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Resumo

Segundo a Organizac¢do Mundial de Saude um dos maiores problemas da medicina
atual estd associado a falta de medicamentos e/ou tratamentos eficazes para doencas
infeciosas, provocadas por bactérias multirresistentes ou virus, incluindo o SARS-CoV-
2. Em linha com esta preocupacéo o objetivo global dos estudos descritos nesta Tese de
mestrado centra-se na modula¢do computacional e otimizagdo de processos de sintese,
em escala multi-grama, de meso-imidazolil porfirinas e clorinas cationicas e anfifilicas,
para desenvolvimento de fotossensibilizadores para fotoinativacdo de agentes
patogénicos responsaveis por doengas infeciosas. O trabalho encontra-se dividido em 5
Capitulos.

No Capitulo 1 — Introducdo, descreve-se uma revisdo critica da problematica
associada as infegdes resultantes de micro-organismos e apresentam-se algumas solugdes
alternativas. De entre elas, e por ser 0 objetivo central da Tese, apresenta-se uma revisao
da literatura relativa & estrutura e atividade das diferentes familias de
fotossensibilizadores para inativacdo fotodindmica de bactérias e de virus responsaveis
por infecBes respiratorias. Adicionalmente, é apresentada uma discussdo geral da
utilizacdo de micro-ondas na sintese de fotossensibilizadores da familia das porfirinas. O
Capitulo 1 termina com a descricdo dos objetivos do trabalho experimental desenvolvido
e descrito nesta Tese.

O Capitulo 2 inicia-se com uma introducdo geral sobre os diferentes métodos de
calculo computacional e suas aplicacbes em Quimica Medicinal. Segue-se a apresentacdo
dos resultados dos calculos computacionais relativos a analise conformacional meso-
imidazolil-clorinas nomeadamente, 5,15-bis(4-etil-1-metilimidazol-2-il) clorina, 5,15-
bis(4-(1,1,1-trifluoro)etil-1-metilimidazol-2-il) clorina, 5,10,15,20-tetra(4-etil-1-metil)
imidazol-2-il) clorina e 5,10,15,20-tetra(4-(1,1,1-trifluoro)etil-1-metilimidazol-2-il)
clorina catiénica. Sdo ainda apresentados os mapas de potencial eletrostatico de
conformeros selecionados. Da andlise critica destes resultados, surgem orientacdes para
a sintese que ird ser otimizada experimentalmente e ainda sobre a problematica da
existéncia de atropisomeros no desenvolvimento de um novo medicamento.

No Capitulo 3 descreve-se, em primeiro lugar, o processo de otimizacao a escala
laboratorial do processo de sintese de meso-tetra-imidazolil porfirina e de 5,15-bis-
imidazolil porfina, seguido da sua transposi¢do para uma escala de multi-grama. No

primeiro caso concluiu-se que o método de um sé passo, nitrobenzeno/propioénico, sob
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irradiacdo de micro-ondas, é 0 processo de sintese mais apropriado para efetuar a
transposicdo de escala, tendo-se obtido a porfirina 1 com um rendimento de 21%. A
porfirina 5,15-bis(1-metilimidazol-2-il) foi preparada em maior escala nos laboratdrios
da empresa PorphyChem. Esta porfirina 2 foi isolada com um rendimento de 17%. A
porfirina 2 foi selecionada para preparar 0s respetivos derivados cationicos tendo-se
obtido as porfirinas 4, 5 e 6 com rendimentos de 82%, 79% e 84%, respetivamente. Para
avaliar as suas potencialidades como fotossensibilizados, para além das técnicas habituais
de caraterizacdo para comprovar a pureza (RMN, e espetrometria de massa), neste
capitulo foram ainda efetuados estudos para determinar as propriedades fotofisicas dos
compostos sintetizados (coeficiente de absor¢cdo molar, rendimento quantico de
fluorescéncia e de oxigénio singuleto e fotodegradacao).

Tendo como objetivo otimizar as propriedades deste tipo de fotossensibilizadores
catidnicos e orientados pelos calculos computacionais, no Capitulo 4 apresentam-se 0s
resultados de otimizacdo da reacéo de reducdo de porfirina a respetiva clorina, seguida da
sua cationizacdo (Estes resultados estdo protegidos por propriedade intelectual).
Descreve-se a otimizacdo do método analitico por HPLC e sua purificagdo por
cromatografia de flash. A pureza e propriedades fotofisicas da clorina cationica sdo
também descritas e discutidas. Por fim, apresentam-se estudos preliminares, mas muito
promissores, da comparacdo da utilizacdo das novas imidazolil porfirinas e clorina
catidnicas na fotoinativacdo de agentes patogénicos de doencas infeciosas.

No Capitulo 5 apresenta-se a descricdo experimental detalhada referente a todos
os Capitulos da Tese e ainda a caracterizagdo quimica completa de todas as porfirinas e
clorinas sintetizadas no decorrer do trabalho. Descrevem-se também detalhadamente os

métodos computacionais utilizados.



Abstract

According to the World Health Organization, one of the main challenges of
modern medicine is associated with the lack of efficient drugs and treatments against
infectious diseases caused by multi-resistant bacteria or viruses, including SARS-CoV-2.
Taking these concerns into account, the overall goal of the studies described in this
master’s Thesis is centered on the computational analysis and optimization of synthetic
methods in a multi-gram scale for meso-imidazolyl cationic and amphiphilic porphyrins
and chlorins, for the development of photosensitizers for photoinactivation of disease-
causing pathogens. The present work is divided into five Chapters.

In Chapter 1-Introduction, a critical review of the problems associated with
infections caused by micro-organisms is described and alternative solutions are presented,
namely, antimicrobial photodynamic inactivation. In accordance with the goals of this
project, a review of the literature about the structure and activity of several families of
photosensitizers used for inactivation of bacteria and viruses responsible for respiratory
tract infections is presented. Additionally, a general discussion on the use of microwave
assisted porphyrin synthesis is presented. Chapter 1 finishes with the main goals of the
work developed in this Thesis.

Chapter 2 begins with a general introduction of computational methods and their
applications in Medicinal Chemistry. Then, the experimental results on the
conformational analysis of meso-imidazolyl cationic chlorins (5,15-bis(4-ethyl-1-methyl
imidazol-2-yl) chlorin, 5,15-bis(4-(1,1,1-trifluoro)ethyl-1-methylimidazol-2-yl) chlorin,
5,10,15,20-tetra(4-ethyl-1-methylimidazol-2-yl) chlorin and 5,10,15,20-tetra(4-(1,1,1-
trifluoro)ethyl-1-methylimidazol-2-yl) chlorin. The electrostatic maps of selected
conformers are also presented. The results obtained in this Chapter give us an insight on
possible experimental challenges and the problem of having atropisomers in a new drug.

Chapter 3 describes the optimization process for scale-up of meso-tetra-imidazolyl
and 5,15-bis-imidazolyl porphyrins and their transposition to a larger scale. In the first
case, the best synthetic process was the one-step nitrobenzene/propionic acid method
under microwave irradiation, where porphyrin 1 was obtained with 21% yield. For the
5,15-bis(1-methylimidazol-2-yl) porphyrin 2, the best scale-up method was performed at
PorphyChem, where, it was possible to obtain in a multi-gram scale porphyrin 2 with a
yield of 17%. Porphyrin 2 was selected to prepare the cationic derivatives 4, 5 and 6 with

82%, 79% and 84% yields. To evaluate the use of these porphyrins as photosensitizers,
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they were characterized not only using NMR and mass spectrometry, but also through
their photophysical properties (molar absorption coefficient, fluorescence, and singlet
oxygen quantum yield and photodegradation) which are described and discussed.

Aiming the optimization of the properties of these photosensitizers and based on
the results obtained with computational analysis, Chapter 4 presents de results of the
optimization of the reduction of porphyrin to the corresponding chlorin followed by its
cationization. The optimization of the analytical method HPLC and purification through
flash chromatography is also described. (These results are protected by intellectual
property). The purity and photophysical properties of the cationic chlorin are also
described and discussed. Lastly, preliminary studies with very promising results are
presented comparing the use of the new cationic imidazolyl porphyrins and chlorin in the
photoinactivation of pathogens that cause infectious diseases.

Chapter 5 contains the detailed description of the synthesis and characterization
of all the compounds described in this work. Computational methods are also described
in this Chapter.

Vi



Nomenclature

In this MSc Thesis, in most of the cases, International Union of Pure and Applied
Chemistry (IUPAC) guidelines regarding numbering and naming of compounds were

followed, except some exceptions promptly referred in this section.
Porphyrins

For the designation of the synthetized porphyrins in this Thesis, IUPAC!
numbering system was used, which consists in the numbering of all the carbon atoms
from the macrocycle from 1 to 20 and the internal nitrogen from 21 to 24 (Figure 1).
Sometimes, Fischer’s terminology? which designate the positions 5, 10, 15, 20 as meso
and the positions 2, 3, 7, 8, 12, 13, 17 and 18 as positions 3 (beta) will be adopted.

Meso-position

B -position l
\‘\‘ 3 5 7
4 6
2
1

20 10
19 11
18 12

17 16 15 14 13

©

Figure I- IUPAC numbering system used for porphyrins and their respective
designations according to Fischer’s terminology.

Hydroporphyrins

Regarding the porphyrin’s reduced derivatives (Figure II), they are designated by
2,3-dihydroporphyrin when the saturated carbons are in one of the pyrrolic rings,
throughout this Thesis, their trivial name “chlorin” will be used. When the saturated
carbons are found in two diametrically opposite pyrrolic rings, they are designated by

7,8,17,18-tetrahydroporphyrins or their trivial name “bacteriochlorin”.
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2,3-dihydroporphyrin 7,8,17,18-tetrahydroporphyrin
(chlorin) (bacteriochlorin)

Figure 11— ITUPAC names of the reduced derivatives of the porphyrins and their respective

trivial designation.

Figure I11- IUPAC nomenclature for di-substituted chlorin derivatives®

Dipyrromethane

7 \ | \
N N
H H

5,10- Dihydrodipyrrin
Dipyrromethane

Figure IV- IUPAC nomenclature of dipyrromethane
Isomers

Conformer: One of a set of stereoisomers, each of which is characterized by a

conformation corresponding to a distinct potential energy minimum.

Atropisomer: A subclass of conformers which can be isolated as separate chemical

species, and which arise from restricted rotation about a single bond.?
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1. Introduction

Microbes such as viruses, bacteria and fungi can have dire consequences in our
community. One of the most recent examples of how microbes can influence our daily
lives is the Coronavirus disease 2019 (COVID-19). There are several short-term health
and social consequences, which are already visible in our daily lives, such as the
widespread use of antimicrobial gels for hand hygiene, social distancing, and self-
isolation. The longer-term consequences are very concerning, namely the possibility of
propagation of antimicrobial resistance due to improper use of antimicrobials in this
crisis.! Although some bacterial and fungal co-infections in patients with COVID-19 are
possible, the prescription rate of broad-spectrum antimicrobial agents is high. ? This could
worsen a problem that has been rising in the past few years and that scientists have made
efforts to counteract: the development of resistant strains of bacteria.

Antibiotic resistance is a phenomenon that was first reported as early as 1940.3
Since then, several strategies have been adopted to tackle this problem, from slight
changes in the structure of antibiotic drugs, to using new bacterial targets. The financial
rewards associated to these findings along with the relative ease of the early antibiotic
discovery led to indiscriminate use of these drugs in several industries. After this “golden
era of antibiotics”, pharmaceutical companies started facing scientific challenges in
searching for new antibiotics, namely efflux pumps and the difficulty of penetrating
Gram-negative cell walls. These problems lead pharmaceutical companies to abandon
this path and search for new and more profitable ones in the 1980s. Although there was
this loss of interest, new resistant strains of bacteria continue to develop, especially in
places such as hospitals, where antibacterial drugs are used daily. It is estimated that 700
000 deaths, per year, are caused by resistant strains of bacteria*. This concerning number
is expected to increase to 10 million by 2050. To mitigate this issue, the World Health
Organization (WHO) has made a priority list of twelve bacteria for which novel
antibiotics are needed. The list is divided according to the priority level. Of the twelve
bacteria listed, nine are Gram-negative and the three bacteria listed on the critical level
are all Gram-negative, one of which is Enterobacteriaceae carbapenem- resistant,
extended-spectrum beta-lactamases (ESBL) producing bacteria, which includes

Escherichia Coli.>, one of the targets of these studies.



The drug discovery pipeline is a multi-step interdisciplinary process that can take
about a decade and an investment of about one million euros.® This process needs to be
undertaken to get new drugs on the market. It typically starts with the identification of a
key target that is crucial for disease progression.® Then, chemical compounds are
designed to interact with this target and the most promising ones are synthesized. Once
the initial compounds are obtained, some structure-activity relationships may be studied
and in silico studies can be performed for further insights.” Once a library of compounds
is available, in vitro studies may start, using the most promising molecules. At this stage,
it is necessary to obtain a proof of concept before advancing into the next step, in vivo
studies. Once the lead compound has been optimized and characterized to an acceptable
level, using good laboratory practices (GLP), in vivo studies may begin. In this step, the
appropriate animal model must be chosen, and several variables must be studied. Once
thorough in vivo studies have been performed, the drug regulatory agencies (e.g. Infarmed
in Portugal) may give authorization for the start of clinical trials. For these trials, it is
necessary that the lead molecule is synthesized under good manufacturing practices
(GMP). There are three phases that the drug must pass before it can be considered for
Food and Drug Administration (FDA) and European Medicines Agency (EMA) approval.
Phases I, Il and 111 have different endpoint objectives that must be met. Finally, for a drug
to become commercially available, it must be approved by the FDA to be sold in the USA
and EMA to be sold in Europe. Once these approvals are obtained, it becomes
commercially available for purchase and continues under vigilance to see if there are any
adverse effects that were not previously detected. Figure 1.1 summarizes this information.



2022 2023 2024 2025 2026 2027 2028 2029

Inquiry
Hit generation

Lead optimization

GLP API
GMP API

Figure 1.1: Drug discovery pipeline



Nowadays, most institutions involved in pre-clinical discovery and development of
antibacterial drugs are small and medium sized companies, located mainly in the United States of
America, Germany, United Kingdom and France.® Many drugs that are being developed are direct
acting antibiotics, which can further push bacteria to develop new mechanisms of resistance.®*
An alternative method that has been brought to light recently is the use of antimicrobial
photodynamic inactivation (aPDI).'? Research regarding aPDI indicates that it is highly unlikely
for bacteria to develop mechanisms of resistance against it as it involves damaging many microbial
biomolecules lethally.31® Cationic meso-aryl porphyrins have been described in the literature as
good photosensitizers in aPDI for photoinactivation of Gram-negative bacteria (Table 1.1).
Computational modelling can be used to better understand these mechanisms as well as interpret
how molecules may interact with cell membranes according to their charge distribution. It can also
help visualize how the molecule would interact with a bacterial wall and rationalize the modulation
of these molecules to understand what kind of structural modifications can be done to improve the
interaction between the macrocycles and their target.!’

The aim of this project is to develop synthetic processes to prepare and characterize cationic
meso-imidazolyl porphyrins and derivatives (chlorin) to use as photosensitizers in aPDI. To
perform this, it is necessary to start by optimizing the structures of tetra-substituted and di-
substituted meso-aryl porphyrins and their derivatives to try and understand which atropisomers
are most likely to exist and which would have the best affinity towards Gram-negative bacterial
membranes. From these optimizations, we will try to synthesize and characterize the most
promising derivatives in a quantity and purity that is enough to be used for photophysical

characterization and in vitro testing.



1.1. Computational analysis

Computational methods are increasingly relevant in science and society. Until recent times,
the development of new drugs was performed through several approximations, including trial-and-
error efforts, where it was necessary to synthesize many compounds that would then be tested in
vitro, making it a long and costly process. Despite advances in biotechnology and in our
understanding of biological systems, drug discovery is still a lengthy, costly, difficult, and
inefficient process with a high attrition rate for new medicines. More recently, computational
chemistry evolved to change this paradigm. Nowadays, drug discovery uses a combination of
computational, experimental, translational, and clinical models to identify new therapeutic
entities.’®1® Drug design is the inventive process of finding new drugs based on the knowledge of
a biological target. Most often, it involves the design of molecules that are complementary in shape
and charge to the molecular target with which they interact and bind. Drug design frequently relies
on computer modeling techniques and bioinformatic approaches. Modern drug discovery involves
the identification of screening hits and optimization of those hits to increase the affinity, selectivity
(to reduce the potential of side effects), efficacy/potency, metabolic stability (to increase the half-
life), and oral bioavailability. Once a compound that fulfills all these requirements is identified, it
will begin the process of drug development prior to clinical trials. Subsequent drug development
includes preclinical research on cell-based and animal models, clinical trials on humans, and
finally the step of obtaining regulatory approval to market the drug.

