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SUMMARY

Treatment of cancer is one of the hottest topics of research for our time. There
are number of different ways to approach the problem, one of which is through
nanotechnologies, specifically nanomedicine. Nanoparticles are being used in drug
delivery systems thanks to their multiple advantages such as but not limited to: the
ease of manipulation of size and surface characteristics which could be used for both
passive or active drug targeting, controlled and sustain release during transportation as
well as the location of the release, choosing an appropriate matrix and alteration of
distribution in order to clear from the body help to increase therapeutic efficacy and to
decrease possible side effects. Among nanoparticles, especially Periodic Mesoporous
Organosilica ones (nanoPMOs) proved to be of high interest due to their remarkable
biocompatibility and versatility.

Photodynamic Therapy (PDT) has proven to be effective against cancer and third
generation of photosensitizers are being researched to combine their properties with
imaging, targeting, photodynamic action, synergic combinations with other
therapeutics or two-photon excitation.

Phthalocyanines (Pcs) have huge advantages compared to the existing
photosensitizers. Their adsorptions are at longer wavelengths, they have extraordinary
stability, superior aggregation tendency and two-photon excitation allow us better
imaging. In addition, and so far, Pc-based nanoPMOs are not reported in literature.

Since the position and length of the spacers between the Pc core are likely to
affect the properties of the ultimately prepared Pc-based nanoPMOs, alkynated zinc
Pcs with different spacer units in peripheral and non-peripheral positions have been
designed and prepared to be used as building blocks of nanoPMOs by further click

reactions.

KeyWords: Phthalocyanine; Periodic Mesoporous Organosilica Nanoparticle

(nanoPMO); Photodynamic Therapy (PDT); Alkynyl.



OZET

Giinlimiizde kanser tedavisi en ¢ok calisilan arastirma konulardan biridir. Bu
konudaki birgok farkli yaklagimdan bir tanesi de nanoilaglar ve &zellikle
nanoteknolojidir. Nanoparcaciklar ilag yapiminda kullanilmaya baslandigindan beri
pasif ve aktif ila¢ hedeflenmesinin kontrolii, ila¢ boyutunun ayarlanmasi, ylizey
karakteristiginin degistirilmesinde, ilacin ge¢isi, uygun bdlgede salinmasi, uygun
matrikslerin secilmesiyle viicut i¢in terapotik etkisinin arttirilmasinin yani sira yan
etkilerinin azaltilmas1 gibi bir¢ok avantaj saglamistir. Nanoparcaciklar igerisinde
ozellikle Periyodik Mezopor Organosilika (nanoPMO) olanlar1 biyo-uyumluluklar1 ve
cok yonliiliigii nedeniyle biiyiik dikkat ¢cekmistir.

Fotodinamik terapinin (PDT) kansere kars1 etkisi kanitlanmistir ve arastirmacilar
ticiincii nesil fotoduyarlastiric1 ajanlarin, goriintiileme, fotodinamik aksiyonlari, diger
terapotikler ile olan sinerjik kombinasyonlari ve ikili foton uyarimlar gibi 6zelliklerini
birlestirmek i¢in arastirmalara baslamislardir.

Ftalosiyaninler (Pcs) mevcut fotoduyarlastirici ajanlarla kiyaslandiginda 6nemli
avantajlara sahiptir. Daha uzun dalga boylarindaki absorbsiyonlari, yiiksek
kararliliklar ve iistiin agregasyon yetenekleri iyi gorilintiileme saglamakla birlikte, iki
foton uyarimina olanak tanirlar. Buna ek olarak literatiirde su ana kadar Pc-temelli
nanoPMO’lara rastlanmamustir.

Pc ¢ekirdek bolgesindeki arabaglayicilarin konumu ve uzunlugu en nihayetinde
hazirlanacak olan Pc-temelli nanoPMO’larin 6zelliklerini degistirebileceginden,
periferal yada periferal olmayan pozisyonlarda farkli arabaglayicilar ile alkillenmis,
nanoPMO’larin yap1 taslar1 olarak kullanilmak {izere ileride gergeklesecek klik

reaksiyonlart i¢in ¢inko Pc’ ler tasarlanip, hazirlanmistir.

Anahtar Kelimeler: Ftalosiyanin; Periyodik Mezopor Organasilika

Nanoparcacik (nanoPMO); Fotodinamik Terapi (PDT); AlKinil.
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1.INTRODUCTION

Clinically approved, minimally invasive Photodynamic therapy (PDT) is a
therapeutic procedure that utilizes a selective cytotoxic activity toward malignant cells
[1]. It is based on the conversion of oxygen into its singlet radical toxic state upon the
irradiation of a photosensitizer at appropriate wavelengths. It is particularly used
against cancer and the third generation of photosensitizers are being developed [2] to
combine several properties such as imaging, targeting, specific excitation in the
therapeutic window or synergic combinations with other therapeutic effects.

Scientists have been showing great interest to phthalocyanines thanks to their
unusual chemical and physical properties since their first laboratory synthesis in 1907
[3]. Their distinct functionality comes from the aromatic system composed of 18-n
electrons and their ability of coordination with most of the metal atoms if not all.
Nowadays, their versatility is being used in many different fields ranging from dyes to
cancer therapy or to nanotechnology. PDT is one of the important applications.

Nanotechnology provides diverse design features that inspires exploration for
cancer theranostics [4]. Nanoparticle drugs having a sizeable loading capacity, ability
to protect the payload from degradation, or controlled / sustained release and also large
surface area to conjugate targeting ligands are a few examples of that diversity. Nano-
sized medicines also accumulate preferentially in tumor tissue thanks to the particular
leaky nature of tumor neovasculature and are retained due to reduced lymphatic
drainage. This process is known as enhanced permeability and retention (EPR) effect
[5].

Periodic Mesoporous Organosilica Nanoparticles (nanoPMOs) proved to be of
high interest in nanomedicine [6]. They can be formed by cross-linking silylated
organic fragments and can be further functionalized and/or encapsulate other
molecules. They are remarkable by their biocompatibility and versatility.

As of today, there are porphyrin based nanoPMOs for PDT [6-12] but no
phthalocyanine based nanoPMOs have been reported in the literature. It has been
assumed that phthalocyanine-based nanoPMOs would have advantages compared to
the existing porphyrin-based nanoPMOs: their maximum absorptions would be at
longer wavelengths, their superior aggregation tendency and two-photon excitation

would allow better imaging.



As it is the first time that phthalocyanines will be used for the preparation of
nanoPMOs, a number of structural parameters have to be explored such as the position
of the connexion on the macrocycle and their distance to the phthalocyanine
macrocycle. Each of these structural variations is likely to have an impact on the
desired aggregation of the phthalocyanines and on the porosity and size of the

nanoPMOs.



2. THEORETICAL BASIS AND LITERATURE

2.1. Phthalocyanines

2.1.1. Introduction to Phthalocyanines

Phthalocyanines, also known as tetrabenzo tetraaza porphyrins are planar
macrocycles consisting of four iminoisoindoline units. They have 18 = electrons
delocalized over the macrocycle system (Fig. 2.1) [13] that confer them exceptional
stability as well as outstanding electronic, spectroscopic and physical properties [14].
Ability to form complexes with most of the metals of the periodic table not only tailors
these properties but also allows them to have a wide range of applications [15].

Phthalocyanines are tetrapyrrolic derivatives.

tetrapyrrole family is called porphyrin, which

Phthalocyanines have benzene (isoindole subunits) and nitrogen atoms attached to

contains four pyrrole groups.

pyrrole groups hence its name tetraaza tetrabenzo porphyrin (Fig. 2.1).

8

Phtalocyanine

Tetrabenzoporphyrazin

Tetrabenzotetraazaporphyrin
(18pi electron system in red)

L
N=N

Tetraazaporphyrin
Porphyrazin

Tetrabenzoporphyrin

N

/ Porphyrin

Figure 2.1: Macrocycle of porphyri

n and its analogs.

The simplest member of




Phthalocyanines are widely used as dyes in industry due to having vibrant, deep
colors ranging from blue to green thanks to their specific absorption wavelengths of
the visible light and near infra-red region of the spectrum (between 650 nm — 750 nm).
It is one of the most striking characteristic property of phthalocyanines at the same
time it is the base of their extraordinary optical properties [ 14] which could be tailored
via different designs of the structures.

Solubility in common organic or aqueous solvents was one of the problems in
early examples phthalocyanines since they were unsubstituted. Nevertheless, research
boosted tremendously after the synthesis of soluble substituted phthalocyanines.
Substituents of the macrocycle can be categorized in 3 groups depending upon their
positions; peripheral or non-peripheral, and/or axial (Fig. 2.2). 4 and/or 5 substituted
phthalonitriles produce peripheral phthalocyanines, whereas 3 and/or 6 substituted
phthalonitriles produce non-peripheral ones. Ligands or substituents on the metal

center are classified as axial position.

Non-Peripheral Different Metals
Substituents 3
Axial
Substituents
N

/ \
_—  Peripheral
Substituents

Figure 2.2: Substituent positions for phthalocyanines.




2.1.2. The History of Phthalocyanines

As quite a few of the worthwhile discoveries are found by accident so does the
first metal-free phthalocyanine (H2Pc). It was obtained in yields of less than 1% as a
by-product during the preparation of 2-cyanobenzamide in 1907 by A. V. Braun and
J. Tcherniac at the South Metropolitan Gas Company, London [16]. Twenty years later
in 1927, Diesbach and Weid from Fribourg University identified a blue compound [17]
which turned out later to be metal free and copper phthalocyanines. The events leading
to the elucidation of the phthalocyanine structure starts in 1928 at Scottish Dyes Ltd.
Grangemouth plant during phthalimide production from phthalic anhydride [18]. A
blue-green substance was observed on a crack of a steel reactor due to a leakage from
the inside. In 1934 Linstead et al, prepared series of metallated phthalocyanines and
enlighten their structures for the first time [19, 20]. Linstead gave the name
phthalocyanine due to its oily nature (phthal) and its blueish color (cyan).

Industrially, first pigment (blue) from copper phthalocyanine was produced in
1935 by an English company accompanied by others in Germany and USA. Today,
peripheral or non-peripheral copper phthalocyanine derivatives, and approximately 70
different other metals are being used as central atoms in all kinds of phthalocyanines

[21].

2.1.3 Synthesis of Phthalocyanines

Even though phthalocyanines could be synthesized from the plethora of starting
compounds (Fig. 2.3), most preferred and common of them are phthalonitriles. In order
to synthesize metal free phthalocyanines, suitably substituted phthalonitrile precursors
are refluxed in high boiling point solvents such as DMF or pentanol, or heated up
without solvent. Synthesis of metallated phthalocyanines requires metal ions,
generally in the form of metal salts. Template effect from metal ions yields metallated

phthalocyanines.
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Br
1,2-dibromobenzene
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CN
L, "
0O
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/
N
1,2-dicyanobenzene
phtalonitrile iminophtalimide
/ Phtalocyanine \
o
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O
NH,
NH,
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Phtalamide

Figure 2.3: Common starting compounds for synthesis of phthalocyanines.

