TRON OXIDE/SILICA CORE-SHELL
NANOPARTICLES AS RECHARGEABLE
SOURCES OF SINGLET OXYGEN FOR
SYNTHETIC APPLICATIONS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF ENGINEERING AND SCIENCE
OF BILKENT UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR
THE DEGREE OF
MASTER OF SCIENCE
IN

CHEMISTRY

By
DENIZ YILDIZ
April 2017



IRON OXIDE/SILICA CORE-SHELL NANOPARTICLES AS
RECHARGEABLE SOURCES OF SINGLET OXYGEN FOR SYN-
THETIC APPLICATIONS

By DENIZ YILDIZ

April 2017

We certify that we have read this thesis and that in our opinion it is fully adequate,

in scope and in quality, as a thesis for the degree of Master of Science.

Engin Umut AKKAYA (Advisor)

Bilge BAYTEKIN

Salih OZCUBUKCU

Approved for the Graduate School of Engineering and Science:

Ezhan KARASAN
Director of the Graduate School

i



ABSTRACT

IRON OXIDE/SILICA CORE-SHELL NANOPARTICLES
AS RECHARGEABLE SOURCES OF SINGLET
OXYGEN FOR SYNTHETIC APPLICATIONS

DENIZ YILDIZ
MSc. in Chemistry
Advisor: Engin Umut AKKAYA
April 2017

In the rapidly developing world of synthetic chemistry, there is a constant need
for high-efficient catalyst. Besides this, reusable and easily removable catalysts
are highly desired to reduce costs for environmentally friendly synthesis for both
synthetic and manufacturing requirements. Magnetic nanoparticles (MNPs) are
promising candidates for effortlessly removable structures due to their ability of
being removed by magnetic field. Iron oxide nanoparticles have a well distin-
guished place among MNPs since they have unique properties and they can be

prepared and functionalized easily.

Combination of photosensitizers with MNPs is a new approach for synthetic
applications due to the fact that singlet oxygen is a reactive specie for various
types of reactions. Herein, BODIPY with 2-pyridone moiety on silica coated
iron oxide nanoparticle is designed as a magnetically removable nanostructure
that can generate, store and release singlet oxygen. The efficiency is studied
by the oxidation of organic sulfides to sulfoxides since they are at the core of
many biological processes. Furthermore, this design can produce recyclable and

reusable catalysts for additional transformations with high efficieny.

Keywords: BODIPY, SPIONs, endoperoxide, singlet oxygen, photo-oxidation,
sulfoxide.
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OZET

SENTETIK UYGULAMALAR ICIN SINGLET OKSIJEN

DOLDURULABILIR KAYNAKLAR OLARAK SILIKA
KAPLI DEMIR OKSIT NANOPARCACIKLAR

DENIZ YILDIZ
Kimya, Yiksek Lisans
Tez Damigmani: Engin Umut AKKAYA
Nisan 2017

Gelismekte olan sentetik kimya diinyasinda, yiliksek verim ile caligan
katalizorlere her zaman ihtiya¢ duyulmaktadir. Bunun yani sira, hem bilim
hem de tiretim diinyasinda diigiik maliyetli ve ¢evre dostu sentez kogullari igin
tekrar kullanilabilen ve ortamdan kolayca uzaklagtirilabilen katalizorler onem
kazanmaktadir. Manyetik nanoparcaciklar (MNP’ler), sadece bir miknatis ile
toplanabilmesinden otiirii kolayca uzaklagtirilmas: gereken yapilar i¢in umut
vaad etmektedirler. Kendilerine 0zgii onemli oOzelliklere sahip demir oksit
nanoparcaciklari, kolayca hazirlanip fonksiyonlandirilabildikleri i¢in MNP’ler

arasinda Ozel bir yere sahiptir.

Singlet oksijen cesitli tepkime tiirleri i¢cin uygun bir reaktif oldugundan, foto-
duyarlagtiricilar ile MNP’lerin kombinasyonu sentetik uygulamalar i¢in yenilikci
bir yaklagimdir. Bu noktada, silika kapl demir oksit nanoparcaciklarin tizerine
2-piridon bagli BODIPY yerlegtirilerek hem singlet oksijen iireten, hem depo-
layan hem de serbest birakabilen miknatislanabilir bir nano-yap1 tasarlanmigtir.
Stlfoksitler bir¢ok biyolojik prosesin c¢ekirdegini olugturduklar: icin, bu tasarim,
organik siilfitlerin siilfoksitlere oksitlenmesi izlenerek test edilmistir. Dahasi, bu
tasarim reaksiyon sonunda geri toplanabilir ve yiliksek verimlilikle sonraki tep-

kimeler i¢in tekrar kullanilabilir.

Anahtar sézcikler: BODIPY, SPIONs, endoperoksit, singlet oksijen, foto-
oksidasyon, siilfoksit.
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Chapter I

Introduction

1.1 Oxidation of Sulfides

Preparation of organic sulfoxides from sulfides are essential for organic
synthesis not only for rudimentary research but also for multifarious applications,
especially for biological and synthetic applications™. Sulfoxides exist in many
reactions as a key intermediate leading toward diversified compounds like
cyclohexane-1,3-dione> ¢ and allyl alcohol derivatives™®. Besides, they are useful
in activation of substrates for enzymatic processes like glycosidation’. Many

therapeutic reagents having anti-bacterial and anti-fungal activities contains

10-14 6

sulfoxide group Also preparation of some cardiotonic’® and vasodilator!
drugs, which are important for cardiovascular diseases, requires high efficient

sulfoxide synthetic methods.
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Figure 1: Examples of sulfoxides used as drugs.

Due to its significance, oxidation of sulfides has been drawing attention for
many decades. Mild and high yielding conditions, which prevent side reactions
including sulfone production have been desired and investigated in the synthetic
and manufacturing manner. Although over oxidation of sulfide into sulfone is
undesired, yet usually observed and hard to prevent. The reaction conditions, i.e.
time, concentration, temperature should be set carefully to minimize the side
products. Still there are many ongoing research for preparation of sulfoxides in
high yields.

i QL
_S. + S
R” R, Ri” R,

Figure 2: Oxidation of sulfide yielding sulfoxide and sulfone.

In 1865, Mércker is the one who first reported the oxidation of sulfoxides'’.
This work led to developments in oxidation methods for sulfides including usage

of oxidants such as m-chloroperoxybenzoic acid®, sodium metaperiodate,

2
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oxygen derivatives i.e. ozone”, singlet oxygen**!. But the most convenient

method using oxidants is the employment of hydrogen peroxide®: 2.

Hydrogen peroxide is a cheap and green regent for oxidation since water is
the only by-product and it is soluble in water as well as many organic solvents.
In the meantime, oxidation of sulfides with hydrogen peroxide with mild
conditions requires long time up to 24 h*"*. To curtail time, reaction conditions
are optimized with different solvents; for example, by changing the solvent into
methanol as substitute for acetone decreases time from 24 h to 18 h*. Also,
introducing some transition metals, specifically molybdenum, tungsten, and
titanium with hydrogen peroxide increases the ability to selective oxidation of

sulfides® 31,

Another common agents for oxidation of sulfoxides are halogen derivatives,
which are not green solution for oxidation but with various advantages including
ease of handling, high stability, and cheapness. To make it environmentally
friendly, solvent-free conditions are developed with some halogen reagents like
NaBrO;Mg(HSO4)>*?or alumina supported phenyliodine(III) diacetate (PIDA).
Selective oxidation of sulfides in the presence of other oxidizable groups, such as
carbonyl, nitrile, hydroxyl, can be accomplished with Ca(ClO), in alumina with

quite high yields®.

1.1.1 Photo-oxidation of Sulfides

In the development of research in oxidation of sulfides, foremost difficulties
encountered are the over-oxidation to sulfones, low yields, long reaction
durations, formation of side products, especially for halogen-derivative oxidants.
Herein, photocatalytic organic reactions introduce environmentally friendly, mild
reactions with relatively high yields and lower production of by-products such as
sulfones. As a consequence, photocatalytic oxidation of sulfides arouses great

interest in recent years. The photocatalytic oxidation from sulfur atom was

3



reported for the first time with dialkyl sulfoxide by Schenck in 1962%!. These
photosensitizers, in that case chlorophyll, rose bengal, porphyrin derivatives etc.,
were called ‘free-radical transferring’ by Schenck and they propose a mechanism

as following:

Sens — i +Sense
«Sense 4+ O ————>  +Sens—Oz
CH3
«Sens—03+ 4+ H3;C-SO-CH; —— -Sens—O—OlS|0
(|:H3
«Sens—-0z¢ + H3C-SO-CH; ———  Sens + [H3C-SO3;-CHj)
CH;3;
+Sens—0-0= SIO + H3C-SO-CH3; ——-— Sens + 2H3;C-S0,-CHj
CHs

Figure 3: Proposed mechanism by Schenck for photooxidation of sulfoxide

Later, Schenk et al. made improvements in the mechanism, which is an
unpublished result, quoted by Gollnick in 1968% %, introducing the production
of singlet oxygen, leading to the formation of diradical intermediates. In addition,
these intermediates can act as nucleophiles or electrophiles in different solvents
i.e., in protic solvents like methanol, radical intermediates behave like
electrophile and in aprotic solvents like benzene, they act as nucleophile. From
that point of view, it is clear that there is not only one mechanism under these

kind of oxidations.

The fundamental intermediate formed during the oxidation of sulfides in the
presence of a photosensitizer forming singlet oxygen is the persulfoxide.
Persulfoxide is first suggested by Foote and co-workers in 1983%. It is generally
described as having resonance hybrid structure bearing both diradical canonical
and zwitterionic configuration. It has basic character on the oxygen end leading
the production of varying structures with formation of hydroperoxy sulfurane,
hydroperoxy sulforium ion, silicate anion, thiadioxirane, hydroperoxy sulfonium
ylide, sulfoxide and addition of sulfide by adjusting the reaction media and

conditions as seen in the Figure 4.
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Figure 4: Persulfoxide reaction pathways. Reprinted with permission from
reference*. Copyright ©2001 American Chemical Society.

The significant potential of persulfoxide that yield sulfoxide formation is the
oxygen atom transfer to a substrate, i.e. same kind or different sulfur containing
electrophiles, phosphites etc. In protic solvents such as methanol, nucleophilic
character of persulfoxide decreases significantly, because of the hydrogen bonding
with the solvent.?* Thus, efficiency of the photooxidation of sulfides with singlet

oxygen increases in most cases.