Nowadays, computational methods are important in drug development, helping reduce the
cost of selecting the lead compound. There are various types of computational methods available
to address chemical problems, namely, (i) electronic structure calculations, such as DFT and ab
initio methods (ii) computer aided drug design, and (iii) artificial intelligence. Each method
answers different questions. Next, meaningful examples of how these methods have helped
identifying drugs that were later approved by the FDA are presented. Computer aided drug design
(CADD) can be classified into two groups, structure based and ligand-based drug discovery,
depending on what type of information there is about the target and its structure. In the literature,
it is possible to find some examples where using CADD aided the discovery of pharmaceutical
drugs that were approved by the FDA and EMA.'® One example is Aliskiren (Tekturna®,
Novartis), a human renin inhibitor approved by the FDA in 2007. This drug is key to help regulate
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blood pressure through the regulation of angiotensin Il. Molecular modelling methods were used
to design a pharmacophore to obtain a lead compound.?® From there, X-ray structure analysis
helped identify a previously unknown site in the target, where hydrophobic interactions
dramatically improved the binding affinity and selectivity of the drug. Further structure-based
analysis led to the development of the final compound Aliskiren, a first-in-class drug that is still
under use.!®

A recent example where artificial intelligence was used to reposition a drug is the discovery
of a potential antiviral drug against SARS-CoV-2. Due to the most recent pandemic, there is a
global need to find an efficient antiviral against COVID-19. Because of the large library of
compounds that could be studied against this virus, it was necessary to use machine learning
techniques to search for the most promising drugs that were preferentially already in use to find a
solution to this problem. Using BenevolentAl’s knowledge graph, it was possible to identify
Barcitinib, an antiviral, that could reduce the infectivity of the virus in the lungs.?

Recently, the use of DFT methods to understand the charge distribution of photosensitizers
that showed strong activity in antimicrobial-PDI (aPDI) of Gram-negative bacteria was
described.” This will be further detailed below, since this work further explores this approach.

The absence of specific interactions between the PS and biological targets in
microorganisms has consequences that extend well beyond the choice of the computational method
to aid in the selection of the best drug candidate. The indirect connection, through reactive oxygen
species, from the PS to the biological targets, makes it more difficult for the microorganisms to
develop drug resistance. The microorganisms are killed by oxidative stress that affects a large
diversity of biomolecules in different locations. It is known that many cycles of aPDI can be
repeated under subtherapeutic conditions before drug resistance is observed.???* This also
addresses the concerns of the World Health Organization over drug resistant microorganisms,
which are increasingly worrisome and lead scientists to develop alternative therapeutics to
efficiently kill microorganisms, without the risk of inducing resistances. In vitro studies of aPDlI,
have shown that the structure and especially the amphiphilicity of the photosensitizer is a challenge
that needs to be overcome to promote a good translation into clinical settings®. It is known that
functionalization of drugs with fluorine, including antibiotics, can cause dramatic changes in the

interaction of these compounds with the biological environment.? In the literature, we can also



find promising fluorinated PS such as redaporfin.?’ In this work we also aim to develop the

synthesis of a biocompatible cationic fluorinated porphyrin-based photosensitizer.

1.2.  aPDI- The light at the end of the tunnel?

aPDI uses a PS to form reactive oxygen species (ROS) capable of damaging many types
of biomolecules, causing cell death.?®-?° The PS absorbs a photon of light which leads to its excited
singlet electronic state. An intersystem crossing can then occur, leading to the triplet state of the
PS, which in turn reacts with ground state oxygen.*® There are two types of photochemical
pathways that this species can undergo. Type 1 involves the production of superoxide radicals via
electron transfer, while Type 2 produces excited singlet oxygen species (*O2) by energy transfer.
Both types of reactive oxygen species can damage biomolecules and cause cell death.?®?° Figure
1.2 shows a simplified Jablonski diagram depicting the photochemical production of ROS using a

PS.

Vibrational

A 2 relaxation
S Bacteria Fungi
1 | Sl
Excitation
(absorption)
Broad spectrum microorganism killing
>0

Figure 1.2: Simplified Jablonski diagram showing how a photosensitizer (PS) can cause broad spectrum
microorganism death. Adapted from the literature.?

Ideally, a photosensitizer must;* 3!

1. Have high purity.

2. Have an easy synthesis with high yields.



3. Have low toxicity in the dark, especially towards mammalian cells.
4. Show selectivity for microbial cells over mammalian cells.

5. Have a high molar absorption coefficient in the therapeutic window (600 - 850

nm)
6. Have the appropriate photophysical properties, including:
a. Low fluorescence yield
b. High singlet oxygen yield
c. Long triplet state half-life

7. Have an appropriate partition coefficient according to the intended

administration route and good dissolution in biocompatible formulations.

Bringing together all these parameters can be a challenge, one worth overcoming to avoid
the development of antibacterial resistance. Other advantages of using aPDI include the possibility
of applying the PS directly into the infected area, their broad-nature, their anti-biofilm action and
the fast action, important for fast spreading infections.*® Some challenges include the difficulty of
accessing infections deep inside the body and the selectivity for mammalian cells over bacterial
cells. To overcome the first obstacle, the PS and light can be delivered using endoscopes and
narrow diameter interstitially inserted needles and fiber optics. For the latter, positively charged
photosensitizers were developed and have shown good selectivity for bacterial cells who tend to
have a more electronegative membrane than mammalian cells, allowing positively charged PS to
bind selectively to them.? It has also been shown that the binding of PS to microbial cells is faster
than their uptake by the mammalian cells, which makes them ideal when there is a short time lapse
between the delivery of the drug and the light irradiation. Examples of PS that can be used for
aPDI include polycationic conjugates, fullerenes, phthalocyanines, porphyrins and their
derivatives, among others.1? 32-32

Although many studies have shown that bacteria are unlikely to develop resistance to aPDI,
further investigation on this thematic is encouraged.'? After the patient is treated using aPDI and
the PS washed out, it is likely that small amounts of PS stay on the patient, attached to their cells.
As the patient goes about their daily life, they will be subjected to light. This means that the PS
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that stays on the patient can still be activated by this light and proceed its action at sub-lethal levels,
allowing the remining bacterial population to become more tolerant to higher concentrations of
these antimicrobial agents. Therefore, more studies where bacterial cells are exposed to sub-lethal
levels of PS and light are still needed.'?16:33

As mentioned above, porphyrins and their derivatives can be used as PSs for aPDI. These
tetrapyrrolic macrocycles have an 18-electron aromatic ring, which allows them to absorb light in
the therapeutic window (600-850nm). Bacteriochlorins have a very high absorbance in this area of
the spectrum but are often difficult to synthesize and are not very stable in solution. Chlorins have
a high absorbance band at 650nm, are easier to synthesize and are more stable than
bacteriochlorins. Porphyrins have a lower absorbance band in this window but are much more
stable than their derivatives. These compounds are particularly relevant when their structure
encompass positive charges, allowing them to get closer to the negatively charged Gram-negative

bacteria and virus membrane targets. This is also one of the main goals of our studies.

1.3. PDI in vitro and in vivo bacteria tests

As previously discussed, the goal of aPDI is to cure local infections. When dealing with
bacterial infections, it is important to distinguish between the bacteriostatic (agents that prevent
the growth of bacteria) from the bactericidal effect where the agent kills the bacteria.?® The potency
of antibiotics is characterized in two ways: i) their minimum inhibitory concentration (MIC), i.e.,
the lowest concentration that results in inhibition of bacterial growth after 24h incubation; ii) their
minimum bactericidal concentration (MBC), i.e., by the lowest concentration that results in 3 log
of colony forming units (CFU) reduction. This measure is not entirely adequate for
photosensitizers because lower drug concentrations can be partially compensated by higher light
doses, and the incubation times relevant for photosensitizers (less than 1 h) and for antibiotics (18
to 24 h) are widely different. Nevertheless, photosensitizers with bactericidal effects that require

photosensitizer concentrations higher than 50 uM are likely to be difficult to translate to clinical

9



practice because such high concentrations will be difficult to achieve in the whole infected region

and may be toxic to human cells.?®

Table 1.1 summarizes selected recent studies on photoinactivation of i) Gram-positive

bacteria in biofilms (entries 1 to 6); ii) Gram-negative bacteria in biofilms (entries 7 to 9); iii) in

vitro, in vivo and ex vivo pre-clinical studies for the treatment of infections by Gram-positive

bacteria (entries 10-12) and iv) Gram-negative bacteria (entries 13 to 16).

Table 1.1: Chemical properties and biological activity of photosensitizers studied in the literature.

# Structure Biofilm strain/model Results
Outcome: 7 log CFU
reduction

S. aureus ATCC
1 [PS]=5.2nM
IP-2-Zn (PS1) 25925%7 _
Light dose: 5 J/cm?
Charge: +2
(Biotable A=400—650 nm)
Mw: 592 Da
Outcome: 6 log CFU
) S. aureus ATCC reduction
WO 25925%7 [PS]=1.0 uM
IP-4-Zn (PSZ) nght dose: 12 J/cm?
Charge: +4 (Biotable A=400—650 nm)
MW = 754 Da
R Outcome: ~7 log CFU
reduction
R R .
[PS] = 10 pM (in
combination with 100
3 N _ MRSA DSM 25693%
R = %QF and/or \ /N+—CH mM KI)
F ¥ N Light dose: 9 J/cm?
Porphyrin Mixture FORM (White fluorescent lamp
(PS3) A=380-700 nm)
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Charge: +1 to +4
MW =679 to 900 Da

R

R - F
Q Br, /
R= %@o)j\(c@?’a
PS4 (in polymeric micelles
of Pluronic F-127)

Charge: +4
MW =: 1384 Da

S. aureus 209P3°

Outcome: >99%
bacterial death

[PS] = 10 uM

Light dose: 128 J/cm?
(500 W halogen lamp
with filter A=420-1000

nm)

R

S. aureus RN6390°%¢

Outcome: 4 log CFU
reduction

[PS] =50 uM

Light dose: 180 J/cm?

TAPP (PS5) (Tungsten Halogen lamps
Charge: 0 to +4 (pH 500 W)
dependent)
MW = 1019 Da
i Outcome: 4 log CFU
reduction
R R
[PS] = 10 uM

TAPC (PS6)
Charge: 0 to +4 (pH
dependent)
MW = 1021 Da

S. aureus ATCC
25923%7

Light dose: 108 J/cm?
(Novamat 130 AF slide
projector 150 W lamp,
using optical filters A =

350-800 nm)
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Outcome ~7 log CFU

R ® reduction
oYY [PS] = 10 pM (in
R- E—QF andor }@N*-CHS Bioluminescent E. combination with 100
FooF " coli®* mM KI)
Porphyrin Mixture FORM Light dose: 9 Jicm?
(PS3) (White fluorescent lamp
Charge: +1 to +4 A=380-700 nm)
MW = 679 to 900 Da
R
" . Outcome: 0.5 log CFU
reduction
R o Br_+@ [PS] =10 uM
R= }QOJ\(C% S E. coli C600% Light dose: 128 J/cm?

PS4 (in polymeric micelles
of Pluronic F-127)
Charge: +4
MW = 1384 Da

(500 W halogen lamp
with filter A=420-1000

nm)

R

TAPP (PS5)
Charge: 0
MW = 1019 Da

P. aeruginosa (clinical

isolate)3®

Outcome: 3 log CFU

reduction

[PS] =30 uM

Light dose: 180 J/cm?

(Tungsten Halogen lamps
500 W)
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In vivo:
Male BALB/c with

Outcome: 1.7 log CFU
reduction (7" day)
[PS] = 500 uM

Light dose: 210 J/cm?
(Light A=635+ 15 nm)

10 third degree burns
infected with S. aureus
PTMPP (PS7) 8325-4%
Charge: +3
Mw: 663 Da
Outcome: >99%
bacterial death
1 L. pneumophila [PS] =24 nM
AA100% Light dose: 12 J/icm?
PS8 (violet light A =394 nm)
Charge: +3
MW =944 Da
T Outcome: >6,33 log
g reduction
[PS] =125 uM
N (¥R Light dose: 150 J/cm?
(Diode laser A
1 | N\/ S.aureus ATTC =655nm)
ch 29213%
Ry= CH,CH,

R,= CH,CH,CH,
R3= CH,CH,CH,OH

PS9
Charge: +4
MW = 734 to 855 Da
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13

FS111-Pd (PS10)

In vivo:
Adult female BALB/c
mice with wound

infection by E. coli*!

Outcome: 4 log CFU
reduction initially.
Complete inactivation 4
days after treatment

[PS] =50 uM

(50+20+20 L)

Light dose: 80 J/cm?
(Light A=415nm)

Charge: +4
Mw: 938
R In vivo: Sprague— Outcome: 5 log CFU
Dawley rats with reduction, 7 days after
§ " wound infected by treatment
I j\)jNHZ mixed bacteria (E. coli, | [PS] = 40 uM
. %@N i S. aureus, P. Light dose: 100 J/cm?
NH, aeruginosa)* (Laser A=650nm)
1 Tetra-lysine porphyrin In vivo: Outcome: 4 log CFU
(PS11) Adult female BALB/c | reduction, 4 days after
Charge: 0 to +8 (pH mice wound infected | treatment
dependent) with multi-resistant A. | [PS] = 40 uM
Mw: 1188 Da baumannii (clinical | Light dose: 50 J/cm?

isolate)*?

(Laser A =650nm)

15

E. Coli*

Outcome: 4 log CFU
reduction

[PS]=0.1 uM

Light dose: 44 J/cm?
(White light A =400-
700nm)
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Charge: +4
Mw: 847 Da

Outcome: 7 log CFU

reduction

[PS]=1.0 uM

Light dose: 44 Jicm?
(White light A

16
=400-700nm)

E. Coli*

~
-

(PS13)
Charge: +3
Mw: 789 Da

®
NJ

For photoinactivation of Gram-positive bacteria photosensitizers PS4 does not reach a
bactericidal effect under the reported conditions. The critical analysis of these results points out
that the photosensitizers that reach a most promising bactericidal effect are PS1-3, PS6, PS9, PS11-
13. PS1 and PS2 are cationic imidazolyl porphyrins that gave the best results against Gram-positive
and Gram-negative planktonic bacteria and against biofilms of Gram-positive bacteria (>6 log
reduction of S. aureus biofilms with 5.2 nM at 5 J/cm? and 1 uM at 12 J/cm? for PS1 and PS2,
respectively). Confocal microscopy revealed that PS1 could successfully permeate biofilms, while
most of PS2 remained in the planktonic part.!” The matrix that composes bacterial biofilms
hampers antimicrobial diffusion. This means that amphiphilic and low molecular weight
photosensitizers may diffuse more readily inside biofilms. Moreover, the anionic nature of the
components of this matrix must also be taken into account. While it can lead to favorable
electrostatic interactions with cationic photosensitizers, coulombic forces in the periphery of
biofilm may trap the photosensitizers with too many cationic charges.

PS5, PS7 and PS10 need a concentration of >50 uM. At these concentrations, it is likely
that they will present toxicity in human cells and will have a more difficult translation into a
clinical setting. PS4, PS5, PS7, PS9-11, and PS13 report the use of light doses that are quite high,

which also complicates the translation into a clinical setting.
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The strong bactericidal effects found for PS1 and PS2 suggest that low molecular weight

photosensitizers with cationic charges are more promising for aPDI of bacterial biofilms and

therefore its synthetic large-scale development is one of the main goals of this work.

aPDI can also be used in the fight against viral infections. As such, it can be a very

important tool to fight the current pandemic. Table 1.2 shows some photosensitizers that are

currently being studied for aPDI of influenza viruses. SARS-Cov-2 is an upper respiratory tract

infection, similarly to the influenza virus. Hopefully, studying what has been done on the latter

virus will give us some insight on how to fight the current pandemic.

Table 1.2: In vitro and in vivo assays using photodynamic inactivation on influenza viruses.

# Structure Study type Protocol and ROS
outcome
Outcome: 78-fold
decrease of NCI cells
b y _ infection rate
In vitro: compared with dark
NCI cells control.
1 inoculated with | [ps] =1.0 mg/mL ;O_Z_
2
070w 0" OH H1N1 strain X- | Light dose: after 90
Protoporphyrin IX (PS13) 314 min of Visible light
Charge: -2 irradiation, A = 300-
425 nm
Outcome: 50%
inhibition of
In vitro: infectivity (ECso).
MDCK cells [PS] =0.1-2.1 nM
infected with (PS14c); 2-8 nM
2 H1N1 and H5N1 (PS14a) '
—_— Light dose: after 1h
= virus
= of illumination with
<X H .
2 L=CH,O0CH, Aﬁ%}cow laboratory light
b L=CONHCH,(CH,0CHy)s  HN (~850 |X)
¢ L=CONHCHy(CH,0CHy), HoN NH
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PS14

Charge: 0
Outcome: Reduction
of infectivity (plaque
reduction assay) to
In vitro: 23% for HIN1 and
MDCK cells 50% for influenza B
irfected with virus, when compared o,
with antiviral
H1N1 and .
nfluenza B oseltamivir.
[PS] =0.01 pg/mL
Light dose: 1 J/cm?
(laser, . = 671 nm)
Outcome: Pre-
treatment of HIN1
SCC (PS15) with PDI before
Charge: -2 In vivo: inoculation in mice
Mice (BALB/c, | resulted in 100%
male, 8 weeks | survival, compared to
old,n=7) 0% in control, after -
infected with 14 days.
HIN1% [PS]=5.0 mg/kg
Light dose: 15 J/cm?
(laser, A =671 nm)
In vitro: Outcome: > 4 logio
CEF cells were reduction of
infected with infectivity. 10,

Influenza virus A
strains WSN
(HON1), PR8

[PS] =2.5 ug/mL
Light dose: visible
light (15 minutes)
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OH

(HON1), and
Aichi (H3N2)*

Outcome: Total virus
inactivation and

o In vivo: reduction of egg
embryonated | mortality from 5/8 to
chicken eggs 1/7 ©
infected with [PS] = 1.0 mg/mL

0oy O OH HON 148 Light dose: visible
Hematoporphyrin (PS16) light
Charge: -2
Outcome: Virus
infectivity reduced by
In vitro: 1.5 10g10CCIDs/0.1
MDCK cells | 1y when compared
infected with to the control. 10,
influenza H3N2 [PS] =10 uM
(Aichi/2/68)*° | Light dose: 50 J/cm?
(red LED, A= 635 nm)
R'" R?
) N /T‘\ . . - Out(-:ome: No
RJ@N-’}AN@[RZ nvitro: reduction of virus
NN MDCK cells infectivity.
g infected with [PS] =10 uM -2
RZ2 R

a M=Ga(lll)OH, R'=H R?= 5—0@ _
N+ |

.