Most common method of synthesis for symmetric phthalocyanines (A4) is again
through cyclotetramerization of suitably substituted phthalonitriles. Phthalonitriles
could be heated up directly or could be refluxed in high boiling point solvents with
corresponding metal salts. Metal ions in the reaction, acts as a template for
cyclotetramerization of the corresponding phthalonitrile and yields the metallated
phthalocyanine as product. The most common solvents are n-pentanol, DMF, DMAE
or 0-DCB. Also, the presence of bases like DBU or DBN boosts their formation [22].
It should also be noted that, in comparison to conventional techniques, microwave-
promoted reactions speed up the process and increase the yield [23].

As it can be seen from Figure 2.4 below, cyclotetramerization of
monosubstituted phthalonitriles yields symmetric phthalocyanines as a mixture of four

constitutional isomers with different symmetries. It is theoretically possible to isolate



the constitutional isomers of symmetric A4 phthalocyanines, however, it is unclear at

this stage as to how it would affect the nanoPMO structure.

R R
=N\ 7N N=>\” N
N R . R T \
=~ | ~ N—M—N |
 N—NM—N_ | — |
R \ / N R
N= N N ~ NN

Cov Cs

Figure 2.4: Four constitutional isomers of symmetric A4 phthalocyanines.

Synthesis of other types of phthalocyanines such as asymmetric are beyond the

scope of this work so they are not mentioned here.



2.1.4. Properties of Phthalocyanines

2.1.4.1. Chemical and Physical Properties of Phthalocyanines

Phthalocyanine cores which are planar macrocycles consisting of four
iminoisoindoline units, are quite strained. Their chemical properties vary depending
on the central metal and substituents [24]. They are more susceptible to redox reactions
compared to porphyrins. Reduction or oxidation could be reversible or irreversible and
could take place at the central metal, the macrocycle or at the substituents. Almost all
phthalocyanines oxide into phthalimide if exposed to potassium permanganate or nitric
acid [25].

The most noteworthy physical features of phthalocyanines are their exceptional
stability and color ranging usually from blue to green. Main reason for color
differences is in the chemical and crystalline structures [26] namely a-and B-forms

(Fig 2.5), which affect their electronic absorption spectra.

a(x)-type

Figure 2.5: Crystalline forms of phthalocyanines.



2.1.4.2. Characterization of Phthalocyanines

Infrared spectroscopy of phthalocyanines is quite important. Metal free
phthalocyanines have N-H stretching around 3300 cm™, N-H bending around 1540
cm’!, C-C and C-N vibrations around 1650-1200 cm™ [27]. Substituent specific
vibrations gain importance during characterization of substituted phthalocyanines.

NMR spectroscopy is a very essential tool in characterization of soluble
phthalocyanines if the central atom is not paramagnetic like copper. Due to magnetic
anisotropy, the resonance of the protons outside the aromatic rings appears downfield
whereas the resonance of the protons inside or atop the aromatic ring appears upfield
[28]. The '"H NMR spectra of phthalocyanines are known to show large diamagnetic
ring current shifts due to the macrocyclic n-system. The signals of aromatic protons of
phthalocyanines appear downfield. Protons of axially bonded groups show a large shift
to upfield [29].

Mass spectroscopy is one of the most powerful characterization tool of

phthalocyanines. It is possible to see the exact molecular weight of the material.

2.1.4.3. Spectroscopic Properties of Phthalocyanines

Gouterman’s four orbital model also known as linear combination of atomic
orbitals (LCAO) helps us understand the electronic structure of the macrocycles of the
phthalocyanines [30]. Absorption spectra displays two specific bands, namely Q band
and Soret band (B) (Fig. 2.6). Usually located between 600 nm and 750 nm, the Q
band is responsible for the color of phthalocyanines. m—n* transitions from HOMO
to LUMO orbitals are responsible for Q bands [30]. Q bands are also effected to a
certain degree by a few parameters such as the nature of the metal center, oxidation
state of the metal center, axial ligation, solvents, substituents, aggregations and
conjugations [31]. So, analysis of the Q band’s position and shape provides a lot of
information about the phthalocyanines (Fig. 2.6) such as if its metallated or not [31,
32]. B bands are observed around 350 nm thanks to m=—x* transitions from the lower

energy molecular orbitals to LUMO [32].
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Figure 2.6: Typical UV-vis spectra of metallated (b) and metal free phthalocyanine
(a). (Reproduced with the authorization of Royal Society of Chemistry).

The emission of light by a substance from singlet ground state to a singlet excited
state is called fluorescence after it has absorbed light or other electromagnetic radiation
[33]. Phthalocyanines are well-known fluorophores and their fluorescence property
has been studied extensively.

Most of the time the emitted light has higher wavelength, lower frequency
meaning lower energy, than the absorbed light. One of the most well-known example
of fluorescence in forensics, could be observed on blood spatters. Even after blood is
cleaned with water, amino acid residues containing phenylalanine, tyrosine, and/or
tryptophan remains behind. These amino acids could be seen if exposed to UV light
[34]. This is due to the amino acid residues absorbing radiation in the ultraviolet region
of the electromagnetic spectrum thus invisible to the human eye, while the emitted
radiation is in the visible part of the spectrum, which gives the fluorescence substance

in the residue a distinct color under UV light [33].
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Fluorescent substances cease to glow as soon as the radiation source ceases.
Once a molecule has absorbed energy in the form of electromagnetic radiation, there
are a number of routes by which it can return to ground state. Jablonski diagram (Fig.
2.7) shows a few of these processes. If the photon emission occurs between states of
the same spin state fluorescence occurs. If the spin state of the initial and final energy
levels is different the emission is called phosphorescence. Nonradiative deactivation
processes are also significant here: internal conversion (IC) and intersystem crossing
(ISC). Internal conversion is the radiationless transition between energy states of the
same spin state and intersystem crossing is a radiationless transition between different

spin states.
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Figure 2.7: Typical Jablonski energy diagram. (Reproduced with the courtesy of
Fabienne Dumoulin).
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Spectroscopic properties of phthalocyanines can be tuned through structural
modifications on the macrocycle or at the metal center. One possible structural
modification is on the substitution pattern: the attachment atom, the hydrophilicity or
hydrophobicity, the introduction of functional groups and the bulkiness of the
substituents. The position, peripheral or non-peripheral, as well as the number of
substituents (Tetra or Octa) also have effects on the spectroscopic properties. The
second type of possible structural modification is the metal center. Zn gathers several
advantages, mainly its diamagnetism suitable for singlet oxygen generation thanks to
richly populated triplet excited state and syntheses of Zn phthalocyanines are relatively
easy and high yielding. These properties make Zn, one of the most common metals for
PDT. Isomerically pure, octasubstituted phthalocyanines A-D in Figure 2.8 [35], are

very good examples to show these modification effects on the macrocycle.
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Figure 2.8: Zinc phthalocyanine derivatives A-D. (Reproduced with the authorization
of Royal Society of Chemistry).
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All octasubstituted phthalocyanines in Figure 2.8, were designed to be
isomerically pure to avoid regioisomeric effects and to have variations only at the
attachment point: a hexyl chain is attached by a sulfur atom via a sulfanyl function in
peripheral (A) and non-peripheral (B) position, or by an oxygen atom via an ether
function (C) or by a sulfonyl function (D) in peripheral positions. Thus, it was possible
to investigate the substitution pattern effects such as: the substituent position of A and
B, the electron donating and withdrawing character of A and D and the donating force

of A and C.
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Figure 2.9: UV-Vis spectra of A-D in DCM (4.5 uM) and plot of absorbance vs
concentration. (Adapted with the authorization of Royal Society of Chemistry).
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Figure 2.10: Fluorescence emission spectra of A-D in DCM (normalized absorbance
values ~0.04) and plot of integrated fluorescence intensity vs absorbance. (Adapted
with the authorization of Royal Society of Chemistry).

Shifted Q and Soret bands can be seen in Figure 2.9, difference in fluorescence
emission spectra and their quantum values can be seen in Figure.2.10. @4 values are
0.66, 0.52, 0.32, 0.06 for D > C > A > B respectively, which demonstrates the strong
effect of substitution pattern [35].
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2.1.5 Applications of Phthalocyanines

As of 2012, over 95% of world production of all phthalocyanines are used as
colorants [36] due to their exceptional chemical as well as thermal stability and thanks
to their very vibrant, deep shades of green and blue colors [18]. Later researches have
shown that they can be adopted to be used in other areas as well mostly due to their
versatility in design. Thanks to their strong intermolecular n-7 interactions, they have
found usage as semiconductors [37]. They could also be tailored to be used as various
kinds of sensors since in their metallated form, they show conductivity and they can
form organized structures used as organic thin-film transistors [38]. If they coordinate
a redox active metal ion, they can be used for catalytic oxidation of various organics
such as, alkanes, olefins and aromatics [39-43]. They could be used as gas sensors
since their films could be tailored to interact with various gases by the help of chemical
affinity, chemical reaction or adsorption [44]. Other areas of applications include
materials for non-linear optics [45-47], liquid crystals [48-50], electrophotography
[51], optical data storage [52], fuel cells [53], photovoltaic cells [54], photo-
electrochemical cells [55] and electrochromics [56].

Among these applications, the most of important aspect for this work is their
high singlet oxygen and/or reactive oxygen species quantum yields, when
appropriately metallated. Together with red-shifted Q-bands, this property makes
phthalocyanines very good candidates as photosensitizers in photodynamic therapy
[57]. PDT has proven to be effective against certain types of cancer and its now one of
the well accepted treatments along with surgery, chemo therapy and radio therapy [58].
Third generation of photosensitizers is being researched to combine their properties
with imaging, targeting, photodynamic action, synergic combinations with other

therapeutics or two-photon excitation.
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2.2. Silica Based Nanoparticles

2.2.1. Introduction to Silica Based Nanoparticles

Silica based nanoparticles can be divided into two main groups,

1) Mesoporous Silica Nanoparticles (MSN).

i1) Periodic Mesoporous Organosilica (PMO) nanomaterials.
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Figure 2.11: Silsesquioxane framework examples.

They are both mesoporous (pore sizes ranging from 2 nm - 50 nm.[59]) and their
framework is based on silsesquioxanes (Fig. 2.11). The main difference between MSN
and PMO is that the latter contains organic functional groups covalently linking
siloxane groups (Fig. 2.12) [60]. Periodicity of PMOs comes from repeating units

appearing at regular intervals, hence the name, periodic mesoporous organosilica.
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Figure 2.12: Difference between MSN and PMO. (Adapted with the authorization of
Royal Society of Chemistry).