Sens* + 0, — Sens + 'O,
'0, +R,S — R,S§"—0-0"

R,S"-0-0" +R,S - 2R,SO

Figure 5: Photo-oxidation of sulfide into sulfoxide.



In the steadily developing research on photooxidation reactions, many
catalyst species are reported in literature. A rubidium based organometallic
complex was reported for oxidation of sulfides for the first time by Zen* in Figure
6. Some rubidium and iridium based photocatalysts are also developed in that
manner® . Considering drawbacks of organometallic catalysts such as
requirement of UV-light, high toxicity and cost, researchers tend to find new
organic catalysts for oxidation reactions. 9,10-dicyanoanthracene, tri-
phenylpyrylium tetrafluoroborate, n-methylquinolinium tetrafluoroborate as
metal-free photocatalysts working in visible range gave promising results for that

purpose** 4,

Organic dyes also play a significant role acting as photocatalysts instead of
metal containing catalysts ascribed to having advantageous properties such as
low toxicity, ease of functionality and low cost. Photocatalytic efficiencies of
organic dyes are examined by Zeitler for photoredox transformations with various
simple, inexpensive organic dyes such as rhodamine B, alizarin red S, perylene
and xanthene derivatives®. The most promising dyes because of their stability
are found as fluorescein, eosin Y and perylene derivatives. Eosin Y shone amongst
others with its favourable photochemical and photocatalytic properties. In other
reported works, Rose Bengal show competent catalytic activity for o-
oxyamination reactions?. Herein, BODIPY derivatives are promising due to

having unique properties®.
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Figure 6: Examples of photosensitizers used in photooxidation of sulfides.



1.2 BODIPY: A High Efficient Photosensitizer

Application of BODIPY (boron-dipyrromethene) dyes are expanding within
the last ten years with functionalization and modification of Bodipy cores. By
substitution of different functional groups to the Bodipy core, synthesis of longer
wavelength absorbing/emitting fluorescent dyes can be achieved, which led to
many applications including photodynamic therapy*®, light harvesters®, solar
cell sensitizers® **, molecular logic systems® *, supramolecular systems as well as

47, 56, 57
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Figure 7: Properties of BODIPY

The highly fluorescent BODIPY (4,4-difluoro-4-borata-3a-azonia-4a-aza-s-
indacene) unit which has similar structure with porphyrin was designed and
synthesised by Kreuzer and his coworkers in 1968%. BODIPY’s high fluorescence
quantum yields (®;), high molar extinction coefficients (g), yielding high
absorption, chemical and photophysical stability makes it unique and notable in

the areas mentioned above. The parent BODIPY unit has a major absorption



peak (S¢-S; transition) near 500 nm; however, incorporation of fused aromatic
rings and/or aryl substituents, ethynylaryl substitution, and aza-substitution at
the meso (8) position push this peak into the red end of the visible spectrum®.
All of these approaches may be useful in certain applications, nevertheless mono

and distyryl modifications seem to offer a greater degree of versatility.

For functionalization of BODIPY core, there are certain ways to increase the
conjugation or addition of functional groups. One of the notable methods for
modification of BODIPY core is the Knoevenagel condensation. Knoevenagel first
reports and gave his name to that condensation with the formaldehyde and
diethyl malonate®. Buyukcakir et. al. developed Knoevenagel condensation in a
convenient manner to modification of BODIPY core from 1,3,5,7" position®. The
reaction is catalyzed by acetic acid and piperidine in benzene as solvent, and by
adjusting the stoichiometry of aldehyde, mono, di, tri and tetra-styryl BODIPY
derivatives can be synthesized leading to synthesis of a great variety of BODIPY
derivatives absorbing at different wavelengths. The reaction conditions are
improved by changing solvent, acid and stoichiometric ratios to have more
varieties of functionalization.® %

The photosensitizing ability of the BODIPY dyes are far more significant
than other properties due to its applicability in noninvasive therapeutic actions
such as photodynamic therapy (PDT). PDT basically lies on three agents:
photosensitizer, molecular oxygen and light. Under and appropriate wavelength,
excited photosensitizer transfer its energy to molecular oxygen, exciting it to
singlet oxygen. Singlet oxygen is cytotoxic, so it leads to tissue damage and cell
death. Singlet oxygen is also a significant agent for photooxidation reactions. For
these aforementioned reasons, singlet oxygen generation capability of the
photosensitizer is desired to be enhanced by increasing spin-orbit coupling to
allow spin forbidden transitions for oxygen from triple state to singlet state. This
phenomena, called heavy atom effect, is introduced by O’Shea on BODIPY dyes
by adding halogens (I, Br, Cl) on the 2nd and 6the position of BODIPY dyes®.
This effect enhances the singlet oxygen efficiency by 1000-folds for BODIPY dyes.
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1.2.1 BODIPY as photocatalyst

With the great degree of functionalization feasibility, BODIPY dyes are
possible candidates for photooxidation reactions; photooxidation of
hydroxynaphtalene and sulfide derivatives, and oxidative condensation of amines.
The mechanism behind these photooxidation reactions depend on the high singlet

oxygen generation ability of BODIPY dyes.

For oxidation of sulfides, singlet oxygen forms the persulfoxide intermediate
to form sulfoxide as described before. Jing first reported the photooxidation of
sulfides*”, here thioanisole, with BODIPY derivatives in 2011, and then improved
the reaction conditions with synthesizing 4 different BODIPY derivatives (Figure
8) and examining the efficiency in different solvents. Wang et al. examined this
catalytic reaction with 10 various BODIPY derivatives and thioanisole
derivatives, proving this is a successful alternative for known photosensitizes such

as Nile Red and Ru-based organometallic catalysis®.

0]

Figure 8: First BODIPY derivatives for photooxidation of sulfides. Adapted
with permission from reference?”. Copyright ©2013, Springer Science+Business
Media New York.

For the oxidative condensation of amine, benzyl amine derivative was
oxidized by singlet oxygen to form phenylmethanimine which is a reactive

intermediate compound undergoing condensation reaction to give 2-aryl
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benzothiazole derivatives®®. Singlet oxygen also forms endoperoxide
intermediate with hydroxynaphtalene derivatives yielding 1,4-naphtalenedione
derivatives, for example juglone which is a chemical used as herbicides or coloring

agent in cosmetics, food industry and cloth?®® 7.

An additional pathway for photooxidation was reported in the past decade
for oxidative formation of amides with aromatic aldehydes and acids®.
Consequential C-C bond formation such as, cross-dehydrogenative coupling
reactions, acylation of thiophene and furane also follow the similar reaction
mechanism including single electron transfer (SET) ¢ %. For example, for cross-
dehydrogenative coupling reactions, single electron is transferred to
photosensitizer in its triplet excited state from amine group forming iminium
intermediate, which will react with a nucleophilic group. The following figure

shows the detailed mechanism under these kind of reactions:

hV ~HO,

Oy .
0z .

H20,
C
O

Nu = CH3NO,, CH3CH,NO,, CH;COCH; ©:? ©

Figure 9: Proposed mechanism for cross-dehydrogenative coupling reactions
with SET. Reprinted with permission from reference®. Copyright ©2013, Royal
Society of Chemistry.

Photooxidation reactions with BODIPY dyes are also integrated with some
tandem reactions including oxidation, [3+2] cycloaddition and aromatization

following the similar mechanism.
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1.3 Singlet Oxygen and its Photophysical Formation

For the preparation of sulfoxides from sulfides with a photocatalyst, singlet
oxygen is the key toward the persulfoxide formation as described in previous
section. Singlet oxygen is a reactive oxygen species, having a short lifetime, 3.3ps
in water, 101ps in DCM, 73 ms in CCls as the longest lifetime®. To generate
singlet oxygen, a high triplet yield photosensitizer is required although the singly
excited states of oxygen (1A, 94 kJ/mol and '¥,": 156 kJ/mol) have lower energy
than first triplet excited state. The reason is that these transitions are not spin
allowed according to the symmetry, spin and selection rules defined in literature™.
To accomplish these spin-forbidden transitions of oxygen, the following pathway

is utilized in the presence of photosensitizer:

L= relaxation
PS excited singlet state

light

fluorescence

PS ground singlet state

Figure 10: Schematic representation of generation of singlet oxygen by
photosensitization on Jablonski Diagram. Reprinted from reference™. Copyright
©2012, Dai, Fuchs, Coleman, Prates, Astrakas, St. Denis, Ribeiro, Mylonakis,
Hamblin and Tegos.

Upon exposure of a photosensitizer with an appropriate wavelength of light,
single photon absorption excites the photosensitizer from ground state (So) to

one of the vibrationally excited states of Si. After vibrationally relaxed, it may
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follow two relaxation pathways: it may relax back to Sy state to emit light, called
fluorescence, or it may do intersystem crossing to reach triplet state (T:) in case
of having high triplet quantum yield like halogenated BODIPY dyes*. Relaxation
from T, state to Sy is called phosphorescence which has comparably long lifetime
than fluorescence in general. In the existence of molecular oxygen in the media,
phosphorescence is quenched with the excitation of triplet oxygen into singlet

oxygen.

1.3.1 Singlet Oxygen Storage with Polycyclic Aromatic

Endoperoxides

Photosensitization is a convenient way to produce singlet oxygen in high
yields, however for the applications where deep light penetration is a problem,
photosensitizers are not functional. Also photosensitization needs dissolved
molecular oxygen in the media to be used, otherwise, like in hypoxic environment
in cancer cells, photosensitizer is not able to produce singlet oxygen due to lack
of triplet oxygen. On the other hand, singlet oxygen shows antibacterial™™ (for
gram-positive bacteria), antiviral (for some kinds of enveloped viruses)™ besides
the cytotoxic effects. For those aforementioned reasons, developments in

strategies to store and deliver singlet oxygen is significant.

