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Abstract

La Photodynamic therapy (PDT) & una metodologia
fototerapica che funziona attraverso la produzione di specie
radicaliche dell’ossigeno (ROS) in seguito a irradiazione, con
corretta lunghezza d’onda, di un foto sensibilizzatore in
presenza di ossigeno. Questo meccanismo rende la PDT una
tecnica utilizzabile in aree come I'identificazione e cura delle
forme tumorali, oltre che alla possibilita di debellare
malattie causate da agenti patogeni, come virus e batteri.
Questa tesi riprende il lavoro di Tessari Francesco, un ex
collega proveniente dalla mia universita, che trovo un set di
molecole potenzialmente utili per la PDT: dei derivati
dell’'unione tra
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP) e
1,8-diazabiciclo[5.4.0Jundec-7-ene (DBU). L'uso di amidine
e guanidine azabicicliche, ha come scopo quello di sfruttare
il loro comportamento nucleofilo, piuttosto che la loro
basicita. DBU ha dimostrato di intraprendere una reazione
di sostituzione nucleofila aromatica con TPFPP, portando
all'ottenimento di coniugati mono-, di-, tri-, tetra-sostituiti.
Tale reazione prevede |'apertura dell’anello del DBU, per
formare un derivato dell’s-caprolattame. In questo progetto
e stata usata anche 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN),
un’altra amidina azabiciclica, per poter avere un altro set di
molecole da confrontare con il set di molecole ottenute
dalla reazione con il DBU. L’obiettivo di questa tesi & quello
di mostrare l'intero processo di caratterizzazione dei due set
di molecole: dalla scelta del solvente migliore in cui svolgere
la reazione, alle capacita dei due set di molecole di generare
radicali liberi dell’ossigeno, per mostrare quali processi
siano stati piu efficaci rispetto ad altri. Alla fine del Progetto
tutti | prodotti saranno stati caratterizzati attraverso UV
spectroscopy, fluorescence emission, mass spectrometry,
'HNMR, >)CNMR, ®FNMR, COSY, HMBC, HSQC, NOESY e
singlet oxygen generation test.



Abstract

Photodynamic therapy (PDT) is a form of phototherapy that
works by producing reactive oxygen species (ROS) from the
irradiation, with a specific lightweight, of a photosensitizer
in the presence of Oxygen. This mechanism makes PDT
applicable in areas such as tumor detection and treatment
of cancer and other non-malignant diseases (viruses and
bacteria). This thesis continues the work of Tessari
Francesco, an older colleague from my university, that
found a potentially useful set of molecules for PDT: a
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin  (TPFPP)
conjugated with 1,8-diazabiciclo[5.4.0Jundec-7-ene (DBU).
The use of azabicyclic amidines and guanidines, aims at the
exploitation of their nucleophilic behavior, rather than their
more commonly known basicity. DBU has proved to
undergo nucleophilic substitution reaction with TPFPP,
leading to the obtainment of mono-, di-, tri- or
tetrasubstituted conjugates. The reaction involves the ring
opening of DBU, leading to the formation of an e-
caprolactam derivative. In this project | also used another
base, 1,5-Diazabicyclo[4.3.0]non-5-ene(DBN), another
azabicyclic amidines, to produce another set of molecules
and compare it to the DBU set.

The aim of this work is to show the whole characterization
process of those two compound sets, from the choice of the
solvent to the singlet oxygen generation capabilities of all
the products, and determinate if they are adequate PDT
candidates.

At the end of the project all the products will be fully
characterized using UV spectroscopy, fluorescence
emission, mass spectrometry, THNMR, 2CNMR, °FNMR,
COSY, HMBC, HSQC, NOESY and singlet oxygen generation
test.
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Part | General concepts about porphyrins

1.1 introduction

Porphyrins play an important role in biological systems, like the conversion of light to chemical
energy (photosynthesis), in electron transfer processes (metabolism) and in the transport of
oxygen (respiration).

From the first half of the 20t™ century, porphyrins have tracked more and more interest in the
research field and today they have different applications, such as: solar energy conversion,
dangerous substances detection, as biomarkers and for PDT (photodynamic therapy).

This project is going to be focused on the synthesis and characterization of compounds that can
be applied in PDT.

1.2 Tetrapyrrolic Macrocycles

Porphyrin derivatives are a class of compounds of natural origin, with 18m-electron aromatic
macrocycles, constituted of four pyrrole subunits. The presence of this aromatic conjugated
system leads to porphyrin’s ability to absorb light in the visible spectrum (3).

An example of this property can be found in Chlorophyl, characterized by Hans Fischer, a natural
complex formed by coordination of magnesium (IlI) and four inner nitrogen atoms (4). Chlorophyl
is the key pigment that guarantees the photosynthesis process (6).

In this process the light is absorbed by chlorophyll molecules and, due to photoexcitation,
provides the chemical energy necessary for the conversion of CO; and water into carbohydrates
-and oxygen (2).

Another porphyrinic group discovered by Hans Fisher, is the heme group structure (Fig.1.1), a
complex formed by coordination of iron (IlI) and four inner nitrogen atoms (4) of protoporphyrin-
IX. This group is found in proteins like hemoglobin and myoglobin.

Hemoglobin is present in the red blood cells, ensuring oxygen transport from the lungs to the
tissues, as well as the transport of CO; from the tissues to the lungs.

Myoglobin is responsible for oxygen storage in muscle cells (4).

CHz
v CHa HzC = X

HaC HiC

GHz Chlorophyll a: x=CH 4

Chlorophyll b: x=CHO

CH 4o~

(a) (b)

Figure 1.1 (a) Hemoglobin, (b) Chlorophyll



The heme group is also present in cytochromes, where it participates in the electron transfer
pathways and cellular energy production (5).

1.2.1 PORPHYRIN DERIVATIVES NOMENCLATURE

There are two accepted nomenclature systems for porphyrins. Hans Fischer proposed a simple
numbering system where the B-pyrrolic positions are numbered from 1-8 and the a, B, v, 6
positions are called meso positions (figure 1.2.1 A). Fischer nomenclature system is not used
anymore because it leaves several carbon atoms unassigned in more complicated structures.
Nowadays IUPAC has adopted another system which involves the serial numbering of all carbon
atoms (figure 1.2.1 B), in which the numeration includes both carbon and nitrogen atoms,
considered in sequence (10).

meso-positions f-positions

N

‘N HN—
AN
T ¥ i)
R
A B

Figure 1.2.1 Fisher nomenclature (A), IUPAC nomenclature (B)
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1.2.3 Chemical and physical properties

Porphyrinoids are large aromatic compounds (with diameter of 1-1.5 nm), which present

22 mi-electrons in their core (12) (in accordance with Hiickel’s rulefor aromaticity), but only 18 of
these participate in the delocalization pathway (4). This highly conjugated m-electrons system is
the source of the intense color that porphyrins show (13).

Porphyrin’s photophysical properties are unique: they have a wide absorption profile, which goes
from the ultraviolet to the near-infrared region of the spectra. This can lead to an electron
movement towards the excited state, causing either fluorescence, phosphorescence, or
intersystem crossing into an excited triplet state. Their ability to release fluorescence makes
them good diagnostic tools, while the reaching of excited triplet state, and subsequential singlet
oxygen generation, makes them suitable compounds for photodynamic therapy (3).

Regarding porphyrin’s reduction derivatives (figure 1.2.3a), “Chlorins” are porphyrins that have
one double bond in B-position, in the porphyrin core, reduced.

“Bacteriochlorin” and “Isobacteriochlorin” are formed when two pyrrolic units are reduced
(respectively in opposite and adjacent positions of the core)

Figure 1.2.3a Chlorin (a), Bacteriochlorin (b), Isobacteriochlorin (c)

The UV-Vis spectra are characterized by the presence of two absorption regions: the first,
dominated by the Soret Band, which is characterized by an intense band around 400 nm (11),
while Q-Bands are a series of bands of minor, but still relevant, intensity in the area between
500-650 nm (9) (figure 1.2.3b). The Soret Band has almost the same intensity of, magnitude order
and localization in every tetrapyrrolic macrocycles (porphyrins, chlorins, bacteriochlorins), as
result of the delocalization of the 18 m electrons, so it is not strictly relevant for the
characterization (9). On the other hand, the position and intensity of the Q-Bands allows the
distinction between porphyrins, chlorins and isobacteriochlorins derivatives. Chlorin presents
four Q-bands, one of them around 650 nm with a strong intensity (1,9). Bacteriochlorins show a
noticeable band at 750 nm, while isobacteriochlorins have three bands of growing intensity
between 500 and 600nm (1, 9).

11
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Figure 1.2.3b UV-Vis spectrum of porphyrin derivatives

More changes in the absorption spectra occurs when there is protonation of two

of the inner nitrogen atoms, or a metal atom is inserted into the macrocycle.

In these situations, there is a more symmetrical geometry than a 7 free base porphyrin, and this
leads to the formation of only two Q bands (named a and B) (13),(15).

1.2.4. PORPHYRIN’S REACTIVITY

Porphyrins (PH2), in their free-base form, may possess basic or acidic properties in solution (Fig.
1.2.4). This property can be attributed to the inner nitrogens.

Two of them are electron donors, and generate the mono and di-cationic derivative in acidic
conditions (PHs*and PH4%*), while the other two, in basic conditions, are electron acceptors and
may undergo deprotonation, generating anionic species (PH and P%) (9,17).

Another feature of porphyrins is the ability to chelate metal ions, in particular bivalent ones such
as Mg?*, Zn**, Fe?*, Co**, Ni%*, into their core forming organometallic complexes. In this form, they
perform most of their biological activity (8,16). Porphyrin’s aromaticity can also be demonstrated
by their planar topology and the possibility to participate in electrophilic substitution. Meso-
position and the B-pyrrolic positions are subject to this type of reaction (17). Typical electrophilic
substitution that may occur in these positions are nitration, formylation, halogenation, acylation,
sulfonation and deuteration. The complexation with bivalent metal ions increases the
electronegativity of the ring, favoring electrophilic substitution reactions. On the other hand, if
the organometallic complex presents a metal with a higher oxidation state like Sn(IV), this leads

12



to a deactivation of meso-positions and therefore a higher reactivity of B-pyrrolic positions (28).
Tetrapyrrolic macrocycles may also undergo aromatic nucleophilic substitution, reduction, or
cycloaddition reactions (8).

Studies on porphyrin’s reactivity towards different types of conditions allow to predict the best
ways to achieve ring’s functionalization (23).

strong
bhase
- -

F:2— PH PH2

PH5"

l

Figure 1.2.4 Acid-base behavior of porphyrin derivatives.

