red
color spot arises above the starting. But this spot could not be isolated as it turned back
to starting material during purification processes. In the second trial, TLC was heated
with a heat gun to test if the dark red spot was an intermediate and needed energy to
overcome another transition state to complete the cyclization processes. The dark red
spot turned to a red fluorescent material which is consistent with the desired product.
So, the reaction medium refluxed overnight after all starting turned to intermediate.
However, this fluorescent spot also turned to starting material when we tried to extract

it from the medium. (Data not shown) (Figure 2.11)
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\O O/

AN

HO Si o
/\
1) NOBF,4 (1 eq)
Acetonitrile, 0° C 1h SiNO-OMe 2
________________ >
\O Si o/ 2) reflux, 1h OH (e}

a /@[Njij\

AN

\O Si O/
/\

SiNO-OMe

Figure 2.11. Amine cyclization attempt on 1.2 with nitrosonium tetrafluoroborate

As the next attempt, we envisioned to iodinate the compound followed by utilization of

C-N cross-coupling reaction to realize the nitrogen bridge.

\O o/
NIS (2.05 eq), AuCl3 (cat) at 0 °C
> 4 different lodinated products
Dry Chloroform
HO Si OH
/\

1.2
\o o/
NIS (2.05 eq) at 0 °C
> 6 different iodinated products
Dry Chloroform
HO /SI\ OH
1.2

Figure 2.12. lodination attempts on 1.2

Although using AuCls as a catalyst made the reaction cleaner and with less side
products, four different iodinated products occurred. (Figure 2.12) Tetra-iodinated
product, which can be used for further C-N cross-coupling reaction for achieving desired
PDT reagent. (Figure 2.13)
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PMB-NH, (1.2eq),

OH OH
X XX X Pd,(dba); 1mol%
tBuXPhos 4mol%
o si o LHMDS
x /N ke -
Toluene, 50 °C
X: 1, H

OH o
X N X
S
o si o~
,,,,,,,,,,, >
x /N x

SiNO-Me-I

\O O/
X N X
X
HO Si o
X /N X

SiNO-Me-I 2

Figure 2.13. Proposed synthetic route for iodinated SINO-OMe, and SINO-OMe2

We decided that the difficult isolation process and poor selectivity makes this reaction

impractical. So, we planned to focus on selective bromination with NBS at -60 °C

(Schmalzbauer et al., 2013), followed by Buchwald-Hartwig coupling as a promising

approach to achieve the synthesis of SINO-OMe in the future.

BBr (0.88 eq) at -78° C
Dry DCM, -78° C to rt, 18h, 72%

/O‘ ; Br

_©
\O OH
Br NBS, DCM
e
-60°Ctort
HO Si O/
s /N
PMB-NHj, (1.2eq), Pd,(dba); 1mol%
tBuXPhos 4mol% LHMDS,
Toluene, 50 °C
OMe
OH OH
I, MeOH
i N i ,,,,,,,,,,, -
\O Si O/

1)

BnBr ( 1.25 eq)
K,COj3 (2.5 eq)

- -

DMF / Acetone (1/2)

80° C, 43h, 98 % _©
1.4

n-BuLi (1.15 eq), TMEDA (1.15 eq)

at-78° C, 75 min

2)

Si(CHa),Cl, at -78° C

Dry Et,0, rt, overnight, 89 %

\/
/O ; Si ; O\
OH OH
1,2

\/
H,, Pd/C O Si O
Methanol,
rt, 6h, 92%
-
OBn OBn
1.5

Scheme 1. Synthetic pathway of compound SiNO-OMe.
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Studies for the Synthesis of APN Handle for SINO-Me

Most of the active substrates for APN are L-leucine and L-alanine (Schreiber & Smith,
2018) where cleavage of the N- terminal of neutral amino acids from peptides are
conducted by APN. (Mina-Osorio, 2008)

Cleaving the N- terminus of the amino acid releases the dye which will be available to
sensitize, defined as ON state. Where our proposed tracing agent or PS has hydroxyl
unit on the leaving site, additional traceless linker will need to get N- terminal on the
substrate (Y. Wang et al., 2016). This traceless linker has entropically favored cleaved

further release the drug as ON state. (Scheme 2)

\O \O
N APN cleavage
=~ 0}
0 Si oJ\o 0
VAN

N
X= 1, Br, H H

+ OH

— A, —
Dy (O)
\u/)w
NH,
CO, &
( ~o ~o 1 OH

> N
) ) "X
NH 0£;:8i ~
0 x 7\
HO)W Active Dye
NH,

Scheme 2. APN cleavage mechanism of APN SiNO-OMe 2
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Boc-protected leucine was coupled with 4-Aminobenzyl alcohol with EEDQ at room
temperature, and the reaction was straightforward. Crude NMR confirmed the product,

although there is some citric acid in it because of the work-up process. (Appx. A.17)

I

~
Boc

OH
o 1.05 eq
WJ\ HaN i /©/\°H
OH
A Y\HJ\N
NH

EEDQ (1.05eq), rt, THF Boc”

(2.2 eq.) phosgene (20% in toluene) at 0 °C
toluene, argon, rt

NP
el

Scheme 3. Synthetic pathway of APN handle

Where the acyl chloride unit is quite reactive and has short shelf life, acylation reaction
will be conducted right before coupling with the SINO-OMe or SINO-OMe2 upon their

successful synthesis. (Scheme 3)

2.2.2 Approach for the Synthesis PNN-Morp.

Buchwald-Hartwig C-N cross-coupling reaction of 1,3-dibromobenzene with
morpholine was achieved by 69%. After that, the lithium-halogen exchange reaction on
the aminated product was not accomplished and NMR spectra showed that there was 1
proton instead of 2 on the morpholine unit which underlines that the acidic o proton of
the morpholine unit reacted with the n-butyllithium. (Figure 2.14)
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1) n-BuLi at -78°C,

Morpholine, BINAP, Pd,(dba)s (\O 2) PPhCI, at -78°C, 3h
Br. Br f 20 :
Na'BuO Br N\) 3) H,0,, at 0 °C, 1h
P
> l
(0]