\

b M=In(lll)OH, R'=R?= 5700 B
N+

\ |
PS17
Charge: +4 or +8

influenza H3N2
(Aichi/2/68)*

Light dose: 50 J/cm?
(red LED, A= 635 nm)
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—Z

T @@gﬂi
N

Outcome: 50%
inhibition of
infectivity (ICso).

)
. G?/NN - [PS] = 0.001 nM (q):ji%
Light dose: 48 J/cm? | pwr
P818 (red visible light, A >
Charge: 0 (Up to +3 at pH = 7) Invitro: 610 nm)
HEp-2 and
MDCK infected Outcome: 50%
R i by HIN1 virus® inhibition of
@NN; N%jij/ﬁ infectivity (ICso).
10 {3 gy [PS] = 0.087 nM (q):j;BS
8 ’ ’ Light dose: 48 J/cm? DME) ’
PS19 (red visible light, A >
Charge: +3 610 nm)
Q Outcome: 50%
ey F inhibition of
Eji,iij?(? HaN In vitro: infectivity (1C50). o,
11 8 o) HEp-2 and [PS]=0.05nM | (@,=0.86
Ri=lomOmon O WM | MDCK infected | Light dose: 48 J/cm? | -089,
R e B by HINZ virus®® | (red light, 2 >610 nm)| °™"
PS20
Charge: 0 (Upto +8 at pH=7)
Outcome: Virus
Q infectivity of
¢ NN In vitro: Influenza A HINZ,
/N i,u Nh?];j MDCK cells | H3N2 and Influenza
12

R= /\O/\/O\/\O/\
PS21
Charge: 0

infected with
influenza virus A
(HINZ1, H3N2)%

B reduced to <1.6%,
<3.3% and 30% of
the control,
respectively.
[PS] =100 uM
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Light dose: 8.1 J/cm?
(red light, A = 735
nm)

Outcome: After

R R
Q treatment, HSN8
[\ .
- N N N - In vitro: virions were unable to
N»»an—N\ i
RI I\EN\ [ /N;I IR MDCK cells infect MDCK cells
IgTCIDso/mL = 0).
13 g:g infected by Avian (IgTCIDso ) 2
[PS]=2uM
ROR H5N8 Influenza | . )
P Light dose: 12 J/cm
R= AN~y virus®
(halogen lamp)
PS22
Charge: +8

& — not reported

Overall, there are interesting results involving the application of porphyrins and
phthalocyanines as photosensitizers in aPDI. The benefits of using cationic photosensitizers for
the treatment of influenza are not as clear as for Gram-negative bacteria. In some cases, namely
PS18 and PS19, it seems like having non-permanent positive charges increases the
photosensitizer’s activity. This may be because influenza virus acquires its envelope from the host,
containing less negatively charged residues when compared to other microorganisms. This means
that having a high number of positive charges around the photosensitizer is not entirely beneficial,
and other features should be taken into account, such as lipophilicity and ability to generate
reactive oxygen species.

Although there are good prospects for widespread use of PDI for the prevention and clinic
treatment of influenza infections, there is still much to be done regarding the transition of in vitro
and in vivo studies to human trials. This may include the optimization of aPDI protocols for the
irradiation of upper and lower respiratory tract, and widespread development and production of
anti-influenza photosensitizer-coated materials. Indeed, the multi-targeted ROS-mediated
mechanism of aPDI makes it suitable not only for inactivation of influenza or SARS-Cov-2 but
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also for other current respiratory infections and may play a significant role in the protection and
treatment of incoming, yet unknown, pandemics.

One of the most encouraging efforts comes from Weber et al, who evaluated the effects of
aPDI on twenty patients who tested positive for COVID-19 and displayed mild symptoms. Using
riboflavin as the photosensitizer and UV-blue light, with 10-20 min irradiation of oral and nasal
cavities, they found that it was possible to significantly reduce the viral load in the upper
respiratory tract, with 70% of the patients having a negative QPCR test 5 days after PDI treatment.
This is also translated into a significant reduction of clinical symptoms like fever, dry cough, and
chest pain. In comparison, the control group, who was given conventional treatment, and did not
experience any significant improvements over this period of time.>* We aim that the new chlorin-
based photosensitizers developed in this study (Chapter 4) may give a relevant contribution for
Sars-CoV-2 photoinactivation at nasal level, in the future.

1.4. Synthesis of meso-aryl porphyrins

Throughout the years, many synthetic methods have been developed for meso-aryl
porphyrins. The first description of the synthesis of those porphyrins was done by Rothemund in
1935.% In this reaction, pyrrole was condensed with the appropriate aldehyde in an inert
atmosphere at 100 °C for 48h, using pyridine as solvent. In 1967, Adler and Longo®® modified this
reaction using propionic acid in an aerobic media, obtaining higher yields but also some chlorin
contamination. Later, Pereira® followed by Lindsey and co-workers®® developed a two-step
method with milder conditions, where the cyclization step occurred, at room temperature, before
oxidation of the porphyrinogen. This methodology uses very diluted solutions, an acid catalyst and
toxic and expensive quinones as oxidants. In 1991, Gonsalves and Pereira® described an
alternative one-pot synthesis, where nitrobenzene is used as both solvent and oxidant. This
methodology is more concentrated than the one described by Adler-Longo and has, in general,
higher yields, particularly for ortho-disubstituted aromatic aldehydes and the porphyrins are not

contaminated with chlorin.
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Additionally, we should highlight the Lindsey two step methodology for the synthesis of
1,15-dissubstituted porphyrins, that starts with the condensation of dipyrromethane with the
desired aldehyde, followed by oxidation with quinones (DDQ or chloranil).®°

As a greener approach, microwave-assisted organic synthesis (MAOS) has gained some
attention over the last few years. This technology has been used since the mid-1980s.51? Petit et
al first described the synthesis of porphyrins using microwave irradiation in 1992.%% The decrease
in reaction times, improvement of yields, simplified treatment and purification and versatility of
this method, have led scientists to fully recognize that MAOS is a useful alternative tool in
medicinal synthetic chemistry and drug development, including porphyrin synthesis.%

In 2007, Pineiro and Gonsalves reported an adaptation of the classical one-step
nitrobenzene method to microwave technology.® Using a domestic microwave equipment, with a
power of 640 W, they tested the use of pyrrole in a mixture of propionic acid and nitrobenzene
with 13 different aryl aldehydes, irradiated for 5 minutes, obtaining the correspondent porphyrins
with low to moderate yields.®® Later, Pineiro and Gonsalves revisited this methodology using a
single-mode microwave reactor.®® The aryl aldehyde and pyrrole were added to the propionic
acid/nitrobenzene mixture at 200 °C for 5 minutes using only 250 W as the initial power setting.
The yields obtained ranged from 5% to 55% and the mass obtained from 0.5 to 1.1 g.%

In 2016, a review®” was written describing the most relevant synthetic methods of meso-
substituted aryl porphyrins, under microwave irradiation developed so far. Table 1.3 summarizes
meso-substituted aryl porphyrins synthesized between 2016 and 2021, using microwave

irradiation.
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Table 1.3: Microwave assisted synthesis of meso aryl tetra-substituted porphyrins.

#

Porphyrin

Reagents

Time

Temperature

Power

Yield

Reference

Pyrrole

Acetic acid

Nitrobenzene

2,3,4,5,6-

Pentafluorobenzaldehy
de

15 min

120°C

650W

19%

68

1
Pyrrole
Furfural
SiO2/Al203 or Al2O3

a)

2,3,4
Pyrrole

20 min

170°C

1000W

2-5%

69
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aryl-aldehyde in
dioxane
Amberlyst\5

b)

4-hydroxy-3-
methoxybenzaldehyde

Methyl 4-formyl
benzoate

Pyrrole

AlxO3

9 min

Not referred

650W

38%

70

4-bromobenzaldehyde

Pyrrole

CHCl;

Propionic Acid

20 min

Not referred

300W

78%

71
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c)

0 s
T2(Et)2: Ary= C >—\ Ar.,=Ar.=
(Et) 1 o ra=Ar; )T\/)
° s
T(Et)3: Ary=Ar,= D OH Ary= )T\/)

Thiophene-2-
carboxaldehyde

4-
hydroxybenzaldehyde

Propionic acid

Propionic anhydride

Pyrrole

8 min

135°C

800W

T2(Et)2

10%

T(E)3

11%

72

a) Porphyrinogen is isolated, and oxidation is performed with DDQ. b) It is not clear how oxidation is performed. c) It is not clear how oxidation is

performed. It seems that they perform the synthesis of porphyrinogen and then perform oxidation with p-chloranil.
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The recent literature review clearly highlights that the use of microwaves in the synthesis
of substituted meso-aryl porphyrins has contributed to improve the sustainability of the process.
However, as observed with synthetic processes obtained by conventional heating, the final
porphyrin yields are highly dependent on the aldehyde structure, reaction temperature, solvent and
irradiation power used.

The results presented in Table 1.3 show that most authors are using one-step porphyrin
synthesis and very high irradiation powers (650-1000 W), except in entry 4 where the irradiation
power was only 300 W. It should be noted that in the last methodology the authors used, they
obtained 78% of meso-tetra-(4-bromophenyl)porphyrin in only 20 min (Table 1.3, entry 4). The
synthesis of meso-tetrapentafluorphenyl porphyrin was achieved with 19% yield, using one-pot
nitrobenzene method (acetic acid/nitrobenzene mixture), under 650W, at 120 °C within just 15
minutes of reaction time (Table 1.3, entry 1). The synthesis of non-symmetric meso-substituted
porphyrins with 38% yield in only 9 minutes using Al>O3 as catalyst (Table 1.3, entry 3) was
remarkable.

The use of microwaves was also evaluated in the synthesis of porphyrins containing
heteroaromatics in the meso positions (furan and thiophene) using very high irradiation powers
(1000 and 800 W, respectively), but the yields obtained were always less than 15%. (Table 1.3
entries 2 and 5)

Overall, the use of microwave irradiation for porphyrin synthesis is still under study and
can achieve very interesting yields with low reaction times. MAQOS can also be used to obtain other
derivatives, such as chlorins, bacteriochlorins and to introduce substituents in the porphyrin
periphery in order to modulate their functionalization.®*

To our knowledge, this methodology has never been applied to the synthesis of porphyrins
containing imidazolyl groups in the meso positions and, therefore, the transposition of classic
porphyrin synthetic methodologies to this alternative and more sustainable technology is one of

the main goals of this project.
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1.5. Goals

The use of porphyrin and their derivatives in clinical trials requires the development of simple
synthetic processes, economically viable, with few side reactions and that can be easily scalable.
From critical analysis of literature, we hypothesized that meso-substituted porphyrins are more in
sync with these goals than the beta-substituted ones, which generally requires multi-step synthetic
approaches. Therefore, our first hypothesis to use porphyrins in Medicinal Chemistry, particularly
for aPDI applications, was the development of meso-substituted imidazolyl-porphyrin synthetic
methods in a multi-gram scale.

Among the various computational tools available, we have chosen conformational analysis
as a tangible goal for a one-year MSc. project. It was hypothesized that the size and structure of
the cationic side chain and high absorption in the therapeutical window of imidazolyl cationic
macrocycles may have a significant effect for future development of ideal photosensitizers for

aPDI. This can be obtained with the development of imidazolyl cationic chlorins. (Figure 1.3).

Figure 1.3: Example of cationic meso-bis-imidazolyl photosensitizer studied. ----- with double bond
porphyrin; single bond, chlorin.

The specific goals of this work are:

) To perform computational conformational analysis of meso-imidazolyl cationic
chlorins — modulation of potential photosensitizers for aPDI.

i) To develop scalable processes for synthesis of meso-imidazolyl porphyrin-based
photosensitizer.

iii) To synthesize a set of cationic meso-imidazolyl based porphyrins for potential aPDI
applications.

iv) To synthesize cationic meso-imidazolyl based chlorins for potential aPDI clinical

transposition.
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2. Computational analysis of chlorin photosensitizers

Computational methods are nowadays regularly used to accelerate the process of drug
discovery. Once the drug discovery target is selected, the identification of the active
pharmaceutical ingredient (API), goes through essentially three phases: i) Inquiry phase, that aims
to identify chemical compounds with promising activity towards the target, ii) Hit generation
phase, wherein hit compounds are improved in potency against the target and iii) lead optimization
phase, in which lead compounds are optimized, generating molecules that will ultimately have a
beneficial pharmacological effect on patients (Figure 2.1). Computational methods can help in
these drug discovery activities, from target identification to giving an insight on small molecules
that can interact with the target and their properties. It is also possible to predict absorption,
distribution, metabolism, elimination (ADME) and toxicology parameters of drugs candidates,

limiting failures in costly pre-clinical and clinical trials
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Ab initio methods that give a very precise electronic structure of the molecules are
scarcely incorporated in drug discovery, mainly because such methods are difficult to
apply to proteins and, in general, to the study of intermolecular interactions. However, Ab
initio calculations become more relevant for aPDI because it is not the specific interaction
of the PS with the biological target that kills the microorganisms but its reactivity with
the oxygen molecules around it. In this sense, ab initio calculations are more interesting
to assess the properties, namely the charge distribution of the proposed PS to predict its
suitability in aPDI.

Given the positions of a set of atomic nuclei, and the total number of electrons in
the system, the electronic energy, electron density, and other properties are calculated
using a well-defined automated approximation. The ability to obtain approximate
solutions to the electronic Schrédinger equation for systems containing up to hundreds of
atoms has revolutionized the ability of theoretical chemistry to address important
problems in a wide range of subjects; the Nobel Prize awarded to John Pople and Walter
Kohn in 1998 reflects this observation.t

Density Functional Theory Methods (DFT) have been considered to achieve a
particular level of accuracy at relatively low cost in the determination of the molecular
geometry and spectroscopic (IR, Raman, and UV-vis spectra and *H and *C NMR
chemical shifts), thermodynamic, and electronic properties (HOMO, LUMO, NLO, and
MEP) of polyatomic molecules.?

Hybrid functionals are a class of approximations to the exchange—correlation
energy functional in DFT that incorporate a portion of exact exchange from Hartree—Fock
theory with the rest of the exchange—correlation energy from other sources (ab initio or
empirical). The exact exchange energy functional is expressed in terms of the Kohn—
Sham orbitals. One of the most used versions is B3LYP, (Becke, 3-parameter, Lee—Yang—
Parr). If sufficient electronic correlation effects are considered and a suitable basis sets
is chosen, it is usually possible to predict reliable optimized geometric parameters and
vibrational frequencies of molecules.*’ Among the many DFT methods, the hybrid
functional B3LYP, first developed to study vibrational absorption and circular dichroism,
has been shown to be a good compromise between computational cost and accuracy of
results. It has become a standard method to study organic molecules in the gas phase.

As mentioned above, a very important feature for the interaction of molecules with
bacterial membranes is the charge distribution.®° which can be evaluated calculating the

Electrostatic potential maps of the molecules. In short, this can be obtained moving a
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positively charged test charge along the spherical isosurface of an atom or molecule. The
positively charged nucleus emits a radially constant electric field. A region of higher-
than-average electrostatic potential energy indicates the presence of a stronger positive
charge or a weaker negative charge. Given the consistency of the nuclei positive charge,
the higher potential energy value indicates the absence of negative charges, which would
mean that there are fewer electrons in this region. The converse is also true. Thus, a high
electrostatic potential indicates the relative absence of electron density, and a low
electrostatic potential indicates an abundance of electrons.*®

Our starting point are the cationic porphyrins PS developed in the catalysis & fine
chemistry research group that have proved to be highly efficient against biofilms.® These
di-imidazolyl cationic zinc porphyrins are highly symmetrical due to their 1,3-
disubstituted imidazolyl groups. As a matter of fact, Hamblin et al observed that a change
in the symmetry of the molecule is an interesting feature to enhance bacterial membrane
permeation, resulting in an improved aPDI efficacy Figure 2.2.1

P
M

Gram-positive
MRSA

FS111 FS111-Pd

415 nm

A 0)/cm? 4)/cm? 12)/em®  28)cem®  60)/cm?

FS1

FS111-Pd f @ g : . Gram-negative
E. coli

Figure 2.2 Improved aPDI due to changes in the symmetry of the molecule to enhance bacterial
membrane permeation. Where MRSA means methicillin-resistant Staphylococcus aureus.
Adapted from the literature.!

In this sense, we chose to evaluate the effect of inserting groups with different
chains in the symmetry of the molecule and modulate the charge distribution throughout

the molecule with groups of varying polarities.
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Among the various computational tools available, we have chosen conformational
analysis as a tangible goal for a one-year M.Sc. project. It was hypothesized that the size
and structure of the side chain and high absorption in the therapeutical window of
imidazolyl cationic macrocycles may have a significant effect for future development of
ideal photosensitizers for aPDI. This can be solved with the development of imidazolyl
cationic chlorins. Therefore, in this chapter, we describe our preliminary and introductory
results of computational analysis of imidazolyl di-cationic chlorins containing methyl,
ethyl and trifluoro ethyl chains (Scheme 2.1).