1.2.5. SYNTHESIS OF MESO-SUBSTITUTED PORPHYRINS

As said before, tetrapyrrolic macrocycles may be found in nature, but they can also be
synthesized by artificial means. There are several methods to synthetize meso-substituted
porphyrin derivatives, which may vary in complexity and number of reaction steps.

The focus of this chapter will be set only on the symmetric meso and tetra substituted
porphyrins, as they were the starting material for all the reactions that | performed.

Over the last century many synthesis procedures have been experimented to get these
compounds in a good yield. The first approach was performed by Rothemund in 1935

(Figure 1.2.5a) (18, 19), who was able to obtain a 5,10,15,20-tetraphenylporphyrin in 5% of yield,
by heating a pyrrole, benzaldehyde, and pyridine solution in a closed vessel at 220° for 48h (18,
20, 21). The yield of that reaction was very low and the product was contaminated by the
corresponding chlorin.
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Figure 1.2.5a Rothemund reaction

Later, during the 60’s, Adler and Longo (22,26) modified the Rothemund’s synthesis method by
performing the condensation of benzaldehyde and pyrrole at equimolar ratio, in acidic conditions
(propionic acid solution) and in the presence of air. The reaction was carried out in 30 min at
reflux and generated TPP with a 20+3% vyield in crystalline form (28). This process significantly
reduced the formation of the corresponding chlorin (5-10% yield) (22) achieving better results in
terms of process performance. The TPP yield, with this method, depends by several factors, such
as the acidity of the reaction environment, solvent, temperature, reagents concentration and
oxidative atmosphere (22).

Some years later, Lindsey proposed a new route to prepare meso-substituted porphyrins (21,26).
The Lindsey methodology it’'s a two-step synthesis. The first one is the condensation of pyrrole
with benzaldehyde in dichloromethane solution, with TFA or BF3 in catalytic amounts, at room
temperature for 30-60 minutes. This step leads to the formation of the porphyrinogen
intermediate (figurel.2.5b).

15t step

H
o) H
N Y TFAorBF, H R
4 i\ /? + 4 & — + 4H,0

CH,Cl,, 25°C R H

H R

Figure 1.2.5b Lindsey reaction 1% step
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Figure 1.2.5c Lindsey reaction 2ndstep

After that, an oxidant agent, such as DDQ or p-chloranil, is introduced to perform the oxidation
of the porphyrinogen into porphyrin. These oxidant agents are also able to convert the chlorin,
that has been formed as a side product, into the corresponding porphyrin as shown in the
following scheme (Scheme 1.2.5c).Thanks to Lindsey approach the yield of TPP is significantly
increased, up to 40% (21). One of the most used and recent methods, was promoted by the
scientist Rocha Goncalves and his collaborators (29). He was able to synthetize meso-tetra-
arylporphyrins in just one step using acetic or propionic acid as both solvent and catalyst, and
nitrobenzene as oxidant agent, performing the reaction for 1hr at 120°C (figure 1.2.5d). Due to
the exceptional oxidizing properties of the nitrobenzene, this method avoids the formation of
reduced macrocycles, and TPP yield is, more or less, 20% (29). With this simple approach it’s
possible to get a wide range of symmetric meso-tetra substituted porphyrin derivatives, but it is
also an effective way to achieve asymmetrical substituted porphyrins by using a mixture of
aldehydes.

15



Another main advantage of this method is that it avoids the use of high amounts of organic
solvents and toxic and expensive quinones.

More recently, Rocha Goncalves and Cavaleiro (28,29) and their research groups improved the
process performance using microwave irradiation. The microwave irradiation allows a significant
reduction in reaction times and in the quantity of solvents used compared to conventional
heating (29) (figure 1.2.5d).

a. CgHsNO, CHyCOOH, 120°C, 1h

- - (O

b. CgH;NO, CHyCOOH,
MW IRRADIATION. MW (650W,
200°C, 3 bar), 5 min

Figure 1.2.5d Synthesis of meso-substituted porphyrins via nitrobenzene.
Classic heating (a) and microwaves irradiation (b).

1.3 PORPHYRIN APPLICATIONS

Porphyrin’s chemistry studies have grown significantly in recent years, due

to their application in different fields, like medicine, catalysis, development of new materials and
solar energy conversion.

One important application of metalloporphyrins is as catalysts in the oxidation of a

range of organic compounds (40),(41), while fluorinated porphyrinoids can be

used as 19F magnetic resonance imaging (MRI) agents (47). The photodynamic

reactions carried out by porphyrinoids can be used for antimicrobial purposes

(Photodynamic inactivation of bacteria) and for cancer treatment (Photodynamic

Therapy, PDT) (39).

Since the aim of this thesis is to synthetize and characterize porphyrinoids that can be used in
PDT, its historical and theoretical fundamentals will be analyzed in the next chapters.

16



1.4 PDT

Photodynamic Therapy (PDT) is a procedure based on the interaction between a photosensitizer
molecule (PS), light and oxygen that generates reactive oxygen species (ROS), which leads to
cellular damage.

This mechanism is utilized to trigger the destruction of tumor cells and vasculature, and to
provide long-lasting protection against metastasis (49)(50).

The application of PDT for cancer treatment is safe and clinically approved, and it has
experienced great progresses during the last two decades, making this technique being
considered by many scientists as a field with great biological potential for life improvement
(7)(50).

1.4.1 HISTORICAL ASPECTS AND DEVELOPEMENT OF THE PHOTOSENSITIZERS

Over the centuries, man has always placed great attention on sunlight, seeing its benefits in the
medical field and trying to exploit his properties. Phototherapy is the use of visible or near-visible
light to treat diseases (30), by involving electronic transitions that lead to photochemical
reactions.

Phototherapy can be divided into two broad categories: direct and indirect.

In the direct mechanism the light is absorbed by molecules already present in the organism and
no drugs are administered.

In indirect phototherapy an additional substance, called sensitizer, that will absorb the light, is
involved (30).

Photodynamic therapy (PDT) can be easily included in the latter category.

The arrival of phototherapy in the modern medicine is due to the Danish scientist Niels Rydberg
Finsen (33), who, in the very first years of the 20t century, carried out the research to treat
Tuberculosis luposa using light. His discoveries earned him the Nobel Prize for Physiology-
Medicine in 1903, and made him unanimously considered the father of modern phototherapy.
These concepts were further explored a few years later by the medical student Oscar Raab and
the professor Herman Von Tappeiner in Munich.

It was observed that the combined cytotoxic effect of the acrydine, an orange dye, exposed to
the light, caused death in the Infusoria, a species of Paramecium, with more efficiency than the
two elements alone.

He theorized that the effect was caused by the energy transfer from light to the dye, in a similar
way to the photosynthetic process in plants (32).

In the following years Professor Von Tappainer, together with the dermatologist Jesionek (42),
administered for the first time a photosensitizer, Eosin, to humans for skin cancer treatment.
The requirement of oxygen in this photosensitization reactions led to the definition of this
phenomenon as “photodynamic effect” (32).

17



In 1913, the physician Mayer-Betz self-injected 200 mg of hematoporphyrin (Hp) causing the
body parts that were exposed to the sunlight to suffer pain and swelling for more than 2 months,
proving that the phototoxic effects, already seen in mice, could also be induced in humans.

In 1924, Policard (48) theorized the presence and accumulation of endogenous HP in rat’s tumor
tissue observing fluorescence after exposure to UV radiation (38, 43).

This hypothesis was successfully confirmed by Auler, Benzer (36) and Figge (37) studies. The first
two observed fluorescence and necrosis of tumoral tissue after administration of Photodyn

(like Hp) after light irradiation, while Figge demonstrated that porphyrins possess a selective
affinity for embryonic and regenerating tissues in rats, in addition to the neoplastic one.

In the 60s, Lipson’s research group (46) tested the application of a mixture of Hp treated in acidic
environment, and discovered that it was more likely to accumulate in rodent neoplastic tissues
than pure Hp. Those compounds would be defined as “hematoporphyrin derivative” (HpD) (47,
49).

Following these discoveries, it became a priority to develop a method to get purified fractions of
the HpD mixtures, to better understand the biological activity and to improve the performances
of this compound class.

Consequently, one decade later, the purified fraction of HpD, called Stage Il (Fig. 1.8.) in which
dimeric and oligomeric structures are present, was utilized as diagnostic agents for cancer. (43)

HOOGC cooH

HpD (stage 1)

‘cooH

HpD (stage 2)

Fig. 1.4.1a Representation of a possible tetrameric form of the HpD mixture (43).

Dougherty work (44) continued in this direction, obtaining a fraction free from heavy oligomeric
structures, to which was given the name Photofrin 11®.
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This fraction was lyophilized by “QLT Phototherapeutics” and “American Cyanamid laboratories”
with the denomination Photofrin® and now is marketed by the “Pinnacle Biologics, Inc. “(45) and
it’'s one of the most used photosensitizers worldwide. In 1994 it was used in lung cancer
treatment, while in 1995 the FDA approved its use against esophageal cancer. In the same year,
Muller and Wilson demonstrated that the administration of Photofrin® prolonged the survival in
patients affected by malignant glioma (43,53).

Despite the clear benefits that this drug has brought in the treatment of certain types of cancer,
it presents some limitations. First, as it’s a mixture of different oligomeric forms, it is difficult to
standardize a dose-response relationship. It can also accumulate under the skin for up to six
weeks and, if exposed to light, may cause skin photosensitivity.

The last issue with this drug is that the maximum absorption occurs around 630 nm, while
maximum light penetration Is between 650-800 nm, limiting the operational depth of the
compound (38). For these reasons, there has been a need to improve these negative quirks and
began the research for new compounds.

The main objective was to obtain pure and standardizable substances, whose overall efficacy was
better than first generation PSs (Hp and derivatives). Moreover, these compounds should have
absorbed in the red region of the visible spectrum (at | > 650 nm) and possessed the ability to
target deep neoplastic tissue. In addition, it was very important that these substances were
soluble in biological fluids and not toxic when not irradiated (54).

These new derivatives, born from these requirements, were defined as "second” and “third
generation". Second generation of photosensitizers includes benzoporphyrins, phthalocyanines
(Pc), Naphthalocyanines (Nc), Chlorines, Porphycenes, Etiopurpurins, m-THPC, Texaphyrins (55,
56, 57, 58). Also, among these classes, different molecules have been marketed and used in
therapy, like the Foscan® (the chlorin m-THPC) and Vysudine® (also a chlorin derivative) (Figure
1.4.1b).

HO

OH

o)

O
HO H;CO OCHg

Foscan® Visudyne®

Figure 1.4.1b Structure of Foscan® and Visudyne®
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Every compound of this class is obtained in purified form, therefore it’s possible to analyze the
dose-response relationship of the drug in a precise manner. In addition, light irradiation at
wavelengths above 650 nm can be used in the treatment, resulting in the ability to treat deeper
and larger tumors. (52)

The only limitation it’s an incomplete selectivity against tumoral tissue (52).