Toluene, reflux, overnight, 69% THF

2.2

Figure 2.14. Early synthetic attempt of compound 2.2

So, | attempted to lithium-halogen exchange reaction before the amination of the core.
Lithium-halogen Exchange on 1,3-dibromobenzene was quite straightforward and 2
units of 1,3-dibromobenzenes were coupled to 1 unit of phosphine followed by
oxidation. (Compound 2.1, Appx. A.11, A.12) In an earlier stage of the work, THF was
utilized as the reaction solvent but then it was realized that diethyl ether increases the
reaction yield to 96% from 72%. Then, other bromine units on each side were further
coupled with morpholine with Buchwald—Hartwig C-N cross-coupling. (Compound 2.2,
Appx. A.13, A.14) (Scheme 4)

After the coupling process, a nitrosylation/cyclization reaction was with NaNO> in
ethanol according to Wang group (L. Wang et al., 2020) but the reaction didn’t run
although the reaction temperature was increased gradually to reflux, and the starting

material was recovered. (Figure 2.15)

A QO e OO0
Yo e OO0

Ethanol

2.2
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Figure 2.15. Amine cyclization attempt on compound 2.2 with NaNO>

As a second nitrosylation/cyclization attempt, nitrosonium tetrafluoroborate was used.
But the reaction didn’t proceed even though the reaction temperature was increased up

to the reflux condition. (Figure 2.16)

O Q%P\\:@O NOBF,, Acetonitrile

2.2 PNN-Morp

Figure 2.16. Amine cyclization attempt with nitrosonium tetrafluoroborate

Next, iodination of compound 2.2 was attempted for utilization in C-N cross-coupling
reaction for making nitrogen bridge, but neither NIS or AuCIs/NIS didn’t yield the
desired product. NMR data showed that one of the major isolated is probably related to
the cleavage of the morpholine unit and iodinated from single side. (Figure 2.17)

| |
NIS (2.05 eq), AuCl; (cat) at 0 °C (IDI
0/\ > P
k/ Dry Chloroform
N R N/\
e e

( D
NIS (2.05eq)at0 °C OJ <—O

Dry Chloroform

2.2

Figure 2.17. lodination attempts of compound 2.2 with NIS

Bromination with NBS in acetonitrile on the other hand was fruitful and gave the desired

product in 82% yield. (Compound 2.3, Appx. A.15, A.16) (Figure 2.18)
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Br Br
<:2 o)
K/N p©\N NBS (2.eq), Acetonitrile
N\ - N N
0 K/O 0°C,1h, 82% < > < >

(0] 0]

o=

2.2 23

Figure 2.18. Bromination of compound 2.2 with NBS

Future work will be concentrated on effective Ullman type couplings for the installing
of the nitrogen bridge (Scheme 4).

1) n-BuLi, Et,0,

Br Br -78 °C, 40 min Morpholine, BINAP,

2) PPhCl,, -78 °C, 3 h sz(dba)3 NaO'Bu O/ﬁ

o 9

3) Hz0,, 0 °C, 1h, 94% K/N R Nﬁ
_ Toluene, reflux, \O K/O

1,3-dibromobenzene overnight, 72%

2.1 22

NBS, Acetonitrile
0°C,1h,82%

Br Br,
\( o
N p
/@[ :@\ Cul, K,COj3, N,N'- DMED
(\N >P Nﬁ -

77777777777777777777 N N
z ( >
O\) o K/o Toluene, 110°C, overnight > 14
o] (o]

I 1) KOH, BEts, HBpin
THF, rt, overnight
2) 1M NaOH/H,0, 1h

Scheme 4. Synthetic pathway of compound PNN-Morp
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2.2.3 Approach for the Synthesis of TPA

Br
=
| 1-Acetone (2 eq), | (11)eq KeCOs(1-1eq) A\
Ti(IV)isopropoxide (1.4eq)
Ethanol, 16 h, rt, under Ar
H,N N N |
2-NaBH,4 (2 eq), 2 h, rt, 90% H Acetonitrile, reflux, Argon, overnight, 70%
3.1

3.2

PPA,120 °C
Argon, 1 h, 8%

// Trimethylsilylacetylene
triethyl amine |
Pd(PPhy),Clp, Cul
e ST
N
)\ |

Figure 2.19. Early synthetic route for the donor part

4-iodoaniline was subjected to the reductive amination with acetone in the absence of
titanium isopropoxide as a catalyst. After 16 h, NaBH4 was added to reduce the imine to
the desired secondary amine in 90% yield. (Compound 3.1, Appx. A.18) Then, 3.1 was
subjected to the nucleophilic substitution reaction with 1-bromo-3-methylbut-2-ene in
the presence of a potassium carbonate to give desired tertiary amine in 70%. (Compound
3.2, Appx. A.19) (Figure 2.20)

Br
=
| 1- Acetone (2 eq), 1 m K;CO3 (1.1 eq) \
Ti(IV)isopropoxide (1.4eq)
/©/ Ethanol, 16 h, rt, under Ar )\ /©/
H,N N N—©—|

2-NaBH, (2 eq), 2 h, rt, 90% H Acetonitrile, reflux, Argon, overnight, 70% <

3.1 3.2

Figure 2.20. Early synthetic route for 3.2

Then cyclization reaction was tried with polyphosphoric acid which is a polymeric acid

commonly used in these types of cyclization reactions. But due to its syrup like form, it
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is impractical to stir the reaction medium. So, reaction medium was mixed time to time
with a sonicator, after 1 hour later reaction was quenched and subjected to the first silica
column and then preparative HPLC to isolate the desired product in 8%. (Compound
3.3, Appx. A.20) (Figure 2.21)

\g I
PPA,120 °C €§©/
N | Argon, 1 h, 8% N
—~ s A

3.2 3.3

Figure 2.21. Acid catalyzed ring cyclization of 3.2

The major product of the reaction was 3.1. We propose that the reason behind the
cleavage of the alkyl unit on the structure could be the ring strain on nitrogen atom when

its protonated form under acidic conditions.