Main focus of this work will be PMOs but understanding MSNs is also
important. MSN primal forms were first patented around 1970 [61], they mostly stay
dormant more than 20 years until their reproduction in 1992 by Mobil Oil Company,
being named Mobil Crystalline Material (MCM) [62, 63]. The most well-known
example is hexagonal structured MCM-41 [64]. Soon after, there were other versions
such as Michigan State University Matter-X (MSU-X) and Santa Barbara Amorphous
(SBA) [62]. Mesoporous silica particles could be prepared in lots of different
morphologies. To name a few, sphere forms [65, 66], hollow spheres [67], wormlike
[68], crystal like [69, 70], toroid [71], rope like [72], and gyroid [73]. Their most
important aspects for possible applications like drug delivery systems,
chromatography or catalysis are the pore structure, morphology and monodispersity
[73-78].

In 1999, just 7 years after first commercial MSN and only 1 year after the
development of the SBA-type, three research groups (Inagaki [79], Ozin [80] and Stein
[81]) independently described the first PMO materials.
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2.2.2. Synthesis of PMOs

Although there are numerous ways of synthesizing PMO materials, all of the
techniques depend on polycondensation of organics by surfactants exerting a structure-
directing effect. They are obtained by the sol-gel process from organo-bridged

alkoxysilanes (precursors) in the presence of surfactants (Fig. 2.13) [82].
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condensation

Figure 2.13: PMO synthesis from bridged organosilanes. (Reproduced with the
authorization of Royal Society of Chemistry).

Surfactant-templated pores could be expanded with suitable organic molecules
which would serve as auxiliary templating agents. Surfactants with longer
hydrophobic chains or amphiphilic copolymers could be used to serve as pore-
templating. Cetyltrimethylammonium bromide (CTAB) is very popular as surfactant.
Figure 2.14 lists different surfactants used in PMO synthesis [83].

Broad array of precursors is available for design of PMOs. In early researches,
it was handful of compounds such as ethylene or phenylene. Contemporary researches
have widened the available organic bridging groups from hydrocarbons and
heteroaromatics to metal complexes [83]. Figure 2.15 lists different precursors used in
PMO synthesis [83]. Their high chemical stability thanks to silica framework,
flexibility for shaping, controllability in sol-gel condensation and ease of precursor

synthesis have made them studied extensively [84-86].
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Figure 2.14: Examples of different surfactants used in PMO synthesis. (Reproduced
with the authorization of Royal Society of Chemistry).
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Figure 2.15: Examples of frequently used precursors in PMO synthesis. (Reproduced
with the authorization of Royal Society of Chemistry).

Si(OEt); or Si(OMe)3 groups could be introduced to precursors in different ways.

Si(OR); attached thiol groups could be bonded to appropriate precursors [8], amine

functionalized precursors could be further modified [12] or click reactions could be

employed [87].
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2.2.3. Post-Functionalization of PMOs

Bridging groups could be modified after synthesis, which makes PMOs very
versatile. Lots of different post-functionalization options exist by use of aromatic or
unsaturated bridges. Figure 2.16 lists some of the examples of post-functionalization
options on PMO bridges [88]. Classical sulfonation reaction to phenyl groups
producing acidic moieties on the PMO [89], sulfonation after a Diels-Alder reaction
to a ethylene group [90], introduction of amine groups after a conventional nitro
addition [91] or arenetricarbonyl complex addition by chemical vapor deposition

method [92].
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Figure 2.16: Post functionalization of PMOs. (Reproduced with the authorization of
Royal Society of Chemistry).
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2.2.4. The Uniqueness of PMOs

PMO materials are special among the silica based nanoparticles thanks to the

combination of all the advantages of a robust porous organic framework, along with

the intrinsic properties of the organic fragments [93-96].

vi)

On the one hand, PMO nanoparticles share the advantages of MSNs such as:

Porous channels useful for various applications in catalysis [97, 98], adsorption
[99], drug delivery [100, 101], light-harvesting [102, 103].

Tunable pore size organization [82, 104].

Engineering of the nanoparticles outer and inner surface through the silicon
chemistry, thus allowing the modulation of the nanoparticles surface
functionalities as well as its dispersability in aqueous or organic solvents [82].

Biocompatibility [105].

On the other hand, the organic moieties of PMO materials provide:

Virtually unlimited applications, according to the features of the organic groups
selected to constitute the pores.

The highest organic content in the material, thus maximizing the influence of the
organic group on the overall properties of the material.

The modulation of the hydrophilicity/hydrophobicity of the pores, which
permitted for instance much higher drug loading capacities [106, 107].
Additional features arising from crystal-like PMO materials, such as molecular
rotors with phenylene [108].

The PMOs may be degraded under certain conditions when specific functional
groups sensitive to acid—basic, redox, photochemical, or biochemical reactions
are present in the structure of the organic framework [109, 110].

Post-modification of the organic fragment by classical organic chemistry [88-92].
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2.2.5. Synthesis of nanoPMOs

Although a wide variety of bulk PMO materials has been reported, reaching the
nanoscale for such materials is much more challenging and has been less studied. Even
so, there are many different methods of preparing nanoPMOs. In the next chapter,

some of the methods will be listed according to shape and date.

2.2.5.1 Synthesis of Spherical nanoPMOs

In 2006, the first nanoPMO were reported with a hollow spherical morphology
by the use of the FC-4 and CTAB (Fig.2.14) surfactants. Ethylene-bridged hollow
PMO (HPMO) nanoparticles were prepared from 1,2-bis(trimethoxysilyl)ethane (Fig.
2.17) with a sodium hydroxide catalyzed sol-gel reaction at 80 °C [111]. This
approach led, for the first time, to nanoPMOs with sizes ranging from 100 to 400 nm

in diameter.

a (R'0),SHURY-SI(OR),
CTAB R'=CHy-
Template R=-CH,CH,-
—_— —_——
NaOH Sol-Gel
+Extraction
M FC-4 Vesicle HPMO
} Template NPs

Figure 2.17: Schematic representation of the first spherical nanoPMO (a), and a
Transmission Electron Microscopy (TEM) image of a resulting nanomaterial (b).
(Reproduced with the authorization of Royal Society of Chemistry).

In 2009, phenylene-bridged, PMO nano-spheres were reported, with a diameter
ranging from 50 to 1000 nm, and a worm-like porosity [112].

In 2011, colloidal solutions of monodisperse PMO nano-spheres of 20 nm in
diameter were reported, for simple organic bridges such as methylene, ethylene and

ethenylene [113].
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2.2.5.2 Synthesis of Rod and Fiber shaped nanoPMOs

In 2005, Lu et al. first reported the controlled synthesis of PMO nanorods (200
x 1000-2000 nm) with ethylene bridges [114]. They used the pluronic P123 triblock
copolymer (Fig.2.14) surfactant and obtained well-organized hexagonal pores of 8 nm.

In 2009, using the trisilylated octaethoxy-1,3,5-trisilapentane precursor, among
different nano-objects PMO nanorods (700 x 200 nm) and nanofibers (100 x 2000 nm)
were obtained with an adjustable aspect ratio from 2:1 to 20:1 by varying the
concentration of the precursor [115, 116].

In 2014, Durand et al. reported mixed PMO nanoparticles, obtained from the co-
condensation of bis(triethoxysilyl)-ethane (E) with bis(3-triethoxysilylpropyl)-
disulfide (DIS), leading to porous nanorods with various aspect ratios, whereas the
hydrolysis condensation of DIS alone yielded dense nanospheres (Fig. 2.18). The
resulting mixed PMO nanoparticles displayed highly ordered 2 nm pores.
Furthermore, the good mixing of the two precursors resulted in an efficient degradation
upon disulfide cleavage by mercaptans. In a sense, NPs act as trojan horses for efficient

in vitro cancer therapy [109].
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Figure 2.18: Size / morphology control of nanoPMO and their TEM images.
(Reproduced with the authorization of Royal Society of Chemistry).
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2.2.6. Applications of Silica-Based Nanoparticles

Although there are many different kinds of applications of MSNs and PMOs,
such as optical materials and sensors [117], solid crystals [118] or absorbents [119],
this work mainly focuses on biological applications. Table 2.1 and Table 2.2 lists all
kinds of biological applications based on MSNs [119]. and Table 2.3 lists the bio-

molecules and drugs immobilized onto PMOs [83].

Table 2.1: Biological applications of MSNs. (Reproduced with the authorization of
Royal Society of Chemistry).
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Table 2.2: Biological applications of MSNs, continued. (Reproduced with the
authorization of Royal Society of Chemistry).
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Table 2.3: Bio-molecules and drugs immobilized onto PMOs. (Reproduced with the
authorization of Royal Society of Chemistry).

Protein

Enzyme

Amino-acids

Drug

Cytochrome ¢
Bovine heart
Horse heart

Serum albumin
Bovine

Hemoglobin
Lysozyme
Hen egg white

Lipase
Rhizopus oryzae
Candida Antarc-
tica fraction B
Thermomyces
lanuginosus
Papain

Chloroperoxidase
Horseradish
peroxidase

Glycine, 1-lysine,
isoleucine
Tetracycline
Cisplatin
Captopril

5-Fluorouracil

Ibuprofen

~CH,-CH,-
~CoHy~/-(CoHa)o-

-CH,-CH,-

-CH,-CH,- functionalized with -NH, or -COOH
—-CH,-CH,- functionalized with -NH, or -COOH

-CH,~CH,-
~(CH,)s-NH~(CH,)3-/~CH,~/~(CsHa)s~
-CH,~CH,-

-CH,-CH,-
-CH,-CH,-

-CH,-CH,~/~-CH=CH-/-C¢H -

-CH,-CH,- functionalized with
~(CH,);-0-CH,~(CH),0

~(CH2);-NH~(CH,)5-

~(CH,);-NH-CO-NH-(CH,)5~/
~(CH,);-NH-CO-S~(CH,);~
~(CH,);-S-CH,~CHOH-CH,-O—-(CH,);~

-CoHy—

~(CeHa)a~/-(CH,)3-NH-(CH,)5~

~CH,-CH,-

-CH,-CH,~
~(CH,);-NH-CO-NH-C¢H,;-50,-NH-CO-NH—-(CH,);-
~(CH,);-NH-CO-N((CH,),),N-CO-NH-(CH,);~
-(CH,);-NH-CO-NH-CgH 4-S0,-NH-CO-NH—(CH,);-
~(CH,);-NH-CO-N((CH,),),N-CO-NH~(CH,);-
~(CH,);-NH-CO-NH-CCN—CCN-NH-CO-NH-(CH,);-

—(CH,);-NH-CO-NH-CCN=CCN-NH-CO-NH-(CH,);~

2D-hexagonal/rodlike
Disordered/hollow spherical particles

Cubic/hollow particles
Hollow spheres
2D-hexagonal/rodlike
2D-hexagonal/rodlike

2D-hexagonal/rodlike
Hollow spherical particles
Cubic/hollow particles

n.a.
2D-hexagonal/rodlike

—/Mesocellular cagelike
2D-hexagonal

Disordered
2D-hexagonal

2D-hexagonal

Disordered/hollow spherical
Worm-like/hollow spherical
2D-hexagonal/spherical particles
2D-hexagonal

2D-hexagonal/rodlike
2D-hexagonal/polyhedral bipyramidal crystals
2D-hexagonal/rodlike
2D-hexagonal/polyhedral bipyramidal crystals
2D-hexagonal/shaped tubular-twisted
columns-micro-clongated particles
2D-hexagonal/shaped tubular-twisted
columns-micro-clongated particles
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2.2.7. Porphyrin-based silica nanoparticles for PDT

In literature, there are several examples of for one-[120-125] and two-photon
[126] PDT applications. However, these works are describing a photosensitizer which
is physically entrapped, not covalently bonded, inside the silica network. Entraption
could lead to premature release of the photosensitizer from the silica network which
in fact leads to reduced efficiency of treatment. It could also cause some side effects.
To overcome these drawbacks, photosensitizer could be attached to the silica matrix
by covalent bonds [127-130] through trialkoxysilane groups. Furthermore, surface of
cancer cells is overexpressed with specific bioreceptors [131] and functionalizing the
nanoparticles in order to target these receptors would enhance the uptake of the
nanoparticles. The first example of silica-based nanoparticles functionalized to target
breast cancer cells for PDT applications were described in 2007 by Zang et al. [132].
Merocyanine was used as a photosensitizer. Two years later, Durand et al. described a
second nanoparticle, in this case the photosensitizer was porphyrin derivative (Fig.