GO
50 CORC
Y 00

Figure 11: Examples of Polycyclic Aromatic Endoperoxides

Aromatic compounds such as anthracene, naphthaline, tetracene, 2-pyridone

derivatives can undergo [4+2] cycloaddition to form endoperoxides as a source of
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singlet oxygen which can be stored, delivered and released under certain
conditions. This ability of tetracene derivatives was first reported by Moureu and
Dufraisse in 19267, stating oxygen can covalently bind to rubrene and this
reaction is reversible, i.e. then the compound is heated up to 120 °C, it starts to
release oxygen forming its initial structure. Dufreaisse continue his research on
anthracene derivatives, observing the same result. After 40 years, Wasserman
worked with 9,10-diphenylanthracene and proved that oxygen is in its singlet

excited state when it was generated with the cycloreversion of endoperoxide™.

The reactivity and cycloreversion efficiency depends on many factors such as
temperature, solvent, structure of organic compound. As the electron density on
the aromatic compound increases, formation of endoperoxide generally increases.
Thus electron donating groups on aromatic compound (dimethylamino, methoxy,
methyl, phenyl) increases the reactivity toward singlet oxygen. Secondly, as
temperature increases, amount of thermally activated cycloreversion generated
singlet oxygen increases. The thermolysis of endoperoxides undergoes two main

routes conversion as shown in the Figure 12.

Ry
Ry
e
—_—
cycloreversion Re R,
R

Figure 12: Thermolysis Pathways for Polycyclic Aromatic Endoperoxides
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First pathway is the cleavage of the bond between oxygen atoms leading the
formation of quinone and hydroxy ketone derivatives, besides it can undergo
rearrangement to form endoperoxide again. Second route is the cycloreversion

which yields to singlet or triplet oxygen.

Matsumoto reported N-pyridones also reacts with singlet oxygen to give
endoperoxides and have high decomposition yields to give singlet oxygen™. Also
N-pyridones decompose relatively low temperatures compared to anthracene
derivatives, which enables biological applications giving better results than

anthracene derivatives.
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Figure 13: Comparison of singlet oxygen yield vs. activation entropy for
thermolysis of polycyclic aromatic endoperoxides. Reprinted with permission
from reference™. Copyright ©2004, Royal Society of Chemistry.

For example, in some tissue engineering applications where molecular oxygen
supplies are required, some 2-pyridone derivatives are used to prevent cell deaths.
Since 2-pyridone derivatives release singlet oxygen rather than triplet oxygen,
undergoing retro-Diels Alder type reactions, some singlet oxygen quenchers such
as vitamin C is used™. Also 2-pyridone endoperoxide containing structures are

also introduced in some PDT® and synthetic applications™.
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1.4 Singlet Oxygen Delivery Strategies

For decades, many strategies have been developed for the delivery of singlet
oxygen to the targeted media such as cancer cell for photodynamic therapy, or
reaction media containing substrates, because singlet oxygen is highly reactive
and has short lifetime. For the very reason, developing efficient 'O, carriers is
significant in a way that only targeted substrates should be affected by the
presence of singlet oxygen but others should stay unreacted. One way to achieve
this goal is that the encapsulation of photosensitizers by nanostructures such as
nanoparticles, dendrimers etc. which cause accumulation in certain targeted areas
in biological systems or ease of handling in the case of singlet oxygen producing
catalysis. On the other hand, using aromatic compounds as 'O, carriers in a form
of endoperoxides helps remote control of release of singlet oxygen in desired
media. Both strategies have its own beneficial and detrimental aspects,
furthermore strategies combining those two lead new insights in delivery of

singlet oxygen.

In the case of nanoparticles as delivery agent of singlet oxygen,
photosensitizer or endoperoxide is encapsulated on nanoparticle surface and upon
light irradiation or heat, production of 'O, is achieved. For efficient
photosensitization with nanoparticles, 0, should easily reach to the surface of
nanoparticles where photosensitizer locates since concentration of molecular
oxygen is an important limiting factor for singlet oxygen quantum yield. Also,
the surface should not be too much steric so that the produced or released singlet
oxygen can be dispersed away from the surface easily since 'O, had low diffusion
distance around nm to mm scale. Another significant point is that surface of the
nanoparticles should be chosen intentionally so that the surface will not react
with singlet oxygen and quench it. Otherwise, both nanoparticles will degrade
and the efficiency of singlet oxygen will be diminished. Taking note of the
situations mentioned, a great variety of functionalized nanoparticles are
developed for many applications.
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1.4.1 Gold Nanoparticles

Gold nanoparticles are one of the most remarkable metal nanoparticles
because of their unique properties that allows applicability in many areas such

% photodynamic theraphy®!, molecular probes® etc. Singlet oxygen

as diagnostics
production by methylene blue®, zinc-phthalocyanine®, Rose Bengal® on gold
nanoparticles has also been reported that gold nanoparticles are appropriate

agents for singlet oxygen producing photosensitizers’ delivery.

Moreover, gold nanoparticles are used in hyperthermia therapy in which
nanoparticles absorbs light to yield emission of heat. Absorption wavelength of
gold nanoparticles can be adjusted by varying the particle size, thus those gold
nanoparticles can be used to kill cancer cells. Last year, Akkaya reported
remotely controlled release of singlet oxygen with an anthracene derivative on
gold nanorods®. The anthracene endoperoxide is linked to goldnanorods and
photodynamic action is tested in HeLa cells. The gold nanorods are irradiated
with 808 nm light, which is in therapeutic range, and with the heat released by
gold nanorods, endoperoxides undergoes cycloreversion to give singlet oxygen.
This aspect paves the way for solving the self-limiting feature of photodynamic

therapy which uses the little amount oxygen in hypoxic cancer cells.
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Figure 14: Design of the release of singlet oxygen by plasmonic heating of
endoperoxide-modified gold nanorods. Reprinted with permission from
reference®. Copyright ©2016 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

1.4.2 Carbon-Based Nanostructures

Graphene and carbon nanotube based agents are also another perspective for
delivery for photosensitizers. Due to its organic structure, carbon nanotubes
almost never shows cytotoxicity, so they are alternative candidates for carriers
in biological systems. In 2009, pyrenyl functionalized BODIPY on single walled
carbon nanotubes (SWNTs) are reported as viable source of singlet oxygen by
photosensitization®. Additionally, besides the promising optical and electronic

properties of graphene, it can be also used as singlet oxygen delivery agent. This
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feature of graphene oxide nanostructures and composites are studied in literature

with methylene blue®, zinc-phthalocyanine®, and chlorin e6 in 2013%.

1.4.3 Iron-Oxide Nanoparticles

In the past few decades, superparamagnetic iron oxide nanoparticles
(SPIONs) has attracted great attention in many applications including
biomedical and imaging applications’, data storage™ and synthetic
developments due to its unique properties such as low toxicity in biological
systems, magnetization, and ease of functionalization with the help of varying
coating techniques. There are three major iron oxide types which have
superparamagnetism: FesOs magnetite, Fe,Os; derivatives: maghemite and
hematite. Magnetite has the biggest role in SPIONs researched due to
biocompatibility®.

The iron oxide nanoparticles are in many shapes and sizes varying according
to usage. There are many synthetic ways to control some parameters such as
size/shape, dispersibility, surface functionality by limiting reaction conditions.
The remarkable techniques are co-precipitation, thermal decomposition, sol-gel
method, microemulsion, sonochemical synthesis”. The mostly accepted method
for the synthesis of magnetite is co-precipitation method. The method follows the
mixing the ferric and ferrous salts in and stoichiometric ratio of 1:2 and adjusting
the pH of the solution in alkali conditions. The elevation of the temperature leads
to the nucleation and growth of the black iron oxide nanoparticles with a wide
particle size distribution. The reaction atmosphere should be inert to prevent any
oxidation reaction with oxygen in the air and the freshly growth SPIONS.
Adjusting the pH, temperature, stirring rate, changing of the salts can affect the

size of the nanoparticles.

Aggregation and oxidation are significant issues that should be dealt with

while working with naked iron oxide nanoparticles. To facilitate the usage
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conditions with iron oxide nanoparticles, surface coating is necessary and many
coating techniques with different materials have been developed in the past few
decades. Those coatings help in controlling the sizes of SPIONs and stabilizing
the dispersion by repulsive forces, i.e. electrostatic and steric repulsions. The
materials used are generally organic molecules such as polymers, carboxylates,
surfactants, as well as inorganic materials such as silica.” The importance of the
coating is not limited with the prevention of the aggregation and oxidation of

nanoparticles, yet it provides the functionalization of the surface.

Silica is of choice in many magnetizable nanoparticles including iron oxides.
The utilization of silica coating on SPIONs have a major advantage which make
it mostly preferred, that is the ease of functionalization on silica layer. Any
substrate having triethyl-orthosilicate group can be easily bound on the silica
layer. Also silica shell reduces the toxicity levels in biological applications, which
makes it more desirable in medical studies®. Silica nanosphere also solves the
problem with the aggregation problem with electrostatic repulsions by having
negatively charged character as well as shielding the magnetic dipoles of iron
oxide cores”. All of those beneficial properties make the silica coated
nanoparticles applicable to many various applications including singlet oxygen

delivery strategies.

c|[p  Magnetic manipulation

Absorbance (a.u.)

‘Wavelength (nm)

Figure 15: Silica coated SPIONs. Reprinted with permission from reference’.

Copyright © 2008, Royal Society of Chemistry.
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For PDT actions, pheophorbide-A, methylene blue and AlC,Pc functionalized
iron oxide nanoparticles with silica coating have been reported as sources of
singlet oxygen by photosensitization® ™. Also Rose Bengal integrated SPIONs
are also reported in 2011, Another study by Gu et al. demonstrates a bimodal
therapy for cancer treatment integrating photodynamic therapy (PDT) and

hyperthermia therapy (HT) using porphyrin derivative as photosensitizer'™.

1.4.4 Self-charging Designs

As mentioned before, combining the photosensitizer with endoperoxide
moieties is powerful aspects in delivery of singlet oxygen. The self-
photosensitization in the presence of molecular oxygen for the formation of
endoperoxides wipes out the need for another photosensitizer. Moreover,
endoperoxides can release oxygen to fulfil the photosensitizers’ need for molecular
oxygen in the oxygen depleted environment. This sort of new insight in delivery
of singlet oxygen can be used in many areas including PDT, synthetic approaches

etc.