So, the synthetic path was modified in a way that, alkylation of 4-iodoaniline with 1-
bromo-3-methylbut-2-ene was performed to yield a secondary amine. (Compound 3.4,
Appx. A.21) Then, cyclization with PPA gave the desired cyclic secondary amine with
better yield (according to crude NMR) (Compound 3.5, Appx. A.22), and easier
isolation. (Figure 2.22)

Br
1 = B
PPA,120 °C 1
—_
- -
FaN HN | o
Acetonitrile, reflux, Argon, overnight, 32%

3.4 3.5

isopropyl iodide
NaH

// 1
Trimethylsilylacetylene
triethyl amine
Pd(PPhy),Cl,, Cul
N ~oeonEIETT L N
)\ Dry THF, reflux )\
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Figure 2.22. New synthetic route for donor part

Acceptor Part

7-amino-2-methyl-4H-chromen-4-one was subjected to the Sandmeyer reaction to yield
the iodinated product in 35% yield. (Compound 3.6, Appx. A.23, A.24) It is important
to note that the reaction solidified at around 5 °C and the reaction started to run if NaNO>
IS 3 M in the reaction medium. Then, malononitrile based condensation took place in
glacial acetic anhydride in 21% yield (Compound 3.7, Appx. A.25, A.26) which can be
further optimized. (Figure 2.23)

N N
o I Z
o 1. HCl solution (2N), |
NaNO; (2.8 eq), Malononitrile (1.3 eq)
5-10 °C, 1h | P
.
| . Ac,0, 140 °C, 21 % |
HoN o 2. Kl (1.1 eq), 2h, 35% | (o) | o
7-amino-2-methyl-4H-chromen-4-one 3.6 3.7

Figure 2.23. Synthetic route for acceptor part
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

All solvents and reagents used in the experiments were purchased from Sigma Aldrich
without further purification. Thin layer chromatography (TLC) was performed using
0.25 mm silica gel plates. Visualization with UV lamp with short wavelength was
achieved. All reactions were carried out in glassware washed with base and flame dried.

The inert atmosphere was maintained by a slight positive pressure of Argon.
3.2 Synthesis of compound SINO-OMe
321 Synthesis of compound 1.1

o Br O Si (0]
- 1) n-BuLi, THF at -78° C, 30 min - ™
2) Si(CH3),Cl, at -78° C
rt, 90 min, 92%

O BN BN

Figure 3.1 Synthetic route of compound 1.1.

1-bromo-3,5-dimethoxybenzene (3 g, 13.8 mmol) was dissolved with dry THF (30 ml)
and the reaction medium was cooled to -78 °C under argon. Subsequently, n-BuL.i (1.6
M in Hexane) (1.05 eq, 8.64 ml) was added dropwise. After 30 min, Si(CH3)2Cl (0.42
eq, 5.75 mmol, 0.7 mL) was added at -78°C dropwise and the mixture was stirred at this

temperature for 90 min. Reaction was quenched with saturated NH4Cl solution, diluted

41



with water and extracted with EtOAc. Then the combined extracts were washed with
brine, dried over MgSOQs, filtered and the solvent was evaporated. Silica column
chromatography was performed using DCM: Hexane (1:3) to (1:1) gradient to give the
title compound as a colorless viscous liquid (2.1 g, 90%). *H NMR (400 MHz, CDCls)
§ 6.66 (d, J = 2.3 Hz, 4H), 6.46 (t, J = 2.3 Hz, 2H), 3.78 (s, 12H), 0.52 (s, 6H). 1*C NMR
(101 MHz, CDCl3) 6 160.6, 140.5, 112.0, 101.1, 55.4, -2.3.

3.2.2 Synthesis of compound 1.2

) si 0 -

/ AN (0] Si (0]
BBr, (1 eq) at-78° C -~ ™~
-78tort
Dry DCM, 4h, 40%

~ ~ OH OH

Figure 3.2 Early Synthetic route of compound 1.2.

Compound 1.1 (2.6 g, 7.67 mmol) was dissolved in dry DCM (200 mL), and BBr3 (1M
in DCM) (1 eq, 7.7 mL) was added dropwise at -78 °C under an inert atmosphere. The
reaction was allowed to warm up to rt and stirred for 4 h. The reaction medium was
quenched with NaHCOz/Methanol at 0 °C. All volatiles were evaporated under reduced
pressure. Then, washed with saturated NaHCOz solution and extracted with EtOAc, and
dried over NaSOs, filtered and the solvent was evaporated. Silica column
chromatography was performed using EtOAc: Hexane (1:1) as eluent and then flash
column chromatography was performed and gave the title compound as a colorless solid
(0.9 g, 40%).
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3.2.3 Synthesis of compound 1.3

/O Br HO Br
BBr3 (0.88 eq) at-78° C
Dry DCM, -78° C to rt, 18h, 72%

0 O

Figure 3.3 Synthetic route of compound 1.3.

1-bromo-3,5-dimethoxybenzene (4.23g, 19.4 mmol) was dissolved in 30 ml dry DCM.
Then, 17 mL BBr3 (1M in DCM) was added dropwise at -78 °C. Then the reaction
mixture was warmed to room temperature and stirred for 18 h. The reaction medium
was quenched with NaHCOs/Methanol at 0 °C. All volatiles were evaporated under
reduced pressure. The mixture was then washed with saturated NaHCO3 solution and
dried over Na,SOg, filtered and the solvent was evaporated under reduced pressure.
Silica column chromatography was performed using EtOAc: Hexane (1:3) as the eluent
to give the title compound as a colorless solid (2.85 g, 72%). 'H NMR (400 MHz,
CDClIs) 6 6.65 (s, 1H), 6.61 (s, 1H), 6.33 (t, J = 2.1 Hz, 1H), 4.95 (s, 1H), 3.76 (s, 3H).
13C NMR (101 MHz, CDCl3) & 161.5, 157.3, 123.1, 111.7, 110.1, 55.7.

3.24 Synthesis of compound 1.4

HO Br BnBr ( 1.25 eq) BnO Br
K,CO3 (2.5 eq)
DMF / Acetone (1/2)

_© 80° C, 43h, 98 % _0

Figure 3.4 Synthetic route of compound 1.4.