The third generation of photosensitizers is composed of molecules modified to have a better
pharmacokinetics, such as being bonded with biomolecules like monoclonal antibodies, protein
carriers (56) or nanoparticle systems.

In this way the drug acquires a greater ability to localize itself at the level of tumor tissue,
provoking less damage to healthy tissues. (52)

Nowadays PDT is already a widely used technique in clinic, and the development of new
compounds seem to have promising results. The main application is still on cancer treatment,
particularly in the dermatologic field. Other types of cancer, in which this therapy is being tested
on, are lung, esophagus and bladder cancer (57).

In addition to the cancer treatment, PDT can be applied to non-cancer disease too, like psoriasis
(58,59), atherosclerosis (61) or age-related macular degeneration (AMD) (60).

In the future it is certain that this technique, thanks to its non- invasiveness, if compared to other
therapies, will be more effective and more applicable to old and new pathologies.
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1.4.2 PHOTODYNAMIC THERAPY MECHANISM

Photodynamic therapy mechanism has been extensively studied during the last century. The
basic principle to induce the photodynamic effect is: by combining the presence of molecular
oxygen, light, and a molecule that acts as photosensitizer (a molecule able to absorb and transfer
energy from the light source to a substrate) it’s possible to form extremely cytotoxic derivatives,
like singlet oxygen (*0.), hydrogen peroxide (H,0,), or free radicals such as superoxide anion
radical (O")and hydroxyl radical [OH] causing tissue damage. (62,63,64)

The photophysical process involved in PDT is shown in the following Modified Jablonski Diagram
(Figure 1.4.2a). The diagram illustrates what happens at the photosensitizer’s binding electron’s
level after the absorption of an appropriate electromagnetic wavelength. The fundamental (or
ground) electronic state is defined as So, representing the lowest energy level. When the
electrons absorb the energy source, their energy level rises to the first excited singlet-state Si.
This excited state is unstable, and it quickly returns at its fundamental energy state So (10° — 10
®s). This energetic regression, or relaxation, manifests itself mainly in two ways:

- Radiative decay processes (emission of electromagnetic radiations), such as
fluorescence and phosphorescence.

- Not radiative decay processes (heat), as vibrational relaxation, internal conversion, and
intersystem crossing.

Type | reaction
(Free radical process)
A o t=10°s ] T
1 ' — ; o )
R \\:_ ﬂ\?, R - - (Hzcjz 0; '__?_.Fj/
E E t=102s _ — © S 3
i g il L LR
;4 : 3
: E P e .
i e B T Oxidative stress
E E :2 E 3 - / = | cellular damage
e 5 7 ——> Type Il reaction i
P 3 |
i \ 3 Li
P g %0,
‘i' i Cell death via
8, Y [ necrosis or apoptosis

Figure 1.4.2a Modified Jablonsky diagram. Processes: 1. absorption; 2. fluorescence; 3. internal
conversion; 4. intersystem crossing; 5. phosphorescence; 6. Formation of radical species
(type I mechanism); 7. formation of singlet oxygen (type Il mechanism) (63).
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If there is light emission, it’s important to underline that the emitted light is less energetic than the
absorbed one and will have higher wavelength.

The transition from the fundamental state So to the Singlet state S1 is spin- permitted,

because the antiparallel spin orientation is maintained as well as the multiplicity

(Fig 1.4.2b).

S= quantum spin number

S= Xsi =+ ¥, - ¥ (antiparallel spin) =0
M= 2s+1 =1

However, it may occur that the PS converts to the first excited triplet state (T1) by intersystem
crossing (ISC). This state is characterized by a lower level of energy than S1, and it’s a consequence
electronic spin orientation change, from antiparallel to parallel (Fig 1.4.2b.).

S=+1/2, +1/2 (parallel spin) =1
M= 2s+1= 3 (triplet state)

Transition: ISC

This transition is spin-forbidden, making it slower (43). This state is named triplet because of the
multiplicity.

I
B I

graund pucitad aucited
singlet state singlet state triplet state

Figure 1.4.2b Electron Spin orientation in singlet ground state, singlet excited state and triplet
excited state.
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Similarly, to what happened for the singlet state, the electrons tend to return to its fundamental
energy state So, but slower than the excited state S1to So (1073- 10 seconds).

The transition from T1 to So, as for S1 to So, manifest itself through the release of energy in the form
of light emission. This phenomenon is called phosphorescence.

Phosphorescence is characterized by longer wavelengths than fluorescence. That’s because the
energy difference between T1 and Sois lower than in S1 and So.

In addition, it’s a slower process, and it’s less likely to occur since it’s a forbidden transition. Despite
this, a good PS has a high triplet-state yield, allowing it to interact with other molecules, like Oxygen
(65,66).

Once in the triplet state, the PS can react according to two different types of photooxidative
reactions, known as type | and type Il mechanisms.

1.4.3 THE TYPE | MECHANISM

In type | mechanism (figure 1.4.3), the excited PS can either take an electron from

02 (a.), with the formation of a superoxide by photooxidation, or electron/proton transfer from an
organic substrate (b.), originating a radical cation and superoxide anion, by photoreduction

(73).

d.
PS — PS*

PS* + 302 —PS*™ + 02* (superoxide radical anion)

PS (T1) + Substrate — PS™*+ Substrate*

PS*+302— PS (So) + 02

figurel.4.3 Type | mechanism: electron transfer from the excited PS to 30, (a.) and to a
molecular substrate (b.), leading to the formation of superoxide radical anion (0;*).

The superoxide anion by itself is not capable of major oxidative tissue damage, but it can undergo
dismutation by superoxide dismutase (SOD), generating hydrogen peroxide (H20;). The O,* can also
reduce metal ions, like ferric ion (Fe3*) to its ferrous form (Fe?*), catalyzing the conversion of H,0,
in hydroxide ion (OH") and hydroxyl radical (OH*®), an extremely reactive product, that starts a chain
of oxidative reactions (Fenton Reaction) responsible for tissue damage. In addition, superoxide
anion can react with the hydroxyl radical to produce singlet oxygen, or with nitric oxide to form
another highly reactive species: peroxy nitrite (OONO") (74).
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Singlet oxygen and superoxide anions can react directly and cause damage to biomolecules such as
proteins, lipids, steroids, and nucleic acids, causing cytotoxicity (51).

1.4.4 THE TYPE Il MECHANISM

With this mechanism, the PS excited triple state directly transfers energy to ground state oxygen,
to form singlet oxygen.

This kind of reaction has a simpler mechanism and is generally thermodynamically favored for red-
absorbing PSs, occurring preferentially than the type | reaction.

The singlet oxygen reacts with membrane lipids, resulting in lipid peroxidation and increased
membrane permeability or membrane disruption.

It also reacts with amino acids, compromising proteins functionality.

Protein amino acid residues tryptophan, tyrosine, histidine, cysteine, and methionine are some of
the major targets of ROS. DNA nucleotides are also susceptible to this kind of oxidation, causing
DNA strand rupture or DNA-protein cross-link leading to cell death (74)(51).

PS I:Tﬂ + 302 — PS {5{]] +1 02
Biomolecule + 10, — oxidized products

figurel.4.4 Type Il mechanism: formation of singlet oxygen and biomolecule’s oxidation.

A schematic comparison between the two pathways is shown in figure 1.4.4.
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Figure 1.4.4 comparison between type | and Type Il mechanism
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1.4.5 PHOTODYNAMIC THERAPY IN THE CANCER TREATMENT

Radiotherapy and Chemotherapy, commonly used for cancer treatment, can induce dangerous side
effects due to their indiscriminate destruction of both healthy and ill tissues, causing serious physical
and psychological degradation.

Consequently, the objective for new cancer treatment therapies is to reduce or eliminate the
common side effects of traditional therapies, while maintaining high efficacy. Photodynamic
therapy (PDT) is a quite new technique for the treatment of various types of malignant tumors,
developed to meet these requirements. Porphyrins and derivates are the most studied and used in
this field, and some of them accumulate selectively in tumor tissues (31).

PDT also, found great success when applied to non-malignant diseases, such as psoriasis or age-
related macular degeneration (31,43).

The most common PS administration way is the intravenous one, which generally leads to the PS’s
binding to low-density lipoprotein (LDL) in the blood stream.

LDLs tends to accumulate in the tumoral tissue, due to increased demand for cholesterol, and this
fact, combined with less lymphatic drainage (38), facilitate the accumulation and retention of bound
PSs (68). Another important parameter is the pH, as most porphyrin derivatives are not very soluble
at physiological pH, while they are much more soluble at lower pH.

Tumor tissue pH is generally lower than in healthy tissues, due to the uncontrolled catabolism in
cancer cells, contributing to PSs accumulation (67,69).

The efficiency of a PS is not dictated only by its ability to accumulate itself at cancer cells level, even
if this is a fundamental aspect, but also by its ability to generate, by irradiation with the correct
wavelength, singular oxygen (*0,) or other reactive oxygen species (ROS) capable of cellular
damage.

The choice of the best wavelength to excite the PS depends, not only on the absorption properties
of the molecule, but also on the type of treatment being performed.

In the treatment of non-superficial tumors, the use of low wavelengths, like those of the Soret Band
(blue region, around 420 nm), is not appropriate because at a lower wavelength corresponds a lower
penetration in the tissues (43) (fig 1.4.5).

Light radiation in the red region is sufficient for an effective penetration, due to less dispersion.
The area of maximum light penetration, named the "Phototherapeutic Window", is between 650
and 800 nm.

Since singlet oxygen is very reactive, its lifetime in water is in the order of 40 ns and with a maximum
action radius of 20 nm. Those two aspects, together with localized PS activation by irradiation,
allows PDT to be very specific and controllable.

As a result of the irreversible oxidative destruction of key biomolecules and cell structures, three
main tumor cell death mechanisms can follow PS’s administration: necrosis, apoptosis, and
autophagy. The extension of each cell death mechanism depends on the cellular organelles
damaged, determined by the intracellular localization of the PS at the time of irradiation (51)(75).
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1cm

figure 1.4.5 light penetration in the tumor tissue at different
wavelengths (43).

Another important factor that affects the outcome of PDT is how the PS interacts with the cellular
structures within the tumor.

The most important structural features that affect PS cellular accumulation are the net ionic charge,
the degree of hydrophobicity (logarithm of the octanol/ water partition coefficient) and the degree
of asymmetry of the molecule (70).

It can be said that the more a molecule is hydrophobic, the more it will tend to cross cellular
membranes, and relocate into cellular organelles, mainly at the level of their membranes (70).