A reported example is a phthalocyanine-palladium complex fused with four
anthracene groups'™. Anthracene endoperoxides are formed with the
photosensitization of singlet oxygen by phthalocyanine-palladium complex. The
system has photoreversibility with two photon absorption, i.e. endoperoxide can
be formed and oxygen can be released from system reversibly. Also, thermally
reversible anthracene and naphthalene substituted porphyrin or phthalocyanine

derivatives are developed with the same manner!*+1%,
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Figure 16: Examples of Self-charging designs

Another example is an example of synthetic approach from such kind of fused
systems™. Again, a porphyrin derivative with four 2-pyridone moiety is used for
oxidation reaction of mustard gas. The system is defined as it can “generate,
trap, store, and release” singlet oxygen all by itself. As N-pyridone derivatives
are introduced, the thermal cycloreversion of singlet oxygen can be attained at

40 °C which is a mild temperature.

Last year, Turan et al. introduced a new design for fractional photodynamic
therapy, which is a combination of 2-pyridone moiety with BODIPY as
photosensitizer™. Therefore, the self-diminishing effect of PDT in hypoxic
conditions can be solved by introducing heating cycles between light irradiation

periods to release oxygen from endoperoxide.
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1.5 Magnetic Nanoparticles (MNP) as Synthetic
Agents

By definition, catalyst is a reagent that takes place in the reaction but remain
unaffected at the end. Thus theoretically, it can be collected and reused after
reactions, but practically, collection of the catalysts is problematic with
traditional methods like filtration, centrifugation, decantation etc. Herein,
magnetic nanoparticles as catalysts is a promising approach, since collecting the
catalysts by using just a magnet is handy. Magnetic nanoparticles can be nickel,
cobalt, iron or other metals that can be manipulated by magnetic fields, but the
most common one is the iron oxide nanoparticles due to its ease of preparing,
coating and functionality. Some functional groups can be attached on the iron
oxide nanoparticles, generally with silica coating, which can show catalytic

activities.

There are many examples of iron oxide nanoparticles as analogues of catalysts
like DMAP, which can be used in acylation reactions'”. Not only it can be
recovered by magnet but also undergo many cycles with great efficiencies.
Another examples are the ones which can be used in acid or base catalyzed
reactions by mimicking acidic or basic resins/catalysts'®™ 1. Also some MNPs
can be used for oxidation of sulfides or in oxidative coupling reactions'™- . Still,

they can be recyclable and used with great yields.
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Figure 17: Recoverable rhodium nanoparticles for hydrogenation reactions.

Adapted with permission from reference''!. Copyright © 2007 Elsevier B.V.

Some major reactions in synthetic chemistry and manifacturing processes like
C-C coupling reactions: Heck, Suzuki, Sonagashira couplings or hydrogenation
reactions can also be performed with several recycling numbers on SiO, coated
SPIONs! 13, Increment of the effective surface area of nanoparticles can be more
effective in manufacturing processes. Also those, which mimic the Pd based

catalysts are relatively expensive, so recycling feasibility of MNPs are profitable.
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Figure 18: Magnetically recoverable palladium catalyst. Reprinted with

permission from reference'!. Copyright © 2015, American Chemical Society.
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Chapter I1I

Experimental Procedures

2.1 General

All chemicals and reaction solvents purchased from Sigma Aldrich, Acros
Organics and ABCR were used without purification. Column chromatography
purifications were performed with glass columns using Merck Silica gel 60
(particle size: 0.040-0.063 mm, 230-400 mesh ASTM) and reactions were
monitored by thin layer chromatography (TLC) using pre-coated silica gel plates
(Merck Silica Gel PF-254). Chromatography solvents (DCM, n-hexane, EtOAc)
were purchased as technical grade and were purified employing fractional
distillation before use. Anhydrous THF and toluene was used freshly after
refluxing over sodium (Na) in the presence of benzophenone under argon. DMF

was used after keeping it over activated 4A molecular sieves for 24 h.

NMR spectra were recorded on Bruker Spectrospin Avance DPX 400
spectrometer (operating at 400 MHz for 'H NMR and 100 MHz for “C NMR)
using deuterated solvents (CDCls, DMSO-ds) with tetramethylsilane (TMS) as
internal standard purchased from Merck. Spin multiplicities are reported as
following: s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sext
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(sextet), dd (doublet of doublets), dt (doublet of triplets), td(triplet of doublets),
m (multiplet), bs (broad signal). High Resolution Mass Spectroscopy (HRMS)
experiments were done on an Agilent Technologies-6530 Accurate-Mass Q-TOF-
LC/MS. Absorption and Emission measurements were acquired using Varian
Cary-100 Spectrophotometer and Varian Eclipse Fluorospectrometer. Malvern
NanoZS DLS was used for the determination of nanoparticle size distribution.
Transmission Electron Microscopy images were recorded with FEI Technai
G2F30 High-Resolution TEM on carbon grid. X-Ray Powder Diffractometry
measurements were carried on PANalytical X’Pert Powder Diffractometer. Gas
Chromatography Mass Spectroscopy (GCMS) experiments were performed on
Agilent Technologies 7T890A GC System with Agilent Technologies 5975C inert
MSD with Triple-Axis Detector.
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2.2  Synthesis of Photosensitizer

Synthesis of compound 2-6 was done according to the literature procedure™.

lo} CH;0OH CHJBr O
1. NaBHy4 1. PPhy 2-pyridone =
EtOH, THF, 0°C DCM KzCOs, K, N__=
T —_— B E—
2. 2MHCI 2.NBS 18-Crown-6
Acetone
CHO CHO CHO
1 2 3
CHO
4
1. 2,4-dimethylpyrrole
TFA, DCM, RT
2.p-chloroanil
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OH
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Figure 19: Synthesis scheme for photosensitizer.
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2.2.1 Synthesis of 4-(hydroxymethyl) benzaldehyde (2)

Terephthalaldehyde (1.0 g, 7.46 mmol) is dissolved in 15 mL ethanol and 20
mL THF mixture. NaBH,4 (0.07 g, 1.85 mmol) is added in an ice bath slowly and
reaction is kept in 0 °C for further 6 h. Then, pH of the mixture is adjusted to 5
by addition of 2 M HCI solution. The reaction mixture is then extracted with
EtOAc and water. Organic phases are combined and dried over anhydrous
Na»SOs. Solvent is evaporated in vacuo and the product is purified by silica gel
column chromatography using DCM/MeOH (98:2, v/v) as the eluent. Compound
2 was obtained as colorless oil (0.40 g, 40%).

'H NMR (400 MHz, CDCly): 6 9.92 (s, 1H), 7.80 (d, J = 8.1 Hz, 2H), 7.47 (d, J
= 8.1 Hz, 2H), 4.74 (s, 2H), 3.25 (s, 1H).

BC NMR (100 MHz, CDCly): 6 192.4, 148.2, 135.5, 130.0, 126.9, 64.3.

MS (TOF-ESI): m/z calculated for CsHsO, [M-HJ: 135.04515, found for [M-H]:
135.04782, A= -19.75 ppm.

2.2.2 Synthesis of 4-(bromomethyl) benzaldehyde (3)

Compound 2 (0.8 g, 5.87 mmol) and triphenyl phosphine (3.11 g, 11.89 mmol)
are dissolved in 50 mL DCM at room temperature. N-bromosuccinimide (2.00 g,
11.43 mmol) is added portion wise. Reaction is kept at room temperature for
overnight. Then, the reaction mixture is extracted with DCM and water. Organic
phases are combined and dried over anhydrous Na»SO,. Solvent is evaporated in
vacuo and the product is purified by silica gel column chromatography using
EtOAc/Hexane (1:1, v/v) as the eluent. Compound 3 was obtained as white
powder (0.60 g, 38%).

'H NMR (400 MHz, CDCl): & 10.01 (s, 1H), 7.86 (d, J = 8.1 Hz, 2H), 7.55 (d, J
— 8.1 Hz, 2H), 4.51 (s, 2H).
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13C NMR (100 MHz, CDCly): 6 191.4, 144.2, 136.2, 130.1, 129.7, 31.9.

2.2.3 Synthesis of Compound 4

Compound 3 (0.50 mg, 2.51 mmol), 2-pyridone (0.256 mg, 2.69 mmol) and
potassium carbonate (1.25 g, 9.04 mmol) is dissolved in 50 mL acetone. 18-crown-
6 and potassium iodide is added catalytic amount. Reaction is stirred at room
temperature for overnight. The solids are filtered off and the eluent is evaporated
in vacuo and the product is purified by silica gel column chromatography using
DCM/Hexane (1:1, v/v) as the eluent. Compound 4 was obtained as white
powder (1.2 g, 40%).

'H NMR (400 MHz, CDCly): & 10.01 (s, 1H), 7.87 (d, J = 8.3 Hz, 2H), 7.45 (d, J
— 8.3 Hz, 2H), 7.41-7.34 (m, 1H), 7.30 (dd, J1»=6.8Hz, Jos=2.0 Hz, 1H), 6.66 (d,
J=9.2Hz, 1H), 6.21 (dt, J,»=6.8Hz, J»s=1.4 Hz, 1H), 5.23 (s, 2H).

3C NMR (100 MHz, CDCLy): & 191.7, 162.6, 143.1, 139.9, 137.4, 135.9, 130.2,
128.3, 121.4, 106.7, 52.0.

MS (TOF-ESI): m/z calculated for CisHiuNO, [M+H]": 214.08626, found for
M H]*: 214.08808, A= -8.52 ppm.

2.2.4 Synthesis of Compound 5

Compound 4 (0.50 g, 2.35 mmol) and 2,4-dimethylpyrrole (0.53 mL, 5.15
mmol) are dissolved in DCM, which is degassed by Ar purging for 30 mins. Two
drops of trifluoroacetic acid was added dropwise. The red solution is stirred
overnight in the dark at room temperature. p-Chloranil (0.58 g, 2.35 mmol) is
added and reaction mixture is stirred further for 1 h. Triethylamine (5.0 mL) and
BF;e¢ OEt; (5.0 mL) are added dropwise to the reaction mixture consecutively
and the resulting solution is stirred for one additional hour. Then, the reaction
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mixture is extracted with DCM and water. Organic phases are combined and
dried over anhydrous Na,SOs4. Solvent is evaporated in vacuo and the product is
purified by silica gel column chromatography using EtOAc as the eluent.

Compound 5 was obtained as red powder (0.90 g, 37%).