2.19) [12].

“0,8 SO;  HO5S SO3H

NH,* 0 Q NH,* O Q
1) 2)

— -

3)

NH,*

'OBS @ NH, HO3S O NHCONH(CH2)3SiO1_5;

Si0,

Figure 2.19: First covalently attached porphyrin derivative to MSN. (Reproduced
with the authorization of Royal Society of Chemistry).

Water-soluble anionic porphyrin covalently attached to the mesoporous silica
network by use of isocyanatopropyltriethoxysilane moiety. Durand et al. demonstrated
that surface functionalization of nanoparticles with mannose (Fig. 2.20) is essential to
get a high PDT efficiency. Through the involvement of overexpressed mannose
receptors in cancer cells which increases active endocytosis, breast cancer cells (MDA -

MB-231) were targeted with mannose moieties.
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Figure 2.20: Mannose functionalization of the surface of MSN. (Reproduced with the
authorization of Royal Society of Chemistry).

There are other porphyrin-based silica nanoparticles reported in the literature [6-

11] by Durand et al. which follow his initial work. In Figure 2.21, first of their kind,

porphyrin-based silica nanoparticles for two-photon induced PDT can be seen. Multi-

functionalized porous silicon nanoparticles (pSiNPs) with therapeutically active side

groups and/or targeting units (mannose) utilize the EPR effect to target exactly the

tumor. They were again, designed by Durand et al., in 2014 [11] and results are very

promising. They have showed that pSiNPs are effective in killing MCF-7 cancer cells.
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Figure 2.21: Examples of first porous silicon nanoparticles used in two-photon

induced PDT. (Reproduced with the authorization of Wiley Online Library).
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In literature, there are other nanoparticles that give two-photon adsorption such
as gold nanorods, carbon dots or Cd-Se quantum dots but they are non-biodegradable
or highly toxic [133, 134]. This limits their use in clinical experiments. On the other
hand, pSiNPs are proved to be biodegradable [135, 136] into harmless silicic acid that
is rapidly discarded by renal clearance. pSiNPs are also useful for imaging since they
have intrinsic luminescence.

Biodegradable nanoparticles are of particular interest since they favor a safe and
efficient excretion of the nanodevice [ 137-139]. In Figure 2.22, it can be seen examples
of Disulfide / Porphyrin based biodegradable bridged silsesquioxane nanoparticles for
two-photon induced PDT. Durand showed that glutathione cleaves disulfide linkers in
the nanoparticles frameworks and they were efficient in fluorescence imaging and

killing MCF-7 cancer cells [87].

BDIS]

(Et0)3Si—/_\S-S\_/—Si(OEt)3

-
IS + @S "
SOL-GEL*
l H,0/EtOH l *
80°C/2h
DIS NPs DIS2 NPs DISP NPs

Figure 2.22: Disulfide / Porphyrin based biodegradable bridged silsesquioxane NPs.
(Reproduced with the authorization of Royal Society of Chemistry).

In Figure 2.23, it can be seen examples of porphyrin-based mesoporous silica
nanoparticles [8]. Durand and his team covalently incorporated the porphyrin
photosensitizer to 20 nm mesoporous silica nanoparticles prepared by the sol-gel
procedure in the presence of CTAB and TEOS. They were interested in developing
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small-sized silica nanoparticles able to cross biological membranes. They successfully

managed to image retinoblastoma cells and showed results on breast cancer cells.

NHg H
‘0,8 NH-(g:—N—(cn,),Si(osn,

N

EtOH, DIPEA N
Overnight,R.T.

0=C=N(CH,):SI(OEl); E<N
—)

‘O,
i NIt

[PoR1) e

MeOH
Overnight,R.T.

HS.__~._Si{OMe);

THF, DIPEA —
Overnight,R.T.

(EnO),Si/\/\N’c*o |
) .y

=
N\
%
S~

4

==
<
N|H

o” "NH

\suog.,,

H

H

N
{

Figure 2.23: Porphyrin based precursors for mesoporous silica nanoparticles.
(Reproduced with the authorization of Springer Link).
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3. DESIGN STRATEGY

Since the goal of this work is to synthesize symmetric A4 phthalocyanines
bearing terminal alkyne groups with different spacers and different positions to be used
as building blocks of Periodic Mesoporous Organosilica Nanoparticles (nanoPMOs)
towards photodynamic applications, it has been envisioned 2 different approaches to
obtain the targeted phthalocyanines. Both of them starts from an appropriately
substituted phthalonitrile bearing a terminal hydroxy group (Fig. 3.1), then by
following the below strategies A and B, targeted phthalocyanines will be prepared.

e Route A: Grafting the propargyl molecule to the hydroxylated phthalonitrile
then synthesize the corresponding phthalocyanine.

e Route B: Synthesis of the phthalocyanine directly from the hydroxylated
phthalonitrile then grafting of propargyl molecule.

Route A BRAGAGES Route B

|

Alkynated
M\

Hydroxylated

Pc

Alkynated

Pc

Figure 3.1: Synthesis routes.
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Figure 3.2: Synthesis routes in detail.
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4. RESULTS AND DISCUSSION
4.1. Phthalonitriles

4.1.1. Starting Phthalonitriles’s Synthesis

Starting compounds for all the phthalocyanines in this work are either 4-
nitrophthalonitrile (4) or 3-nitrophthalonitrile (8). Even though both of the starting
phthalonitriles are commercially available, they can also be synthesized at laboratory
rather easily through three step reactions (Fig. 4.1 - 4.2) [140, 141]. Compound 4 and

8 can then be modified via substitution reaction to yield the desired phthalonitrile.

o
CN
NH SO _NHOH_ NH, SOCIQ
THNO, o NH, ON N
o
1

4

Figure 4.1: 4-Nitrophthalonitrile (4) synthesis.

_NHOH_ NH, SOCIQ CN
NH,
CN
NO, O

O,

5 8

Figure 4.2: 3-Nitrophthalonitrile (8) synthesis.
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4.1.2. Hydroxylated Phthalonitriles Synthesis

Since the aim of this work is to determine the effect of spacer length and position
on the nanoPMO, 1,6-hexanediol and 1,3-propanediol were chosen as spacers of
different length. Both diols have two terminal hydroxy groups available for
substitution with the starting phthalonitriles (4 and 8) nitro groups. So, to favor the
single substitution reaction of the nitro groups with the hydroxy groups and avoid the
formation of dimeric phthalonitriles, diols are used in excess (5 eq.). K2COs also is
used in excess (25 eq.) for better activation of hydroxy groups. Instead of excess usage
of diols, mono protection groups on diols could be employed [142].

Initial phthalonitrile synthesis were done in acetone for the purpose of ease of
removal of solvent and possible precipitation issues (Fig. 4.3). Both of the reaction
mixtures, were separated using chromatographic techniques including preparative
TLC and characterized by MALDI-TOF MS, IR and TLC. Even though our group has
done similar synthesis before using acetone as solvent and have gotten satisfactory
results, it was observed that it wasn’t the case for compounds 11 and 12. Even after
three separate silica gel column chromatographies and two separate preparative TLC,

it wasn't possible to purify the desired compounds.

NC NO, K,CO NC O~
j@/ s HOA Aoy j@/ on

NC ACeRtg"e NC

4 11

NO, O/\/\/\/OH
NC o K,COs NC

+ \/\/\/\OH —

NC Acetone NG

8 Reflux 12

Figure 4.3: Hydroxylated phthalonitriles 11, 12 synthesis in acetone.

Acetone as solvent was only tried with hexanediol on 2 separate reactions at
different temperatures with different nitro group positions. These findings have
obliged us to search for different solvent. Classical conditions DMF/K>CO3 yielded
satisfactory results, with no issue during the precipitation as possibly anticipated.

Synthesis of hydroxylated phthalonitriles 9, 10, 11 and 12 can be seen in Figure

4.4 and their corresponding yields can be seen at Table 4.1.
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Figure 4.4: Hydroxylated phthalonitriles 9-12 synthesis in DMF.

Table 4.1: Experimental yields of hydroxylated phthalonitriles.

Compound Yield (%)
9 56
10 33
11 27
12 45
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4.1.3 Hydroxylated Phthalonitriles Characterization

All hydroxylated phthalonitriles were characterized by MALDI-TOF mass
spectrometry, 'H and '*C NMR and FT-IR spectroscopy.

4.1.3.1. MALDI-TOF Mass Spectra of Hydroxylated Phthalonitriles
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- 12
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Figure 4.5: MALDI-TOF mass spectra of hydroxylated phthalonitriles.

All mass spectra were recorded with MALDI-TOF MS. Spectra can be seen in
Figure 4.5 with their corresponding hydroxylated phthalonitrile structures as insets. In
Table 4.2 comparison of corresponding hydroxylated phthalonitriles, m/z values with

the matrixes can be seen.
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Table 4.2: Calculated and found MALDI-TOF MS values of hydroxylated PNs.

Compound Molecular Matrix Molecular Found m/z
Formula Used Weight (g/mol)
9 Ci11H10N20; DHB 202.21 203.998 [M+H]*
10 Ci1iHi0N20; DIT 202.21 224.886 [M+Na]"
11 Ci4Hi6N20; DHB 244.29 266.047 [M+Na]*
12 Ci14H16N202 | No Matrix 244.29 281.952 [M+K]"

37



4.1.3.2. "H and *C NMR Spectra of Hydroxylated Phthalonitriles
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Figure 4.6: 'H NMR spectra of hydroxylated phthalonitriles in CDCls.
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Figure 4.7: 3C NMR of hydroxylated phthalonitriles in CDCls.
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4.1.3.3. FT-IR Spectra of Hydroxylated Phthalonitriles

FT-IR spectra of hydroxylated phthalonitriles 9, 10, 11, 12 are given in Figure
4.8 and Figure 4.9. In each spectra, C=N bonds (around 2230 cm™), aliphatic C-H
bonds (between 2950-2860 cm™), aromatic C-H bonds (around 3085 cm™"), C=C bonds
(around 1580 cm™) and -OH bonds as broad peaks (between 3310-3330 cm™) can be
seen. There is no significant effect of position or spacer length on FT-IR spectra.