Compound 1.3 (1.61 g, 7.89 mmol) and K2CO3 (2.70 g, 19.7 mmol) were dissolved with
DMF: Acetone (1:2) (60 ml) in a Schlenk-tube. Then the reaction was stirred for 43 h at
80 °C. After the reaction reached completion, the volatiles were evaporated under
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reduced pressure. Then, 100 ml water was added and medium of the pH was set to 8
with 1M HCI. Then, the organic compound was extracted with EtOAc. The combined
extracts were washed with brine, and dried over Na>SOs, filtered and the solvent was
evaporated. Silica column chromatography was performed using EtOAc: Hexane (1:2)
as eluent to give the title compound as a colorless viscous liquid (2.6 g, 98%). *H NMR
(400 MHz, CDCl3) 6 7.43 —7.32 (m, 5H), 6.77 — 6.74 (m, 1H), 6.71 — 6.66 (m, 1H), 6.46
(t, J = 2.1 Hz, 1H), 5.01 (s, 2H), 3.76 (s, 3H). ¥°NMR (101 MHz, CDCls) & 161.3,
160.5, 136.4, 128.8, 128.3, 127.7, 123.1, 110.8, 110.3, 100.7, 70.4, 55.7.

3.25 Synthesis of compound 1.5

BnO Br
1) n-BuLi (1.15 eq), TMEDA (1.15 eq) at -78° C, 75 min o Si 0
. o ~ ~
2) Si(CH3),Cl, at -78° C
/O Dry Et,O, rt, overnight, 89 %

Figure 3.5 Synthetic route of compound 1.5.

Compound 1.4 (934 mg, 3.19mmol) was dissolved with dry diethyl ether (11 ml) and
N,N,N’,N'’-Tetramethyl ethylenediamine (1.05 eqg, 0.5 ml) was added to the reaction
medium under inert atmosphere and medium was cooled to -78 °C. Subsequently, n-
BuLi (2.5M in Hexane) (1.05 eq, 1.47 ml) was added dropwise. After 75 min,
Si(CHs3)2Cl> (0.42 eq, 1.36 mmol) was added at -78 °C dropwise and reaction mixture
was stirred overnight at room temperature under an inert atmosphere. Reaction was
quenched with saturated NH4Cl solution, diluted with water and extracted with EtOAC.
Then, the combined extracts were washed with brine, dried over MgSQsa, filtered and
solvent was evaporated. Crude compound was the pure title compound which was
yellow oil (685 mg, 89%). *H NMR (400 MHz, CDCls) & 7.36 — 7.28 (m, 8H), 7.27 —
7.22 (m, 2H), 6.65 (d, J = 2.1 Hz, 2H), 6.59 (d, J = 2.2 Hz, 2H), 6.47 (t, J = 2.3 Hz, 2H),
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4.94 (s, 4H), 3.69 (s, 6H), 0.43 (s, 7TH). 13C NMR (101 MHz, CDCls) § 160.5, 159.7,
140.5,137.0, 128.7, 128.1, 127.8, 112.7, 112.3, 70.2, 55.4, -2.3.

3.2.6 Synthesis of compound 1.2 with new path

/O Si O\ H,, Pd/C /O Si O\
Methanol, rt, 6h, 92%

OBn OBn OH OH

Figure 3.6 Synthetic route of compound 1.2.

Compound 1.5 (1.36 g, 2.8 mmol) and 10% palladium on carbon (71 mg) were added to
ethanol (30 mL). Then the reaction flask was filled with H> (2.6 bar) and stirred for 6h.
The reaction was filtered from celite and washed with methanol. The solvent was
evaporated to give the title compound as a greenish solid (940 mg, 92%). *H NMR (400
MHz, CDCl3) & 6.64 (s, 2H), 6.52 (s, 2H), 6.41 (s, 2H), 4.99 (s, 2H), 3.76 (s, 6H), 0.48
(s, 6H). 3C NMR (101 MHz, CDCl3) & 160.6, 156.5, 140.9, 113.3, 112.4, 102.3, 55.4, -
2.5.

Footnote: Green color of the title compound came from an inorganic impurity during
cellite filtration, or something related with its deprotonated form. After a time, it was

turning its original colorless solid form as mentioned 3.2.2
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3.3 Synthesis of compound PNN-Morp

3.3.1 Synthesis of compound 2.1

Br Br 1) n-BuLi, Et,0, -78 °C, 40 min
2) PPhCl,, -78 °C, 3 h
3) Hy0,, 0 °C, 1h, 94% Br\©/P\\ Br
- o

1,3-Dibromobenzene (2.356 g, 10 mmol,1 eq.) was dissolved in 20 ml dry Et>O and

Figure 3.7 Synthetic route of compound 2.1.

reaction mixture was cooled to -78 °C. Then, n-BuLi (10.5 mmol, 1.05 eq) was added
dropwise and mixture was stirred for 40 min at that temperature. After that, PPhCl; (5
mmol, 0.678 ml, 0.5 eq.) was added dropwise and reaction mixture stirred for 3 hours at
that temperature. Then, the reaction mixture was heated to 0 °C and H202 (30 % (w/w)
in H20, 2.4 ml) was added to the reaction mixture and stirred at that temperature. Then
residual H2O, was quenched using saturated solution of Na>SOz. Reaction mixture was
extracted with EtOAc, washed with brine and then dried over MgSQOs, filtered and
volatiles were removed under reduced pressure. Silica column chromatography was
performed using EtOAc: Hexane (3:1) as eluent to give title compound as a colorless
viscous oil (2.05 g, 94%). *H NMR (400 MHz, CDCl3) § 7.81 (d, J = 12.1 Hz, 2H), 7.71
—7.68 (m, 2H), 7.68 — 7.61 (m, 2H), 7.60 — 7.54 (m, 2H), 7.51 (ddd, J = 10.3, 4.6, 2.0
Hz, 3H), 7.35 (td, J = 7.8, 3.4 Hz, 2H). 3C NMR (100 MHz, CDCl3) & 135.2, 135.2,
134.9,134.5,134.4,133.9,132.5,131.8,131.7, 131.3, 130.3, 130.2, 130.1, 128.8, 128.7,
123.3, 123.1.
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3.3.2 Synthesis of compound 2.2

Morpholine, BINAP, Pd,(dba)s
NaO'Bu O/\
Br P\\ Br K/N
\©/ S Toluene, reflux, overnight, 72% \©/

Figure 3.8 Synthetic route of compound 2.2.