The PS can localize within many different cell organelles such as plasma membranes, endoplasmic
reticulum, mitochondria, lysosomes, and Golgi apparatus (70).

An apolar PS, when activated, generates singlet oxygen (102) and other ROS, leading to the
disorganization of the membranes, cholesterol peroxidation and unsaturated phospholipids.

Polar PSs are not able to pass through the plasma membrane and must undergo endocytosis process
to get inside tumor cells. It has been demonstrated that these PSs localize in lysosomes, causing
their destruction when activated, leading to leakage of the lysosomal content into the cytoplasm
(42). It has also been demonstrated that most PSs are not able to reach and accumulate inside cell’s
nucleus that have not been exposed to mutation or DNA damage (71).

It is also possible to use the fluorescence emission that most PS can generate at high yields, to
localize with precision its location, and therefore the tumor location (71,72).
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PART Il Planning the improvement of a
discovered photosensitizer

2.1 Aim of this project

Following the results of Tessari Francesco work, the aim of this project is to plan the experimental
conditions to carry out the nucleophilic substitution of TPFPP with the organic bases DBU and DBN,
and the products full characterization.

The expected products are various substitution degrees porphyrinoids which have never been
studied before.

The new photosensitizers will then receive a proper photophysical and spectroscopical evaluation
to determine which compounds could be suitable candidates for PDT.

It is therefore planned the submission of the final products to specific studies, such as UV-Vis
characterization, HNMR, CNMR, FNMR, emission properties analysis and ROS-generation.

OHMIC, as heating method, will be tried too, to see if it’s possible to perform the reaction in H,0 or
aqueous solvent.

2.1.1 Ideal features of a photosensitizer

Any potential PS should fulfil certain requirements.

Its chemical and physical properties should permit to synthetize a pure compound with good yield
in few steps. It should be stable with adequate shelf-life and with polar or amphiphilic features to
permit easy and painless administration, without allergic reactions or hypersensitivity (non-water-
soluble PSs require a delivery vehicle and have shown to have longer clearance times).

Its absorption band should be high, preferably in the near infrared for optimal tissue penetration,
with enough energy to generate singlet oxygen and appreciable fluorescence quantum yield. The
longer the light wavelength is, the deeper it will penetrate the tissue (76).

Finally, it should be commercially feasible to produce, with inexpensive materials needed for its
production.

2.1.2 Fluorine in drugs: reasons for choosing a fluorinated porphyrinoid

The replacement of a hydrogen by a fluorine can significantly influence pharmacological outcomes,
metabolic stability, selectivity, and physical properties (77).

Fluorine is the smallest element in the group of halogens and the most electronegative atom.

It can form high strength bonds providing resistance to temperature and oxidants (78). It can
significantly alter the biological properties of a molecule, modulating the lipophilicity, basicity,
bioavailability (introducing a fluorine atom next to a basic group can reduce its basicity, enhancing
its membrane permeability) and electronegativity.
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Although the substitution of hydrogen with fluorine does not have a profound steric influence,
electrostatic interactions with other groups can change the molecule’s conformation significantly.
Fluorine substitution on aromatic rings is also known to increase binding affinity, increasing
electrostatic interactions.

Structurally, fluorinated drugs present the fluorine atom in phenyl rings, heterocyclic rings, steroids,
and derivatives (78).

Fluorine atom insertion in pyrrolic macrocycle’s structures may enrich them with the required
pharmacokinetic features to be suitable photosensitizers or diagnostic agents (78).

Regarding the development of new generation of PDT agents, meso-substituted tetrapyrrolic
macrocycles are used as the main starting porphyrinoids.

5,10,15,20-tetrakis(pentafluorophenyl) porphyrin (TPFPP) is an interesting template to be
functionalized through nucleophilic substitution reactions (figure 2.1.2) (77).
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Figure 2.1.2 5,10,15,20 tetrakis(pentafluorophenyl) porphyrin (TPFPP)

2.1.3 Nitrogen-containing organic bases: taking advantage of their nucleophilic behavior

TPFPP’s structure is a good scaffold to start with, as it can undergo nucleophilic aromatic
substitution reactions.

Strong bases, able to generate the reactive alkoxide, such as Nitrogen-containing organic bases that
has an imino group attached to the a- carbon of the amine, are good candidates for this kind of
reaction (80).

Some of the most utilized compounds are 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU), 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN), methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD).

The high basicity of these reagents is given by the sum of several intrinsic properties such as: their
sp2- hybridization on the deprotonated nitrogen atom, their conjugate acid resonance stabilization,
and a bicyclic ring system enforces overlap of lone pair electrons of the sp3-hybridized nitrogen(s)
into the neighboring t* orbital, increasing electron density on the sp2-hybridized nitrogen (81).
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Among these bases, DBU has been widely studied and used as a catalyst and a reagent in
dehydrohalogenation reactions (82)(83). Its application as a base to synthesize porphyrin-flavone
conjugates leads to monosubstituted conjugates, but also a by-product of a porphyrin-DBU
conjugate (84). This is due to DBU’s nucleophilic behavior, that brings it to compete with the
alkoxide for the reaction with TPFPP. The nucleophilic reaction is followed by a ring-opening in the
base’s structure, leading to the product shown in figure 2.1.3a.
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Figure 2.1.3a Synthesis of the TPFPP-DBU conjugate.

This kind of reactions are expected to occur following two potential pathways (figure 2.1.3b). The
first (a.) involves the initial hydrolysis of the amidine to generate a primary amine, which can then
react with an electrophilic group, is expected when water is present in significant amount.

The other path (b.) describes amidine’s interaction with the electrophile to produce a cationic
intermediate that can react with water molecules, occurring in anhydrous conditions (81).
Nitrogenous bases are not stable in aqueous mixtures, and they will hydrolyze to some degree if the
reaction is run in the presence of water, in agueous workups and for crystallizations, even under
mild conditions, generating aminolactams and aminoureas. (81).

The nucleophilic behavior of DBU and the ring-opening properties, will be used to synthetize
different levels of conjugation of TPFPP and DBU. The conjugation with DBN will also be investigated
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Figure 2.1.3b Two potential pathways for the bases to react with the electrophilic group (X)
[101].
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2.2 Photophysical evaluation: relevant tests

The photophysical evaluation of the final products is done to confirm the identity of the synthesized
conjugates and if they are suitable PDT photosensitizers.

2.2.1 UV-Vis characterization

The UV-Vis absorption spectrum it’s an easy and quick way to check the nature of the compound
and to determine what is the maximum absorption wavelength for each molecule. For porphyrin
rings, the presence of the Soret band around 400 nm is predictable, as well as the Q bands at longer
wavelengths. Given the absorbance at the maximum absorption wavelength, it is possible to
calculate the molar absorption coefficient (&) of the Soret band and of the Q bands. Knowing the
absorption region of each PS is required to establish which light source will be useful to activate
against tumor cells.

2.2.2 Emission properties

Fluorescence is a phenomenon through which a photosensitizer emits the previously absorbed
electromagnetic radiation, with a higher wavelength, returning to the ground energy state from its
excited state. It isimportant to study the emission spectrum of a PS to analyze the quantity of energy
dissipated, rather than transferred to other substrates.

Fluorescence properties are a useful characteristic in the diagnostic field, and the use of PSs as
markers for tumor detection is constantly evaluated.

2.2.3 Singlet oxygen generation

To be considered as a photosensitizer candidate in PDT, the obtained conjugates must be able to
generate ROS upon exposure to light, causing cell death.

One of the main ROSs responsible for the photodynamic effect is 10, the ability of the conjugates
to generate 0, can be assessed using an indirect method that monitors the decomposition of
Dimethylacetamide (DMA) in the presence of the PS upon irradiation with a red light at 630 £ 20 nm
in DMF.

The combination of light, porphyrin derivative and oxygen will produce 102, which reacts with DMA,
inducing a decay of the DMA absorption band (87).

The production of iodine (I;) can be another method to assess if a PS could be a suitable candidate
for PDT. This effect results from a series of reactions between Kl and singlet oxygen, which originates
peroxyiodide that can decompose into free iodine or reactive iodine radicals both with oxidative
properties. Having this in mind, the production of iodine (I2) by a PS in the presence of Kl can be
assessed by irradiating, with white light (380-700 nm; LED system—25 mW.cm™2) (87) and measuring
the absorbance at 340nm afterwards. The more |, will be produce, the higher the absorbance.
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2.3 NMR

The nuclear magnetic resonance (NMR) is another useful technique for porphyrin characterization
(1). 'THNMR provides clear spectra in which the signal generated by the resonance of the NH protons
appears around -2/-4 ppm because of the strong electronic shield due to the ring current displayed
around the macrocycle. The same ring current is responsible for the unprotection of B-pyrrolic and
meso-protons that are consequently shifted to lower fields and appear at chemical shift between 8
and 11 ppm (12,14,15).

BENMR was also used to distinguish the different degree of substitution between the compounds
generated by the conjugation of TPFPP and DBU/DBN.

2.4 ICH guidelines

ICH guidelines are a set of guidance’s made to ensure that safe, effective, and high-quality medicines
are developed and registered efficiently.

The objective of this guideline is to recommend acceptable amounts of residual solvents in
pharmaceuticals, to ensure the safety of the patient.

Even if the compounds that will be synthetized in this research won’t be used in practice, it’s better
to develop a synthesis route that employs solvents that could potentially be used according to the
ICH guidelines.

Residual solvents in pharmaceuticals are defined as organic volatile chemicals that are used or
produced in the manufacture of drug, substances or excipients, or in the preparation of drug
products (85). The solvents are not completely removed by practical manufacturing techniques.
Appropriate selection of the solvent for the synthesis of drug substance may enhance the yield, or
determine characteristics such as crystal form, purity, and solubility. Therefore, the solvent may
sometimes be a critical parameter in the synthetic process. (85)

Since there is no therapeutic benefit from residual solvents, all of it should be removed to the extent
possible to meet product specifications, good manufacturing practices, or other quality-based
requirements. Drug products should contain no higher levels of residual solvents than what is
reported by safety data. Some solvents that are known to cause unacceptable toxicities (Class 1)
should be avoided in the production of drug substances, excipients, or drug products unless their
use can be strongly justified in a risk-benefit assessment. Some solvents associated with less severe
toxicity (Class 2) should be limited to protect patients from potential adverse effects. Ideally, less
toxic solvents (Class 3) should be used where practical. (85)
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Solvents were evaluated for their possible risk to human health and placed into one of three classes
as follows:

Class 1 solvents: Solvents to be avoided

Known human carcinogens, strongly suspected human carcinogens, and environmental hazards.
They should not be employed in the manufacture of drug substances, excipients, and drug products
because of their unacceptable toxicity or their deleterious environmental effect (85)

Class 2 solvents: Solvents to be limited
Non-genotoxic animal carcinogens or possible causative agents of other irreversible toxicity such as
neurotoxicity or teratogenicity. Solvents suspected of other significant but reversible toxicities. (85)

Class 3 solvents: Solvents with low toxic potential
Solvents with low toxic potential to man; no health-based exposure limit is needed. Class 3 solvents
have PDEs of 50 mg or more per day. (85)

2.5 OHMIC

Ohmic heating was used in this project to test if it's possible to do the conjugation reaction in water,
or in other aqueous solutions. It was just a test and | included it for the sake of completion.