'H NMR (400 MHz, CDCly): & 7.42 (d, J = 7.8 Hz, 2H), 7.36-7.40 (m, 1H), 7.27-
7.31 (m, 3H), 6.68 (d, J = 9.2 Hz, 1H), 6.21 (t, J = 6.7 Hz, 1H), 5.9 (s, 2H),
5.26 (s, 2H), 2.56 (s, 6H), 1.37 (s, 6H).

3C NMR (100 MHz, CDCL): & 162.6, 155.6, 143.0, 141.0, 139.6, 137.6, 137.0,
134.8, 131.4, 128.62, 128.57, 121.4, 121.3, 106.6, 51.6, 14.6, 14.4.

MS (TOF-ESI): m/z calculated for CyH2BF>2NsO [M-HJ: 429.19440, found for
[M-HJ": 420.19033, A= 9.49 ppm.

2.2.5 Synthesis of Compound 6

Compound 5 (0.10 g, 0.23 mmol) is dissolved in 20 mL of DCM. N-
bromosuccinimide (0.10 g, 0.56 mmol) is dissolved in minimum volume of DCM
and added dropwise to reaction mixture at room temperature. The reaction is
stirred for 10 mins and extracted with DCM and water. Organic phases are
combined and dried over anhydrous Na,SO,. Solvent is evaporated in vacuo and
the product is purified by silica gel column chromatography using EtOAc as the
eluent. Compound 6 was obtained as red powder (0.10 g, 75%).

'H NMR (400 MHz, CDCL): 7.46 (d, J=7.9 Hz, 2H), 7.37-7.42 (m, 1H), 7.32 (dd,
J1»=6.8 Hz, J»=2.1 Hz, 1H), 7.26 (d, J=7.9 Hz ,2H), 6.70 (d, J=9.2 Hz, 1H),6.24
(t, J=6.8 Hz, 1H), 5.28 (s, 2H), 2.61 (s, 6H), 1.36 (s, 6H).

5C NMR (100 MHz, CDCLy): & 162.7, 154.1, 150.0, 141.4, 140.5, 139.9, 138.3,
137.0, 134.0, 128.8, 128.4, 121.4, 106.8, 51.7, 13.8, 13.7.
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MS (TOF-ESI): m/z calculated for Co;H2BBroFoNsO [M-H]: 585.01543, found for
[M-HJ: 585.00912, A= 10.79 ppm.

2.2.6 Synthesis of Compound 7

Compound 6 (0.09 g, 0.16 mmol) and 4-(hydroxymethyl)-benzaldehyde (2)
(0.04 mg, 0.32 mmol) are dissolved in benzene (25 mL) in a round-bottomed
flask. Glacial acetic acid (0.20 mL) and piperidine (0.20 mL) are added to the
reaction mixture. Dean-Stark apparatus is placed on the round-bottomed flask
and reaction mixture is refluxed at 100 °C until all the starting material was
consumed which is confirmed by TLC using DCM as the eluent. The reaction
was diluted with DCM and extracted with water. Organic phases are combined
and dried over anhydrous Na,SO.. Solvent is evaporated in vacuo and the product
is purified by silica gel column chromatography with gradient elution from DCM
to DCM/MeOH (98:2, v/v). Compound 7 was obtained as naive waxy solid (0.07
g, 52%).

'H NMR (400 MHz, DMSO-d,): & 8.08 (d, J=16.0 Hz, 2H), 7.83 (d, J= 6.6 Hz,
2H) 7.70-7.86 (m, 5H), 7.40-7.50 (m, 9H), 6.49 (d, J= 9.3 Hz, 1H), 6.31 (t, J=
6.2 Hz, 1H), 5.32 (t, J= 5.1 Hz, 2H), 5.26 (s, 2H), 4.57 (s, 4H), 1.33 (s, 6H).

BC NMR (100 MHz, DMSO-ds): 6 162.0, 148.0, 145.3, 141.8, 140.9, 140.8, 139.7,
139.5, 139.4, 134.9, 133.2, 132.2, 128.9, 127.7, 127.6, 125.4, 120.4, 117.1, 110.4,
106.2, 63.0, 51.3, 13.9.

MS (TOF-ESI): m/z calculated for Cy1HsBBrFoN3Os [M+Na|*: 845.09566, found
for [M+Na|*: 845.09677, A= -1.32 ppm.
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2.2.7 Synthesis of Compound 8

Compound 7 (0.10 g, 0.12 mmol) is dissolved in freshly distilled THF in an
oven-dried round-bottomed flask. 3-(Triethoxysilyl)propyl isocyanate (64 pl, 0.26
mmol) and dibutyltin dilaurate (5 pl, 0.008 mmol) is added to the reaction
mixture and the reaction mixture was refluxed at 70 °C overnight. Solvent is
evaporated in vacuo and the product is purified by silica gel column
chromatography with gradient elution from DCM to DCM/MeOH (98:2, v/v).
Compound 8 was obtained as naive waxy solid (0.07 g, 52%).

'H NMR (400 MHz, CDCly): & 8.14 (d, J=16.6 Hz, 2H), 7.74 (d, J=16.6 Hz, 2H),
7.66 (d, J= 8.0 Hz, 4H), 7.47 (d, J= 8.3, 2H), 7.43 (d, J=8.0, 4H), 7.37-7.41 (m,
1H), 7.33-7.34 (m, 1H), 7.31 (d, J= 8.3, 2H), 6.69 (dt, Jp= 9.2 Hz, Joy= 0.6 Hz,
1H), 6.24 (td, Ji= 6.7 Hz, Jus= 1.4 Hz, 1H), 5.29 (s, 2H), 5.14 (s, 4H), 3.84 (q,
J= 7.0 Hz, 12H), 3.24 (q, J= 6.6 Hz, 4H), 1.67 (quint, J= 7.4 Hz, 4H), 1.42 (s,
6H), 1.24 (t, J= 7.0 Hz, 18H) 0.66 (t, J= 8.1 Hz, 4H).

5C NMR (100 MHz, CDCL): & 156.3, 148.6, 143.9, 141.3, 139.7, 139.1, 139.0,
138.4, 138.0, 137.0, 136.6, 134.4, 132.2, 128.8, 128.5, 127.8, 127.3, 121.6, 118.3,
110.6, 106.6, 66.2, 58.5, 51.6, 43.5, 23.3, 18.3, 13.9, 7.6.

MS (TOF-ESI): m/z calculated for CgHzBBraFoN;011Si> [M+Nal*: 1339.34363,
found for [M+Na]* : 1339.33954, A= 3.05 ppm.
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2.3 Preparation of SPIONs

2.3.1 Synthesis of Iron Oxide Nanoparticles (9)

FeClz + FeClzs  m—) e

FeCly* 4H,O (2.15 g, 0.01 mol) and FeCls* 6H,O (5.84 g, 0.02 mol) are

dissolved in argon bubbled deionized water (200 mL) at 90 °C under mechanical
stirring. Aqueous ammonia (25% NHs in water, 7.5 mL) solution is added to the
reaction medium. Instant color change from orange to black indicated the
formation of iron oxide nanoparticles. Reaction medium is kept at that
temperature for 30 min. Iron oxide nanoparticles are collected with neodymium
magnet and washed three times with deionized water and ethanol. At the final
stage iron oxide nanoparticles are dried under argon atmosphere for further

functionalization.

2.3.2 Synthesis of Silica coated Iron Oxide Nanoparticles (9s)

.

Freshly prepared iron oxide nanoparticles (2 g) are dispersed in water (60

mL), ethanol (240 mL) and ammonia (25% NHs in water, 7.5 mL) containing
mixture with ultra-sonication for 30 min at room temperature. To this dispersion
is added tetraethyl orthosilicate (TEOS) (1.6 mL, 1.5 g, 0.0072 mol). This

mixture firstly ultra-sonicated for 30 min then mechanically stirred for 12 h at
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room temperature. The silica coated iron oxide nanoparticles are separated with
neodymium magnet and washed 3 times with water and DMF. After this washing
process, nanoparticles are immersed in HCI (4 M) for 30 min to dissolve unreacted
iron oxide nanoparticles. The coated nanoparticles are separated from HCI by
washing with deionized water and separating with neodymium magnet until pH
of the supernatant reaches 7. The coated iron oxide nanoparticles are dried under

Ar atmosphere.

2.4 Preparation of Photocatalyst

2.4.1 Synthesis of BODIPY Functionalized Silica Coated Iron
Oxide Nanoparticles (10)

—

The coated iron oxide nanoparticles are dried under Ar atmosphere. Silica
coated iron oxide nanoparticles (85 mg) are dispersed in dry toluene (45 mL)
with ultra-sonication for 30 min under Ar atmosphere at room temperature.
Compound 8 (6 mg, 0.005 mmol) is dissolved in the dispersion under mechanical
stirring. Mixture is kept under mechanical stirring and reflux at 120 °C for 48 h.
BODIPY functionalized nanoparticles are collected with magnetization with
neodymium magnet and centrifugation (7000rpm, 20mins). To get rid of any
bound BODIPY in non-covalent manner, nanoparticles dispersed in ultra-
sonication for 30 min and collected by magnetization with neodymium magnet

centrifuged (7000 rpm, 20 min). This procedure is applied in DCM and ethanol
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repeatedly until supernatant shows any sign of existence of BODIPY under UV
light.

2.4.2 Synthesis of Compound 11

\-.,.—n/

BODIPY Functionalized Silica Coated Iron Oxide Nanoparticles (0.05 g) are
dissolved in CHCIl; (80 mL) with ultrasonication for 15 min while bubbling
solution with oxygen gas. The resulting solution is irradiated with 500 W halogen
lamp while oxygen gas is bubbling through it for an h. The resulting nanoparticles
are separated by neodymium magnet and nanoparticles are washed with CHCl;

3 times.

2.5 Preparation of Sulfides

2.5.1 Synthesis of Benzyl Phenyl Sulfide (12)

K2CO
©/8H Br DMF - ©/S\/©
. _OMP

Thiophenol (0.26 mL, 2.5 mmol) and potassium carbonate (0.38 g, 2.75 mmol)
are dissolved in 5 mL of DMF. Benzyl bromide (0.30 mL, 2.5 mmol) is added

dropwise to reaction mixture at room temperature. The reaction is stirred for 4

12
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h and extracted with EtOAc and brine. Organic phases are combined and dried
over anhydrous Na.,SOi. Solvent is evaporated in vacuo and the product is
purified by silica gel column chromatography using petroleum benzine as the

eluent. Benzyl phenyl sulfide (12) was obtained as white solid (0.430 g, 86%).