Scheme 2.1: non-symmetrical di-imidazolyl cationic chlorin

Herein we aim to use computational calculations to give an insight on i) charge
distribution in chlorins and in di and tetra substituted derivatives different from the
porphyrin derivatives ii) the effect of substituents on the charge distribution iii) whether
we will obtain stable atropisomers and iv) whether we will obtain different conformers.
In an attempt to answer these points, the following section presents the results of a
conformational analysis on the di and tetra substituted chlorins together with the density

distribution maps on some selected optimized structures.
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2.1. Conformational analysis using DFT calculations

First, we started with the structure optimization, at the DFT level, of different
conformers of the cationic di-imidazolyl chlorins. The literature suggests that these
molecules may be interesting due to their charge distribution® and the presence of groups
with different electronegativities. On the left column of Figure 2.3 are presented the
conformers of the chlorin with ethyl cationic side-chains and on the right the conformers

of the chlorin with fluorinated ethyl ones.
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Figure 2.3: Structures of some selected conformers of ethyl and 1,1,1-trifluorethyl-5,15-bis-
imidazol-2-yl chlorins optimized at the B3LYP/6-31G(d,p) level. Color code: blue stands for
nitrogen, white for hydrogen and green for the fluorine atoms. Carbon atoms are represented by
orange, light blue, green and violet.

Table 2.1 contains a compilation of the energy difference between conformers
together with structural features considered more relevant to characterize the optimized
structure of the molecules presented in Figure 2.3.
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Table 2.1: Energy difference (kJmol™?) of the conformers of cationic ethyl and 1,1,1-trifluorethyl
5,15-bis-imidazol-2-yl chlorins relatively to the most stable structure and structural features
considered to be more relevant for the discrimination between conformers. D stands for angles,
in degrees, while d stands for distance between selected atoms, in Angstroms, according to the
scheme included in the top of the table.

AE D1 D2 D-H---A
Conform. (kI Dihedral Dihedral | d1 (A) = d2 (A) d3(A)  Angle (°)
Label i) angle (°) angle (°) | (Cs-Hs) | (Ci-Fiv) | (Hs-Fi) | (CsHsFiv)
(N1°C2:C15C14) | (N1-CCsCy)
1A 1.9 89.8 84.8
1B 2.1 99.2 85.4
1C 0.4 88.0 94.0
1D 0.0 98.8 93.1
1E 1.7 100.2 85.2
2A 2.6 90.4 84.2 1.09 1.35 2.36 154.3
2B 0.0 100.6 84.6 1.09 1.35 2.36 155.4
2C 6.4 87.3 97.77 1.10 1.35 - -
2D 6.1 106.4 98.22 1.10 1.35 - -
2E 2.0 104.8 84.08 1.09 1.35 2.37 154.5
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From Table 2.1, it is possible to observe that:
1. Generally, the differences in energy between the conformers are not very large.
a. The energy differences in the fluorinated conformers (2A-2E) are larger
than in the alkyl ones (1LA-1E), mainly due to the stabilization promoted
by the intramolecular CF...H hydrogen bonds observed in conformers
2A, 2B and 2E.

2. The minimum energy in the alkyl compounds corresponds, as could be expected,
to the conformer with the substituted groups in a trans arrangement, 1D.

3. The minimum energy in the fluorinated compounds corresponds to conformer
2B, in which there is a possibility of hydrogen bonding from the fluorine atom
of the substituent with the hydrogen atom of the chlorin as in conformers 2A and
2E.

a. The distance d3 between Hs and F;- is similar to the one found in the
literature for hydrogen bonding.

4. For the fluorinated compounds, the conformers that have the groups pointing
away from the chlorin hydrogens 2C and 2D, have a greater d1 (Cz-Hs) than
when the fluorinated group is facing these hydrogens (2A, 2B and 2E).

The small energy difference between the trans conformers 2A-2C and cis conformers
2D-2E, called by IUPAC atropisomers, (resultant from the hindered rotation around the
Cs-Ca- single bond)? suggests that both atropisomers can be obtained experimentally with
similar probabilities. Complementary studies on rotational barriers around the single-
bond Cs-C,- would give further insight.

Figure 2.4 shows a comparison of the electrostatic potential maps from selected

chlorin conformers.

o0 m e

Figure 2.4: Electronic density maps of the cis ethyl derivative conformer 1C and the fluorinated
ethyl conformer 2C, without counterions, from total self-consistent field density mapped with
electrostatic potential, isovalue = 0.0004 at the B3LYP/6-31G(d,p) level in atomic units (e/a0 3).
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When analyzing the electrostatic potential maps, we can observe that in the
fluorinated compound 2C, there seems to be a region containing the fluorine groups (dark
red) that is more electronegative than when the alkyl group is present (1C-orange). The
asymmetry in the charge distribution could be beneficial in the interaction with Gram-
negative bacteria.!*'2 The experimental separation of this particular atropisomer could be
of interest as the photosensitizer may be able to tether to the Gram-negative membrane
through both of the longer chains.

It is known from experimental results, that 5,15-bis(1-methyl)imidazol-2-yl
porphyrins have excellent results on inactivation of Gram-positive bacteria inside
biofilms, while 5,10,15,20-tetra (1-methyl)imidazol-2-yl porphyrins have great results on
photoinactivation of planktonic bacteria.’ Both can be interesting in the combat against
bacterial resistance. Therefore, to give an insight on these differences, a similar analysis
was performed for selected conformers of the tetrasubstituted imidazolyl chlorin.

Table 2.2 summarizes the possible geometrical arrangements for the tetra-substituted
compounds resultant from the hindered rotation around the single-bonds Cs-Cy’; C10-C»’;

C15-C2» and Coo-Co: of porphyrin-imidazolyl rings (atropisomers).

Table 2.2 Atropisomers of the tetra-substituted compounds.

# Atropisomer
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The structures of the conformers of the ethyl and fluoro-ethyl tetra-imidazolyl

chlorins optimized at the DFT level are depicted in Figure 2.5.
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Figure 2.5: Structures of the conformers of ethyl and 1,1,1-trifluorethyl-5,10,15,20-tetra-
imidazol2-yl chlorins optimized at the B3LYP/6-31G(d,p) level. Color code: blue stands for
nitrogen, white for hydrogen and green for the fluorine atoms. Carbon atoms are represented by

light brown, light grey, dark purple, yellow, light blue, purple, blue, dark green, gray, emerald,
red, light green, dark blue, teal.

The relative energies and the most relevant dihedral angles defining the position
of the substituents are, in turn, presented in Table 2.3.
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Table 2.3: Energy difference (kJmol™?) of the conformers of cationic ethyl and 1,1,1-trifluorethyl 5,10,15,20-tetra-

imidazol-2-yl chlorins relatively to the most stable structure and structural features considered to be more relevant for

the discrimination between conformers. D stands for angles, in degrees, while d stands for distance between selected

atoms, in Angstroms, according to the scheme included in the top of the table.

D1 D2 D3 D4
AE Dihedral Dihedral Dihedral Dihedral
Conformer label angle (°) angle (°) angle (°) angle (°)
(kJ/mol)
(NpC2C15C1 | (N1CC10C | (NpC2C15C1 | (NpC2:C2C1
4) ) 4) )
3A 0.9 94.0 87.4 924 86.9
3B 1.7 94.3 92.2 92.7 935
3C 1.3 95.0 93.6 85.8 87.2
3D 2.2 93.9 86.3 87.6 89.2
3E 0.3 88.2 93.4 87.6 89.3
3F 3.0 92.3 92.5 95.2 86.8
3G 2.6 95.2 91.4 94.8 95.6
3H 0.7 86.3 924 94.7 86.2
31 0.0 89.1 87.4 87.4 88.3
3J 0.3 88.4 87.4 87.1 87.0
3K 2.4 95.7 92.9 914 924
3L 2.5 94.9 93.9 91.5 96.3
IMI 1.2 94.4 92.8 91.1 92.8
4A 6.3 97.0 86.3 97.1 84.5
4B 3.1 98.6 97.4 98.0 98.6
4C 6.3 97.7 83.6 81.9 96.6
4D 34 81.3 81.3 78.7 85.6
4E 10.6 85.5 95.5 79.8 80.5
4F 1.9 97.9 81.9 81.6 83.0
4G 2.1 98.0 98.0 98.2 99.7
4TH 9.8 83.7 93.6 103.5 82.5
41 11.2 89.5 85.9 81.4 84.7
4J 7.2 85.8 89.9 83.9 81.0
4K 0.0 98.3 97.5 96.0 96.7
4L 2.9 97.5 97.7 97.1 98.7
4M 5.4 96.9 96.2 98.6 100.4
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Overall, it is possible to note that:

1. Generally, the differences in energy between the conformers are not very large.

a. The energy differences in the fluorinated compounds are larger than in
the alkyl ones, as observed in the di-substituted compounds, due to the
presence of intramolecular CH...F hydrogen bonds in the lowest energy
conformers.

b. The atropisomer 2 (Table 2.2), shows the largest energy difference
between the fluorinated compounds with the groups facing towards the
hydrogens of the chlorin (4K) and the one with the fluorinated groups
facing away from the hydrogens of the chlorin (41) (Table 2.3).

c. Generally, the lower energy conformers have the fluorinated groups
facing the chlorin hydrogens (4B, 4D, 4F, 4G, 4L).

2. The minimum energy in the alkyl compounds corresponds to the arrangement
with the ethyl groups facing away from each other, with two ethyl groups on the
same side (31- atropisomer 2).

3. The average of the dihedral angles (D1) of the fluorinated conformers is 94.2°
while for the alkyl conformers it is 92.8°. This suggests that the presence of the
fluorinated side chain causes some distortion in the overall structure, which can
be relevant for biological applications.

These results suggest that, similarly to what happens to the di-substituted compounds,

a mixture of four atropisomers (Table 2.2) should be obtained experimentally.

Finally, Figure 2.6 shows a comparison of the electrostatic potential maps from the

5,10,15,20-tetra(1-methyl)imidazol-2-yl porphyrin precursor and corresponding chlorin.
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Figure 2.6: Electronic density maps of the tetrasubstituted imidazolyl porphyrin (A) and chlorin
(B) without counterions, from total self-consistent field density mapped with electrostatic
potential, isovalue = 0.0004 at the B3LYP/6-31G(d,p) level in atomic units (e/a0 3).

The analysis of Figure 2.6 puts in evidence that the charge distribution near the sp®
carbons of the chlorin is less electronegative (green) than the equivalent position of the
porphyrin ring (red). This small structural difference is predicted to have consequences
on the absorption spectra (different HOMO-LUMO energy differences) but will certainly

be less relevant for the interaction with biological membranes.

2.2. Conclusions

Overall, conformational analysis is useful to identify conformers, predict
atropisomers and evaluate asymmetric charge distribution which are structural features
that can lead to very different photodynamic efficacies.'*

From these results, it is possible to observe that i) the charge distribution of the central
ring of the chlorin and the porphyrin is slightly different in the sp® carbons, which leads
to a better absorption of the chlorins in the therapeutical window; ii) the substituents ethyl
and fluorinated have similar charge distributions, although the fluorinated compound is
more electronegative and iii) conformers should interconvert experimentally. It is

necessary to test experimentally if the separation of the atropisomers is possible, as they
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can have different interactions with the membrane which could lead to having certain
atropisomers with more activity than others.

Overall, these results suggest a different conformation of the fluorinated relative to
the alkylated molecule that seems to distort to allow the fluorine groups to be closer to
the hydrogens of the chlorin. This conformational flexibility may lead to different
intermolecular interactions with consequent different solid-state packing, which can
result in changes of the photosensitizers’ solubility and aPDI activity.

From the electrostatic potential maps, we can conclude that the fluorinated
compounds seem to have a region that has more electron density than when the alkyl
group is present. This asymmetry in the charge distribution could be valuable to interact
with the membrane of bacteria. In sum, these conformational analysis, showed that the
atropisomers have similar energies, both in di and tetra-substituted chlorins, which
indicates that they can be experimentally separated, which can be relevant for aPDI

applications.
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3. Development of a scalable synthetic process of meso-
imidazolyl porphyrins and derivatives

As previously portrayed in Chapter 1 the main synthetic processes of meso-aryl
chlorins use porphyrins as starting materials. Therefore, based on the computational
modulation of the cationic meso-imidazolyl chlorins, the studies herein described began
with the optimization of the synthetic processes of the porphyrinic precursors. The use of
porphyrin and their derivatives in clinical trials requires the development of simple,
economically viable, synthetic processes with few side reactions and that can be easily
scalable. The critical analysis of porphyrin synthetic methods described in the literature
so far, led us to conclude that meso-substituted porphyrins are more in sync with these
parameters than the beta-substituted ones, which generally requires multi-step synthetic
approaches.! Therefore, our first hypothesis to use porphyrins in Medicinal Chemistry,
particularly for aPDI applications, was the development of meso-substituted porphyrin
synthetic methods in a multigram scale.

The development of a lead molecule for pre-clinical in vitro and in vivo studies
requires the optimization of its synthesis under a pilot scale aiming the future
transposition for Good Laboratory Practices (GLP) synthesis (Figure 3.1). With the
overall goal of developing synthetic methods for cationic photosensitizers derived from
meso-imidazolyl porphyrins, the studies began with the optimization of a scalable process
of the core porphyrin. As described in Figure 3.1, this is the first step for API search once
the inquiry phase is completed. Once the process is optimized, it is possible to obtain a
pilot lot that will allow the start of the pre-clinical assays. During these assays, more
process optimization is required to start using Good Manufacturing Practices (GMP) so
that other lots can be made for the clinical trials and later for commercial use. GMP is
necessary for products that are developed for use by human beings while GLP is applied

for non-clinical laboratory studies.?
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Figure 3.1: Drug discovery pipeline. In purple, the scale-ups necessary before transposition to the market.
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As discussed in Chapter 1, the synthesis of meso-aryl porphyrins can be performed
using essentially one of the following methods: 1) one-pot pyrrole condensation with the
aldehyde;3* ii) two-step pyrrole condensation with the aldehyde, followed by oxidation®
¢ iii) condensation of dipyrromethane with the aldehyde, followed by oxidation (two-step
synthesis).” It is also established that these synthetic processes are not directly applicable
for all the aldehydes. This becomes particularly relevant for 1-methylimidazolyl
aldehyde, due to its specific reactivity accordingly to the solution pH.

In the Catalysis & Fine Chemistry laboratory, tetra and bis-imidazolyl porphyrins
(1 and 2, respectively) have been recently synthesized under milligram scale.® Their zinc
complexes were cationized using a large excess of methyl iodide and have shown
excellent activity against Gram-negative bacteria and biofilms.8® and consequently, as
mentioned before, this was the starting point of our studies.

One of the main goals of this work is to expand the family of the meso-imidazolyl
based porphyrins for future preparation of chlorins and aPDI clinical transposition. Our
first approach was to overcome the challenge for the preparation of the designed
photosensitizers (tetra and bis-imidazolyl porphyrins 1 and 2) in the amounts and purity
that would open the way for their future transposition to pharmaceutical industrial

synthesis.

3.1. Tetra-substituted imidazolyl-porphyrins

The studies began with the optimization of porphyrin 1 synthesis, in a laboratory
scale, by selecting the most suitable synthetic methodology that will allow its easy
transposition to multi-gram scale. These results are presented in Table 3.1. The multi-
gram scale optimization studies were carried out at PorphyChem, Dijon laboratory and

the results are shown in Table 3.2.
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Table 3.1: Process optimization for synthesis of 5,10,15,20-tetra(1-methylimidazol-2-yl)
porphyrin 1.

N N N\
O~_H Nl N
N + > E ) G ]
N TSNTSN N N
H \—/ /
SNTNN
\—/
1
Concentration _ o _
# Method Time Purification Yield
(mol/L)
Two-step Lindsey,
1 0.01 24 h - 0%
1989°
Two-step Balaban,
2 0.0039 24 h - 0%
20206
One-pot Nitrobenzene Two silica gel
3 Pereira-Gonsalves 0.20 2h adsorption 19 %
19913 chromatographies
One-pot
Nitrobenzene/MW 20 _
4 o 0.20 ) Alumina plug 21 %
Pineiro- Gonsalves minutes

200710

Our first approach to synthesize porphyrin 1 was based on the two-step Lindsey’s
methodology firstly reported in 1989.° In a typical experiment, 1-methylimidazol-2-
carboxyaldehyde was dissolved in chloroform and nitrogen was bubbled for ten minutes.
Then, an equimolar amount of freshly distilled pyrrole was added dropwise followed by
addition of catalytic amounts of BF3Et,O. To follow the cyclization step, the oxidation of
the porphyrinogen toward the desired porphyrin was performed using 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) as oxidant. So, at timepoints 1 h, 3 h, 4 h, 5 h, 22 h and
24h, aliquots were removed from the reaction and an excess of DDQ was added. The

solution was heated up to 60 °C for 30 minutes. A band at 460 nm (in general open chain
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dipyrromethenes) was observed and the evolution of the reaction was monitored by TLC
using silica as stationary phase and methanol:dichloromethane (20:80) as eluent. Under
these conditions we observed that a spot migrated, but when we put the TLC plate under
TFA vapors, it did not turn green (typical color of porphyrin di-cation), leading us to
consider that it was not the desired product. Therefore, the reaction was stopped (Table
3.1, entry 1).