Ohmic heating is defined as a process in which the material to be heated (for example a reaction
mixture), is heated by passing an AC electrical current through it. Ohmic heating differs from other
heating methods because it involves the use of electrodes that are in direct contact with the
medium to be heated. (86)

The frequency applied is variable in opposition to microwave heating (use of radiation with a
frequency of 2.45 GHz) and lower than the microwave and radio frequencies. The waveform
(sinusoidal, triangle or square) is not restricted, but the sinusoidal waveform is more frequently used
(Figure 2.4a).
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In microwave, and ohmic heating the heat is generated internally, by the electrical energy
transformation into heat due to ion movement and friction. However, ohmic heating allows a more
uniform and deeper heating, than microwave because the extent of heating is governed only by the
spatial uniformity of electrical conductivity throughout the reaction medium and the reaction time

or residence time (in flow conditions).(86)
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Figure 2.4b Schematic representation of the ohmic heating reactor (Portuguese Patent No.
105908, 2011-09-27).
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Chapter llI- Experimental section

3.1 MATERIALS AND EQUIPMENT

34

commercial reagents
PA grade solvents for crystallization.

Thin layerchromatography (TLC), using plastic sheets coated with silica gel 60, to
check reactions.

Merck gel silica 60 of 0.063-0.200 mm, for column separation.

Preparative TLC, using glass plates (20 x 20 cm), coated with a layer of silica gel 60
(Merck) 0.5 mm and suddenly dried for 10 h at 100°C in the oven.

lH, 12C, 19F NMR spectra and COSY, HMBC, HSQC, NOESY spectra were recorded on a
Bruker AMX 300 apparatus. The solvents used was deuterated chloroform.

Mass spectra were recorded in a Micromass® Q-TOF 2 mass spectrometer
Ultraviolet-visible (UV-Vis) spectra were obtained at 25 °C using 1 x 1 cm quartzoptical
cells and recorded on a Shimadzu UV-2501 PC spectrophotometer using
dimethylformamide (DMF) as solvent.

Emission spectra were obtained at HORIBA-Jobin-Yvon Fluoromax 3
spectrofluorometer, at 20°C in DMF using quartz cuvettes 1 x 1 cm.

The generation of iodine (I2) was monitored by measuring the iodine absorbance at 340 nm
at different pre-defined irradiation times in a Synergy™ HTX Multi-Mode Microplate
Reader from BioTek Instruments.

White light was delivered by a LED system with an irradiance of 25mW.cm 2.



3.2 METHODS
3.2.1 TPFPP Synthesis (first method)

The first essential molecule to be synthesized is 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin,
which is the starting structure that it’s going to be conjugated with DBU and DBN.

Rocha Gonsalve’s approach (Nitrobenzene Method, figure 3.2.1), was the first method that | used
to synthetized TPFPP

The reaction consists in the condensation and cyclization of Pyrrole and pentafluorobenzaldehyde,
in stoichiometric proportion 1:1, and the subsequent oxidation of the macrocycle. The oxidative
acidic conditions were created by acetic acid and nitrobenzene, and the solution was heated at
reflux for 1 h. Distillation was implemented to remove nitrobenzene and subsequently filtration,
with progressively more polar eluents, was used to extract TPFPP. A mixture of dichloromethane:
methanol 1:3 was added to the filtration product to crystallize TPFPP and remove all the impurities
left.
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Figure 3.2.1 Rocha Gonsalve’s synthesis approach

n(mmol) m(g) V(ml) d b.p (boiling
point °C)

Pentafluoro 57,65 11,30 7,2
Benzaldehyde
(PFB)

Acetic acid 150 151
nitrobenzene 70
Pyrrol 57,65 3,86 4

Yield:
Mass TPFPP=0,56 g
Yield= 5%
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3.2.2 TPFPP Synthesis (second method)

The second time | had to synthetize TPFPP | used Lindsey synthesis route. It involved the use of a
Lewis acid as catalyst to form the porphyrinogen, later oxidized by the addition of an oxidant. In this
synthetic route, aldehyde (PFB) and pyrrole were dissolved in dichloromethane (DCM). Due to its
sensitivity to the presence of oxygen, the reaction was carried out under inert atmosphere. The
solution was then treated with BF3-Et20 complex (Lewis acid catalyst) in a ratio that varies between
10 % and 30 %. The catalyst leaded to the formation of the porphyrinogen, that had to be oxidized
by the addition of chloranil to obtain the desired porphyrin. The reaction was done under reflux, at
60°C for 15h.

The resulting solution was then washed with NaHCOs solution, filtrated through silica using a 4:1
hexane/DM solution and crystalized using a 2:1 Methane/DM solution.

n(mmol) m(g) V(ml) D b.p (boiling
point)
2,3,4,5,6— 12,7 2,5
pentafluorobenzaldeide
(PFB)
Pyrrole 14,4 0,966 1
CH2Cl2 (DCM) 600 39.9°C
BF3. Et20H 4 0,5
Chloranil 14 3,5
Yield:

Mass TPFPP=0,861g
Yield=34,44%

3.2.3 Solvent Selection

Before doing a proper conjugation synthesis between DBU/DBN and TPFPP, | was given the task to
find the best solvent in which to conduct the reaction.

The synthesis has been conducted in toluene, chloroform, ethanol, THF, acetonitrile, DMSO and
DMF. Ideally the best solvent must either promote the reaction taking place in it, or not interfere at
all. All the reactions were made using a 13:1 DBU: TPFPP ratio. The two reagents were putin a round
bottom flask, with the appropriate solvent to test, and kept for 1hr at 120°C under reflux.

The products were monitored using TLC, purified using L/L separation and the different phases were
separated using preparatory TLC. Each extracted phase underwent *HNMR and °>FNMR to see if the
conjugation happened, and its degree.
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General procedure

In a two necks round bottom flask of adequate volume, add TPFPP, DBU and the solvent to analyze,
under stirring (use ultrasound to help the dissolution). Put the solution in an oil bath at the solvent
reflux temperature (don’t go over 120°C). After 1h check the solution using an analytical thin layer
chromatography (TLC) with eluent 97:3 dichloromethane: methanol. If some products have been
produced, vacuum dry the solution. Solubilize the solid in dichloromethane and put the solution in
a L/L separation funnel. Add water, stir the two phases, and get the organic phase in a new flask.
Make a preparative TLC using a 2%MeOH and 98%DM eluent solution. Scrap the different phases
and extract them from silica using 3%MeOH and 97%DM eluent solution.

Non polar Solvents
Synthesis of different conjugates between TPFPP and DBU in Toluene

n(mmol) m(mg) V(ml) d b.p (boiling
point)
DBU 13,39 2,038 20 E-3
TPFPP 10,3 E-3 10
Toluene 1 110,6°C

Toluene produced mainly compound 4 and 5 (see chapter 3.2.5)

The yield was lower than in acetonitrile.

Synthesis of different conjugates between TPFPP and DBU in Cloroform

n(mmol) m(mg) V(ml) d b.p (boiling
point)
DBU 13,39 2,038 20 E-3
TPFPP 10,3 E-3 10
Chloroform 1 61,2°C

TLC showed that most of the starting material didn’t react. Only compound 1 was produced, but in

small amount.

Polar protic
Synthesis of different conjugates between TPFPP and DBU in Ethanol
n(mmol) m(mg) V(ml) d b.p (boiling
point)
DBU 13,39 2,038 20 E-3
TPFPP 10,3 E-3 10
Ethanol 1 78,37°C

Ethanol seemed initially good because all the substitutions were produced (especially 1)
Unfortunately, ethanol itself was able to react with TPFPP, competing with DBU in a non-

controllable way, thanks to its OH group.
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Polar aprotic

Synthesis of different conjugates between TPFPP and DBU in THF

n(mmol) m(mg) V(ml) d b.p (boiling
point)
DBU 13,39 2,038 20 E-3
TPFPP 10,3 E-3 10
THF 1 66°C

The reaction produced all the possible substitutions as confirmed by HNMR and FNMR.
Tetra and trisubstituted were the most common while both disubstituted where not verry

abundant.

Monosubstituted was produced in verry little amount.
Almost no TPFPP remained after the reaction.

Overall, this reaction is good to produce all the compounds.

Synthesis of different conjugate between TPFPP and DBU in acetonitrile

n(mmol) m(mg) V(ml) d b.p (boiling
point)
DBU 13,39 2,038 20 E-3
TPFPP 10,3 E-3 10
Acetonitrile 1 82°C

In acetonitrile all the substituents were formed, and it didn’t interact in any way with the reagents.
Before making a TLC, acetonitrile must be completely removed, otherwise it will interfere with the
elution and separation of the products.

Synthesis of different conjugate between TPFPP and DBU in DMF

n(mmol) m(mg) V(ml) d b.p (boiling
point)
DBU 13,39 2,038 20 E-3
TPFPP 10,3 E-3 10
DMF 1 153°C

In DMF there was a precipitation. The solvent reacted with TPFPP.

This was confirmed by the solid, as *FNMR showed that all the F atoms disappeared.

Almost all TPFPP was consumed.
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Overall conclusions:

All the reactions (except the one in chloroform) produced compound 5.

Compound 1 was produced in THF, ethanol, acetonitrile and chloroform only.

THF is not accepted as a good solvent to make molecules with medical application, as it’s a class 1
compound in the ICH guidelines, so it won’t be used in further studies.

DMF and ethanol had to be avoided, as they react with TPFPP.

NMP was used too after these studies, but it was not used as main solvent, as it was really difficult
to remove, it disturbed the TLCs and didn’t have better yields compared to acetonitrile. It was used
in OHMIC reaction as it mixes with water.

Acetonitrile was the only one with less issues, and in which it was possible to produce all the
substitutions.

3. from left to right, TLCs of the various reactions using different solvents: toluene, THF, acetonitrile, DMF, etanol,
cloroform and ethanol (specific)
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3.2.4 OHMIC reactions

The aim of this synthesis method was to try to make a conjugation reaction of an unsoluble
porphyrin and a base in water.

The first attempt, using only water as solvent, had no results.

In a successive attempt, NMP was added to water and some product was formed.