"H NMR (400 MHz, CDCL): & 7.31-7.37 (m, 7H), 7.31-7.29 (m, 1H), 7.26-7.28
(m, 1H), 4.16 (s, 2H).

3C NMR (100 MHz, CDCLy): & 137.5, 136.4, 129.9, 128.8, 128.7, 128.5, 127.2,
126.4, 39.1.

MS (TOF-ESI): m/z calculated for CisHi»S [M-H]: 199.05869, found for [M-H]:
199.05911, A= -2.09 ppm.

2.5.2 Synthesis of Octyl Phenyl Sulfide (13)

SH KoCO4

Thiophenol (1.86 mL, 18.2 mmol) and potassium carbonate (5.00 g, 36.4
mmol) are dissolved in 20 mL of DMF. n-octyl bromide (4.70 mL, 27.3 mmol) is
added to the reaction mixture. The reaction is refluxed at 85 °C for overnight
and extracted with Et:O and water. Organic phases are combined and dried over
anhydrous Na>SO4. Solvent is evaporated in vacuo and the product is purified by
silica gel column chromatography using petroleum benzine as the eluent. Octyl

phenyl sulfide (13) was obtained as colorless liquid (2.6 g, 64%).

'H NMR (400 MHz, CDCL): & 7.35- 7.38 (m, 1H), 7.29-7.34 (m, 2H), 7.16-7.22
(tt, Ju= 7.2 Hz, Ju= 1.4 Hz, 1H), 2.96 (t, J= 7.4 Hz, 2H), 1.69 (quint, J= 7.4
Hz, 2H), 1.47 (quint, J= 7.3 Hz, 2H), 1.30-1.33 (m, 8H), 0.93 (t, J= 6.9 Hz, 3H).
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3C NMR (100 MHz, CDCly): & 137.1, 128.9, 128.8, 125.6, 33.6, 31.8, 29.2, 29.1,
28.9, 22.7, 14.1.

MS (TOF-APCI): m/z calculated for CuH»S [M-+H]": 223.1515, found for
[M-+H]*: 223.15146, A= 0.17 ppm.

2.5.3 Synthesis of Benzyl Butyl Sulfide (14)
NaH
~o~SH ©/\Br — 2 xS

1-Butanethiol (1.00 mL, 9.3 mmol) and sodium hydride (60% dispersion in
mineral oil, 0.37 g, 9.3 mmol) are dissolved in 10 mL of DMF under Argon
atmosphere. When the starting compound is consumed by checking with TLC,
benzyl bromide (1.05 mL, 8.9 mmol) is added dropwise to reaction mixture at
room temperature. The reaction is stirred overnight and extracted with DCM
and brine. Organic phases are combined and dried over anhydrous Na,SO..
Solvent is evaporated in vacuo and the product is purified by silica gel column
chromatography using hexane to EtOAc/Hexane (2:98, v/v) as the eluent.
Benzyl butyl sulfide (14) was obtained as white oil (1.4 g, 84%).

'H NMR (400 MHz, CDCL): § 7.32-7.37 (m, 4H), 7.24-7.30 (m, 1H), 3.74 (s, 2H),
2.45 (t, J= 7.4 Hz, 2H), 1.58 (quint, J= 7.3 Hz, 2H), 1.41 (sextet, J=7.4 Hz, 2H),
0.92 (t, J= 7,3 Hz, 3H).

BC NMR (100 MHz, CDCls): & 138.7, 128.8, 128.4, 126.9, 36.3, 31.3, 31.1, 22.0,
13.7.

MS (TOF-APCI): m/z calculated for CyHiS [M+H]™: 181.10455, found for
[M+H]*: 181.10439, A= 0.87 ppm.
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2.5.4 Synthesis of Butyl tert-butyl Sulfide (15)

Ac,0
~o~-SH + )( __ Hoo. - D NP
OH AcOH

15

Perchloric acid (70% solution, 1.40 mL, 16.2 mmol) and acetic anhydride
(2.40 mL, 25.4 mmol) are dissolved in 4 mL of acetic acid (glacial). The solution
is stirred for 30 min at room temperature. 1-butanethiol (2.14 mL, 20.0 mmol)
and tert-butanol (2.26 mL, 23.6 mmol) in 3 mL acetic acid is added dropwise to
reaction mixture at room temperature. The reaction is stirred overnight at room
temperature and extracted with Et.O and brine. Organic phases are combined
and dried over anhydrous Na»SO.. Solvent is evaporated in vacuo to yield pure

butyl tert-butyl sulfide (15) as slightly yellowish oil (2.9 g, 99%).

'H NMR (400 MHz, CDCL): & 2.50 (t, J=7.4 Hz, 2H), 1.53 (quint, J= 7.4 Hz,
2H), 1.40 (quint, J= 7.4 Hz, 2H), 1.29 (s, 9H), 0.89 (t, J= 7.3 Hz, 3H).

3C NMR (100 MHz, CDCly): 6 41.6, 31.9, 30.9, 27.9, 22.3, 13.7.

2.6 Preparation of Sulfoxides

2.6.1 General Procedure under Light Irradiation

0]
s MeOH, 10 g
P a
R_] R2 hv, 20°C R1/ %RQ

12-15 12a-15a

20 mg of BODIPY Functionalized Silica Coated Iron Oxide Nanoparticles
(10) are dissolved by ultrasonication in 20 mL in MeOH for 5 min. Corresponding
sulfide (12-15, 0.05 mmol) is dissolved in 5 mL of MeOH and added to the
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reaction mixture. The resulting mixture is stirred with mechanical stirrer under
light (500 W halogen lamp) while O, gas is bubbled and temperature is
maintained at 20 °C. The reaction is monitored by TLC on silica with DCM as
eluent, for given period of time as shown in Table 1. The BODIPY Functionalized
Silica Coated Iron Oxide Nanoparticles are collected by neodymium magnet and
the supernatant solution is filtered through a pad of silica and washed with
DCM/MeOH (5:1, v/v). The filtrate is dried over anhydrous Na,SO, and
evaporated in vacuo to yield crude product (12a-15a). The sulfoxide is purified
by silica gel column chromatography with gradient elution from DCM to
DCM/MeOH (95:5, v/v).

Benzyl Phenyl Sulfoxide (12a):

(m, 3H), 6.92-7.05 (m, 2H), 4.13 (d, J= 12.4 Hz, 1H), 4.02

S
O/ (d, J= 12.4 Hz, 1H).

12a

O\/@ 'H NMR (400 MHz, CDCls): & 7.36-7.52 (m, 5H), 7.20-7.35

BC NMR (100 MHz, CDCls): 6 142.7, 131.2, 130.4, 129.1,
128.9, 128.5, 128.3, 124.5, 63.6.

MS (TOF-APCI): m/z calculated for CisH1,OS [M+H]": 217.06816, found for
[M+H]*: 217.06749, A= 3.1 ppm.

Octyl Phenyl Sulfoxide (13a):

. 'H NMR (400 MHz, CDCL): § 7.61-7.67 (m, 2H),
E o~ TABTES (m, 3H), 280 (td, Jiu= 7.7 Hz, Ju= 1.8 Hz,
©/ 2H) 1.75 (sextet, J= 6.7 Hz, 1H), 1.64 (sextet, J=6.7
13a Hz, 1H) 1.38-1.46 (m, 2H), 1.23-1.31 (bs, 8H), 0.88

(t, J=6.7 Hz, 3H).
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13C NMR (100 MHz, CDCly): & 144.1, 130.9, 129.2, 124.0, 57.4, 31.7, 29.1, 29.0,
28.7, 22.6, 22.2, 14.0.

MS (TOF-APCI): m/z calculated for CiH»OS [M+H]*: 239.14641, found for
[M+H]*: 239.14633, A= 0.35 ppm.

Benzyl Butyl Sulfoxide (14a)

o 'H NMR (400 MHz, CDCL): & 7.36-7.42 (m, 3H), 7.30-
Wg\/@ 7.34 (m, 2H), 4.07 (d, J=12.9 Hz, 1H), 3.97 (d, J=12.9
Hz, 1H), 1.71-1.81 (m, 2H), 1.38-1.54 (m, 2H), 0.95 (t, J=

14a
7.4 Hz, 3H).

13C NMR (100 MHz, CDCly): & 130.0, 129.0, 128.4, 128.2, 58.2, 50.6, 24.5, 22.0,
13.6.

MS (TOF-APCI): m/z calculated for CiiHis0OS [M+H]*: 197.09946, found for
[M+H]*: 197.09986, A= -2.02 ppm.

Butyl tert-Butyl Sulfoxide (15a):

0 'H NMR (400 MHz, CDCls): & 2.36-2.43 (m, 2H), 1.63-1.84
'\./‘\/g (m, 2H), 1.34-1.52 (m, 2H) 1.18 (s, 9H), 0.90 (t, J= 7.3 Hz,
T o
15a

5C NMR (100 MHz, CDCly): & 52.6, 45.3, 25.7, 22.8, 22.1,
13.7.

MS (TOF-APCI): m/z calculated for CsHisOS [M+H]*: 163.11511, found for
[M+H]*: 163.11563, A= -3.17 ppm.

40



2.6.2 Synthesis of Butyl tert-Butyl Sulfoxide by Compound 11

Compound 11 (25 mg) is dissolved in 4 mL of MeOH by ultrasonication in a
10 mL vial. Butyl tert-butyl sulfide (15) (2.5 mg, 0.017 mmol) and o-
dichlorobenzene (internal standard for GSMS) (5 pL, 0.044 mmol) are added to
the vial and the vial is sealed. The vial is placed in 50 °C heat bath. After 4 h,
the nanoparticles are collected by neodymium magnet and the supernatant liquid

is collected for GCMS experiment.
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Chapter 111

Results and Discussion

Delivery of catalytic agents to a targeted media effectively and collecting back
them is a significant issue because synthesis and manufacturing procedures seek

ease of usage, recovery and recycling of those agents.

At that point, BODIPY Functionalized Silica Coated Iron Oxide
Nanoparticles are synthesized for oxidation of sulfoxides in the presence and
absence of light, and these SPIONs can be collected easily from reaction media

by magnetization.