The second attempt was based on the two-step synthetic method recently
described by Balaban® using a set of non-polar aldehydes. To perform this, imidazol-2-
carboxyaldehyde was added to ethanol and then the solution was bubbled with nitrogen.
An equimolar amount of freshly distilled pyrrole was subsequently added dropwise. The
solution was left in the dark, at 25 °C, with stirring, for 10 minutes. Finally, a catalytic
amount of a diluted HCI solution (0.2 M; 30 mmol) was added. Timepoints were made
after 1 h, 3 h,5h, 6 h. 22 h and 24 h. For these timepoints, aliquots were removed from
the solution, extracted with chloroform, washed with distilled water and then a saturated
solution of water was added. Once this process was done, excess of DDQ was added
along with triethylamine for acid neutralization. UV-vis spectrum was performed but the
typical Soret band at 420 nm was not observed (Table 3.1, entry 2). These disappointing
results led us to conclude that these reaction conditions may avoid the cyclization step
probably due to nitrogen atom protonation prior to condensation. These non-promising
results led us to pursue the synthetic studies based on previously described one-pot
methodologies that use weaker acids both as solvents and catalysts.

We started with the evaluation of the nitrobenzene method® to promote the
condensation of 1-methylimidazol-2-carboxyaldehyde with pyrrole (0.2 mol/L) using an
acetic acid/nitrobenzene (2:1) mixture as solvent. The temperature was raised to 150 °C
and the reaction was left under reflux for 2 hours. After cooling down, the solvents were
evaporated via distillation, under vacuum. An adsorption column chromatography was
then performed using silica gel as stationary phase and dichloromethane:hexane (1:1) as
the first eluent. Once the remaining nitrobenzene was removed, the eluent’s polarity was
gradually changed from 10:0.1 (dichloromethane to methanol) till 10:1 proportion. The
product was not pure and a second purification was required, using again silica gel as
stationary phase and dichloromethane:methanol (10:1) as eluent. The desired 5,10,15,20-
tetra(1-methylimidazol-2-yl) porphyrin 1 was obtained, with high purity, with 19 %
isolated yield (Table 3.1, entry 3). It should be mentioned that no contamination with the

correspondent chlorin was observed by analysis of the UV-Vis spectrum.
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Finally, following the methodology firstly described by Pineiro and Gonsalves'®
and based on microwave assisted synthesis, we carried out an experiment using a mixture
of nitrobenzene:propionic acid as solvent and oxidant, under microwave irradiation. In a
50 mL flask, 1-methylimidazol-2-carboxyaldehyde was dissolved in a propionic
acid/nitrobenzene (2:1) mixture and then equimolar amounts of pyrrole were added. The
temperature ramp was set to 10 °C per minute with Pmax=200 W to reach 175 °C within
twenty minutes, with 22% stirring power. The temperature was then maintained at 175
°C for 20 minutes with Pmax=125 W. After cooling, the solvents were evaporated before
performing a short plug purification using alumina as stationary phase and the following
combination of eluents: firstly, heptane to remove the remaining nitrobenzene, secondly,
dichloromethane and finally dichloromethane with 3% of methanol. A purple faction was
recovered and after evaporation of the solvents, under vacuum, a simple recrystallization
using methanol:diethyl ether as solvents (5:15) was enough to obtain the porphyrin with
high purity. Using this more sustainable synthetic and purification procedures 21%
isolated yield was obtained (Table 3.1, entry 4). From a critical analysis of Table 3.1, it
is possible to conclude that the nitrobenzene/propionic acid method, under microwave
irradiation, led to the highest yield and the simplest purification process. These results are
not compared to the literature because, on the one hand, the powers used are not the same
(320-640 W vs. 200W) and, on the other hand, no microwave-assisted synthetic methods
can be found using imidazolyl aldehydes. Additionally, the concentration used in this
reaction is transposed directly from the classical nitrobenzene method and is more
concentrated than what we can find in the literature, which is a key point for large scale
transposition.>

It should be emphasized that these nitrobenzene/acid methodologies when
compared with Adler’s process* (using propionic acid without nitrobenzene) present the
great advantage of the product not being contaminated with the respective chlorin. The
classic nitrobenzene method has a more difficult purification process than the microwave
process and this is one of the main reasons why the microwave approach was chosen for
further process development to obtain a pilot lot (Figure 3.1). This process development
includes the evalutaion of other microwave methods, previously described in the

literature, for the synthesis of 1 and the results are presented in Table 3.2.

56



Table 3.2: Optimization of the microwave synthetic process for tetra-imidazolyl porphyrin

Temperature Reaction

# One-pot methods ) Chlorin Yield
(°C) time
o 20
1 Mw (propionic acid)? 175 ) Yes ~12%
minutes
Mw (nitrobenzene/ 20
2 Lo . 175 . No 21%
propionic acid)? minutes
10
3 Mw (water)P 180 _ Yes ~12%
minutes
a) Reaction conditions: pyrrole (5 mmol); aldehyde (0.510g; 4.62 mmol); volume (23 mL)
b) Reaction conditions: pyrrole (5 mmol); aldehyde (0.510g; 4.62 mmol); volume (0.2 mL)

First, we adapted the Adler’s propionic acid method to the use of microwave
irradiation.* Thus, 1-methylimidazol-2-carboxyaldehyde (0.5 g; 4.6 mmol) was dissolved
in 25 mL of propionic acid and 0.32 mL (5.0 mmol) of pyrrole were added in the
microwave reactor, with a weflon magnet, setting the temperature to 175 °C at 125-200
W. After cooling we observed by UV-vis that a large amount of chlorin was formed.
(Table 3.3, entry 1). Then, to be able to evaluate the reproducibility of the process we
repeated the propionic acid/nitrobenzene method described above and once again we
obtained 21% isolated yield. As shown in Figure 3.2, no chlorin formation was detected
(Table 3.4, entry 2).
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Figure 3.2: UV-vis spectrum of the reaction crude from aliquots of the microwave propionic acid/
nitrobenzene reaction. No chlorin formation was observed.

Lastly, a mass of 0.5g (5 mmol) of 1-methylimidazol-2-carboxyaldehyede was
added into a microwave tube with 0.34 mL of pyrrole (5 mmol) and 0.2mL of water. The
tube was inserted into the microwave apparatus. The temperature was set at 185 °C with
Pmax of 13 atm and a maximum potency of 300 W for 10 minutes. The solid was filtered
from the aqueous phase and the mixture of compounds were dissolved in
dichloromethane. A liquid-liquid extraction was performed using a sodium bicarbonate
solution/CHClI> and finally CH.Cl./water. The porphyrin remains in the organic phase
as demonstrated by UV-vis. The compound was purified using column chromatography
with silica as stationary phase and the eluent was dichloromethane:methanol (10: 0.1 to
10:1). The solution was dried under vacuum overnight. However, it should be noted that

chlorin formation was observed again (Table 3.5, entry 3).

From these results we can conclude that the method of choice to do the pilot scale
Is the propionic acid/ nitrobenzene under microwave irradiation. This decision is based
on: i) high reproducibility; ii) low reaction time; iii) high yield; iv) higher concentrations
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(0.20 M) than those from the literature; v) simple work-up; vi) high purity by simple
recrystallization; vii) no chlorin formation.

Due to limitations on the maximum volume in the microwave apparatus and for
safety reasons, we decided to maintain the reaction at this scale but repeat it four times
before global lot purification. (This methodology is allowed by GLP)!! After these
replications, the solvents were evaporated before performing an alumina plug using
heptane to remove the remaining nitrobenzene, then dichloromethane and finally
dichloromethane with 3% methanol. The porphyrin was purified via recrystallization
using methanol and diethyl ether (5:15) as solvents. After drying a mass of 0.451g was
isolated with an overall yield of 21 %. Characterization data is present in Chapter 5.

Scheme 3.1 shows the best synthetic route developed in this work.

‘ - ‘
No N
Mw, Nitrobenzene,
(o) H propionic acid, NI N
175°C, 20min
Ly + - [, ‘)
N ~N"N | N N
\—/ - /
~N" SN
\—/ 1,21%

Scheme 3.1: Best synthetic route to obtain porphyrin 1.

The *H-NMR spectrum of porphyrin 1 is presented in Figure 3.3. It is possible to
observe the peaks at 6= 8.90-8.75 (m, 8Hp), shown in blue, attributed to the beta
hydrogens; 7.66-7.58 (m, 4H) and 7.45-7.41 (m, 4H), in yellow, from the hydrogens of
the aromatic imidazolyl groups; 3.49-3.28 (m, 12H), in purple, showing the methyl
groups and the inner hydrogens of the porphyrin -2.88 to -3.05 (m, 2Hnw) in green. This
spectrum clearly shows that no chlorin peaks are observed namely at 6= -1 to = -2 ppm
typical of the inner hydrogens nor at 6= 4 to 6=5 ppm typical of the four protons linked

to the sp® chlorin carbons.
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Figure 3.3: tH-NMR spectrum of tetra-meso imidazolyl porphyrin. In blue, the protons of the beta
positions, in yellow the ones from the imidazolyl groups, in purple the methyl groups and in green
the central protons of the porphyrinic ring.

It should be noted that the presence of multiplets instead of singlets corroborates
the presence of several atropisomers as shown in the computational conformational
analysis described in Chapter 2. To obtain the desired amphiphilic photosensitizer the
tetra-cationization was performed with iodo-methyl in DMF, by adaptations of the
procedures described in the literature.® Scheme 3.2 shows the synthetic process used in
this work to obtain the desired cationic 5,10,15,20-tetra(1-methyl)imidazolyl porphyrin,
3.

‘_‘

N N
N N—_ DMF, ICHs; 24h; RT

[ / { ] >
N N
/
~N"IN
\—/ 1 \—/ 3, 92%

Scheme 3.2: Cationization process of the 5,10,15,20-tetra(1-methyl)imidazolyl porphyrin using
the method described in the literature.
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The yield obtained (92%) is similar to the one previously described in the
literature.® For the workup, the product was precipitated using diethyl ether. A possible
improvement of this reaction would be to use another aprotic solvent such as DME, that
generally allows an easier work-up of the product. Due to time restrictions, our work
focused on the di-substituted molecules as they showed better biofilm penetration results.
In the future, tetra-substituted porphyrins should be subjected to further studies as they
showed better results in photoinactivation of planktonic bacteria.®

In sum, the use of microwave irradiation for porphyrin synthesis, presents several
advantages as discussed in Chapter 1, including lower time and energy consumption and
easier work-up. However, this greener synthetic approach has some limitations for scale
transposition associated with the volume of the microwave vials. At these high
concentrations, using larger vials would allow the synthesis of porphyrins in a multigram
scale faster than when using classical methods. For instance, using a MicroSYNTH
Labstation batch scale-up pressure reactor it would be possible to use a 1 L vial allowing
to safely have 500 mL of solvents. This would yield about 1.5 g of compound in only 20
minutes of reaction. To obtain the first pilot lot, it is estimated that about 10 g of this
compound would be necessary, which would imply about 7 repetitions in 1 L flasks,

which is possible to do within one week of work.!2

3.2.  Scale-up of 5,15-bis-imidazolyl porphyrins

Another promising molecule that was previously studied in the Catalysis& Fine
Chemistry laboratory is the Zn(11)-5,15-bis-imidazolyl porphyrin complex that showed
one of the best results described in the literature so far to promote the photoinactivation
of multi-resistant Gram-negative bacteria and biofilms, using a 415 nm LED (1.35
Jlem?).2 This exciting result led us to pursue this studies with the optimization of its
multigram-scale preparation aiming the synthesis of a large family of amphiphilic
cationic derivatives that could be promising molecules for aPDI and other medicinal
applications.

To select the most appropriate synthetic method before the transposition to multi-

gram scale, the studies began with the synthesis of 2 in a laboratory scale, using again
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short modifications of the previously described methods. These results are presented in
Table 3.6.

Table 3.6: Selection of the most promising synthetic method for 5,15-bis(1-methylimidazol-2-yl)
porphyrin 2 synthesis

Hfo NI N
N e + o E /, ¢ ]
\—/ /
R1= CH3
R2= H 2
Concentration ) o )
Entry Method R Time Purification Yield
(mol/L)
Two-step R
1 Balaban, Rl’ 0.0039 17h . 0%
2020° i
. Silica gel
Lindsey ]
adsorption
Two-step
2 oL R1 0.010 4h chromatography 19%
optimized in
and Flash
C&FC’
chromatography
Two-step
3 (small R1 0.0052 24 h Alumina plug 11.9%
scale)®
Two-step .
Silica gel plug and
4 (larger R1 0.0052 24 h ) 16.8 %
alumina plug
scale)®

Our first synthetic approach was based on the two-step method described by
Balaban et al. in 2020.%° First, 1-methylimidazol-2-carboxyaldehyde and dipyrromethane
were added to ethanol, previously bubbled with nitrogen. The solution was left in the
dark, at 25 °C, with stirring, for 10 minutes before adding a diluted solution of HCI, as
catalyst. Timepoints were made after 1 h, 3 h, 5 h, 6 h and 17 h. For these timepoints,
aliquots were removed from the solution, extracted with chloroform, washed with
distilled water and then with a saturated solution of water. Once this process was done,
excess of DDQ was added along with triethylamine. UV-vis spectra were performed but

the typical porphyrin Soret band was not observed (Table 3.3, entry 1). The same method
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was repeated in another experiment but using imidazol-2-carboxyaldehyde as the starting
reactant, but again no porphyrin formation was observed (Table 3.3, entry 1).

Then, we repeated the C&FC Lindsey optimized methodology. In a typical
experiment, 1-methylimidazol-2-carboxyaldehyde was added to dipyrromethane
dissolved in dichloromethane. The solution was left to degasify for 15 minutes and then
a catalytic amount of TFA was added. The solution was left at room temperature, under
stirring and inert atmosphere, for 3 hours, protected from light. DDQ was added to the
reaction mixture and left for 1 hour at 50 °C, protected from light, under stirring. The
solvent was evaporated, and ethyl acetate was added. The solution was neutralized with
sodium hydrogen carbonate. This procedure was repeated several times, using fresh
sodium bicarbonate solutions. To purify this compound, an adsorption chromatography
was done using silica gel as the stationary phase and dichloromethane:methanol (10:1) as
the eluent and then the compound was purified using Flash chromatography. After drying

porphyrin 2 was obtained with 19% isolated yield. (Table3.3, entry 2).

0-_H oc: /
X ~ 1) TFA, DCM, 30°C; N, N ,N
\nH s T > E Z ]
~N"SN 2) TCQ, 50°C N N
\—/ /
m=0.439 g m=0334g  V=0300L m=0.034 g

Scheme 3.3: two-step synthesis of 5,15-bis-imidazolyl porphyrin 2 in a milligram scale.

The complicated work-up led us to optimize the purification procedure. Thus,
after performing the condensation/cyclization reaction of dipyrromethane (0.439 g) with

1-methylimidazol-2-carboxyaldehyde (0.334 @) in dichloromethane (0.330 L) as
previously described the porphyrinogen oxidation was carried out with tetra-chloro-p-
benzoquinone (1 g) instead of DDQ. The reaction was kept at 40°C for 1 hour. After
neutralization with triethylamine (1 mL), the solvents were evaporated under vacuum.
Then, the purification step was optimized. The silica column was substituted by a simple
alumina plug purification, using chloroform as the eluent. Finally, the product was
recrystallized using dichloromethane:heptane (5:15) as solvents. A mass of 0.034 g
(11.9% yield) was obtained (Table 3.6, entry 3).
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This easier work-up led us to proceed to a larger scale multi-gram pilot synthesis
based on this procedure. To be able to synthesize these larger amounts of porphyrin with
the appropriate safety procedures, it was required to use the facilities provided by
PorphyChem, Dijon, where reactors (20L) and rotative evaporators (10L) similar to the

ones presented in Figure 3.4.

20L

Figure 3.4: 20L reactor and 10L rotative evaporator for multi-gram synthesis of porphyrins

/
" Z On-H 1) 7FA, DEM, 30°C; N, N l\l
SN > E ’ ]
SNTYN 2) TCQ, 50°C N N
\—/ /
m=133¢g m=9.99 g V=17.2 L m=1.69 g

16.8 %

Scheme 3.4: Two-step synthesis of 5,15-bis-imidazolyl porphyrin 2 in a gram scale

1-methylimidazol-2-carboxyaldehyde (10 @) was added to 13.27 g of

dipyrrolomethane dissolved in 17 L of dichloromethane in a 20 L reactor (Scheme 3.4).
The solution was bubbled with nitrogen for 15 minutes. Then, 4.20 mL of TFA were
added. The solution was left, under stirring, protected from light and at room temperature,
for 24 hours. Then, tetrachloro-p-benzoquinone (30 g) was added to the reaction mixture
and left for 2 hours, protected from light and under stirring. The temperature was then
risen to 40 °C and left for 1 h. Triethylamine (32 mL) was added and the reaction was left
with stirring for another 30 minutes. The solvents were then evaporated. To remove the
polymers a silica gel plug was performed using dichloromethane initially and then

dichloromethane:methanol (up to 10% methanol). Finally, an alumina plug was
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performed using chloroform as the eluent. The porphyrin 2 was recrystallized using
dichloromethane:heptane as solvents. A mass of 1.6882 g (16.8% yield) was obtained
(Table 3.6, entry 4). The compound was fully characterized (Chapter 5) and the *H-NMR

and UV-vis spectra are presented in Figure 3.5 and Figure 3.6, respectively.
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Figure 3.5: 'H NMR spectrum of 5,15-bis(1-methylimidazol-2-yl) porphyrin using CD3;COCD; as
solvent. In red the protons of the unsubstituted meso positions, in blue the protons of the imidazolyl, in
yellow the protons of the beta positions, purple shows the methyl groups and green for the inner protons

of the porphyrin.
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Figure 3.6: UV-vis spectrum of 5,15-bis(1-methylimidazol-2-yl) porphyrin in CH,Cl..