Brine was added to the water solution (40 drops), increasing the conductivity, and increasing the
product.

After several attempts | could see clear results from TLC.

Synthesis using OHMIC is possible if NMP and brine is added.

As this was a side project it was not optimized any further, but there were some results, and this
could be a viable approach if optimized. The main issue remains how to remove completely and fast
NMP.

3.2.5 General procedure to synthetize TPFPP+DBU compounds

In two necks round bottom flask of adequate volume, add TPFPP (200 mg, 0,206mmol, lequiv) in
Acetonitrile (30ml) under stirring (use ultrasound to help the dissolution). At the same time prepare
the DBU solution (300ul, 2,678 mmol, 13equiv) in acetonitrile (2.7ml) and put it in a syringe. Put the
syringe in the syringe pump and set the parameters to V= 3ml and speed of 3 ml/hr. Put the TPFPP
solution in an oil bath at 120°C and, when it’s refluxing, press start on the syringe pump. After 1h
check the solution every 15 minutes using an analytical thin layer chromatography (TLC) with eluent
97/3 dichloromethane/methanol, until you are satisfied with the results. Vacuum dry the solution.
Solubilize the solid in dichloromethane and put the solution in a separation funnel. Add water, stir
the two phases, and get the organic phase in a new flask. Make a preparative TLC using a 4%MeOH
and 96%DM eluent solution. Scrap the different phases and extract them from silica using 4%MeOH
and 96%DM eluent solution or acetic acid or acetone.

F L F -
E //q-T( ’T/k E E 3'_‘
\ ¢ %N HN— OV e DBU o
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S Acetonitrile, 120°C, 1,5hr
F

Figure 3.2.5a reaction between TPFPP and DBU, forming compound 5
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TPFPP+DBU monosubstituted (compound 1)

The synthesis of TPFPP+DBU monosubstituted was carried out by following the general procedure.
This compound was separated from the others using preparative silica TLC (fifth band from baseline)
and extracted using acetic acid, giving 21,73mg (19,32pmol; 9,42% vyield). *HNMR (CDCI3) §ppm:
8,97(m, 8H, H n10);5,54 (s, 1H, H n9);3,51 (dt, J=6,2, 4H, H n1,3);3,14 (m, 2H , H n4);2,52 (m, 2H, H
n6) ;1,78 (m, 2H, H n3);1,65(ddd, J=5,9Hz, 4H, H n5,7);1,48 (m, 2H, H n8); -2,90 (s,2H, H n11).
13CNMR (CDCI3) 8ppm:128,85 (C n10); 49,39 (C 4) ; 45,07(C n3); 41,76 (C n1); 37,95 (C n6); 30,32 (C
n5); 28,82(C n2); 28,32 (C n8); 23,60 (C n7). MS: m/z: 1125,4 (fig.3.2.5a)

TPFPP+DBU disubstituted trans (compound 2)

The synthesis of TPFPP+DBU disubstituted trans was carried out by following the general procedure.

This compound was separated from the others using preparative silica TLC (fourth band from
baseline) and extracted using Pure acetone, giving 10,46mg (8,21pumol; 4% yield). THNMR (CDCI3)
Sppm: 8,94(dd, J=4,8Hz, 8H, H n11);5,68 (s, 2H, H n9);3,65 (d, J=6,3Hz, 8H, H n1,3);3,39 (m, 4H , H
4);2,63 (M, 4H, H n6) ;1,94 (m, 4H, H n3);1,77(m, 8H, H n7,5);1,69 (p,J=5,2Hz, 4H, H n8); -2,87 (s,2H,
H n11). 3CNMR (CDCI3) 8ppm:129,42(C n10); 44,84(C n3); 49,60(C n4); 41,52(C nl); 36,92(C n6);
29,91(C n5); 28,62(C n2); 28,43(C n8); 23,46(C n7). MS: m/z: 1275,5 (fig.3.2.5a)

Cis and Trans substitution have the same spectra. The only way to differentiate them is by looking
at the shape of the signals at 8,94 6ppm (porphyrinic H). For the Trans compound it’s possible to
see 6 peaks divided in two symmetrical couples of 3 peaks each. That’s because there is only one
plain of symmetry in the trans molecule, making at least 3 H atoms different in the pyrrolic ring. The
same applies to compound 7.
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TPFPP+DBU disubstituted cis (compound 3)

The synthesis of TPFPP+DBU disubstituted cis was carried out by following the general procedure.
This compound was separated from the others using preparative silica TLC (third band from
baseline) and extracted using Pure acetone, giving 17,32mg of compound (13,58 umol;6,62% yield).
THNMR (CDCI3) Sppm: 8,94(m, 8H, H n10);5,65 (s, 2H, H n9);3,62 (d,J=6,2Hz, 8H, H n1,3);3,34 (m,
4H , H n4);2,60 (t, J=5,2Hz, 4H, H n6) ;1,91 (t, J=6,2Hz, 4H, H n3);1,75(m, 8H, Hn7,5 );1,65 (s, 8H, H
n8); -2,87 (s,2H, H n11). **CNMR (CDCI3) 6ppm:129,28(C n10); 49,55(C n4); 45,03(C n3); 41,69(C
nl); 36,92(C n6); 29,91(C n5); 28,62 (C n3); 28,43(C n2); 23,46(C n7). MS: m/z: 1275,4 (fig.3.2.5a)
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Cis and trans substitution have the same spectra. The only way to differentiate them is by looking
at the shape of the signals at 8,94 &ppm. For the cis compound it’s possible to see 4 peaks divided
in two symmetrical couples of 2 peaks. That’s because there are two plains of symmetry in the trans

molecule, making only two H atoms differ between them in the pyrrolic ring. The same applies to
compound 8.

TPFPP+DBU Trisubstituted (compound 4)

The synthesis of TPFPP+DBU tetrasubstituted was carried out by following the general procedure.
This compound was separated from the others using preparative silica TLC (second band from
baseline) and extracted using Pure acetone, giving 52,6mg of compound (36,95 umol; 18% yield ).
NMR (CDCI3) dppm: 8,92(m, 8H, H n10);5,60 (s, 3H, n9);3,58 (d,J=6,7Hz; 12H, H n1,3);3,26 (m, 6H,
H n4);2,57 (dd, J=3,6Hz, 6H, H n5) ;1,87 (t, J= 6,2Hz, 6H, H n3);1,70(dd, J= 3,1Hz, 12H, H n7,5);1,75
(dd, J=3,2Hz, 6H, Hn8 ); -2,87 (s, 2H, H n11). **CNMR (CDCI3) §ppm:129,15 (C n10); 49,57(C n4);

44,86(C n3); 41,65(C n1); 37,10(C n6); 29,97(C n5); 28,73(C n2); 28,34(C n8); 23,37(C n7). MS: m/z:
1425,6 (fig.3.2.5a)
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TPFPP+DBU tetrasubstituted (compound 5)

The synthesis of TPFPP+DBU tetrasubstituted was carried out by following the general procedure.
This compound was separated from the others using preparative silica TLC (first band from baseline)
and extracted using Pure acetone, giving 42,84 mg of compound (27,2 umol, 21,42% yield). "HNMR
(CDCI3) éppm: 8,99(s, 8H, H-porphyrin ring);5,54 (s, 4H, H-N);3,51 (m, 16H, H propane chain);3,14
(m, 8H, H close to N in aliphatic ring);2,52 (m, 8H, H in aliphatic ring) ;1,78 (t, J= 6,2Hz, 8H, H mid
propane chain);1,65(m, 17H, H in aliphatic ring);1,48 (m, 7H, H close to O in aliphatic ring); -2,98
(s,2H, H-N porphyrin ring). *CNMR (CDCI3) §ppm:128,85(C n10); 49,39(C n4); 45,07(C n3); 41,76(C
nl); 37,95(C n6); 30,32(C n5); 28,82(C n2); 28,32(C n8); 23,60 (C n7). MS: m/z: 1576,8 (fig.3.2.5a)

Reaction | TPFPP | TPFPP(left) | Mono Disub trans | Disub cis Trisub Tetrasub Tot.
(start)
AN+DBU | 200mg | - 9,42% 4% 6,62% 18% 15% 53,04%
4hrs (21,73mg; (10,46mg; (17,32mg; (52,6mg; (48,53mg;
19,32umol) 8,21umol) 13,58 umol) | 36,95 30,8 umol)
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Figure 3.2.5b Picture that correlates the C
atoms with their signal
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3.2.6 General procedure to synthetize TPFPP+DBN compounds

In a two necks round bottom flask with of adequate volume, add 200 mg of TPFPP and 30 ml of
Acetonitrile under stirring (use ultrasound to help the dissolution). At the same time prepare a 6ml
solution of DBU (400ul = 407,6mg) and acetonitrile (5.6ml) and put it in a syringe. Put the syringe in
the syringe pump and set the parameters to V= 6ml and speed at 6 ml/hr. Put the TPFPP solution in
an oil bath at 85°C and, when it’s refluxing, press start on the syringe pump. After 1h check the
solution every 15 minutes using an analytical thin layer chromatography (TLC) with eluent 97/3
dichloromethane/methanol, until you are satisfied with the results. Vacuum dry the solution.
Solubilize the solid in dichloromethane and put the solution in a separation funnel. Add water, stir
the two phases, and get the organic phase in a new flask. Make a preparative TLC using a 4%MeOH
and 96%DM eluent solution. Scrap the different phases and extract them from silica using 4%MeOH
and 96%DM eluent solution or acetic acid or acetone.
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Figure 3.2.6a reaction between TPFPP and DBN, forming compound 10

TPFPP+DBN monosubstituted (compound 6)

The synthesis of TPFPP+DBN monosubstituted was carried out by following the general procedure.
This compound was separated from the others using preparative silica TLC (fifth band from baseline)
and extracted using Pure acetone, giving 52,4mg of compound (47,7umol, 23,3% % yield). "HNMR
(CDCI3) 6ppm: 8,95(s, 8H, H-porphyrin ring);5,25 (s, 1H, H-N);3,67 (s, 2H, H propane chain near N in
aliphatic ring);3,60 (t, J=6,3Hz 2H , H propane chain near NH);3,52 (t, J=7,1Hz, 2H, H in aliphatic ring
close to N in aliphatic ring) ;2,52 (t, J= 8,1Hz, 2H, H in aliphatic ring);2,14(m, 2H, H close to O in
aliphatic ring);2,01 (p, J=6,3Hz 2H, H mid propane chain); -2,98 (s,2H, H-N porphyrin ring). 2>*CNMR
(CDCI3) 6ppm:131,6(C n8); 47,38(C n4); 42,02(C n3); 39,13(C nl); 31,05 (C n6); 28,05(C n2); 17,78 (C
n5). MS: m/z: 1096,16
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TPFPP+DBN disubstituted trans (compound 7)