The synthesis of the reloadable photosensitizer was shown in Figure 19. The
arylaldehyde is functionalized with 2-pyridone moiety because BODIPY
synthesis is facile with an aldehyde group with high yields. After the synthesis of
BODIPY core, compound 5, NBS was used for bromination in the 2" and 6%
position. Bromine attachment enhances intersystem crossing by providing spin-
forbidden S—T transition due to spin-orbit coupling, leading to the increase in
singlet oxygen photosensitization. Then, compound 6 was further functionalized
in the 3 and 5™ position by Knoevenagel condensation with 4-(hydroxymethyl)
benzaldehyde to pave the way for further addition of triethoxysilyl group which
is the key group for coating on Si-coated iron oxide nanoparticles. The catalysis
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of dibutyltin dilaurate for the synthesis of compound was required for the reaction
of isocyanate group with alcohol, because in the absence of this catalyst, the
reaction does not yield any product albeit isocyanate is very reactive toward
alcohols. All of the steps were characterized by NMR and HRMS measurements.
All the spectra are given in the Appendix.

Iron oxide nanoparticles were prepared by co-precipitation method due to
being mild and relatively easy. The reaction took place under Argon gas to
prevent air oxidation of Fe?" to Fe*" by oxygen in the air. The reaction is stirred
vigorously by a mechanical stirrer to prevent agglomeration. The freshly prepared
and washed SPIONs are then coated with silica to prevent oxidation and
agglomeration. Also functionalization on the surface of silica coated SPIONs are

facile with the triethoxysilyl group containing compounds.

The BODIPY functionalized silica coated SPIONs (10) are prepared by
functionalization of silica coated SPIONs with compound 8. The characterization
of SPIONs (9), silica coated SPIONs (9s) and BODIPY functionalized SPIONs
(10) were done with XRD, TEM and size distributions of the SPIONs are

determined by Zeta Size Measurements.

3.1 X-Ray Diffraction Measurements of SPIONs (9 &
9s)

The XRD measurements are performed for the characterization of SPIONs
(9) and silica coated SPIONS (9s). d values, which are the specific parameters
for the sets of separation between adjacent lattice planes are calculated according
to Bragg’s Law. Experimental d values are in consistency with the literature
values, as seen in the Table 1, indicating the SPIONS are composed of inverse
cubic spinel structure of magnetite, Fe;Os; which was desired in our preparation

method. Coating of silica can be also characterized by XRD patterns. The
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broadening starting from 30 to lower degrees shows the presence of silica shell on
SPIONs compared to uncoated SPIONs (9).
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Figure 20: XRD spectrum of iron oxide nanoparticles (9) indicating the lattice

structures.
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Figure 21: XRD spectrum of silica coated iron oxide nanoparticles (9s)

indicating the lattice structures.
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Table 1: d values obtained from XRD measurements and comparison with

literature.
SPIONs (9) Si-coated SPIONs (9s) Literature
20(exp) d (exp) 20(exp) d (exp) d (Fezx03)

18.37 4.82 4.85
30.11 2.96 30.26 2.95 2.97
35.46 2.53 35.54 2.52 2.53
43.23 2.09 43.34 2.09 2.10
56.97 1.61 57.13 1.61 1.62
62.64 1.48 62.84 1.48 1.48

3.2 Transmission Electron Microscopy Analysis of

SPIONs (9, 9s & 10)

The samples for TEM analysis were prepared by dropping dilute solutions of
9, 9s and 10 in ethanol on the carbon coated copper grids. The samples were hold
in room temperature for 5 min to allow drying before analysis. First TEM analysis
with naked SPIONs (9) shows that spherical SPIONs diameters have a range of
7 to 20 nm (Figure 22) which is in consistency with the literature values when
the SPIONSs are prepared by co-precipitation method with the given parameters
in the experimental section. TEM analysis also shows that freshly prepared

SPIONs aggregates easily due to the magnetic dipole attractions between them.
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Figure 22: TEM images of SPIONs (9).

Secondly, silica coated SPIONs (9s) were analysed with TEM and the images
are shown in Figure 23. Silica coating is around 1-3 nms around the small
aggregates of SPIONSs as seen in Figure 23b. Also the aggregation is less compared
to uncoated SPIONs (9), which shows the stability of the silica coated SPIONs
(9s).

Figure 23: TEM images of silica coated SPIONs (9s).

Besides TEM images, EDX emission spectra shows the silica coating on the
iron oxide nanoparticles as shown in the Figure 24. Presence of silica peaks as

well as iron peaks shows proves the coating on SPIONS.
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Figure 24: Energy Dispersive X-Ray analysis of silica coated SPTIONs (9s).

Thirdly, TEM analysis was done to BODIPY functionalized silica coated
SPION (10). The size of the nanoparticles is in consistent with the values
obtained from the Zeta Size Measurements. High Angle Annular Dark Field TEM
analysis combined with EDX shows boron and bromine peaks which proves the
presence of BODIPY on silica coated SPIONs since BODIPY is the only source
of boron and bromine atoms. Also, in order to verify the existence of BODIPY
on the outer shell of SPIONs, elemental analysis on different regions of
nanoparticles were compared. EDX analysis of the area marked on the edge of
the nanoparticle as shown in Figure 25 (right) has higher intensity than the area

marked in the middle of the nanoparticle as shown in Figure 25 (left).

Figure 25: TEM images of BODIPY functionalized silica coated SPIONs (10).
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In fact, iron and silica peaks are nearly invisible compared to intense major boron
peak recorded on the edge of the SPION, on the other hand, iron and silica peaks
can be seen if the middle of the nanoparticle is analysed. Still those peaks are

less intense compared to the silica coated SPIONs (9s).

W 0525 26 Acguire EDX Acquire HAADF Area 1

Counts

20 4.0 6.0
Energy (Kev)

W 100033 Acguire EDX Acouire HAADF Area 1

Counts

Energy (kev)

Figure 26: Energy Dispersive X-Ray analysis of BODIPY functionalized silica
coated SPIONs (10).

3.3 Photophysical Measurements of 9s and 10

BODIPY with the triethoxysilane groups (8) have a maximum absorbance at
647 nm as seen in the Figure 27. It has longer wavelength compared to BODIPY

core because of the extended conjugation with attached styryl groups on 3 and
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5th positions. When compound 8 is coated on silica shell SPIONs (9s), the specific
peaks of BODIPY can be observed in the absorbance spectrum of SPIONS as

seen in the following:

_ Absorbance (a.u.)
Absorbance (a.u.)

400 00 600 700 oo

“Wavelength (am) Wavelength (nm)

Figure 27: Absorption spectra of Compound 8, 9s and 10 in chloroform as

solvent.

The peak at 650 nm in Figure 27 (right) also proves the presence of BODIPY
on the outer shell of SPIONs. Addition of BODIPY on SPIONs also cause the
color change of the nanoparticles from orange to green which can also be observed

by naked eye:

T

Figure 28: Solutions of 9s (left) and 10 (right) in CHCI3. The samples were

ultrasonicated for 5 min.

When the solutions of silica coated SPIONs (9s) and BODIPY functionalized
SPIONs (10) in chloroform are placed next to the neodymium magnet as seen in
Figure 29, they can be separated from the solvent in minutes. 9s can be separated

by magnetization in 1 minute, besides 10 can be separated in 3 minutes since
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solubility of SPIONs increases in organic solvents, i.e. chloroform, with the

functionalization with BODIPY and it takes longer time to collect with magnet.

Figure 29: Magnetization of 9s (left) and 10 (right) in the presence of external

magnet.

3.4 Singlet Oxygen Generation and Storage

Experiments:

Generation and storage capabilities of BODIPY functionalized SPIONs (10)
are investigated with the commercially available singlet oxygen trap, 1,3-
diphenylisobenzofuran (DPBF). The absorbance of DPBF decreases in the
presence of singlet oxygen because singlet oxygen is highly reactive against DPBF
causing the photo bleaching. Chloroform was chosen as solvent in these
experiments because the SPIONs have good solubility in chloroform and lifetime

of singlet oxygen is relatively high.

First, the generation capability of 10 is examined with DPBF. The solution
of 10 is prepared in absorbance cuvette with oxygen bubbled chloroform for 15
minutes to saturate the solvent with molecular oxygen. Then the solution of
DPBF in chloroform is added to the cuvette. The absorbance of DPBF is set
around 1. The cuvette is irradiated with 653 nm LED array (1.2 W/m?) from 10
cm distance with 1 minute time intervals and absorbance is recorded. In order to
prevent the interference of the absorbance of iron oxide, the cuvette is hold on a

neodymium magnet for 15 min to collect SPIONs at the bottom of cuvette before
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each measurement. At the same time trap molecule is treated with same

conditions as control experiment. The following spectra are obtained:

Absorbance (a.u.)
Absorbance (au.)

100 350 \:'m ot 450 500 550 300 350 400 450 500
avelength (nm) Wavelength (nm)

Figure 30: Left: Photobleaching of DPBF with the generation of singlet oxygen
by 10. Right: Control experiment with trap.

As shown in Figure 30, the BODIPY functionalized SPIONs (10) can generate

singlet oxygen in high amounts in the presence of molecular oxygen.

Secondly, the storage capacity of SPIONs (10) with the 2-pyridone moiety
was examined with DPBF. 10 is irradiated with light while oxygen gas is
bubbling through it, forming 11. Then the solution of 11 is prepared in
chloroform and DPBF is added as singlet oxygen trap. From literature, the 2-
pyridone moiety on 8" position of BODIPY is stable in room temperature, and
undergoes thermolysis at 40 °C. The solution of 11 is placed in absorbance
cuvette and the solution of DPBF in chloroform is added to the cuvette, adjusting
the absorbance maxima at 0.5. The cuvette is placed in heat bath at 50 °C with
30 min time intervals and absorbance is recorded for 3.5 h. At the same time
trap molecule is treated with same conditions as control experiment. Figure 31

shows the release of singlet oxygen from 11 in exponentially decreasing manner.
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Figure 31: Left: Decrease in absorbance of DPBF with the release of singlet
oxygen from pyridone moieties on 11 at 50°C. Right: Control experiment with

trap.