SON

Compound 2.1 (1.29 g, 2.97 mmol, 1leq.), Morpholine (543 mg, 6.23 mmol, 2.1 eq.),
BINAP (185 mg, 0.297 mmol, 0.1 eq.), Pd2(dba)s (272 mg, 0.297 mmol, 0.1 eq.),
Sodium tert-butoxide (684 mg, 7.12 mmol, 2.4 eq.) was dissolved in 6 ml dry Toluene.
Then, the reaction mixture was allowed to be stirred overnight under reflux. After that,
the reaction was filtered through cellite, and then volatiles were removed under reduced
pressure. Then silica column chromatography was performed using 5% MeOH in EtOAc
as eluent to give title compound as a pale brown solid (0.96 g, 72%). *H NMR (400
MHz, CDClz) 6 7.64 (dd, J = 11.4, 7.8 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.42 (dd, J =
22.0,10.5 Hz, 4H), 7.30 (td, J = 7.9, 3.3 Hz, 2H), 7.05 (d, J = 8.1 Hz, 2H), 6.93 (dd, J =
11.1, 7.6 Hz, 2H), 3.81 (t, 8H), 3.16 (t, 8H). *C NMR (101 MHz, CDCl3) § 151.3, 151.1,
133.8,133.3,132.7,132.2,132.2, 132.1, 132.0, 132.0, 129.3, 129.2, 128.6, 128.5, 123.3,
123.1,118.7, 118.6, 66.8, 48.9.

3.3.3 Synthesis of Compound 2.3

O § 3@0 NS, Acetonire @é@

0°C, 1h, 82% /—N

Figure 3.9 Synthetic route of compound 2.3.
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Bis(3-morpholinophenyl)(phenyl)phosphine oxide (224 mg, 0.5 mmol) was dissolved
in 5 ml Acetonitrile and N-Bromosuccinimide (182 mg, 1.03 mmol, 2.05 eq.) was added
portion wise at 0 °C and stirred for 1 hour at that temperature. The reaction mixture was
washed with saturated NaHCO3 solution and extracted with ethyl acetate. Then, all the
combined extracts were washed with brine, dried over Na>SOs, filtrated, and volatiles
were removed under reduced pressure. Silica column chromatography was performed
using 4% MeOH in EtOAc as eluent to give title compound as a white solid (250 mg,
82%). *H NMR (400 MHz, CDCl3) § 7.84 (dd, J = 12.5, 7.2 Hz, 2H), 7.60 — 7.54 (m,
1H), 7.49 (ddd, J = 11.9, 8.1, 4.1 Hz, 4H), 7.29 (dd, J = 15.1, 3.0 Hz, 2H), 6.91 (dd, J =
8.7, 2.7 Hz, 2H), 3.79 (t, 8H), 3.06 (t, 8H). **NMR (101 MHz, CDCls) § 150.1, 150.0,
135.2,135.1,133.1,132.8,132.7,132.3,132.1, 131.4, 130.3, 128.6, 128.4, 123.3, 123.2,
120.2, 115.0, 66.6, 48.6.

3.4  Synthesis of APN Handle

OH
o
HAN 0 OH
OH 2 1.05 eq
HN H
Boc /NH
EEDQ (1.05eq), rt, THF Boc

Figure 3.10 Synthetic route of APN handle.

Boc-L-Leucine monohydrate (230 mg, 0.92 mmol) and 4-iodobenzyl alcohol (120 mg,
0.98 mmol) were dissolved with 6 ml dry THF, and then N-Ethoxycarbonyl-2-ethoxy-
1,2-dihydroquinoline (242.3 mg, 0.98 mmol) was added to the reaction mixture and
stirred overnight at room temperature. Then reaction mixture was washed with saturated
NaHCOs solution, extracted with EtOAc and then all the combined extracts were
washed with 10% aqueous Citric acid solution and brine respectively, dried over
NaSOg, filtrated, and volatiles were removed under reduced pressure. 200 mg yellow
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solid crude product was obtained. *H NMR (400 MHz, Methanol-d4) § 7.54 (d, J = 8.1
Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 4.56 (s, 2H), 4.24 — 4.18 (m, 1H), 1.78 — 1.70 (m,
1H), 1.63 — 1.55 (m, 2H), 1.45 (s, 9H), 1.00 — 0.95 (m, 6H).

3.5  Synthesis of TPA
3.5.1 Donor Part

3.5.1.1  Synthesis of Compound 3.1

| 1- Acetone (2 eq), |
Ti(IV)isopropoxide (1.4eq)
Ethanol, 16 h, rt, under Ar
H,N -

N
2 2-NaBH, (2 eq), 2 h, rt, 90% H

Figure 3.11. Synthetic route of Compound 3.1.

4-lodoaniline (1.27 g, 5.81 mmol) was dissolved with 4 ml Ethanol and Acetone (2.0
eq, 670 mg). Then, titanium (1V) isopropoxide (1.4 eq, 2.3 g) was carefully added to the
mixture under inert atmosphere and reaction mixture was stirred 16 hours at room
temperature. After that, NaBH4 (2.0 eq) was added portion wise over 10 min and stirred
for 2 hours. Reaction mixture was cooled to 0 °C and quenched with aqueous ammonia
(2N, 10 mL). The Occurred precipitates were filtered and washed with Et,O, and filtrate
was concentrated until water left under reduced pressure. Then, organic compound was
extracted with Et.O and washed with brine, dried over MgSOsa, filtrated and volatiles
were removed under reduced pressure. Silica column chromatography was performed
using Hexane: EtOAc (4:1) as eluent to give title compound as a yellow liquid (1.36 g,
90 %) H NMR (400 MHz, CDCls) § 7.40 (d, J = 8.8 Hz, 2H), 6.38 (d, J = 8.8 Hz, 2H),
3.57 (p, J =6.3 Hz, 1H), 1.19 (d, J = 6.3 Hz, 6H).
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3.5.1.2  Synthesis of Compound 3.2

“, 1)eq K,COs (1.1 eq) \
)\ - : N |
Acetonitrile, reflux, Argon, overnight, 70% :

Figure 3.12. Synthetic route of Compound 3.2.