The *H-NMR spectra shows that the porphyrin was obtained with high purity.
Highlighted in red, are the protons from the meso unsubstituted position, in blue the
hydrogens of the imidazolyl group, yellow shows the protons of the central ring, in purple
the 6 protons of the methyl groups and in green, the protons associated with the central
nitrogens of the porphyrin. It is also possible to observe that there is some water present

in the solution, as well as acetone and grease. Once again, no chlorin was observed.

Wavelength (nm)

From the UV-vis spectrum, it is possible to observe that the Soret band has a

maximum at 406 nm, and the four Q bands appear at 500 nm 535 nm 573 nm and 627
nm, with a typical etio-type spectrum.
Once precursor 2 was obtained in high purity and quantity, it was possible to

pursue with the synthesis of their biocompatible cationic derivatives, oriented by

computational studies previously described, Scheme 3.5.
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Scheme 3.5: Synthesis of cationic biocompatible porphyrins derived from porphyrin 2.

The precursor 2 was dissolved in DMF and the selected alkyl-iodide (methyl-
iodide, ethyl-iodide and 1,1,1-trifluoroethyl-iodide) was added. The reactions were
maintained at optimized temperatures and times and their evolution was followed by
TLC. It should be noted that the reaction kinetic is strongly dependent on the alkyl iodide
structure, which required for each case an adjustment of the reaction’s temperature and
time. This may be explained by the changes in polarity of the solvent due to the large
excess of alkyl iodide required for the Sn2 reactions or aryl alkyl decomposition. The use
of iodo-trifluoroethyl did not give the desired cationic porphyrin (compound 2A-2E
described in Chapter 2) and to overcome this synthetic challenge, the iodo-trifluoroethyl
was substituted by 1-iodo-3,3,3-trifluoropropyl.

The isolated yields were high and similar with the ones described in the
literature.™ In all cases we obtain full transformation of the initial porphyrin, the lower
isolated yields are explained by product loss during the work-up procedure. The cationic
porphyrins 4-6 were fully characterized and data is presented in Chapter 5. The *H-NMR

and mass spectrometry results are summarized in Table 3.7.
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Table 3.7: Structural characterization of bis-imidazolyl porphyrins.

Porphyrin

!H NMR (400 MHz), & (ppm)

ESI-MS m/z

10.67-10.63
(m, 2Hmeso)

9.69-9.67
(m, 4Hg)

9.11-9.10
(m, 4Hg)

7.83-7.81
(m, 2Himi)

7.67-7.65
(m, 2Himi)

3.67
(S, 3HMet)

3.61
(S, 3HMet)

-3.30to -3.16
(m, 2HnH)

Experimental
471.20405
[M+H]*; calculated
[C2sH23Ng]*
471.20402

10.90
(S, ZHmeso)

9.88-9.86
(m, 4Hg)

9.20-9.13
(m, 4Hg)

8.39
(S, 4Himi)

3.85 (s,
12Hwet)

-2.20
(s, 2HnH)

Experimental
250.1218
(M-211%/2;
calculated
[C3oH2sNs]?*/2
250.1213

10.78
(S, 2Hmeso)

9.74-9.73
(m, 4Hg)

9.05
(sl, 4Hg)

8.37
(d, J=2.2Hz,
2Himi)

8.29
(d, J=2.2Hz,
2Himi)

4.02
(q,J=7.3Hz,
4HchH2)

3.72
(s, 6HMmet)

1.19-1.16
(m, 6Hwmet)

Experimental
528.2743
[M-21]*; calculated
[C32H32Ns]*
528.2744

10.94
(S, 2Hmeso)

9.92-9,87
(m, 4Hs)

9.23-9.15
(m, 4Hg)

8.62-8.59
(m, 2Himi)

8.51-8.47
(m, 2Himi)

4.50-4.40
(m, 4Hch2)

3.97-3.87
(m, BHwmet)

2.77-2.61
(m, 4Hch2)

Experimental
664.2467
[M-21]*; calculated
[C34H30FsNg]*
664.2492

6

19F NMR (400 MHz), § -66.72 to -66.75 (m, 6F)

“NMR Solvents: 2 (CD3).CO; 4, 5, 6 CD3OD.
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The accurate mass spectra and the *H NMR show that the designed cationic
biocompatible imidazolyl porphyrins were obtained with high purity. The multiplicity of
the *H-NMR signals of porphyrins 2, 5 and 6 and the observation of 2 spots on the TLC
plates, confirm experimentally the presence of atropisomers, discussed for the chlorins
derivatives in the computational discussion of Chapter 2. It should be noted that
preliminary studies allowed the atropisomers of porphyrin 2 separation, using preparative
silica flash chromatography and dichloromethane:methanol (1%) as eluent. This study
opens the way or future complete isolation/characterization of atropisomers and
consequently for their separate biological evaluation. According to EMA and FDA
regulations, the use of these compounds in future clinical trials would require the
complete isolation/characterization of each atropisomers of these molecules. Since
compound 4 only has one conformer, it was chosen as the precursor for the chlorin
synthetic process optimization (Chapter 4). To evaluate porphyrins 2, 4, 5 and 6 as
potential photosensitizers for aPDI (Chapter 4), photophysical studies were performed,

and are described below.

3.3. Photophysical studies of 5,15-bis imidazolyl
porphyrins

As previously mentioned, the photophysical properties of photosensitizers are key for
their use in aPDI. In this section, we present and discuss the results of photophysical
characterization of porphyrins 2, 4, 5 and 6, namely: absorption spectra (molar absorption
coefficient), singlet oxygen quantum yield, fluorescence quantum yield (Table 3.8) and

photostability.

69



The absorption spectra of the precursor porphyrin 2 and cationic porphyrins 4, 5 and
6 were obtained using dichloromethane (2) and ethanol (4, 5 and 6) as solvents. As an
example, Figure 3.7 shows the absorption spectra of the precursors 5,15-bis(1-
methylimidazol-2-yl) porphyrin 2, and 5,15-bis(1,3-dimethylimidazol-2-yl) porphyrin,
4,
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Figure 3.7: Normalﬁ%\glgggégégr{?on spectra of porphyrin 2 in dichlorrvliﬁzflt;r(llm;nd 4 in ethanol.
As observed in Figure 3.7, in both cases a typical porphyrin spectrum is observed.
As described by Gutterman, there is a Soret band (A=406 nm (2), A=395 nm (4)), a Q
band Qy(0,1) (A=501 nm (2), A=496 nm (4)), a Qy(0,0) band (A=535 nm (2), A=532 nm
(4)), a @x(0,1) band (A=573 nm (2), =572 nm (4)) and a Qx(0,0) band (A=627 nm (2),
A=625 nm (4)). The pattern of these spectra are in accordance with the literature.®
To evaluate light absorption, a relevant parameter to describe a potential
photosensitizer is the molar absorption coefficient that can be obtained from the Beer-
Lambert law (equation 3.1).

0 A -~
Cc

AQD) = log%l =eDlec & e(h) = ——

From this equation, it is possible to determine the molar absorption coefficient for
each absorption peak of di-substituted porphyrins synthesized in this chapter. Solutions
with well-defined concentrations were prepared using the appropriate solvent for
compounds 2, 4, 5 and 6 (for details see Chapter 5). As a selected example, Figure 3.8
shows the graphical representation of the absorbance vs. the concentration for the Soret
band of porphyrin 4. To obtain this graphic, the solutions containing porphyrin 4 were

prepared in ethanol with concentrations between 10 to 10°® M and their absorption
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spectra were recorded. Then, the maximums of the absorbances of each band were plotted
against the concentration, where the slope of the linear fitting represents the molar
absorption coefficients (€), according to the Beer-Lambert law (equation 3.1). The values

obtained for all the compounds can be found in Table 3.5.

A
Linear Fit of A

1.2 4

y=a+b*x ]
\ A

1.0 1 Adj. R-Square 0.99749
Intercept -8.90076E-7 + 2.93738E-7
Slope 1.87587E-5 + 4.20707E-7

Absorbance (a.u)
>
1

o
~
1

0.2

0.0
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Figure 3.8: Plot of absorbance vs. porphyrin 4 concentration using ethanol as solvent for the Soret
band (Amax= 395 nm).

All the values obtained both for the Soret bands and the Q bands are in accordance
with the literature for di-substituted neutral and cationic meso-aryl porphyrins.® 14

To continue the photo-characterization of the new porphyrins, the fluorescent
spectra and the fluorescent quantum yield of the same porphyrins were performed, using
ethanol as solvent (Table 3.5). As a consequence of Kasha’s rule,'® an ideal PS should
have low fluorescence quantum yield (¢F), which may lead to higher intersystem crossing
and increase singlet oxygen quantum yield. To obtain ¢F data, we followed the
methodology described by Parker et al.'® where the fluorescent spectrum is compared
with a reference with known ¢F. Detailed description of this methodology is presented
in Chapter 5. In this study, the reference was pure meso-tetraphenyl porphyrin (TPP)
dissolved in toluene (pF=0.11).1" As selected example, Figure 3.9 shows the emission
fluorescent spectra of neutral porphyrin 2 and cationic porphyrin 4, using ethanol as

solvent and the ¢F obtained are presented in Table 3.5.
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Figure 3.9: Emission fluorescence spectra of porphyrin 2 and cationic porphyrin 4 acquired in
ethanol.

It should be noted that the effect of solvent was taken into consideration. From
this data, we observe that independently of the porphyrin structure, these imidazolyl
porphyrins present a quite low fluorescence quantum yield (0.1-0.2), suggesting that these
are promising PSs.

Then, the singlet oxygen quantum vyield (one of the most relevant quantum
properties of an ideal PS) was calculated using methylene blue as reference (A= 0.50 in
ethanol).'® The phosphorescence emission spectrum of the oxygen was obtained, at room
temperature, after exciting the solution containing the desired porphyrin with the
appropriate concentrations to obtain an absorbance of 0.3 at 625 nm. The steady state
spectra of the samples were obtained and compared with the oxygen spectrum.

The A for porphyrins 2, 4, 5 and 6 are summarized in Table 3.8. As expected,
from this data, we observe a small effect of the porphyrin substituents on the ¢pA, being
the best value obtained (0.70) for the cationic porphyrin with the shortest side chain, 4,
which, surprisingly, is in agreement with what was previously obtained for the
corresponding zinc complex.® In Chapter 4, we will present and discuss the correlation of

these photophysical properties with in vitro antibacterial tests.
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Table 3.8: Singlet oxygen yield (¢A) in ethanol, fluorescence quantum yield (¢pF) in ethanol and
molar absorption coefficients in ethanol and dichloromethane.

Compound A (loge) oF dA
406 (4.83);
Nf N 501 (3.75);
' o
& . O | g
627 (3.12) nm
2 In CH.Cl,
395 (4.73);
X HBI 496 (3.66);
E ’ :l 532 (3.70);
H; N 572 (3.30) 0.092 0.63
625 (3.61) nm
4 In ethanol
(. 396 (4.52):
X A 497 (3.95);
E@ Y :ll 531 (4.00);
N ! 572 (3.69) 0.106 0.56
) 625 (3.92) nm
5 In ethanol
FyC
8 395 (5.72);
J N 498 (3.54);
| @ ‘ ] 533 (3.60);
N N 572 (317 0.167 0.46
8 626 (3.49) nm
CF3 In ethanol
6

Finally, photostability studies were carried out. A LED emitting at 630 nm and
total output power of P = 5mW was employed. For these studies, photodecomposition
was followed by UV-vis for three hours. This was performed in ethanol for the non-
cationic porphyrin and in two different solvents for the cationic porphyrins (DMSO and
water and a cell media) to be able to compare to the in vitro testing.

Photostability studies of porphyrins were carried out with irradiation at 625 nm
and they show that 5,15-bis(1-methylimidazol-2-yl) porphyrin (2) exhibit ~10%
photobleaching for light doses ~50 J in culture medium, butthe 5,15-bis(1,3-

dimethylimidazol-2-yl) porphyrin (4) which is a di-cationic photosensitizer, does
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not photo-bleach in this medium, under our experimental conditions. The increase
stability of the di-cationic photosensitizers can be understood considering that
these photosensitizers generate reactive oxygen species that can produce their own
oxidation, but the presence of positive charges stabilizes the photosensitizers against
oxidation reactions by lowering the electronic density in the ring (see electronic structure
calculations described in Chapter 2). Detailed experimental methodology is described in
Chapter 5.

3.4. Conclusions

It is well established that to overcome the public health problems related to the
multi-resistant microorganisms, it is necessary to develop new molecules and new
therapies. Among them we highlight aPDI as the ultimate goal of this thesis. As discussed
in the introduction of the thesis and in this chapter, one of the main conditions for
achieving good results in the photo-destruction of bacteria and viruses is to have available
methods for the large-scale synthesis of efficient photosensitizers, combined with the
appropriate light sources. Knowing from the literature that cationic meso-imidazolyl
porphyrins were very promising photosensitizers for aPDI we directed the studies
described in this chapter towards developing methods for larger-scale synthesis of tetra-
and bis-imidazolyl porphyrins, as these are simultaneously the precursors of cationic and
amphiphilic porphyrins and chlorins.

Concerning the synthesis of meso-tetra-imidazolyl porphyrin we can conclude that
the one-step process using an organic acid and nitrobenzene as solvent with conventional
heating or by microwave irradiation allowed to prepare the porphyrin with isolated yields
of 19% and 21%, respectively. However, the reaction performed with microwave
irradiation at W=200 W and T= 175 °C yielded fewer polymeric side products, which
facilitated the work-up. Thus, this method was selected to promote the repetition of the
reaction (4 times), followed by purification in a single batch. This synthetic methodology
allowed us to prepare 1.5 g of compound, using 100 mL of solvent. From the literature
review we conclude that the methodology developed in this study will allow an easy

transposition for a pilot scale if a 1L microwave vial is used. Finally, we can conclude
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that the use of DMF as solvent and CHzsl electrophile allowed the preparation of
tetramethy! cationic porphyrin 3 with 92% isolated yield. The synthesis of this porphyrin
on a larger scale will certainly allow, in the future, the preparation of a new family of
cationic amphiphilic porphyrins and their respective chlorins. Due to time limitations, it
was out of the scope of these studies. Regarding the synthesis of bis-imidazolyl porphyrin
2, arelevant precursor for the preparation of all the cationic photosensitizers described in
the thesis, we can conclude that the two-step Lindsey method (cyclization /oxidation) was
the one that allowed us to obtain the best yields of isolated product in the multi-gram scale
(16.8%). However, the scale-up to the multigram level was performed at the
PorphyChem’s Laboratory due to reactor size limitations at the University of Coimbra.
We point out that the transposition of this methodology to pilot scale is inherently
associated with the need to use large reactors. Studies are underway in the C&FC
laboratory for attempts at scale transposition using flow chemistry.

After full characterization of bis-imidazolyl porphyrin 2, it was used as precursor
for the synthesis of cationic porphyrins 4, 5 and 6, via Sn2 reactions with iodo-alkyls,
with yields up to 84 %. From these studies we can conclude that the reaction rate depends
significantly on the structure of the iodo-alkyl, with the reaction of methyl iodide being
significantly faster. Studies on the use of microwaves to optimize these processes are
underway in our laboratory. The procedures that were developed are likely to be accepted
for GMP for future clinical trial development. The photosensitizers showed good
properties for future applications in aPDI, including easy synthesis, high purity,
modulated amphiphilicity, low fluorescent quantum yield, reasonable singlet oxygen
quantum yield and high photostability. Their antibacterial activity is presented in Chapter
4. To obtain an ideal photosensitizer whose properties are described in Chapter 1, it is
necessary to increase the absorption in the therapeutic window (600-800nm). This
property is possible through the preparation of chlorin derivatives described in Chapter
4,
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4. Cationic photosensitizers for photoinactivation of
pathogens

Aiming to obtain photosensitizers with a high absorption in the therapeutic
window, the studies pursued with the development of cationic amphiphilic chlorin
photosensitizers derived from the previously described porphyrins. As mentioned before,
for a new drug to be approved for clinical trials, it must consist of only one isomeric
species. The regulations became more restricted after the consequences caused by
thalidomide that was not enantiomerically pure in the 60’s.~ With this in mind, and from
the critical analysis of the computational results (Chapter 2) and the experimental
observations (Chapter 3), it was possible to settle that only the 1,3-dimethylimidazolyl
porphyrin (4), presents these conditions. The synthetic methodologies described in the
literature for preparation of meso-aryl chlorins were recently reviewed by Lindsey.? From
these methods we can highlight the classic Whitlock process based on the reduction of
porphyrins using activated p-toluenesulfonyl hydrazine.>® However, the final purification
process is troublesome, due to the difficulty of separating the residual p-toluenesulfonic
acid from the desired chlorins. Recently, and in parallel with these studies, a more
sustainable approach for meso-aryl chlorin synthesis was described using hydrated

hydrazine activated by a mechanical process.®

Considering the literature results and the C&FC experience in the use of catalytic
process for hydrazine-hydrate reduction of hetero-aromatic compounds,’ in our work, we

selected this approach to start the optimization of imidazolyl chlorin synthesis.
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4.1. Synthesis, purification and characterization of
chlorins

The reduction studies of porphyrins towards the chlorins started by evaluating the
effect of solvent, amount of hydrazine and presence of palladium as catalyst. The

qualitative results based on UV-vis analysis are presented in Table 4.1.

Table 4.1: Optimization of the reduction reaction of porphyrin 2 to its respective chlorin.