Unexpectedly, the band corresponding to hydroxyl is not observed for 11.

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 65

55 NC: i I

| |
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4 NC 10 | I

45 Il ‘?
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Figure 4.8: FT-IR spectra of hydroxylated phthalonitriles 9 and 10.
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Figure 4.9: FT-IR spectra of hydroxylated phthalonitriles 11 and 12.
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4.1.4 Alkynated Phthalonitriles Synthesis

While performing a multi-step phthalocyanine synthesis, it is generally preferred
to make all the necessary modifications to the phthalonitrile instead of post-
modification of phthalocyanine which was synthesized from intermediate
phthalonitrile.

All of the targeted phthalocyanines being symmetric A4, have four possible sites
of reaction so any post-modification attempt on an intermediate phthalocyanine would
theoretically yield four different phthalocyanines (without considering structural
isomers) those being mono, di, tri and tetra substituted phthalocyanines. So, a great
deal of effort was spent on synthesizing alkynated phthalocyanines from alkynated
phthalonitriles (Fig. 4.10), hence to prepare alkynated phthalonitriles.

o >"0H O/\/\O/\\\
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O/\/\/\/OH O/\/\/\/o\//
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Figure 4.10: Alkynated phthalonitriles 14-16 synthesis.

Each compound was purified using chromatographic techniques including
preparative TLC and characterized by MALDI-TOF MS, IR, NMR and TLC. It has
been seen that not only their purifications were very tedious (for some cases three
separate silica gel column chromatography and four separate preparative TLC) but also
it has been seen only trace amounts or none at all, of targeted phthalocyanine peak at
MALDI-TOF MS from its corresponding alkynated phthalonitrile. Conclusion was to
discard the whole idea of synthesizing this line of phthalonitriles under above

conditions.
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4.2. Phthalocyanines

4.2.1. Hydroxylated Phthalocyanines Synthesis

Hydroxylated phthalocyanines 17, 18, 19, 20 are prepared from hydroxylated
phthalonitriles 9, 10, 11, 12 respectively. Zinc acetate (2 eq.) is used as metal salt with
DBU/n-Pentanol (Fig. 4.11). Greening of the reaction flask has been observed in all

reactions after 2 minutes approximately.
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Figure 4.11: Hydroxylated phthalocyanines 17-20 synthesis.

Experimental yields (Table: 4.3) obtained are a bit low even though they are all
eluted in 5:1, DCM:ethanol respectively, over 2 weeks. Reason being is that
hydroxylated phthalocyanines have very high polarity so they have high tendency to

interact with the silica gel.
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4.2.2. Hydroxylated Phthalocyanines Characterization

Table 4.3: Experimental yields of hydroxylated phthalocyanines.

Compound Yield (%)
17 30
18 24
19 34
20 32

All hydroxylated phthalocyanines were characterized by MALDI-TOF mass

spectrometry, 'H and '*C NMR and UV-Vis spectroscopy.

4.2.2.1. MALDI-TOF Mass Spectra of Hydroxylated Pcs
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Figure 4.12: MALDI-TOF mass spectra of hydroxylated phthalocyanines.

All mass spectra were recorded with MALDI-TOF MS. Spectra can be seen in

Figure 4.12 with their corresponding hydroxylated phthalocyanine structures as insets.

In Table 4.4 comparison of corresponding hydroxylated phthalocyanines, m/z values

with the matrixes can be seen.
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Table 4.4: Calculated and found MALDI-TOF MS values of hydroxylated Pcs.

Compound Molecular Matrix Molecular Found m/z
Formula Used Weight (g/mol)
17 C44H40NsOsZn DIT 874.23 874.484 [M]"
18 C44H40NsOsZn DIT 874.23 874.246 [M]*
19 Cs6H6aNsOsZn DHB 1042.56 1042.073 [M]"
20 Cs6H6aNsOsZn DIT 1042.56 1042.905 [M]"

4.2.2.2. 'H and C NMR Spectra of Hydroxylated Phthalocyanines

All hydroxylated phthalocyanines are aggregated in DMSO at concentrations

necessary to record NMR spectra (Fig 4.13 and Fig 4.14). Other deuterated solvents

did not prove more suitable to record these spectra.

Due to the fact that phthalocyanines have been obtained as regioisomeric

mixtures (because they have been prepared from monosubstituted phthalonitriles), the

aromatic protons appear as multiplets. Aromatic carbons are not always detectable in

our conditions, but similarly several peaks appear, once again due to the regioisomeric

mixtures.
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Figure 4.13: "TH NMR spectra of hydroxylated phthalocyanines in DMSO-ds.
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Figure 4.14: 1*C NMR spectra of hydroxylated phthalocyanines DMSO-ds.
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4.2.2.3. UV-Vis Spectra of Hydroxylated Phthalocyanines

Maximum absorbance of Q bands of the non-peripheral hydroxylated
phthalocyanines (in DMSO) 17 and 19 is at 683 nm (Fig. 4.15 and Fig. 4.17), whereas
those of peripheral derivatives 18 and 20 is at 706 nm (Fig. 4.16 and Fig. 4.18). Non-

peripheral hydroxylated phthalocyanines Q bands, compared to peripheral ones, are

shifted to longer wavelength, as expected, by approximately 23 nm. There is no

significant effect of spacer length.

Table 4.5: Found max. absorbance A and calculated log € of hydroxylated Pcs.
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Figure 4.15: UV-Vis spectra of 17 (inset: plot of absorbance vs concentration)
(DMSO, 2-12 uM).
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Figure 4.16: UV-Vis spectra of 18 (inset: plot of absorbance vs concentration)
(DMSO, 2-12 uM).
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4.2.3. Alkynated Phthalocyanines Synthesis

These are the final targeted molecules of this work which will be used as building
blocks for the preparation of nanoPMOs. First attempts were done in K,CO3;/DMF
base/solvent pair. Different reaction temperatures and spans were tried. Also, various
equivalents of KoCO3/DMEF base/solvent pairs as well as propargyl bromide were tried.
TLC and MALDI-TOF MS results of these first attempts were not satisfactory as in
either trace amount of fully propargylated phthalocyanine formation or none at all. It
has been found that 100 eq. of NaH base coupled with freshly distilled dry THF yields
the targeted fully propargylated phthalocyanine in satisfactory yields. As it can be seen
from below (Fig. 4.19), alkynated phthalocyanines 21, 22, 23, 24 are prepared from
hydroxylated phthalocyanines 17, 18, 19, 20 respectively. Experimental yields (Table:
4.5) obtained can be seen below. Experimental yield for 21 could not be obtained
because some of it had spilled during quenching of excess NaH, also experimental

yield for 24 could not be obtained since it was synthesized from crude compound 20.
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Figure 4.19: Alkynated phthalocyanines 21-24 synthesis.
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Table 4.6: Experimental yields of alkynated phthalocyanines.

Compound Yield (%)
21 -
22 54
23 52
24 -

4.2.4. Alkynated Phthalocyanines Characterization

All alkynated phthalocyanines were characterized by MALDI-TOF mass

spectrometry, 'H and '*C NMR and UV-Vis spectroscopy.

4.2.4.1. MALDI-TOF Mass Spectra of Alkynated Pcs
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Figure 4.20: MALDI-TOF mass spectra of alkynated phthalocyanines.

All mass spectra were recorded with MALDI-TOF MS. Spectra can be seen in

Figure 4.20 with their corresponding alkynated phthalocyanine structures as insets. In

Table 4.6 comparison of corresponding alkynated phthalocyanines, m/z values with

the matrixes can be seen.
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Table 4.7: Calculated and found MALDI-TOF MS values of alkynated Pcs.

Compound Molecular Matrix Molecular Found m/z
Formula Used Weight (g/mol)
21 Cs6HasNsOsZn DHB 1026.43 1026.536 [M]"
22 Cs6HasNsOsZn DIT 1026.43 1026.852 [M]"
23 CesH72NsOsZn DIT 1194.75 1194.147 [M]"
24 CesH72NsOsZn DHB 1194.75 1194.389 [M]"

4.2.4.2. 'H and *C NMR Spectra of Alkynated Phthalocyanines

The spectra (Fig 4.21 and Fig 4.22) have been recorded in DMSO which proved
to be the solvent avoiding best the aggregation, although not entirely satisfactorily as
NMR recording request quite concentrated solutions.

As for the hydroxylated phthalocyanines described earlier on in this thesis, the
phthalocyanines are isomeric mixtures, aromatic protons appear as multiplets. The
multiplicity of the aromatic peaks, as expected, is not affected by the length of the
spacer, but rather by the position of the substituent.

On the *C NMR spectra, one can observe that even the peaks corresponding to
the substituents can be splitted. This is due again to the fact that these tetrasubstituted
phthalocyanines have been obtained as regioisomeric mixtures. As reported previously
for other phthalocyanines prepared by other groups [143], for some compounds, not
all aromatic peaks are discernible. This is the case in particular for some quaternary
carbons which are less intense than primary, secondary and tertiary (respectively)
carbons. Nevertheless, for each compound, the expected peak corresponding to the

alkynyl function are observed, all with roughly the same chemical shift (77 and 81
ppm).

53



hev

€T ——

Tu.cv

L

W 88°€ 85T ——

Fery
Hreur
F oy
F <oy

Frove

-

\\
Mo

o&\mw/n

z= =z
o M W Foev

N o5/
'8 e
s / .

w
Fe
<
6eT
T\ sey “
s 68'€ P
S i 9TL
¥9'T
091/ st <
w1y $€°L ]
S6'T 81’8
"
Foei
<
I
w
I
w0
mo.v/ _ L M
hen by —
Vﬁ.v\
FLry phh —— L«
=
I

LY'TT Ly

f1 (ppm)

"H NMR spectra of alkynated phthalocyanines DMSO-d.