Compound 3.1 (254 mg, 0.97 mmol), K.COs3 (148 mg, 1.1 mmol), and 1-bromo-3-
methylbut-2-ene (159 mg, 1.1 mmol) were dissolved with 3 ml Acetonitrile and reaction
mixture was stirred overnight at reflux. After the reaction reached completion, reaction
mixture was washed with water and extracted with EtOAc. Combined extracts were
dried over Na>SOQg, filtrated, and volatiles were removed under reduced pressure. Silica
column chromatography was performed using Hexane: EtOAc (19:1) as eluent to give
title compound as a colorless liquid (228 mg, 70%) *H NMR (400 MHz, CDCls) § 7.41
(d, 3 =9.0 Hz, 2H), 6.48 (d, J = 9.0 Hz, 2H), 5.05 (t, J = 5.5 Hz, 1H), 4.02 (sept, J =
13.2, 6.6 Hz, 1H), 3.73 (d, J = 5.2 Hz, 2H), 1.71 (s, 3H), 1.69 (s, 3H), 1.16 (d, J = 6.6
Hz, 6H).

3.5.1.3  Synthesis of Compound 3.3

PPA,120 °C
Argon, 1 h, 8%

@—’i

Figure 3.13. Synthetic route of Compound 3.3.
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Compound 3.2 (134 mg, 0.41 mmol) and PPA (498 mg) were added to the Schlenk tube
and mixture was heated for 1 hour at 120 °C under inert atmosphere. Then, the reaction
was washed with saturated NaHCO3 solution and extracted with EtOAc. Combined
extracts were dried over NaxSOs, filtrated and volatiles were removed under reduced
pressure. Silica column chromatography was performed using Hexane: Et,O (19:1) as
eluent and then HPLC was performed to isolate the title compound as a pink liquid. (8
mg, 8%) 'H NMR (400 MHz, CDCls) § 7.39 (d, J = 2.2 Hz, 1H), 7.29 (dd, J = 8.8, 2.2
Hz, 1H), 6.49 (d, J = 8.8 Hz, 1H), 4.05 (dt, J = 13.2, 6.6 Hz, 1H), 3.19 — 3.13 (m, 2H),
1.70 - 1.63 (m, 2H), 1.25 (d, J = 5.3 Hz, 7H), 1.19 (d, J = 6.6 Hz, 6H).

3.5.1.4  Synthesis of Compound 3.4

Br

[ 7 \
HoN HN I
Acetonitrile, reflux, Argon, overnight, 32%

Figure 3.14. Synthetic route of Compound 3.4.

Compound 3.3 (210 mg, 0.97 mmol), K.COs3 (148 mg, 1.1 mmol), and 1-bromo-3-
methylbut-2-ene (159 mg, 1.1 mmol) were dissolved with 3 ml Acetonitrile and reaction
mixture was stirred overnight at reflux. After the reaction reached completion, the
reaction mixture was washed with water and extracted with EtOAc. Combined extracts
were dried over NaxSOs, filtrated, and volatiles were removed under reduced pressure.
Silica column chromatography was performed using Hexane: EtOAc (19:1) as eluent to
give title compound as a colorless liquid (92 mg, 32 %) *H NMR (400 MHz, CDCls) §
7.41 (d, J = 8.9 Hz, 2H), 6.39 (d, J = 8.8 Hz, 2H), 5.29 (t, J = 6.7 Hz, 1H), 3.64 (d, J =
6.7 Hz, 2H), 1.75 (s, 3H), 1.70 (s, 3H).
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3.5.1.5  Synthesis of compound 3.5

\ PPA,120 °C I
Argon, 1 h

_—

Figure 3.15. Synthetic route of Compound 3.5.

Iz

Same procedure described as for the synthesis of compound 3.3 except HPLC. *H NMR
(400 MHz, CDClIs) 6 7.40 (d, J = 2.0 Hz, 1H), 7.19 (dd, J = 8.4, 2.0 Hz, 1H), 6.26 (d, J
= 8.4 Hz, 1H), 3.33 - 3.27 (m, 2H), 1.71 - 1.68 (m, 2H), 1.26 (s, 6H).

3.5.2 Acceptor Part

3.5.2.1  Synthesis of compound 3.6

o 1. HCl solution (2N),
NaNO, (2.8 eq),
| 5-10 °C, 1h |
HN o 2.KlI (1.1 eq), 2h, %35 I o]

2

Figure 3.16. Synthetic route of Compound 3.6.

7-amino-2-methyl-4H-chromen-4-one (450 mg, 2.6 mmol) was dissolved with 4.5 ml
water. Then, 1.5 ml of 8M HCI and NaNO> (1.2 g,18 mmol) were added respectively to
the mixture portion wise and stirred for 1 hour at 10 °C. Then, saturated Kl solution (1.1
eq) was added dropwise to the reaction mixture and mixture was stirred for 2 hours. The
reaction mixture was washed with saturated NaHCOs solution and extracted with
EtOAc, dried over Na>SOg, filtrated, and volatiles were removed under reduced
pressure. Silica column chromatography was performed using Hexane: EtOAc (1:1) as
eluent to give title compound as a colorless solid (260 mg, 35%). *H NMR (400 MHz,
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CDCl3) 5 7.88 —7.83 (m, 2H), 7.70 (dd, J = 8.3, 1.4 Hz, 1H), 6.17 (s, 1H), 2.37 (s, 3H).
13CNMR (101 MHz, CDCls) & 177.7, 166.2, 156.2, 134.3, 127.1, 126.9, 123.0, 110.9,
99.8, 20.7.

3.5.2.2  Synthesis of compound 3.7

/@fjj\ Malononitrile (1.3 eq) |
|

o o,
| o Ac,0, 140 °C, 21 % | o

Figure 3.17. Synthetic route of Compound 3.7.