# Solvent? TimeP | Catalyst Fydrazine. Chlorin® | Bacteriochlorin®
H20 (eq.)

1 DMF 2h - 10+10 ++ +

2 Xylene 2h - 10+10 +++ +++

3 DMF/Argon 2h - 30 P ++

4 | Xylene/Argon 2h - 30 o+ 4+

5 DMF 2h Pd/C 40 +++++ +

6 Xylene 2h Pd/C 40 +t +++

a) Temperature:70°C. b) When left for a longer period of time and up to 18 hours, no evolution of
the reaction is observed. ¢) based on the proportion of the areas of absorption bands at 650 nm
and 550 nm.

The optimization studies of chlorin synthesis started with the evaluation of the
effect of solvent. It is well-known that for a reduction experiment using hydrazine.H>0,
aprotic solvents are typically used. Therefore, we started by evaluating the effect of two
solvents with different polarities (DMF and xylene) on the selectivity for preferential

chlorin formation. (Table 4.1, entries 1,2).

In the first attempt, porphyrin 2 was dissolved in DMF in an open vessel, at 70 °C,
and 10 equivalents of hydrazine.H.O were added. After 1 h, some chlorin formation was
observed. Then, 10 equivalents of hydrazine were added. The reaction was stopped after
2h and the product was isolated by precipitation with Et,O. Small amounts of
bacteriochlorin formation was observed (Table 4.1, entry 1). The reaction was repeated

under the same reaction conditions but using xylene as solvent. Although the percentage
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of chlorin increased, an equally high bacteriochlorin contamination was observed (Table
4.1, entry 2).

It should be mentioned that when leaving the reaction for longer periods (18
hours) no significant evolution of the reduction reaction was observed. Since these
reactions were performed under open vessel, we hypothesized that a possible re-oxidation
of the chlorin to the porphyrin may occur and another set of similar experiments was
carried out, under Argon atmosphere (Table 4.1, entries 3, 4). The qualitative analysis of
these results led us to conclude that a significant improvement of chlorin formation was

obtained, still contaminated with the bacteriochlorin.

Then, based on recent Pereira’s experience’ we decided to evaluate the use of
Pd/C as catalyst for in situ generation of hydrogen from hydrazine. Once again, we
evaluated the effect of solvent and the results are presented in Table 4.1 entries 5, 6. From
the analysis of these results we concluded that the most selective synthetic approach for
preparation of the desired chlorin 7, is the one that uses DMF as solvent and a large excess
of hydrazine (40 equivalents). These reaction conditions were selected to perform the
work-up and purification of the desired chlorin. Thus, repeating the synthesis under these
reaction conditions (but 10 times larger), the chlorin was precipitated with diethyl ether

and the solid was isolated by filtration.

In this sense, more batches were prepared using these conditions, and an analytical
method (Figure 4.1) was developed using High Performance Liquid Chromatography
(HPLC) technique, as part of the API search process.
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Figure 4.1: Drug discovery pipeline, highlighted is the analytical development phase, that typically takes 10 months during the API search.
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Once optimized, we expected that this method will be transposable to flash
preparative chromatography. The greatest challenge in this purification was the
separation of the porphyrin from the chlorin since they have similar polarities and, as
previously observed, their separation can be very difficult.® Several attempts were made
to do this optimization namely, selecting the best solvents, gradient, and volume injected.

Table 4.2 shows selected experiments of the analytical HPLC optimization procedures.
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Table 4.2: High Performance Liquid Chromatography experimental method development for chlorin 7.

) o Acetate o
Injected Flow Retention time Acetonitrile _
) ) Methanol (%) buffer Separation
volume (uL) (mL/min) (min) (%)
(PH=9) (%)

1 50 1.0 13-17 50 0 50 . O
2 50 1.0 5-7 70 0 30 . O
3 50 0.8 9-20 60-83 40-17 0 . O
4 30 0.8 10-18 60-83 40-17 0 . O
5 50 0.8 12-22 60-70 40-30 0 . O
6 50 0.8 5-28 60-70 40-30 0 . O
7 10 0.8 9-28 60-70 40-30 0 () %

Red: no separation observed, orange: separation of atropisomers, yellow: separation of on atropisomer of the porphyrin and the rest of the solution; light
green: separation of the atropisomers and porphyrin/chlorin; dark green: separation of all compounds.
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The study for HPLC optimization started with reverse phase TLC plates and the
best separation was observed using a mixture of methanol:acetonitrile (1:1). Accordingly,
in the first attempt to promote HPLC separation, the eluents used were
methanol:acetonitrile (1:1). The volume injected was 50 pL and the flow was set to 1.0
mL/min. Under these chromatographic conditions a large peak was observed, with a
maximum at 14.6 minutes, and no peak separation was detected (Table 4.2, entry 1). In
the second attempt, a ratio methanol:acetonitrile (2:1) was used with the same flow and
injected volume. Under these conditions, the retention time lowered to 7 minutes and
again no separation was observed (Table 4.2, entry 2). From a careful analysis of the
spectra of each HPLC peak we concluded that some protonation of the inner nitrogens of
the chlorin had occurred. In this sense, an ammonium acetate buffer with a pH 9 was
prepared. For safety reasons, the flow was lowered to 0.8 mL/min while using this buffer.
The first separation was performed starting with 60 % methanol and 40 % buffer solution.
The program was set to change the eluent gradually, increasing 2% of methanol per
minute and maintaining that eluent for 2 minutes, up to 83% methanol and 17% buffer
(Table 4.2, entry 3). Using these conditions, a better peak separation was observed. The
same procedure was applied to an injection with only 30 pL of solution and the separation

improved (Table 4.2, entry 4).

Figure 4.2 depicts the percentage of methanol with the timings used to change the
eluent percentage for entries 5-7 of Table 4.2. The other eluent used was the buffer. In
black, the elution for entry 5 of Table 4.2 and in blue entries 6 and 7. For entry 7, only a
change in the injection volume (10 pL instead of 50 pL) was made and the best separation
was obtained. Figure 4.3 shows the HPLC graphics of the starting point (entry 1, Table
4.2) and best experiment (entry 7, Table 4.2).
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Figure 4.2: Optimization of the elution in the HPLC method for chlorin 7. In black entry 5, starting
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Figure 4.3: HPLC method optimization overview
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These conditions were transposed to flash chromatography purification. A small
optimization in the loading of the sample was performed and the results are shown in
Table 4.3.

Table 4.4: Optimization of the flash chromatography purification of chlorin 7.

# | Flow (mL/min) Load Number of columns Separation

1 5 0.3 mL . f Q
2 2 0.3mL 1 . Q
3 2 0.3 mL 2 O O
4 2 Dry load 2 . ‘

Red: no separation observed, orange: separation of atropisomers, yellow: separation of on
atropisomer of the porphyrin and the rest of the solution; light green: separation of the
atropisomers and porphyrin/chlorin; dark green: separation of all compounds.

For the flash chromatography purification, the flow rate, the type of loading and
the number of columns to perform the separation were evaluated. The studies started with
a flow set to 5mL/min, the loading was performed using 0.3mL of chlorin dissolved in
methanol and only one column. Under these conditions, no separation was observed
(Table 4.3, entry 1). After lowering the flow to 2mL/min, some improvement in the
separation was achieved and some atropisomers were separated, but not the porphyrin
from the chlorin (Table 4.3, entry 2). When using two columns, the separation was further
improved and one of the atropisomers of the chlorin was separated from the rest of the
mixture (Table 4.3, entry 3). Finally, we decided to try a dry loading process, using the
same eluents and the same number of columns. These chromatographic conditions

allowed for the best separation of the compounds (Table 4.3, entry 4).

Then, and surprisingly, the product drying was another great challenge. First, it
was dried by solvent evaporation, under vacuum, and due to the use of 40°C for water
evaporation oxidation of the chlorin molecule occurred as was observed by UV-vis. This
purification process yielded 31% of isolated chlorin contaminated with 20% porphyrin.
Therefore, as an alternative we tried to lyophilize the product after methanol evaporation.
However, the solid obtained from this method was insoluble in all solvents
(dichloromethane, methanol, ethanol, DMF, acetone and DMSO) where the non-dried

chlorin was soluble.
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Table 4.5: Structural characterization of 5,15-bis-imidazoyl chlorins in (CD3).CO.

Chlorin 1H NMR (400 MHz), 8 (ppm)? ESI-MS m/z
9.31-9.29 obtained
(m, 1He) 473.2182
9.13-9.11 4.84-4.79 [M+H]";
7 (m, 2Hg) (m, 2Hg) -1.49 calculated
10.12-10.11 8.88-8.87 7.74-7.51 4.67-4.61 3.69-3.57 (s, THyn) [(CasHaaNs]*
(M, 1Hmeso) (m, 1Hg) (m, 4Him) (m, 2Hg) (M, 6Hwer) -1.80
9.42-9.41 8.52-8.51 4.27-4.21 (s, 1Hnn) 472.2124
(M, 1Hmeso) (m, 1Hg) (m, 1Hg)
8.37-8.36
(m, lHrg)
obtained
251.1283 [M-
8 10.29 9.53-9.51 8.92-8.91 (m, 8.44-8.42 4.40-4.38 200%/2;
(s, 2Hmeso) (m, 4Hg) 2Hg) (M, 4Him) (m, 4Hg) 3.85-3.83 calculated
(M, 12Hwer) [Ca0H30Ng]**/2
251.1291

a) Contaminated with 20% of the corresponding porphyrin.
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Then, to enhance their biocompatibility, the cationization process, via SN2 reaction
with an excess of iodomethane and DMF as solvent, was performed. After precipitation
with diethyl ether, 95 % isolate yield was obtained, Scheme 4.1. As expected, the *H NMR
spectra also presents the signals typical of chlorin (80 %) and porphyrin (20 %) porphyrin.
This was the sample used in the biological assays described below.

o
/ N DMF, inhert / \®!
N /y atmosphere N /y
E/ N | CH;l, RT > [@ N I
N ) N
/ ? © N\ /
7 8, 95%

Scheme 4.2: Cationization of the 5,15-bis-imidazolyl chlorin, under inert atmosphere.

Photophysical characterization

Photophysical studies of chlorins 7 and 8 (absorption spectra, fluorescent quantum
yield, singlet oxygen quantum yield and photostability) were performed using the
methodologies described in Chapter 3 for the porphyrins and the results obtained are
presented in Table 4.4.

After cationization and purification, the chlorin still contained about 20%
porphyrin. Therefore, the determination of the molar absorption coefficients were not
performed and the ratio of the peaks (Soret band — 100%) are presented in Chapter 5. The
UV-vis spectrum is shown in Figure 4.4, and a relative percentage of the bands is shown
in table 4.5.
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Table 4.6: Singlet oxygen yield (bA) in ethanol, fluorescence quantum yield (¢F) in ethanol and
molar absorption coefficients in ethanol and dichloromethane.

Compound

A max
(relative %)

oA

¢F

406 (100)
506 (51)
528 (34)
589 (21)

0.85

0.158

645 (81) nm
7 In CH,Cl;
a 395 (100)
N e 500 (7)
£
N
/

I 537 (4)
570 (2)

I 644 (12) nm
8 In ethanol

0.69 0.159

The fluorescence of chlorins 7 and 8 was determined in ethanol with optical
absorption ca. 0.01 at 652 nm. The samples were excited at 652 nm, using oxazine-170 as
reference in ethanol (pF=0.579)° and fluorescent quantum yields of 0.158 and 0.159 were
obtained for 7 and 8 respectively. It should be noted that no significant differences in the
fluorescent quantum yields were observed upon cationization.

Then we obtained the singlet oxygen quantum yields using the same methodology

described in Chapter 3 for the porphyrin precursors and the results are presented in Table
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4.5. The results obtained for ¢A are higher for chlorins 7 (0.85) and 8 (0.69), than the
corresponding porphyrin 2 (0.57) and 4 (0.63), which is a very promising property for the
application of these chlorins as PS.

Another important property for development of an ideal PS is the photostability and
the results in DMSO and culture media for chlorins 7 and 8 are presented in Figure 4.5.
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Figure 4.5: Chlorin 7 in DMSO and 8 in water and DMSO for photostability testing.

The UV-visible spectra of chlorin 7 in DMSO and chlorin 8 in culture media are
presented in Figure 4.5. Photodecomposition studies with illumination at 650 nm for the
chlorins show that 5,15-bis(1-methylimidazol-2-yl) chlorin exhibit ~10% photobleaching
for light doses ~50 J in culture medium, but the di-cationic 5,15-bis(1,3-dimethylimidazol-
2-yl) chlorin diiodide, does not photo-bleach in this medium under our experimental

conditions.

These studies demonstrated that these compounds present high photostability, high
solubility in culture media, a strong absorption in the therapeutic window (650nm), have
moderate fluorescence quantum yields and high singlet oxygen quantum yield, which are
excellent properties for aPDI of pathogens. With these promising photochemical properties
in mind, a collaboration for photoinactivation of bacteria and viruses was viable and the
proof-of-concept to enter the pre-clinical assays is described in the next section. According

to Figure 4.1, this is the next step in the drug discovery pipeline.
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4.2. Biological studies

The following results were obtained in collaboration with University of Coimbra
Hospital Center (CHUC), Center for Neuroscience and Cell Biology (CNC) and the Faculty

of Pharmacy from the University of Coimbra.

aPDI of SARS-CoV-2

The clinical relevance of aPDI with chlorin 8 was investigated using clinical samples
of SARS-CoV-2 collected from the nasopharynx of Covid-19 patients admitted in the
CHUC, after their informed consent, according to a protocol approved by the CHUC ethical
committee. The SARS-CoV-2 samples were transported in the appropriate media to a
biosafety-1l lab where they were split in control experiments of virus alone (V), virus
exposed only to light (L), virus exposed only to chlorin 8, and virus exposed to chlorin 8
(estimated concentration: 0.3uM) and light 4.9 J/cm?. The illumination was completed less
than 15 min after the addition of chlorin 8 to SARS-CoV-2. The amount of SARS-CoV-2
in the samples was evaluated by RT-gPCR using a calibration curve to quantify the
reduction of the viral titer with the treatment. Figure 4.6 shows that the viral titer drops
below the sensitivity of our RT-gPCR equipment (viral titer decrease by >99.999%). is
important to emphasize that RT-qPCR detects the RNA of the virus.

T T T
10° | 4.9 ])/cm?
10*
2]
2 1000 L
>
k]
= 100 H
=
o
£
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L 1 1 [
Vv V+L V+C V+L+C

Figure 4.6: aPDI of clinical samples. Concentration of chlorin 8: 0.3uM, light dose: 5 J/cm?. V =
virus only; V+L = virus and light for 8 min; V+C = virus and chlorin 8 for 8 min V+L+C = virus,
chlorin 8 and light for 4 min; Data by Paulo Santos

Nasal photo-disinfection of SARS-CoV-2 with chlorin 8 can be performed in

seconds with viral amplification inhibitions >99.999% without toxicity. This prophylactic
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approach to Covid-19 can reduce substantially the viral load and offer a better change for
speedy recovery of patients. Moreover, aPDI is a broad-spectrum approach to the
inactivation of viruses, possibly targeting viral membrane components, the S protein and
viral RNA. This approach is less likely to be susceptible to mutation in the virus or to
induce mutations. It can be expected to have broad applications in the inactivation of known

enveloped viruses and of viruses that may cross species barriers in the future.

aPDI of E. coli

Porphyrins
Figure 4.7 shows the structures of the porphyrins synthesized in Chapter 3 whose efficacy
was studied against E. coli strains.
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Figure 4.7: Structures of the porphyrins studied for aPDI, synthesized in Chapter 3.

"\

5 CF3 6

91



106+ E. coli ATCC 25922

E

3 1074

LL

© 10°4 . 4

§ 10% -5

g 104+ m 6

= 1034

o

£ 1024

>

E 1014

(?) 1004 X X X
0 100 nM 1puM

Photosensitizer concentration

Figure 4.8: aPDlI in planktonic cultures of laboratory strains of bacteria (E. coli ATCC 25922) using
cationic photosensitizers 4-6 in different concentrations, using 1.36 J/cm? light dose. Illuminated
with a blue light LED (415 nm, 4 mW/cm?).

The 5,15-bis-imidazolyl cationic porphyrins containing methyl (4), ethyl (5) and
CF3 (6) substituents were testes in the photoinactivation of Gram-negative bacteria (E. coli)
in planktonic cultures. Figure 4.8 presents the results obtained. For the photoinactivation
of E. coli, 100 nM of photosensitizer is not enough to produce significant inactivation (1
log CFU reduction). With a concentration of 1 uM, using 1.36 J/cm? illuminated at 415 nm,
a total inactivation of E. coli (7 log CFU) was possible with all three cationic porphyrins.
These results are in agreement with those found in the literature for similar compounds.©

As suggested in Chapter 2, these results point out the importance of using cationic
photosensitizers with longer hydrophobic chains and the development of a separation

process of the atropisomers.