The synthesis of TPFPP+DBN disubstituted trans was carried out by following the general procedure.
This compound was separated from the others using preparative silica TLC (fourth band from
baseline) and extracted using Pure acetone, giving 12mg of compound (9,85umol, 4,80% yield).
THNMR (CDCI3) Sppm: 8,95(s, 8H, H-porphyrin ring);5,25 (s, 2H, H-N);3,68 (d, J=6,4Hz, 4H, H
propane chain near N in aliphatic ring);3,58 (t, J=6,4Hz 4H , H propane chain near NH);3,52 (t,
J=7,0Hz, 4H, H in aliphatic ring close to N in aliphatic ring) ;2,53 (t, J= 8,1Hz, 4H, H in aliphatic
ring);2,13(m, 4H, H close to O in aliphatic ring);2,02 (p, J=6,3Hz 4H, H mid propane chain); -2,98
(s,2H, H-N porphyrin ring). 2>*CNMR (CDCI3) §ppm:130,75(C n8); 47,48(C n4); 41,76(C n3); 39,35(C
n1); 30,32 (C n6); 27,92(C n2); 17,88 (C n5). MS: m/z: 1218,27

TPFPP+DBN disubstituted cis (compound 8)

The synthesis of TPFPP+DBN disubstituted cis was carried out by following the general procedure.
This compound was separated from the others using preparative silica TLC (third band from
baseline) and extracted using Pure acetone, giving 24,4 mg of compound (20,28umol, 9,88% yield).
THNMR (CDCI3) 8ppm: 8,95(s, 8H, H-porphyrin ring);5,25 (s, 4H, H-N); 3,67 (t, J=6,5Hz, 4H, H
propane chain near N in aliphatic ring);3,60 (t, J=6,3Hz 4H , H propane chain near NH);3,52 (t,
J=7,1Hz, 4H, H in aliphatic ring close to N in aliphatic ring) ;2,52 (t, J= 8,1Hz, 4H, H in aliphatic
ring);2,14 (m, 4H, H close to O in aliphatic ring);2,01 (t, J=6,1Hz 4H, H mid propane chain); -2,98
(s,2H, H-N porphyrin ring). >*CNMR (CDCI3) §ppm:131,85(C n8); 47,38(C n4); 42,24(C n3); 39,52(C
n1); 30,90 (C n6); 28,18(C n2); 18,10 (C n5). MS: m/z: 1218,27

TPFPP+DBN Trisubstituted (compound 9)

The synthesis of TPFPP+DBN trisubstituted was carried out by following the general procedure, but
using 125mg of TPFPP and 7 equivalents of DBN instead. This compound was separated from the
others using preparative silica TLC (second band from baseline) and extracted using Pure acetone,
giving 36,06mg of compound ( 51,4umol, 28% yield). 'HNMR (CDCI3) Sppm: 8,95(s, 8H, H-
porphyrin ring);5,25 (s, 3H, H-N);3,66 (d, J=6,9Hz, 6H, H propane chain near N in aliphatic ring);3,58
(m, 6H, H propane chain near NH);3,49 (m, 6H, H in aliphatic ring close to N in aliphatic ring) ;2,51
(dd, J=9,7;6,5Hz, 6H, H in aliphatic ring);2,13(t, j=7,8Hz, 6H, H close to O in aliphatic ring);2,00 (m,
6H, H mid propane chain); -2,98 (s,2H, H-N porphyrin ring). BCNMR (CDCI3) 6ppm:131,85(C n8);
47,38(C n4); 42,24(C n3); 39,52(C n1); 30,90 (C n6); 28,18(C n2); 18,10 (C n5). MS: m/z: 1340,37
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TPFPP+DBN Tetrasubstituted (compound 10)

The synthesis of TPFPP+DBN tetrasubstituted was carried out by following the general procedure,
but using 125mg of TPFPP and 7 equivalents of DBN instead. This compound was separated from
the others using preparative silica TLC (first band from baseline) and extracted using Pure acetone,
giving 62,9 mg of compound (39,92pumol, 31% yield). *"HNMR (CDCI3) 8ppm: 8,95(s, 8H, H-porphyrin
ring);5,25 (s, 4H, H-N);3,65 (t, J=6,5Hz, 8H, H propane chain near N in aliphatic ring);3,58 (t, J=6,5Hz
8H , H propane chain near NH);3,50 (t, J=7,1Hz, 8H, H in aliphatic ring close to N in aliphatic ring)
;2,51 (t, J= 8,0Hz, 8H, H in aliphatic ring);2,13(p, j=7,6Hz, 8H, H close to O in aliphatic ring);2,00 (p,
J=6,4Hz 8H, H mid propane chain); -2,98 (s,2H, H-N porphyrin ring). 2>CNMR (CDCI3) §ppm:131,85(C
n8); 47,38(C n4); 42,24(C n3); 39,52(C n1); 30,90 (C n6); 28,18(C n2); 18,10 (C n5). MS: m/z: 1462,48

Reaction | TPFPP | TPFPP(left) | Mono Disub Disub cis Trisub Tetrasub | Tot.
(start) trans
125mg | - 4,21% 3,21% 2,55% 28% (51,4 | 31% 68,97%
AN+DBN (6,1mg; (5,3 mg; | (4,2mg; mg; 36,06 | (62,9mg;
7 equiv 5,42umol) | 4,16 3,29 pmol) 39,92
pmol) pmol) pmol)
200mg | 30% 23,3% 4,80% 9,88% 6,87% 4,53% 49,38%
AN+DBN (52,4mg; (12mg; | (24,4mg; | (18,8mg; | (13,6mg;
5 equiv 47,7 umol) | 9,85 20,28 14,1 9,3 umol)
pmol) pmol) pmol)
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Figure 3.2.6b Picture that correlates
the C atoms with their signal
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Figure3.2.6c HNMR comparison between DBN compounds. From top to bottom: TPFPP,
Tetrasubstituted DBN, Trisubstituted DBN, Disubstituted Cis DBN, Disubstituted Trans DBN,

Monosubstituted DBN
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Figure3.2.6d FNMR comparison between DBN compounds. From top to bottom: TPFPP,
Tetrasubstituted DBN, Trisubstituted DBN, Disubstituted Cis DBN, Disubstituted Trans DBN,

Monosubstituted DBN



3.3 Photophysical results

3.3.1 Fluorimetry

The absorption spectra were obtained in a HORIBA-Jobin-Yvon Fluoromax 3 spectrofluorometer, at
20° C in DMF using quartz cuvettes 1 x 1 cm. Each absorption spectrum was registered for the
compound and the TPP (reference).
The emission spectra were acquired after excitation at a precise wavelength, which corresponds to
the wavelength where the absorption spectra of TPP (reference) and the new compound were
matching. Fluorescence quantum yield is calculated using the following equation,
q A
b = (D.‘:td
F F Aged
where ®5td is the fluorescence quantum yield of the TPP (reference) and A and Asig correspond to
the areas of the fluorescence spectra of the compound and reference, respectively.

General procedure

Using an UV spectrometry machine make the baseline using DMF as solvent of choice. Add a small
amount of TPP (standard) into a quartz vial and elute it with DMF. Run the UV spectra. Fix the
wavelength at 417nm and dilute the solution until you have 0,24, then take 1ml of this solution and
put it in a 10ml volumetric flask. Fill the volumetric flask with DMF to get a 0,024 solution. Use this
solution to get the fluorimeter spectra using the following settings: excitation 416nm, slit 2nm;
emission wavelength starts 620nm, end 800nm, slit 2nm.

Compound Integrated Area Quantum Yield
TPP 1581561 0,11
Mono DBU 635451 0,044
Disub T DBU 729568 0,051
Disub C DBU 688863 0,048
Trisub DBU 806616 0,056
Tetra DBU 881718 0,061
Tetra DBN 840247 0,058

Table 3.3.2a fluorescence data for TPFPP+DBU and TPFPP+DBN tetrasubstituted
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Compound Area Quantum Yield
TPP 1432113 0,11
Mono DBN 799158 0,061
Disub T DBN 1076015 0,083
Disub C DBN 703287 0,054
Trisub DBN 774437 0,059

Table 3.3.2b fluorescence data for TPFPP+DBN compound series

— TPP —TPP
—— TPFPP ——TPFPP
—— Mono DBU —— Mono DBN
—— DT DBU 1.4 —— DT DBN

1,0 DC DBU —— DC DBN
— trisub DBU trisub DBN
— tetra DBU — tetra DBN

§ 04 § 0.5
0,9 0.9
600 550 700 750 800 600 G50 700 750 500

Wavelength (nm) Wavelength (nm)

Figure 3.3.2b Fluorescence spectra of TPFPP+ DBN compound

Figure 3.3.2a Fluorescence spectra of TPFPP+ DBU compound
series and TPP at 20°C in DMF (A4, = 417nm))

series and TPP at 20°C in DMF (A, = 417nm)

50



3.3.2 UV spectrometry analysis

Ultraviolet-visible (UV-Vis) spectra were obtained at 25 °C using 1 x 1 cm quartzoptical cells

and recorded on a Shimadzu UV-2501 PC spectrophotometer using dimethylformamide
(DMF) as solvent.

This analysis was made to check the molar absorption coefficient (g) at each peak for each
compound. It was calculated by plotting five different A measurement with their corresponding

concentration, at a given wavelength, following lambert beer equation.
A

C+b

& =

General procedure

Solubilize the compound in 1ml of DMF and calculate the concentration. Put the right amount of
that solution to get a 1E-4 M concentration in 3ml solution. Run an UV spectrum and then remove
300 ul from this solution and put it in another vial and add 2,7ml of DMF to obtain a 1E-5M solution
that you’ll use later to determine the soret band. Add 300 pl of DMF to the 1E-4 solution and run
another spectrum. Remove and add 300ul of solution/solvent until you have 5 different
measurements. Run a spectrum with the 1E-5M solution and then remove 200 ul of this solution
and add 200 pl of DMF. Repeat this until you have five different spectrums.