Compound 3.6 (80 mg, 0.28 mmol), malononitrile (24 mg, 0.36 mmol) and 0.3 ml acetic
anhydride were added to the Schlenk tube and mixture was stirred overnight at reflux.
Then, the reaction was cooled to 55 °C and 2.4 ml Methanol was added to the mixture
and mixture was stirred for 2 hours. After that, volatiles were evaporated under reduced
pressure. The remaining part was washed with saturated NaHCO3 solution and extracted
with EtOAc. Combined extracts were dried over Na>SOg, filtrated, and volatiles were
removed under reduced pressure. Silica column chromatography was performed using
Hexane: EtOAc (3:1) to (1:1) gradient to give title compound as a red solid (20 mg,
21%). *H NMR (400 MHz, CDCls) § 8.59 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 1.6 Hz, 1H),
7.75 (dd, J = 8.8, 1.6 Hz, 1H), 6.70 (s, 1H), 2.41 (s, 3H). *°NMR (101 MHz, CDCl3) &
161.5, 152.6, 135.3, 127.9, 126.5, 117.0, 116.3, 115.2, 105.6, 101.1, 63.1, 20.5.
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Material and methods (Computational)

Geometric pre-optimization was done with the IgMol software which uses the force field

for the geometrical optimization.

Then, B3LYP functional and 6-31+G* basis set were used for the geometric

conformational optimization using the GaussianQ9 software.

For the excited state calculations, Time Dependent Density Functional Theory was used
with the B3LYP functional and 6-31+G™* basis set, again using the Gaussian09 software.
In addition, for the excited state calculations the excited state solvation
method was performed. Implicit solvation method was used for vertical excitation.
(Frank-Condon principle) (Kog, 2018; Yang, 2003)
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CHAPTER 4

CONCLUSION

Several demethylation attempts performed on bis-aryl silicon derivative (1.1) and found
that uses of soft bases like hydroiodic acid and thiols as demethylation agent break the
carbon-silicon bond where their demethylation mechanism same which first nucleophile
make nucleophilic attack on methoxy carbon then, cleavage of carbon and oxygen bond.
On the other hand, BBrz is quite a strong Lewis base and commonly used for
demethylation of methoxy unit on aromatic compounds and their mechanisms involve
forming boron oxygen covalent bond and then, breaking carbon oxygen bond by
nucleophilic attack of a nucleophile (free bromine in the solution) to the methoxy
carbon. For our case, demethylation reaction worked well, and no C-Si bond cleavage

observed in crude NMR.

Several nitrosation/cyclization attempts were done for 1.2 and 2.2. None of them were
fruitful for bis-aryl silicone and phosphine derivatives. When this work was ongoing,
Romieu et al. published their work (Jenni et al., 2022) which involve
nitrosation/cyclization reaction on bis-aryl ether and silicon analogue. Where
nitrosation/cyclization reaction with NOBFs worked for Bis-aryl ether derivative,
silicon analogue did not yield desired results. (Scheme 5)
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Me,N NMe, NOBF, MeCN, RT, 5 min Me;N NMez PPhy, MeCN, RT, 2 h Me,N NMe;
—_— 8 M g
\©/ \©/ \(j: U yield after \©i j:/;/r FSCOZ
Nf

RP- HPLC purification 65%

8 (trifluoroacetate salt)
7 (tetrafluoroborate salt)

Me,N NMe, NOBF,, MeCN, RT, 30 min Me,N NMe2 PPh3 MeCN, RT Me,N s. NMez
—_——
CF;CO,
\©/ \©/ N* RP-HPLC purmcanon g

DAEA-Si 6
10 (trifluoroacetate salt)

9 (tetrafluoroborate salt)

Scheme 5. Schematic demonstration of nitrosation/cyclization reaction on bis-aryl ether

and silicon analogue (Jenni et al., 2022)

This can be attributed to the size of the silicon atom and C-Si bond length such a way
that carbons on the adjacent aryl units are too far away to form nitrogen bridge compared
to bis-aryl ether. Thus, forming nitrogen bridge between two aryl units can be quite
energy demanding. Although Wang group (L. Wang et al., 2020) achieved success in
forming nitrogen bride with nitrosation/cyclization reaction for a bis-aryl silicone
derivative in low yields (Figure 1.18), their structure had tertiary amine units on the para
positions which is better ring activating group compared to methoxy or hydroxy unit.
To install the nitrogen bridge and exceed the energy barrier of its transition state, future
work will be concentrated on Ullmann and Buchwald-Hartwig cross couplings for the
synthesis of both SINO-OMe and PNN-Morp. (Scheme 6) (Scheme 8)

Another challenge in front of the success in the synthesis of SINO-OMe is the control
for the final position hydroxy units. To overcome this problem, selective bromination
will be involved before the coupling reaction in the future work. If selectivity is
achieved, the position of the resonance contributors on the xanthene core structures can
be arranged for the desired applications which will be milestone for the facile synthesis

of new type of near IR absorbing dyes.

For the substitution of heavy atom on the SINO-OMe, easily cleavable alkyl halide unit
will be substituted to the hydroxy unit. In this way, electron delocalization will be

hindered, and heavy atom will be installed to the structure.(Almammadov et al., 2020,
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2022) After that, the cleavable unit will be cleaved with a mild acid, SINO-OMe-X (X:
| or Br) will be obtained as PDT agent.

OMe
~
OH OH ¢ o™ OH OH
Br PMB-NH, (1.2eq), Pdy(dba); 1mol%
NBS, DCM tBuXPhos 4mol% LHMDS, N
,,,,,,,,,,,,, - Bttty S
60 °Ctort ; - .
\O Si O/ HO /SI\ [e) Toluene, 50 °C \O si O/
/\ Br /\
1.2
|
I, MeOH 1
:
\J
r ® OH o
o o o o N
/R IS
Ny BTMABr, N X
€ mmmmmmmmmm———nn ®---cc---c-o---- \o Si O/
o Si o~ o Si o~ Cs,C0,, DMF /N
/\ /\
Br SiNO-OMe
i R: non labile group toward halogenation
' and easily cleavable with mild acids
| TEA X: 1, Br
:
\J
OH o
N
IS
o si o~
B /\
SiNO-OMe-Br

Scheme 6. Proposed synthetic pathway of SINO-OMe and SINO-OMe-Br.