Figure 4.21

54



L6'8C
S0'6C
[4%74
€'6C
£b'6C
SL6T

op'vT ——

W. €5 ——

X

5097 ~ _.
08091 /. _
Top91

0691
L6691
W0 — —

SL6C——

£0°8S
TT8S

98'99
0z'£9 >

Wi

SLL
5608

86'08

9T'TET
05°0tT \

T0'TbT —=
1S TPT s

€9°¢ST
S8°¢aT v —
€6°¢ST

S0'€ST -
mﬁ.mmT\
12951

6£°95T

643 s
LA e — bty
€8'4S
e 7569 |
7969 . ~_
89'69 68'69~"
8T'LL 0z'LL 3
NN.RWI 1 MNARW
(T ey 9T LL
8.8\ mo.a\
01’18 90°18
~NZ N
y ) ) e — -
\ 05°LT1 AN omé\ -
% omEW..J mom:.\. -
06'¢T1 | d 6611 .\.
weer ) SYETT - — it L
18'%T1
677eT ——4 ovoer— 4
4 PTGET ~ — e |
. ) P69ET — T
] ST0bT ——of o &%HW/M 90" THT ~—— e
ZEN =z -
o T N> . z7 7 =Z .
S 85151 = SS5'ZST
K 98'151 “ S e U |
8£°09T wm.wmﬁ NiII_A
05097 W.IL
99091

TO'89T ]
€E°69T

120

100 9 80 70 60 50 40 30 20 10
f1 (ppm)

110

170 160 150 140 130

180

13C NMR spectra of alkynated phthalocyanines DMSO-ds.

Figure 4.22:

55



4.2.4.3. UV-Vis Spectra of Alkynated Phthalocyanines

Maximum absorbance of Q bands of the non-peripheral alkynated
phthalocyanines (in DMSO) 21 and 23 is at 683 nm (Fig. 4.24 and Fig. 4.26), whereas
those of peripheral derivatives 22 and 24 is at 705 nm (Fig. 4.25 and Fig. 4.27). Non-
peripheral hydroxylated phthalocyanines Q bands, compared to peripheral ones, are
shifted to longer wavelength, as expected, by approximately 22 nm. There is no

significant effect of spacer length.

Table 4.8: Found max. absorbance A and calculated log € of alkynated Pcs.

Compound A (nm) Log €
21 683 4.83
22 705 5.31
23 683 5.08
24 705 4.85

-
Ly

Absorbance

-
=

300 350 400 450 300 550 600 630 700 750 800
Wavelenght (nm)

Figure 4.23: Superimposed UV-Vis spectra of alkynated phthalocyanines 21-24
(DMSO, 10 uM).
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Figure 4.24: UV-Vis spectra of 21 (inset: plot of absorbance vs concentration)

(DMSO, 2-12 uM).
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Figure 4.25: UV-Vis spectra of 22 (inset: plot of absorbance vs concentration)

(DMSO, 2-12 uM).
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Figure 4.26: UV-Vis spectra of 23 (inset: plot of absorbance vs concentration)

(DMSO, 2-12 uM).
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Figure 4.27: UV-Vis spectra of 24 (inset: plot of absorbance vs concentration)

(DMSO, 2-12 uM).
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4.2.5. Fluorescence Quantum Yields of Alkynated Phthalocyanines

All fluorescence quantum yields have been determined in DMSO. They are all
of approximately the same value (0.07-0.013). This evidences that neither the position

of the substituent, nor the length of the spacer, has a significant effect of this value.

Table 4.9: Fluorescence emission / excitation wavelengths and fluorescence quantum

yields of alkynated Pcs.
Compera] | Emision | Bxcinton |,
21 695 686 0.09
22 717 709 0.13
23 697 689 0.13
24 714 707 0.07
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Figure 4.28: Fluorescence emission / excitation spectra of alkynated phthalocyanine
21 (DMSO, 4-8 uM) and fluorescence area integration vs absorbance.
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Figure 4.29: Fluorescence emission / excitation spectra of alkynated phthalocyanine
22 (DMSO, 4-8 uM) and fluorescence area integration vs absorbance.
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Figure 4.30: Fluorescence emission / excitation spectra of alkynated phthalocyanine

23 (DMSO, 4-8 uM) and fluorescence area integration vs absorbance.
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Figure 4.31: Fluorescence emission / excitation spectra of alkynated phthalocyanine

24 (DMSO, 4-8 uM) and fluorescence area integration vs absorbance.




4.2.6. Singlet O, Quantum Yields of Alkynated Phthalocyanines

All SOG quantum yields have been determined in DMSO. They are all of
approximately the same value (66-71%). This evidences that neither the position of
the substituent, nor the length of the spacer, has a significant effect of this value. All
phthalocyanines generate singlet oxygen in range appropriate for photodynamic
therapy, and close to those of unsubstituted ZnPc (0.67 in DMSQO) [144]. These
measurements confirm that the photosensitizing properties of the phthalocyanine

macrocycle core are retained and not affected by the substituents.

Table 4.10: Singlet O> quantum yields of alkynated Pcs.

Compound LOJN
21 0.66
22 0.70
23 0.70
24 0.71

62



Max. Absorbance DPBF =416 nm i
—US
— D
—10s
v = -0.0044x + 0.8588 Ly
R2=0.99%66 —20s
-25s
10 20 30 40 S0 60 —_0
o Time (seconds) 35g
o
g —_0s
S
B — 5y
oy
-<° —50s
—55s
O\/\/O/ ——
|
21
300 350 400 450 500 550 600 650 700 750 800

Wavelenght (nm)

Figure 4.32: Singlet O generation of alkynated phthalocyanine 21 (inset: plot of
absorbance vs time) (DMSO, 8 uM).
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Figure 4.33: Singlet O generation of alkynated phthalocyanine 22 (inset: plot of
absorbance vs time) (DMSO, 4 uM).
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Figure 4.35: Singlet O generation of alkynated phthalocyanine 24 (inset: plot of

absorbance vs time) (DMSO, 8 uM).
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S. EXPERIMENTAL PART

5.1. Numeration of Synthesized Compounds
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Figure 5.1: Numeration of synthesized compounds.



5.2. Materials and Methods

Table 5.1: Chemicals used for synthesis, purifications and separations.

Name Cas Number Manufacturer
Formamide 75-12-7 Merck
Zincacetate 557-34-6 Alfa Aeser

Ammonium Hydroxide 1336-21-6 Merck
Sodium Sulfate 7757-82-6 Sigma
DBU 6674-22-2 Fruka

DMF 69-12-2 Merck

1,6 Hexandiol 629-11-8 Sigma
1,3 Propandiol 504-63-2 Sigma
DMSO-ds 2206-27-1 Merck
Chloroform-d 869-49-6 Merck
3-Nitrophtalic anhydride 641-70-3 Merck
n-Pentanol 71-41-0 Fruka
Propargyl bromide 106-96-7 Acros
Sodium hydride 7646-69-7 Sigma
THF 109-99-9 Sigma
SOCl; 7-09-7719 Merck
Na 7440-23-5
Benzophenone 119-61-9 Acros
Potassium Carbonate 584-08-7 Sigma
Silica (Column) 7631-86-9 Merck
Silica (Preparative TLC) 112926-00-8 Merck
Dichloromethane - Technical Grade
Hexane - Technical Grade
Ethyl Acetate - Technical Grade
Acetone - Technical Grade
Ethanol - Technical Grade

HNO3 7697-37-2 Merck

H2SO4 7664-93-9 Merck

K2CO3 584-08-7 Sigma
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Table 5.2: Instruments used for characterization.

Name Model Place
MALDI-TOF Mass Spectrometry Bruker Microflex LT GTU
NMR Spectrometry* Varian Unity INOVA 500 MHz GTU
FT-IR infrared Spectrometry PerkinElmer Spectrum 100 GTU
UV-Vis Spectrometry Shimadzu UV-2600 GTU
Spectro fluorometer Varian Eclipse GTU

* In some '*C NMR spectra, the peak around 110 ppm is an artifact from our NMR
apparatus. This is why it is marked with a cross (X).
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5.3. Synthesis of 4-nitrophthalimide (2)

0 0
NH 12504 NH
HNO; O,N
0 0
1 2

Figure 5.2: Synthesis of 4-nitrophthalimide (2).

Mixture of H>SO4 (200 mL) and HNO3 (65%, 50 mL) was prepared in ice bath
and cooled down to 15 °C. Phthalimide (1) (40 g, 0.272 mol) was slowly added to the
acid mixture over an hour while continuously stirring. It was stirred for another hour
at 35 °C then it was cooled down to 0 °C and it was poured onto approximately 1 kg
of ice while maintaining a temperature lower than 15 °C. The precipitation was washed
with cold water, and crystallized in ethanol (1.5 L). Yellow crystals were dried under

vacuum at 110 °C [141].
e Yield 77%

e Melting Point: 194 °C
o CgH4N20O4, MW: 192.13 g/mol

5.4. Synthesis of 4-nitrophthalamide (3)

0 @]
Ny NHOH E:z
O,N O,N 2
o)
2 3 ©

Figure 5.3: Synthesis of 4-nitrophthalamide (3).

4-nitrophthalimide (2) (5 g, 0.026 mol) was stirred in 25% ammonia (35 mL)
solution at room temperature for 24 hours. The precipitate was filtered and washed
with water until it is neutral. The white precipitate was washed with ethanol (150 mL).

The white solid was dried under vacuum at 110 °C [141].
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e Yield 75%
e Melting Point: 198 °C
e CgH7N304, MW: 209.16 g/mol

5.5. Synthesis of 4-nitrophthalonitrile (4)

O

NH,  SOCl, CN
NH DMF
O,N 2 O,N CN

O 4

Figure 5.4: Synthesis of 4-nitrophthalonitrile (4).

Dry DMF (140 mL) was cooled down to 0 °C in ice bath under argon

atmosphere. SOCIl, (14.2 mL) was added very slowly, drop by drop while maintaining

reaction mixture temperature not exceeding 5 °C. The mixture was stirred for

additional 10 minutes. 4-nitrophthalamide (3) (16.9 g, 0.093 mol) was then added

slowly while maintaining reaction mixture temperature not exceeding 5 °C. After the

addition of 3, the ice bath was removed and the reaction mixture was stirred at room

temperature for 3 hours and then poured onto ice slowly. The precipitate was filtered

and washed with cold water until it was neutral. Pale yellow compound 4 was then

dried under vacuum at 65 °C [141].

¢ Yield 68%
e Melting Point: 139 °C
e CgH3N302, MW: 173.13 g/mol
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5.6. Synthesis of 3-nitrophthalimide (6)

o)
o) o)
HJ\NHz
O — NH
No, © No, ©
5 6

Figure 5.5: Synthesis of 3-nitrophthalimide (6).

3-nitrophthalic anhydride (5) (22.2 g, 0.115 mol) was stirred and refluxed at 145
°C in formamide (35 mL) for 3 hours with a condenser attached. After stirring, mixture
was cooled down to room temperature, then filtrated. The precipitate was washed with

water until its pH is 7. Resulting yellow solid was then dried under vacuum [140].

e Yield 92%
e Melting Point: 203 °C
e CgHiN>O4, MW: 192.13 g/mol

5.7. Synthesis of 3-nitrophthalamide (7)

3-nitrophthalimide (6) (23.6 g, 0.123 mol) was added to 25% ammonia (60 mL)
solution at room temperature while stirring. Brownish yellow reaction mixture was
then heated slowly to 45 °C and stirred for 5 hours. After stirring, mixture was cooled
down to room temperature, then filtrated. The precipitate was washed with cold water

until its pH is 7. Obtained white solid was then dried under vacuum at 110 °C [140].