Also the BODIPY functionalized SPIONs are rechargeable since 2-pyridone
undergoes concerted cycloreversion to release singlet oxygen in high yields, with
almost never producuction of side products. Thus, it can be rechargeable under
light irradiation with oxygen gas bubbling. This rechargeable activity is proved
by reloading of singlet oxygen to the SPIONs used in the DPBF experiment.
Again, SPIONs (11) cause the bleaching in the absorbance of DPBF with 70%

yield as shown in the Figure 32.
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Figure 32: Recharging ability of the BODIPY functionalized silica coated
SPIONSs (10). Left: first cycle at 50 °C for 2 h. Right: second cycle at 50 °C for
2 h.
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3.5 Oxidation of Sulfides

Oxidation of sulfides into sulfoxide with high yields and less side products
can be done by singlet oxygen through the formation of persulfoxide. In this
study, the oxidation of sulfides is performed in two courses of action. First way
is the photooxidation of sulfides: magnetizable nanoparticles carrying BODIPY
based photosensitizer is added to the reaction media and the reaction is
performed under light irradiation while oxygen gas bubbling through it. Second
approach is to load the magnetizable nanoparticles outside of the reaction media
and then introduce the nanoparticles to release singlet oxygen. For both
approaches, the nanoparticles can be removed from reaction media after the
completion of reaction by a magnet. And both of the SPIONs are reusable in
other reactions. Figure 33 is the schematic representation of the working principle
of magnetizable SPIONs.

e d
Stable Iron Oxide NPs TR RTR
Q /"7 can be collected by magnet =7

" OXYGEN

-5. » 0
Photosenfisizer \-k S, — g
for generation of R™R RR!
stnglet oxygen (ROS)

Figure 33: Schematic representation of the two working pathways of our design.

The first strategy for sulfoxide oxidation, four sulfide derivatives were used
as reactants to investigate the efficiency with different functional groups bound

to sulfur atom. Yields of the reactions (determined by crude NMR) and reaction
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times are shown in the Table 2. Sulfides with aliphatic group attached on two
sides (14 and 15) undergoes reaction to form sulfoxide faster than the sulfides
with phenyl group attached (12 and 13). The reason behind is the electronic
effects on the sulfide atom. Singlet oxygen has an electrophilic nature, that’s why
the electron withdrawing phenyl group on sulfide makes the sulfur atom more
electron deficient and thus slows down the reaction 4 times. Also the bulky group,
i.e. tert-butyl group, has mere effect on the photooxidation of sulfides if the yields
compared for 14 and 15. The side product sulfone is low for 12, 13 and 14. Sulfide
15 gives relatively higher sulfone, which shows higher reactivity toward singlet

oxygen. Yet, sulfone production is pale in comparison with given high yields.

Table 2: Reaction times and sulfoxide&sulfone yields of photooxidation of
sulfides 12-15. Yields are calculated by ratio of the integration values
determined by NMR.

Sulfoxide Sulfone
Reactant Reaction Time (h) Formation (%) Formation (%)
12 24 53 2
13 24 90 9
14 6 82 1
15 G 84 15

Second strategy, which is to load singlet oxygen by BODIPY attached on
SPIONs on the 2-pyridone moiety on itself and then introducing the
nanoparticles to the reaction media by heating at 50 °C. This strategy was
examined on the sulfide 15, because of the faster reaction time compared to
others and being most reactive toward singlet oxygen. The reaction was studied
on GCMS. o-Dichlorobenzene was used as internal standard, the reactant (15)
and the purified product (15a) were loaded on the GCMS to determine the

retention times to compare with the reaction.

As seen in the Figure 34, internal standard has an intense peak at 5" min in

all samples. The reactant 14 comes at 4.5 mib and the product 14a comes at 7%
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min. So when the heat release of the SPIONs are studied on t-butyl butyl sulfide
(14), the Figure 34c is obtained. The reactant sulfide production of sulfoxide can
be observed at 7" minute and also mass spectra of the peak is verified at the
GCMS reference library. The yield is relatively lower and the reason behind it
can be the diffusion problem that singlet oxygen should diffuse to the outside of
the nanoparticles to reach the sulfide but quenching with nanoparticle can be the
case. Also the solvent should be protic for the sulfide photooxidation, but the
singlet oxygen lifetime is so low in the protic solvents, in our example MeOH.
Although the yield is relatively lower than the first strategy, this method is shown

to be valid for oxidation of sulfides.
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Figure 34: GCMS analysis with oxidation of sulfide 14 by release of singlet
oxygen from 2-pyridone moiety. A contains starting sulfide and internal
standard. B contains resulting sulfoxide and internal standard. C contains the

reaction media after heating at 50 °C for 2 h.
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Chapter IV

Conclusion

In this study, a magnetizable BODIPY functionalized silica coated iron oxide
nanoparticles are designed and prepared for synthetic applications, i.e. oxidation
of sulfide derivatives. For this purpose, iron oxide nanoparticles (9) are prepared
by co-precipitation method and those SPIONs are coated with silica shell using
tetraethoxysilane (TEOS) for high stability and ease of functionaliztion. The
BODIPY, having a 2-pyridone moiety, is attached easily on the silica shell of
iron oxide nanoparticles from triethoxysilane unit, forming nanostructure 10. The
structural properties of those SPIONs (9, 9s and 10) are investigated and
characterized by XRD and TEM. The size of the resulting SPIONs (10) are
determined by Zeta Size and TEM analyses.

The singlet oxygen generation and storage capability of the BODIPY
functionalized silica coated SPIONs (10) are done with the commercially
available trap 1,3-Diphenylisobenzofuran (DPBF). The brominated BODIPY has
high efficiency in singlet oxygen generation, and the attached 2-pyridone moiety
on the 8" position has the storage ability of singlet oxygen with recyclability.

These features of our design are used in the oxidation of sulfides into sulfoxides.
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First approach is the photooxidation of sulfides under irradiation of light in
molecular oxygen saturated media. Photooxidation reactions are performed with
4 different sulfides (12-15) with yield of 80-90%. Sulfone production as side
product is negligible, therefore this method is convenient for oxidation reactions
for sulfoxides. The SPIONs can be removed from reaction media simply by a

magnet at the end of the reaction.

Second approach covers the reloading of SPIONs with singlet oxygen by self-
photosensitization and releasing them in the reaction media with recycling
ability. The most reactive sulfide (15) toward singlet oxygen is used for this
reaction and the reaction is analysed by GCMS. Sulfoxide production is also
achieved by this strategy despite having low yields. Yet, endoperoxides can be
stoichiometricly adjusted, the yields can be improved by utilisation of more
endoperoxides or dealing with the problems concerning the diffusion of singlet
oxygen outside of the nanoparticles toward the targeted substrates. Conclusively,
our design has a significant potential for the developments in rechargable,

reusable and removable nano-agents for the synthetic applications.
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Figure 35: 'H NMR of compound 2 in CDCls.
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Figure 36: 'H NMR of compound 3 in CDCls.
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Figure 37: 'H NMR of compound 4 in CDCls.
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Figure 38: 'H NMR of compound 5 in CDCls.
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Figure 39: 'H NMR of compound 6 in CDCls.
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Figure 40: 'H NMR, of compound 7 in DMSO-ds.
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Figure 41: '"H NMR of compound 8 in CDCls.
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Figure 42: 'H NMR, of compound 12 in CDCl;.
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Figure 44: 'H NMR, of compound 14 in CDCl;.
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Figure 45: 'H NMR, of compound 15 in CDCl;.
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Figure 46: 'H NMR, of compound 12a
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Figure 48: 'H NMR, of compound 14a in CDCls.
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Figure 49: 'H NMR, of compound 15a in CDCls.
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Figure 50: ¥C NMR of compound 2 in CDCls.
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Figure 51

: BC NMR of compound 3 in CDCls.
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Figure 52: 3C NMR of compound 4 in CDCls.
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Figure 54: C NMR of compound 6 in CDCls.
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Figure 55: ¥*C NMR, of compound 7 in DMSO-ds.
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Figure *: C NMR of compound 8 in CDCls.
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Figure 57: ¥*C NMR, of compound 12 in CDCls.
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Figure 58: ¥C NMR of compound 13 in CDCls.
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Figure 59: ¥*C NMR, of compound 14 in CDCls.
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Figure 60: ®C NMR of compound 15 in CDCls.
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Figure 61: ®*C NMR of compound 12a in CDCls.
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Figure 62: ®C NMR of compound 13a in CDCl;.
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Figure 63: ¥*C NMR, of compound 14a in CDCls.
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Figure 64: ¥*C NMR of compound 15a in CDCls.
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Figure 65: ESI - HRMS of compound 2.
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Figure 67: ESI - HRMS of compound 5.
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Figure 68: ESI - HRMS of compound 6.
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Figure 69: ESI - HRMS of compound 7.
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Figure 70: EST - HRMS of compound 8.
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Figure 71: ESI - HRMS

of compound 12.

2025

+8PCl Scan [0.274-0.809 min, 33 scans) Frag=150.0v 187 .d

22315146

22415428

225.1|5'I 22
L.

28 223 2232 2334 27AE 2938 204

2242 2344 224E 248 205

Counts vz, Mazs-to-Charge [m/z)

Figure 72: APCI - HRMS of compound 13.
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Figure 73: APCI - HRMS of compound 14.
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Figure 74: APCI - HRMS of compound 15.
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Figure 75: APCI - HRMS of compound 12a.
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Figure 76: APCI - HRMS of compound 13a.
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Figure 77: APCI - HRMS of compound 14a.

Sample Name:
S0P Name:

NP in etoh 3

mansettings.nano

File Name: NP 13042017 dits Dispersant Name: ethanol
Record Number: 3 DispersantRl: 1,361
Material Rl: 242 Viscosity (cP): 1,2000
Material Absorbtion: 0,00 Measurement Date and Time: 13 Nisan 2017 Pergembe 11:41:40
Temperature (°C): 25,0 Duration Used (s): 80
Count Rate (kcps): 1611 Measurement Position {mm): 4,65
Cell Description: Glass cuvette with square aperture Attenuator: 7
Diam. (nm) % Number Width (nm)
Z-Average (rnm): 94,41 Peak 1: 62,24 100,0 15,70
Pdi: 0171 Peak 2: 0,000 0,0 0,000
Intercept: 0924 Peak 3: 0,000 0.0 0,000
Result quality : Good
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Figure 78: Size Distribution of BODIPY functionalized silica coated SPIONs

(10) in EtOH.
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