€ DBU compounds

€ values are reported in log scale.

compound | €(410nm) | € (505nm) | €(535nm) | €(580nm) | €(640nm)
soret gbandl | Shoulder | Qband2 | Qband3
Mono 5,3 4,3 3,5 3,7 2,8
Disub T 5,2 4,2 3,5 3,8 2,8
Disub C 5,3 4,3 3,6 3,8 2,9
Trisub 5,3 4,3 3,7 3,8 3,0
Tetrasub 5,4 4,3 3,8 3,9 3,2
DBU

Table 3.3.3a Absorption data of TPFPP+DBU compound series (logarithmic values)
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—— TPFPP

— TPFPP —— mono DBU
—— mono DBU —— DT DBU
19 , ——DTDBU ——DC DBU
d —— DC DBU tri DBU
tri DBU 10 —tetra DBU
0.4 tetra DBU
0.4 o
fe}
2 <
< 04
02
0,9
300 300 500 500 700 800 Wavelength (nm)
Wavelength (nm)
Normalized UV-visible absorption spectra of TPFPP+DBU Normalized UV-visible absorption spectra of TPFPP+DBU
compound series obtained at 20°C in DMF compound series obtained at 20°C in DMF (Soret band detail)
€ DBN compounds
€ values are reported in log scale.
Compound €(410nm) €(505nm) | €(535nm) €(580nm) | €(640nm)
soret gbandl | Shoulder | Qband2 | Qband3
Mono 5,3 4,3 3,6 3,8 3,2
Disub T 5,2 4,3 3,8 3,8 3,0
Disub C 5,2 4,2 3,5 3,7 2,9
Trisub 5,3 4,3 3,8 3,8 3,1
TetrasubDBN | 5,4 4,4 3,8 3,8 3,0
table 3.3.3b Absorption data of TPFPP+DBN compound series (logarithmic values)
—— TPFPP
—— TPFPP
— Mono DBN Mono DBN
——DTDBN
14 —— DT DBN ~ DC DBN
—— DC DBN .
) — trisub DBN
— trisub DBN tetra DBN
04 — tetra DBN 9
0.4
w
3 <
< 04
0,2
0.9 038
300
Normalized UV-visible absorption spectra of TPFPP+DBN Normalized UV-visible absorption spectra of TPFPP+DBN
compound series obtained at 20°C in DMF compound series obtained at 20°C in DMF (Soret band detail)
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3.3.3 Singlet Oxygen Generation

DMA Ultraviolet-visible (UV-Vis) spectra were obtained at 25 °C using 1 x 1 cm quartzoptical cells
and recorded on a Shimadzu UV-2501 PC spectrophotometer.

The light for the controlled singlet oxygen generation was delivered by an HORIBA-Jobin-Yvon
Fluoromax 3 spectrofluorometer, at 20° C in DMF using quartz cuvettes 1 x 1 cm.

Quantum yield of singlet oxygen (®,) is a value that represent how quickly the DMA absorbance
value decreases, and so how quickly singlet oxygen is formed. Higher ®a values indicate a good
photosensitizer. ®ais calculated by the following equation:

Std st ; qp—Azd
_ hStd k Iah:i Iah.ta _ 1 10~

¢, = — -
. & IH-“d-r;:'at:-:i Iabs 1 — 104

General procedure

Before measuring samples: Run the baseline in the UV spectrometer (DMF as solvent). Put in a vial:
3ml of DMF and 18,9ul of DMA (calculated). Run 3 measurements at 378nm and calculate the
average absorbance value. Put the vial in the fluorimeter and run the program for a minute. Repeat
until you have a total of 11 measurements. Then repeat this procedure for a second time so that
you have two sets of 11 measurements each.

For samples: Obtain a 0,2 A solution of your sample at 507nm. Put 18,9ul of DMA in the vial. Run 3
measurements at 378nm and calculate the average absorbance value. Put the vial in the fluorimeter
and run the program for a minute. Repeat until you have a total of 11 measurements. Then repeat
this procedure for a second time so that you have two sets of 11 measurements each.

- DMA
<
< oY TPP
£
0,12
—A—TPFPP

0,1 ' /
. —%—DT DBU

0,08 - 2
_~ DC DBU
Py / /V\
0.06 7// - Trisub DBU

y
0,04 —" \/ Tetra DBU
/d/
- / 7/*/ Mono DBU
0 I I I I
0 100 200 300 400 500 600 time /s

Figure 3.3.4a Graphic depicting the logarithm of the decadence of absorbance of DMA caused by the
production of sO radicals for TPFPP+DBU compound series
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Abs 507 nm compound Istd/I K A

0,101 TPP 1 2,23E-04 0,65
0,101 TPFPP 1 1,79E-04 0,52
0,101 Mono DBU 1 1,31E-04 0,38
0,1 DT DBU 1,009504 1,28E-04 0,38
0,101 DC DBU 1 1,61E-04 0,47
0,1 trisub DBU 1,009504 1,85E-04 0,54
0,101 tetra DBU 1 2,10E-04 0,61

Table 3.3.4a Data from singlet oxygen test for TPFPP+DBU compound series

0,16
—_ —o—DMA
<
3014
<
< 0,12 TPP
0,1 —#— Mono DBN
0,08
DT DBN
0,06
- DC DBN
0,04
0,02 Trisub DBN
0 = Tetra DBN
0 100 200 300 400 500 600
time /s

Figure 3.3.4b Graphic depicting the logarithm of the decadence of absorbance of DMA caused by
the production of sO radicals for TPFPP+DBN compound series

Abs 507 nm compound Istd/I K $A

0,101 TPP 1 2,34E-04 0,65
0,101 Mono DBN 1 1,56E-04 0,43
0,102 DT DBN 0,990683 1,71E-04 0,47
0,102 DC DBN 0,990683 1,80E-04 0,49
0,101 Tri DBN 1 2,16E-04 0,60
0,101 Tetra DBN 1 2,30E-04 0,64

Table 3.3.4b Data from singlet oxygen test for TPFPP+DBN compound series
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3.3.4 Kl Singlet oxygen generator essay

The generation of iodine (I2) was monitored by measuring the iodine absorbance at 340 nm at
different pre-defined irradiation times in a Synergy™ HTX Multi-Mode Microplate Reader from
BioTek Instruments.

The production of iodine (I2) by compounds in the presence of KI was assessed by irradiating, with
white light (380—700 nm; LED system—25 mW.cm) for 120 min, a solution of each PS at 5.0 uM in
presence of KI at 100 mM. The absorbance of |; at 340 nm was registered at pre-defined times.

General procedure

Prepare a 1M Kl solution and dilute it 1:10 with PBS. Dilute all the compounds that you are going to
test and make a 5uM solution for each one of them. Prepare the microwell plate by filling column
A1l to C1 with PBS (250uL), then filling E1 to G1 with PBS+KI (25uL KI+ 225 PBS), and finally by filling
Ax to Cx with the compound diluted in PBS (25uL compound+225uLPBS) and Ex to Gx with
compounds diluted with PBS+KI (25uL compound + 25uL KI+ 200uL PBS). Go to the UV spectrometer
and let it shake the plate for 15 minutes. When the shaking it’s done take the first measurement
(to). Put the plate under red light (25 mW/cm2) for 5 minutes. Shake the plate for just 30 seconds
and then take another UV measurement. After you reach t15 (fourth measurement) put the plate
under the red light for 15 minutes, and after that shake the plate for 30 seconds and take the UV
measurement. Continue like this until you reach t120 (eleventh measurement)

D

i UUDDDJ

- : - : o g

-

£

Figure 3.3.4a Compounds disposition: A1-C1 PBS, A2-C2 Mono DBU, A3-C3 DisubC DBU, A4-C4 Trisub DBU,
A5-C5 Tetra DBU, A6-C6 Tetra DBN, A7-C7 Mono DBN, A8-C8 Disub T DBN, A9-C9 Disub C DBN, A10-C10
Disub TDBU, A11-C11 TPFPP,A12-C12 Trisub DBN; E1-G1 Kl, , E2-G2 Mono DBU+KI, E3-G3 DisubC DBU+KI,
E4-G4 Trisub DBU+KI, E5-G5 Tetra DBU+KI, E6-G6 Tetra DBN+KIl, E7-G7 Mono DBN+K|, E8-G8 Disub T
DBN+KI, E9-G9 Disub C DBN+KI, E10-G10 Disub T DBU+KI, E11-G11 TPFPP+KI,E12-G12 Trisub DBN+KI
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Figure 3.3.4b Kl essay spectrum for TPFPP+DBU and TPFPP+DBN compounds



Chapter IV: Conclusions

4.1 Main Conclusions

Porphyrin synthesis is a time-consuming process, that gives low yields and require a lot of analysis.
The solvent screening showed that acetonitrile was the best solvent to conduct all the synthesis,
because it didn’t interfere in the reaction, it’s cheap, it’s a class 2 ICH guidelines compound, easy to
remove and gave the highest yields. The other solvents didn’t make the cut because they didn’t
have some, or all of those features.

Finding the best temperature to work with, best reagent proportions and best extracting method
was time consuming and with mixed results.

In the end the best way to synthetize the compounds was by slowly delivering the base in the
reaction vial using a syringe pump. This increased the yield significantly and reduced the amount of
“side products” produced.

DBU requires at least 1hr of reaction time to produce all the desired products, and the Yields are
inconsistent even after repeating the same process several times in the same way.

DBN was a much better base to work with as it reacted faster and with better and consistent yields
than DBU.

| never managed to get high yields for Compounds 2,3 and 7,8, probably because the trisubstituted
compound was more stable than the disubstituted one.

Compared to TPFPP, UV analysis showed that compounds 1,2,3 and 6,7,8 shifted slightly to the blue
while compounds 4,5 and 9,10 shifted slightly to the red. The € of all compounds were more or less
comparable.

Fluorimetry analysis showed that the quantum yield of all compounds was lower than the TPP one.
All those compounds won’t be good tracers, as their quantum yield is too low.

Singlet oxygen generation test showed that all the compounds could generate the radical.
Compounds 5 and 10 though were the only one with singlet oxygen quantum yield high enough to
be potentially effective (comparable to TPP), with compounds 4 and 9 not far behind.

Kl singlet oxygen generation test showed that almost all compounds have the potential to be good
photosensitizer if they are combined with KI, in particular compound 6, 4, and TPFPP.

Compounds 2,3 and 7,8 were among the worst one to generate singlet oxygen with both methods.
Combining these results with the low yields, it makes them the less suitable for a potential PDT
application.

Compounds 1 and 6 were the worst singlet oxygen generators with DMF, but 6 was one of the best
with Kl and 1 had better results with KI than with DMS.

The project goals were achieved as all compounds synthesis was optimized as best as | could, and
had been fully characterized by UV spectroscopy, fluorescence emission, mass spectrometry,
'HNMR, 2CNMR, PFNMR, COSY, HMBC, HSQC, NOESY and singlet oxygen generation test.

Further in vitro biological studies for compounds 1,3,4,5,6,7,8,9,10 will be carried out using various
tumor cells lines to test their potential application in phototherapy.
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Side notes

Water as solvent using OHMIC showed that it’s not viable as no products were synthetized.
However, adding NMP, or using only NMP as solvent produced some products.

OHMIC can be a suitable heating method to porphyrins with low solubility, but it will require more
studies.
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