0 @]
y _NHeOH NH,
» NH,
NO, © NO, O
6 7

Figure 5.6: Synthesis of 3-nitrophthalamide (7).
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e Yield 76%
e Melting Point: 223 °C
e CgH7N304, MW: 209.16 g/mol

5.8. Synthesis of 3-nitrophthalonitrile (8)

NH,  SOCl, CN

NH, DMF
NO, O NO,

CN

Figure 5.7: Synthesis of 3-nitrophthalonitrile (8).

Dry DMF (40 mL) was cooled down to 0 °C in ice bath under argon atmosphere.
SOCI, (25 mL) was added very slowly, drop by drop while maintaining reaction
mixture temperature below 5 °C. The mixture was stirred for additional 3 hours under
room temperature. 3-nitrophthalamide (7) (7.01 g, 0.033 mol) was then added slowly
while maintaining reaction mixture temperature not exceeding 5 °C. After the addition
of 7, the ice bath was removed and the reaction mixture was stirred at room
temperature for another 3 hours and then poured onto ice slowly. The precipitate was
filtered and washed with cold water until it was neutral. Pale yellow compound 8 was

then dried under vacuum at 65 °C [141].
e Yield 72%

e Melting Point: 163 °C
e CgH3N302, MW: 173.13 g/mol
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5.9. Synthesis of 4-(3-hydroxypropoxy)phthalonitrile (9)

Figure 5.8: Synthesis of 9.

4-nitrophthalonitrile (4), (2.6 g, 15 mmol) 1,3 propanediol (5.70 g, 75 mmol),
and K>COs (41 g, 300 mmol) was heated to 60 °C with DMF (100 mL) and stirred for
24 hours. After stirring, mixture was cooled down to room temperature and extracted
with ethyl acetate. It was purified with silica gel colon chromatography (50 DCM / 1

ethanol) and obtained white solid.

e Yield 56% (1.7 g)

e Ci11Hi1oN202, MW: 202.21 g/mol

e MS-MALDI-TOF (m/z): 203.998 [M+H]" (Matrix: DHB).

e FT-IR (cm™): 3323, 3088, 2935, 2861, 2238, 2226, 1979, 1579, 1473, 1453, 1399,
1292, 1177, 1044, 923, 844, 794, 729, 684.

e '"HNMR (CDCl;, 3, ppm): 7.69 (d, 1H), 7.26 (s, 1H), 7.20 (d, 1H), 4.21 (t, 2H),
3.83 (s, 3H), 2.07 (t, 2H), 1.76 (s, 1H)

e 3C NMR (CDCl3, 8, ppm): 162.23, 135.35, 119.80, 119.48, 117.44, 115.82,
107.19, 66.28, 58.96, 31.64
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5.10. Synthesis of 3-(3-hydroxypropoxy)phthalonitrile (10)

NO, o~ >""OH
NC K,COs NC
+ HO _~_OH ——m—>
NC DMF, 60 °C NC 10
8

Figure 5.9: Synthesis of 10.

3-nitrophthalonitrile (8) (5.2 g, 30 mmol), 1,3 propanediol (11.40 g, 150 mmol)
and K2COs (103 g, 750 mmol) was heated to 60 "C with DMF (225 mL) and stirred
for 24 hours. After stirring, mixture was cooled down to room temperature and added
water (800 mL). The resulting white precipitate filtrated and purified with silica gel
colon chromatography (50 DCM / 1 ethanol).

o Yield 33% (2 g)

e Ci11Hi1oN202, MW: 202.21 g/mol

e MS-MALDI-TOF (m/2): 224.886 [M+Na]" (Matrix: DIT)

e FT-IR (cm™): 3315, 3087, 2957, 2227, 1980, 1579, 1473, 1452, 1397,1244, 1177,
1052, 1000, 906, 884, 795, 729, 682

e 'H NMR (CDCls, 3, ppm): 7.66 (t, 1H), 7.35 (d, 1H), 7.30 (d, 1H), 4.31 (t, 2H),
3.90 (d, 2H), 2.13 (t, 2H), 1.75 (s, 1H)

e 13C NMR (CDCls, &, ppm): 161.51, 134.78, 125.25, 117.02, 116.99, 115.44,
113.16, 105.02, 66.87, 58.91, 31.61
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5.11. Synthesis of 4-((6-hydroxyhexyl)oxy)phthalonitrile (11)

NC:©/N02 oH K,COs NC:©/O\/\/\/\OH
+ HO/\/\/\/ —>0
NG DMF, 60 “C

NC
4 11

Figure 5.10: Synthesis of 11.

4-nitrophthalonitrile (4) (3.46 g, 20 mmol), 1,6 hexanediol (12 g, 100 mmol) and
K>CO;3 (69 g, 500 mmol) was heated to 60 'C with DMF (150 mL) and stirred for 17
hours. After stirring, mixture was cooled down to room temperature and added water
(500 mL) along with NaCl (50 g). The resulting white/green precipitate filtrated and
purified with silica gel colon chromatography (50 DCM / 1 ethanol).

e Yield 23% (1.13 g)

C14H16N202, MW: 244.29 g/mol

MS-MALDI-TOF (m/z): 266.047 [M+Na]" (Matrix: DHB).

FT-IR (cm™): 3084, 2951, 2868, 2294, 1496, 1471, 1415, 1345, 1320, 1290, 1257,
1212, 1176, 1051, 999, 941, 924, 882, 847, 741, 698, 625

'H NMR (CDCls, 8, ppm): 7.69 (d, 1H), 7.25 (s, 1H), 7.18 (d, 1H), 4.05 (t, 2H),
3.68 (q, 2H), 1.85 (p,2H), 1.61 (p, 2H), 1.48 (m, 4H), 1.23 (m, 1H)

3C NMR (CDCl3, 8, ppm): 162.30, 135.32, 119.64, 119.47, 69.31, 62.91, 32.69,
28.90, 25.84, 25.61
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5.12. Synthesis of 3-((6-hydroxyhexyl)oxy)phthalonitrile (12)

I N N
NO, O OH
NC K,CO5 NC
+ Ho/\/\/\/OH .
NG DMF, 60 °C NG
12
8

Figure 5.11: Synthesis of 12.

3-nitrophthalonitrile (8) (3.46 g, 20 mmol), 1,6 hexanediol (12 g, 100 mmol) and
K>CO;3 (69 g, 500 mmol) was heated to 60 'C with DMF (150 mL) and stirred for 17
hours. After stirring, mixture was cooled down to room temperature and added water
(500 mL). The resulting white precipitate filtrated and purified with silica gel colon
chromatography (50 DCM / 1 ethanol).

e Yield 53% (2.6 g)

C14H16N202, MW: 244.29 g/mol

MS-MALDI-TOF (m/z): 281.952 [M+K]" (No Matrix).

FT-IR (cm™): 3315, 3088, 2935, 2861, 2238, 2226, 1978, 1580, 1473, 1453, 1399,
1177, 1033, 923, 844, 795, 729, 684

'H NMR (CDCls, 3, ppm): 7.62 (t, 1H), 7.33 (d, 1H), 7.21 (d, 1H), 4.14 (t, 2H),
3.67 (t, 2H), 1.90 (p, 2H), 1.63 (t, 2H), 1.49 (d, 4H), 1.31 (s, 1H)

13C NMR (CDCl3, 8, ppm): 161.63, 134.59, 125.10, 116.80, 70.03, 62.91, 32.68,
28.81, 25.84, 25.58
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5.13. Synthesis of Phthalocyanine 17

HQ,

EO i
NC O _~_-OH
j@/ + Zn(OAc), —DPBY HO/\/\O— N—Zn’N —O\/\/OH
n-Pentanol
NC
135°C

{

H

Figure 5.12: Synthesis of 17.

Compound 9 (809 mg, 4 mmol), zinc acetate (367 mg, 2 mmol) and DBU (0.5
mL) was heated to 140 °C under argon atmosphere with n-pentanol (7 mL) and stirred
for 18 hours. After stirring, mixture was cooled down to room temperature and water
(600 mL) was added along with NaCl (60 g). The resulting green precipitate was
filtrated, solubilized with acetone / ethanol (70mL / 30 mL) mixture then precipitated
again in ethyl acetate (400 mL) and refiltrated. It was purified with silica gel colon

chromatography (5 DCM / 1 ethanol).

Yield: 30% (250 mg)

o C44H40NgOsZn, MW: 874.23 g/mol

e MS-MALDI-TOF (m/z): 874.484 [M]" (Matrix: DIT).

e FT-IR (cm™): 3340, 2921, 2852, 1739, 1717, 1608, 1464, 1377, 1258, 1052, 748

e 'H NMR (DMSO-ds, §, ppm): 9.03-7.13 (m, 121H), 4.50-3.67 (m, 24H), 2.91-
2.74 (m, 4H)

e 3C NMR (DMSO-ds, &, ppm): 169.40, 169.35, 164.20, 160.96, 120.72, 47.48,

46.10, 32.19, 11.45,9.02, 8.07
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5.14. Synthesis of Phthalocyanine 18

N
NC = = ” l\
+  Zn(OAc), DBU N—2n—N |
NC n-Pentanol NP ' —

130 °C HO

O N=-"%
10 __ 18
80

Figure 5.13: Synthesis of 18.

Compound 10 (809 mg, 4 mmol), zinc acetate (367 mg, 2 mmol) and DBU (0.5
mL) was heated to 130 °C under argon atmosphere with n-pentanol (7 mL) and stirred
for 18 hours. After stirring, mixture was cooled down to room temperature and added
water (400 mL). The resulting green precipitate was filtrated, solubilized with acetone
/ ethanol (70mL / 30 mL) mixture then precipitated again in ethyl acetate (400 mL)
and refiltrated. It was purified with silica gel colon chromatography (5 DCM / 1
ethanol).

e Yield: 24% (210 mg)

o C44H40NgOsZn, MW: 874.23 g/mol

e MS-MALDI-TOF (m/z): 874.246 [M]" (Matrix: DIT).

e FT-IR (cm™): 3338, 2931, 1586, 1488, 1333, 1266, 1224, 1120, 1060, 918, 876,
801

e 'HNMR (DMSO-ds, §, ppm): 8.92-7.64 (m, 12H), 4.95-3.80 (24H), 2.30 (s, 4H)

e 13C NMR (DMSO-ds, 8, ppm): 156.62, 156.55, 153.22, 141.57, 140.72, 131.45,
126.22, 125.09, 68.09, 66.30, 58.46, 58.41, 32.78, 32.72
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5.15. Synthesis of Phthalocyanine 19

NC 0\/\/\/\OH
Ty + zn0ny, —DBY_,
NC n-Pentanol

130°C N
i !
HO\/\/\/\Of N—zn—N
1 N L)
No—N

19

Figure 5.14: Synthesis of 19.