To obtain ON-OFF PS, APN handle will be substituted in the presence of a Cs2CO3 and
then boc group will be cleaved with TFA. (Scheme 7)

AV
/O Si. O\
S
N ;
o OYO
0.

SiNO-OMe-Br

APN handle

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -

Cs,C04, DMF

X
\/
_o si o
o
N S
0 /@Ao cl N
OH o o 0._0
. NN b
A H o
Boc” "
o s o~

DCM/TFA 1:1at0°C

Scheme 7. Proposed synthetic pathway of APN SINO-OMe-X
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! 1) KOH, BEts, HBpin
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A
. Ag(I)O, DMSO
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v
N
X H H
. I« N
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/
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i K/O K/

Scheme 8. Proposed synthetic pathway of PNN-Morp and PNN-Morp-Br.

After all the synthesis of mentioned dyes, their optical properties and performance in in

vitro studies will be evaluated as well.

We found out that tertiary amine on the retinoid structure (donor part of the TPA) made
a ring strain during the cyclization reaction under acidic condition and decomposed to
its earlier precursor. The new synthetic route developed in this thesis made cyclization
reaction straightforward and rendered isolation easier. In the future work, reaction
condition will be optimized, and compound 3.5 will be alkylated. Hence, the donor part
will be ready for Sonogashira coupling with acceptor part to yield TPA (Scheme 9), then
its photophysical properties and in vitro studies will be evaluated.

N N
‘ Pd(PPhs),Cly, Cul
+ NH,
e T i T >

Scheme 9. Proposed synthetic route of TPA.

TPA
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APPENDICES

A. NMR Spectra

Each compound was analyzed by Bruker Spectrospin Avance DPX-400
Spectrometer with CDCIs or CD30D as the solvent and TMS as the internal

reference.

A.1 NMR Spectra of SINO-OMe
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Figure A.1 *"NMR spectrum of compound 1.1 in CDCls.
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Figure A.2. **NMR spectrum of compound 1.1 in CDCls.
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Figure A.3. *"NMR spectrum of compound 1.2 in CDCls.
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Figure A.4. **NMR spectrum of compound 1.2 in CDCls.
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Figure A.8. **NMR spectrum of compound 1.4 in CDCls.
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Figure A.9. *"NMR spectrum of compound 1.5 in CDCls.
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Figure A.10. **NMR spectrum of compound 1.5 in CDCls.
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A.2 NMR Spectra of PNO-Morp
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Figure A.11 '"NMR spectrum of compound 2.1 in CDCls.
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Figure A.12. 3*NMR spectrum of compound 2.1 in CDCls.
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Figure A.14. **NMR spectrum of compound 2.2 in CDCls.
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Figure A.16. **NMR spectrum of compound 2.3 in CDCls.
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Figure A.17. *"NMR spectrum of APN handle in CD3OD.
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A.3 NMR Spectra of TPA
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Figure A.18. *"NMR spectrum of compound 3.1 in CDCls.
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Figure A.19. *"NMR spectrum of compound 3.2 in CDCla.
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Figure A.20. *"NMR spectrum of compound 3.3 in CDCla.
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Figure A.21. *"NMR spectrum of compound 3.4 in CDCls.
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Figure A.22. *"NMR spectrum of compound 3.5 in CDCls.
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Figure A.23. '"NMR spectrum of compound 3.6 in CDCls.
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Figure A.24. **NMR spectrum of compound 3.6 in CDCls.
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Figure A.25. *"NMR spectrum of compound 3.7 in CDCla.
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Figure A.26. 3*NMR spectrum of compound 3.7 in CDCls.
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B. HRMS Spectra

Elemental Composition Report

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min =-5.5, max = 1000.0 Element prediction: Off
Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass) Elements Used:
C:16-16 H:17-18 N:1-1 0:4-4 Siil1-1

Gizem Atakan Alkan

32500 20210521 05-02 13 (0.518) Cm (1:14) 1: TOF MS ES+

5.51e+004
10 316.1003 330.1130
317.10
0 5 331.1179
" 18.1108 334J1181
09.9901 l
315.09 329-‘10
NI T A =
To1UgY f 70 ‘58 T a3 T f T 7 336.1353 miz
> 321.5602 338.3513
310.0 3125 3150 3175 3200 3225 3250 3275 330.0 3325 3350 3375 340.0
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa PPM DBE 1-FIT i-FIT (Norm) Formula
316.1003 316.1005 -0.2 -0.6 9.5 417.1 0.0 Cl6 HI1I8 N 04 si

Figure A.27. HRMS spectrum of SINO-OMe (NOBF4 reaction)
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Figure A.28. Whole spectrum of HRMS data of SINO-OMe (NOBF4 reaction)

485.1821

210.0581
224.0709
408.1214  484.1748
305.1189
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3481227
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663.1667692.1517

569.1469

1: TOF MS ES+
3.32e5

1068.2545
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SiNO-OMe

O O
N

N 7~

O Si O
7 N

Excited State 1: Singlet-?Sym 1.8816 eV 658.92 nm f=0.7963
<S**2>=0.000 83 -> 84 0.70741

HOMO (83): -5.214789624
LUMO (84): -2.8261743393

HOMO
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LUMO

Attachment - Detachment Densities

Integral of detachment
density 1.0235

Integral of attachment
density 1.0259

Hole/particle overlap (phiS,
from PA) 0.7358
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Detachment density representation:

Attachment density representation:
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SiNO-OMe 2

~0 =0

O Si O
7 4"

Excited State 1: Singlet-?Sym 1.9416 eV 638.55 nm f=1.2580
<S**2>=0.000 83 -> 84 0.70710

HOMO (83): -5.232477024
LUMO (84): -2.872161578

HOMO
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LUMO

Attachment - Detachment Densities

Integral of detachment
density 1.0271

Integral of attachment
density 1.0271

Hole/particle overlap (phiS,
from PA) 0.7172
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Detachment density representation:

Attachment density representation:
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