Compound 11 (490 mg, 2 mmol), zinc acetate (183 mg, 1 mmol) and DBU (1

mL) was heated to 130 “C under argon atmosphere of n-pentanol (4 mL) and stirred

for 15 hours. After stirring, mixture was cooled down to room temperature, added

water (400 mL) and ethanol (50 mL). The resulting green precipitate was filtrated and

dried under vacuum. It was purified with silica gel colon chromatography (5 DCM / 1

ethanol).

Yield: 34% (180 mg)
o Cs6HeaNgOsZn, MW: 1042.56 g/mol
e MS-MALDI-TOF (m/z): 1042.073 [M]" (Matrix: DHB).

e FT-IR (cm™): 3333, 2932, 2859, 1605, 1488, 1386, 1337, 1228, 1085, 1045, 871,

825,730

e '"HNMR (DMSO-ds, 5, ppm): 9.20-7.29 (m, 12H), 4.54-3.39 (16H), 1.73 (s, 4H),

1.53-1.22 (m, 32H)

e 3C NMR (DMSO-ds, 8, ppm): 168.88, 168.84, 163.71, 124.73, 124.62, 120.25,

68.59, 60.60, 47.01, 32.44, 28.46, 25.28, 25.20
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5.16. Synthesis of Phthalocyanine 20

HO§
O
N= / N O/\/\/\/OH

N
NC +  Zn(OAg), —2BY . \ \\
n-Pentanol N Zn"N
NC =~

150 °C

HO/\/\/\/O N=
u o
Compound 12 (2 g, 8,2 mmol), zinc acetate (752 mg, 4.1 mmol) and DBU (3

\

Figure 5.15: Synthesis of 20.

mL) was heated to 150 °C under argon atmosphere with n-pentanol (6 mL) and stirred
for 2 hours. Then, mixture was cooled down to room temperature and added water
(700 mL). The resulting green precipitate was filtrated, solubilized with acetone /
ethanol (200 mL / 50 mL) mixture then precipitated again in ethyl acetate (500 mL)
and refiltrated. It was purified with silica gel colon chromatography (5 DCM / 1
ethanol).

Yield: 32% (335 mg)

e Cs6HgsNgOsZn, MW: 1042.56 g/mol

e MS-MALDI-TOF (m/z): 1042.905 [M]" (Matrix: DIT).

e FT-IR (cm™): 3647, 3301, 2949, 2867, 1589, 1488, 1430, 1391, 1360, 1335, 1267,
1231, 1156, 1120 1083, 885, 860, 802, 768, 744

e 'H NMR (DMSO-d, 8, ppm): 8.72-6.99 (m, 12H), 4.67-3.76 (m, 16H), 3.21 (s,
4H), 1.97-1.06 (m, 32H)

e 3C NMR (DMSO-ds, 8, ppm): 156.39, 156.19, 153.12, 152.95, 152.79, 152.57,

152.45, 140.48, 130.62, 130.40, 126.32, 124.76, 115.41, 112.46, 70.63, 68.73,

68.56, 61.57, 61.25, 33.41, 33.17, 29.71, 26.58, 26.15, 26.09
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5.17. Synthesis of Phthalocyanine 21
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Figure 5.16: Synthesis of 21.

Compound 17 (90 mg, 0.10 mmol), propargyl bromide (612 mg, 5 mmol) and
NaH (48 mg, 2 mmol) was heated to 65 "C under argon atmosphere with dry THF (50
mL) and stirred for 5 hours. Then the mixture was cooled down to room temperature
and ethanol (30 mL) was added drop by drop to quench the excess NaH while still
stirring. After quenching, water (500 mL) was added to reaction mixture. The resulting
deep green precipitate was filtrated and was purified with preparative thin layer

chromatography (50 DCM / 1 ethanol).

e Yield: 10 mg

e Cs6H4gNgOgZn, MW: 1026.43 g/mol

e MS-MALDI-TOF (m/z): 1026.536 [M]" (Matrix: DHB).

e FT-IR (cm™): 3281, 2922, 2852, 1738, 1607, 1464, 1375, 1259, 1090, 1014, 795

e 'HNMR (DMSO-ds, 5, ppm): 8.99-8.55 (m, 4H), 7.73-7.16 (m, 8H), 4.57 (s, 8H),
4.34 (s, 8H), 4.13 (s, 8H), 3.90 (s, 8H), 2.32 (s, 4H)

e 3C NMR (DMSO-ds, 8, ppm): 175.02, 169.37, 169.30, 164.01, 160.80, 125.29,
120.82, 120.73, 81.04, 80.83, 77.65, 77.59, 77.45, 66.66, 58.11, 29.75, 29.43,
29.12,28.97,22.53, 14.10
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5.18. Synthesis of Phthalocyanine 22

/
O~_0 Nx=-Ny N 22

Figure 5.17: Synthesis of 22.

Compound 18 (80 mg, 0.0915 mmol), propargyl bromide (543 mg, 4.57 mmol)
and NaH (220 mg, 9.15 mmol) was heated to 65 °C under argon atmosphere with dry
THF (75 mL) and stirred for 5 hours. Then the mixture was cooled down to room
temperature and ethanol (30 mL) was added drop by drop to quench the excess NaH
while still stirring. After quenching, water (300 mL) was added to reaction mixture.
The resulting deep green precipitate was filtrated and was purified with preparative

thin layer chromatography (50 DCM / 1 ethanol).

e Yield: 54% (50 mg)

e Cs6H4gNgOgZn, MW: 1026.43 g/mol

e MS-MALDI-TOF (m/z): 1026.852 [M]" (Matrix: DIT).

e FT-IR (cm™): 3281,2870,2113, 1587, 1488, 1398, 1333, 1265, 1233, 1175, 1079,
923, 875, 800, 741, 659

e 'HNMR (DMSO-ds, 5, ppm): 8.98-8.58 (m, 4H), 8.12-7.56 (m, 8H), 5.02 (s, 4H),
4.66 (t, 4H), 4.31-4.22 (m, 12H), 3.95 (s, 4H), 2.58 (s, 4H)

e 13C NMR (DMSO-ds, 8, ppm): 156.39, 156.21, 153.15, 153.05, 152.85, 152.63,
141.51, 141.01, 140.50, 131.16, 130.89, 126.39, 124.91, 115.87, 115.69, 115.12,
113.32, 80.98, 80.95, 77.52, 77.41, 67.20, 66.86, 58.21, 58.07, 29.75
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5.19. Synthesis of Phthalocyanine 23
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Figure 5.18: Synthesis of 23.

Compound 19 (50 mg, 0.048 mmol), propargyl bromide (286 mg, 2.4 mmol) and
NaH (115 mg, 4.8 mmol) was heated to 65 "C under argon atmosphere with dry THF
(30 mL), stirred for one hour at 65 C and 14 hours at room temperature. Ethanol (30
mL) was added drop by drop to quench the excess NaH while still stirring. After
quenching, water (200 mL) was added to reaction mixture. The resulting deep green
precipitate was filtrated and was purified with preparative thin layer chromatography

(50 DCM / 1 ethanol).

Yield: 52% (30 mg)

CessH72NgOgZn, MW: 1194.75 g/mol

MS-MALDI-TOF (m/z): 1194.147 [M]" (Matrix: DHB).

FT-IR (cm™): 3285,2937, 1718, 1606, 1490, 1467, 1387, 1338, 1258, 1239, 1086,
1045, 1012, 863, 790, 744, 660

"H NMR (DMSO-ds, §, ppm): 8.81 (d, 4H), 8.42-8.30 (m, 4H), 7.47-7.39 (m, 4H),
4.31-4.08 (m, 24H), 1.95-1.39 (m, 40H)

3C NMR (DMSO-ds, 5, ppm): 160.66, 160.38, 151.58, 140.15, 131.29, 123.42,
117.90, 117.70, 117.50, 81.10, 81.06, 77.27, 77.18, 69.68, 69.62, 69.50, 57.83,
57.78, 57.76, 29.44, 29.39, 29.26, 26.11, 26.01, 25.91, 25.76
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5.20. Synthesis of Phthalocyanine 24
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Figure 5.19: Synthesis of 24.

Crude compound 20 (800 mg, 0.77 mmol), propargyl bromide (4.6 g, 38 mmol)
and NaH (4 g, 167 mmol) was heated to 65 ‘C under argon atmosphere with dry THF
(50 mL) and stirred for 8 hours. Then the mixture was cooled down to room
temperature and ethanol (50 mL) was added drop by drop to quench the excess NaH
while still stirring. After quenching, water (600 mL) was added to reaction mixture.
The resulting deep green precipitate was filtrated and was purified with preparative

thin layer chromatography (50 DCM / 1 ethanol).

¢ Yield: 30 mg

e CesH72NgOsZn, MW: 1194.75 g/mol

e MS-MALDI-TOF (m/z): 1194.389 [M]" (Matrix: DIT).

e FT-IR (cm™): 3289, 2923, 2853, 1727, 1590, 1489, 1463, 1338, 1259, 1088, 1012,
864, 791, 744, 700, 661

e 'HNMR (DMSO-ds, §, ppm): 8.55-7.31 (12H), 4.44 (s, 4H), 4.14-4.04 (m, 12H),
2.17-1.34 (m, 47H)

e 3C NMR (DMSO-ds, 8, ppm): 169.33, 168.01, 156.31, 156.20, 152.82, 152.55,
141.06, 136.94, 135.14, 130.46, 124.87, 119.65, 117.99, 115.09, 114.50, 112.51,
81.06, 81.03,77.26, 77.23, 77.20, 69.89, 69.52, 57.84,57.72, 29.81, 29.29, 28.78,
26.81, 26.64, 25.72, 25.50
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6. CONCLUSION

R e A Hydroxylated R e B

4\

Alkynated Hydroxylated
PN Pc

Alkynated
Pc

Figure 6.1: Synthesis routes.

During this thesis, hydroxylated phthalonitriles 9, 10, 11 and 12 were
synthesized and characterized successfully. Alkynated phthalonitriles 13, 14, 15 and
16 could not be synthesized in satisfactory yields. Instead, hydroxylated
phthalocyanines 17, 18, 19 and 20 were synthesized and characterized. Alkynated
phthalocyanines 21, 22, 23 and 24 from hydroxylated phthalocyanines were
synthesized and characterized successfully to be used as building blocks of
nanoPMOs.

Non-peripheral hydroxylated or alkynated phthalocyanines Q bands, compared
to peripheral ones, are shifted to longer wavelength, as expected. There is no
significant effect of spacer length.

All SOG and fluorescence quantum yields of alkynated phthalocyanines 21, 22,
23 and 24 have been found approximately the same value. This evidences that neither
the position of the substituent, nor the length of the spacer, has a significant effect of
this values.

This work has been presented in 28" National Chemistry Congress (Mersin,

Turkey, 2016, Mersin University) as a poster presentation.
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