Chlorins

As mentioned before, the development of photosensitizers capable of absorbing
light in the therapeutic window is very important. Chlorins have a great absorption in this
window, as described in this chapter. Although porphyrins have a good activity against
bacteria as shown in Figure 4.8, they have to be illuminated at 415 nm, where their molar
absorption coefficient is about 50 times higher than in the therapeutic window (600-800
nm). Although these results are interesting, too many biological endogenous chromophores
absorb light at these wavelengths, which would greatly reduce the activity of these
molecules in a clinical setting. In this sense, due to their high molar absorption coefficients,
chlorins allow for a more efficient illumination in the therapeutic window and are studied

in this section.
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Due to PS 5 and 6 having atropisomers, which require a separation method to be
developed, in the interest of time, chlorin 5,15-bis(1,3-dimethyl) imidazolyl was chosen to
perform the photoinactivation of E. coli ATCC 25922 (non-resistant strain) and a resistant
strain (243) multi-resistant to b-lactam, fluoroquinolones and tetracycline antibiotics. For
the photoinactivation of de E. coli ATCC 25922, using chlorin 8 at a concentration of 1
1M, an average reduction of 1.5 log CFU for a light dose of de 2.5 J/cm?, was observed
and a reduction of 2 log CFU for a light dose of 5 J/cm?, when irradiating with a LED at
650 nm (Figure 4.9). When using a higher concentration (10 pM), both light doses led to
the total inactivation of E. coli (7 log CFU). Some dark toxicity is observed at these

concentrations (1 log).
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Figure 4.9: a) PDI in planktonic cultures of a laboratory type E. coli (ATCC 25922) and b) a
multi-drug resistant E. coli 243, using 5,15-bis(1,3-dimethyl)imidazolyl) chlorin and the

correspondent porphyrin for comparative purposes. (llluminated with a red LED (659 nm, 7.2
mW/cm?)

It should be noted that for similar concentrations to the chlorin, using porphyrin 4
as a PS with irradiation at 659 nm did not lead to any phototherapeutic effect in any of the
bacterial strains, due to its low molar absorption coefficient at this wavelength.

Finally, photoinactivation studies using the multi-resistant E. coli 243 strain were
performed. With chlorin concentrations of 1 pM, less photoinactivation was observed at
2.5 J/cm? and 5 J/cm?. Nonetheless, using a concentration of 10 uM of photosensitizer, the
photoinactivation was dependent on the light dose. At 2.5 J/cm?, 1.5 log CFU inactivation
was observed and at 5 J/cm?, 4 log CFU reduction was achieved. Once again, using the

corresponding porphyrin did not produce any antimicrobial photoinactivation.
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These studies clearly show the great advantages of using 5,15-bis(1,3-
dimethylimidazol-2-yl) chlorin, with a high absorption in the therapeutic window for future
transposition for the in vivo studies, where light penetration in a determining factor for
efficient photoinactivation of microorganisms that cause topical infections.

4.3. Conclusions

The experimental work that gave rise to the writing of this MSc thesis culminated
with in vitro pre-clinical development of a process to obtain the lead photosensitizer 5,15-
dimethylimidazolyl chlorin (8) for potential aPDI application. Its synthesis, chemical and
photophysical characterization, analytical development and preliminary biological assays
against E. coli and SARS-CoV-2 were herein described.

It is well established that authorization by EMA or FDA for a new molecule to be
submitted to clinical trials requires the development of a pilot synthesis under GMP
conditions. Thus, the selection of chlorin 8 as lead compound was based on the following
assumptions: i) Among the cationic imidazolyl porphyrins synthesized in Chapter 3 the
5,15-(1,3-dimethyl)imidazolyl porphyrin was the only one that met the requirement of
absence of atropisomers, observed both by computational (Chapter 2) and experimental
(Chapter 3) studies; ii) In this thesis we have developed, in PorphyChem laboratories a
method for the synthesis of the porphyrin 5,15-(1-methyl)imidazolyl in multi-gram scale
and with high purity, which ensures the availability of the necessary precursor for the
synthesis of chlorin 8; iii) the Pd/C hydrazine.H20 reduction method described in this thesis
allowed the synthesis of biocompatible chlorin 8, which after flash chromatography
purification, was obtained in 95 % isolated yield in the form of a single isomer with 80 %
purity; iv) chlorin 8 shows high absorption in the therapeutic window has a low
fluorescence quantum yield (0.159), shows high singlet oxygen quantum yield (0.71), has
high photostability and low phototoxicity in the dark; a 4 log CFU inactivation of multi-
resistant bacteria E. coli 243 was observed using chlorin 8 as photosensitizer at 10 uM
concentration; total inactivation of SARS-CoV-2 virus was achieved after inoculation with
8 and irradiation with 5 J/cm? under 0.3 M concentration. This concentration proved to be

non-toxic for mammalian cells under the same conditions.
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In sum, the studies developed in this MSc thesis have successfully fulfilled all
requirements of in vitro pre-clinical development of a new drug (Figure 4.1), allowing a
smooth transition to the GMP level, required for clinical transposition. This new
photosensitizer 8 and the relevant collaborations established with Coimbra Hospital,
Faculty of Pharmacy and CNC (Center for Neuroscience and Cell Biology) will certainly
pave the way, in a near future, for the transposition to in vivo pre-clinical and clinical trials
for photoinactivation of both multi-resistant bacteria and viruses, including SARS-CoV-2,

at nasal level.
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5. Experimental section

This chapter is divided into 6 sections. First are presented the computational analysis
details, then the solvents and reagents, then instrumentation used throughout the
experiments. Then, the experimental part associated with Chapter 3, followed by the
experimental section of Chapter 4 and, finally, the experimental description of the

photophysical characterization.

5.1. Computational analysis

Calculations. Molecular structures were optimized at the DFT level of theory, using
the B3LYP hybrid functional®® and the standard 6-31G(d,p) basis set. Vibrational
analysis was performed to identify the nature of the stationary points. Calculations were
performed by combining Gaussian 09* and Gamess® program packages. Gamess was used
for geometry optimization while electron density maps were calculated with Gaussian. All
calculations refer to the isolated molecules. The electronic densities of the chlorins with
substituents are presented. Calculations were also performed to assess charge densities of

alternative di-cationic photosensitizers of small size.

5.2. Solvents and reagents

All solvents were dried according to standard procedures. All reagents were used
as delivered by Sigma-Aldrich-Merck, Acros, Fluorochem and PorphyChem. Products
such as chlorins sensitive to air were used under argon atmosphere and vacuum.

Deuterated chloroform, methanol and acetone were used to obtain *H-NMR spectra.

The chloroform was neutralized using grade | basic alumina.
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The control of the reactions was done using Thin Layer Chromatography (TLC),
using aluminum plaques covered with silica gel 60 with a fluorescence indicator UV254.
TLC plaques coated with silica gel C1g with fluorescence indicator UV254 were used for
the cationic photosensitizers.

The purification of the compounds was performed using silica gel (granulometry
0.040-0.06 3um), reverse phase Cisg silica gel (40-63um) or grade 1 basic alumina oxide
(40-300um). In adsorption chromatography or flash chromatography, granulometry F0025,

reverse phase Cis, were used.

Solvent purification:

-Dichloromethane, n-hexane and ethyl acetate

The solvent was left to reflux for two hours in the presence of calcium chloride
anhydride and pumice, then they are distilled under the appropriate temperature. The
solvents were passed through a short grade I basic alumina column to remove the remaining

water and acid.

5.3. Instrumentation

I- Ultraviolet-Visible Spectroscopy

UV-vis spectra were recorded on Hitachi U-2001 or Shimadzu 2100
spectrophotometers using spectroscopic grade solvents.

- Fluorescence Quantum yield

The fluorescence studies were performed at room temperature, in a Horiba-Jobin-
Ivon SPEX Fluorog 3-22 fluorimeter, equipped with a xenon 450W. Quartz cells were used,
with an optical path of 1cm. Corrections were done for the wavelength of the system. For
the chlorins, the instrument used was spectrometer PerkinElmer LS 45.

I11-  Mass Spectrometry

The mass spectra (ESI-FIA-TOF or MALDI) obtained at PorphyChem were
obtained using the Applied Biosystems VVoyager DE-STR spectrometer, equipped with a
nitrogen laser (A=337 nm). The matrix used in the assays was trans-2-[3-(4-tert-

Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB).
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The mass spectra ESI-TOF were performed using the spectrometer Bruker Microtof
and the MALDI-TOF using Bruker Autoflex at the unit of mass spectrometry at the
University of Santiago de Compostela.

IV-  Nuclear Magnetic Resonance

The 'H and °F NMR spectra were recorded on a 400 Bruker Avance II1 NMR
spectrometer (400.101 and 376.5 MHz, respectively), using tetramethyl silane (6 = 0.00
ppm) and TFA (& = -76.55ppm) as internal standard. The multiplicity is indicated as
follows: s - singlet, sl - large singlet, d - doublet, t - triplet, g - quartet, dd - double doublet,
m — multiplet.

V- Ultra-sounds

The dissolution of some of the compounds was carried out inside an Ovan ultrasonic
bath was used.

VI-  High Performance Liquid Chromatography

HPLC methods were optimized using the HPLC system Agilent 1100 series with
an automatic injector.

VII-  Microwave

The reactions using microwaves were performed using the equipment CEM
Discover® 600635 SP, using a gas addition kit (Discover® Gas Addition) connected to the
gas line of the department of chemistry of the University of Coimbra. Appropriate 10mL
glass tubes were used and a Teflon magnet. At PorphyChem, a Milestone MicroSYNTH
labstation with a fibre optic probe for temperature control and vials of 50 mL were used.

VIlI- Centrifuge

The Selecta Centromix-BLT centrifuge was used for certain samples.

IX-  Flash chromatography

The reaction products were purified using a PuriFlash XS 420®flash
chromatography equipment equipped with a UV diode array detector (Interchim,
Montlucon, France). HP silica F0025 columns (0.15 um) were used as stationary phase.

X- Muffle furnace

The samples were dried using the muffle furnace SNOL 8.2/1100 LHMOL1 at 100°C.

XI-  Heidolph Rotavac G1

To evaporate the solvents, a Heidolph Rotavac G1 was used at the adequate
temperature and rotation speed.

XIl-  pH meter
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The pH of the buffer solutions used was measured using Metter Toledo
SevenCompact™ pH meter that was calibrated before use with the appropriate stock
solutions.

XII-  Singlet Oxygen Quantum Yield

The quantum yield to form singlet oxygen was determined by collecting the steady
state phosphorescence spectrum of oxygen in the spectrofluorometer Horiba Fluorolog.

The phosphorescence was collected using a photomultiplier Hamamatsu R5509-42.

5.4. Porphyrin synthesis

5,10,15,20-tetra(1-methylimidazol-2-yl)porphyrin (1)

Nitrobenzene method: The porphyrin was synthesized with some modifications of

the nitrobenzene method described in the literature.® 1-methylimidazol-2-carboxyaldehyde
(0.510 g; 4.62 mmol) was introduced into a 50 mL round bottom flask and a glacial acetic
acid/nitrobenzene mixture (15 mL/7 mL) was added, followed by drop wise addition of
pyrrole (0.32 mL; 5.00 mmol), under stirring, at room temperature (25 °C). The solution
was maintained at 150 °C for 2 hours. Once the reaction mixture cooled down, the solvents
were removed via low-pressure distillation. The work-up was carried out by washing the
product with a concentrated solution of sodium bicarbonate. The organic phase was dried
using anhydrous sodium sulphate, which was then filtered off and the solvent evaporated.
The product was re-dissolved in dichloromethane and purification using adsorption column
chromatography was performed using silica gel as stationary phase
and dichloromethane:hexane (1:1) as the starting eluent. Once the remaining nitrobenzene
was removed, the eluent’s polarity was gradually changed from 10:0.1 to 10:1
(dichloromethane to methanol). The eluent was then changed to dichloromethane,
methanol and ethanol (10:1:1) to finish the column. The solvent was evaporated, and the

product was kept in the dark. The final product was obtained with a 19% vyield (0.136 g).
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Microwave method: In a 50 mL reactional flask, 1-methylimidazol-2-

carboxyaldehyde (0.510 g; 4.62 mmol), 15 mL of propionic acid, 8 mL of nitrobenzene
and 0.32 mL (5.00 mmol) of pyrrole were added. The mixture underwent microwave
irradiation with Pmax=125W for 20 minutes at 175 °C with 22% stirring power. After
repeating the reaction 4 times, the solvents were evaporated before performing a plug with
alumina using heptane to remove the rest of the nitrobenzene, then dichloromethane and,
finally, 3% methanol. A recrystallization was performed using methanol and diethyl ether.
The product was obtained with a 21% yield (0.451 g).

=\
No N~ 1H NMR (400 MHz, CDCls) 5, ppm: 8.90-8.75 (m,
8Hp), 7.66-7.58 (m, 4H), 7.45-7.41 (m, 4H), 3.49-

Nl N 328(m, 12H), -2.88t0-3.05 (M, 2Hn)
E / ’ ] ESI-MS m/z: obtained 631.2787 [M+H]";

N /N calculated for [CssHa1N12]* 631.2789
UV-Visible (CH2Cl2) hmax (log €): 420 (5.31); 513
<N (4.14); 587 (3.67); 658 (3.59) nm.
\—/

5,15-bis(1-methylimidazol-2-yl)porphyrin (2)

1-methylimidazol-2-carboxyaldehyde (0.334 g; 3 mmol) was added to 0.439 g (3
mmol) of dipyrromethene and dissolved in 300 mL of dichloromethane. The solution was
left to degasify for 15 minutes using argon/vacuum system (3 times). Once degasified, 153
pL (2 mmol) of TFA were added. The solution was left at room temperature with a magnet
and under vacuum, for 3 hours, protected from light.

2,3-Dichloro-5,6-dicyano-p-benzoquinone (DDQ) (2.041 g; 6 mmol) was added to
the reaction mixture and left for 1 hour, protected from light, under stirring. The solvent
was evaporated, and ethyl acetate was added. The solution was left in sodium bicarbonate
with agitation overnight. This procedure was repeated for four days, using fresh sodium
bicarbonate solutions. The solution was then filtered, and a TLC was performed using
dichloromethane and methanol (10:1) as the eluent.

To purify this compound, an adsorption chromatography was done using silica gel
as the stationary phase and dichloromethane:methanol (10:1) as the eluent. The product
was obtained with a 11.9% vyield (0.034 g).
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Scale-up of 5,15-bis(1-methylimidazol-2-yl) porphyrin (2)

Dipyrromethane (13.27 g; 89 mmol) was dissolved in 17.2 L of dichloromethane
and introduced onto a 20 L reactor. Then, 1-methylimidazol-2-carboxyaldehyde (9.99 g;
89 mmol) was added. The solution was bubbled with nitrogen along 15 minutes. After this
period, trifluoroacetic acid (TFA) (4.20 mL; 56 mmol) was added. The solution was left
with stirring at room temperature (25 °C), for 24 hours, protected from light. The oxidation
was performed with tetrachloro-p-benzoquinone (28.56 g; 114 mmol). The reaction
mixture was left at room temperature, for 2 hours under stirring, protected from light. The
temperature was then risen to 60 °C and left for 1 h. Finally, triethylamine (31.96 mL; 228
mmol) was added and the reaction was maintained under stirring, for another 30 minutes.
The solvent was evaporated to dryness. The crude was dissolved in the minimum amount
of dichloromethane (100 mL) and a silica gel plug was performed, using initially
dichloromethane as eluent and finally a mixture of dichloromethane/methanol (methanol
up to 10%). The product was recrystallized from a mixture of dichloromethane:heptane.
5,15-bis(1-methylimidazol-2-yl)porphyrin was obtained in 16.8% yield (1.6 g).

'H NMR (400 MHz, (CD3).CO), &, ppm:

N/ N atropisomer mixture 10.67-10.63 (m, 2H), 9.69-
E / :\1] 9.67 (M, 4H), 9.11-9.10 (m, 4H), 7.83-7.81 (m, 2H),
N

/ 7.67-7.65 (m, 2H), 3.67 (s, 3H), 3.61 (s, 3H), -3.30
to -3.16 (m, 2H).
ESI-MS  m/z: obtained 471.2041 [M+H]";
calculated for [CasH23Ns]™ 471.2040
UV-Visible (CH2Cl2) Amax (log €): 406 (4.83); 501
(3.75): 535 (3.54); 573 (3.37); 627 (3.12) nm.

Synthesis of cationic porphyrins

General method: In a round bottom flask, the porphyrin was inserted with a large

excess of the alkyl iodide in DMF, at a specific temperature depending on the alkyl iodide
used (see Scheme 3.5). The evolution of the reaction was followed by TLC. The final

product was precipitated using diethyl ether or n-pentane.
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5,10,15,20-tetra(1,3-dimethylimidazol-2-yl)porphyrin tetraiodide (3)

Following the general procedure, the 5,10,15,20-tetra(1-methylimidazol-2-yl)
porphyrin (30 mg; 0.0476 mmol) was dissolved in DMF (0.12 mL) and iodomethane (2.2
mL; 35.3 mmol) was added. The reaction was left, at room temperature, for 24 hours, under
inert atmosphere, with stirring. The product was precipitated using diethyl ether. The

spectroscopy data is according to the literature.”® The product was obtained with a 92%

yield (0.030 g).

‘_‘
NS N

'H NMR (400 MHz, DMSO) 8§, ppm: 9.35 (sl; 8H),
8.53 (sl; 8H), 3.75 (sl; 24H), -3.21 (sl; 2H).

\
N/ N@ ESI-MS m/z: obtained 172.5908 [M-41]*'/4;
| @ :\1] calculated for [CaoHs2N12]**/4  172.5908.
N
\ / UV-Visible (H20) Amax (log €): 407 (5.22); 507

(4.17); 541 (3.73); 579 (3.79); 630 (3.78) nm.

\—/

5,15-Bis(1,3-dimethylimidazol-2-yl)porphyrin diiodide (4)

Following the general procedure, the 5,15-bis(1-methylimidazol-2-yl) porphyrin
(100 mg; 0.21 mmol) was dissolved in DMF (0.35 mL) and iodomethane (1.36 mL; 22
mmol) was added and the reaction was left with stirring at 30°C for 24h. After precipitation
with diethyl ether porphyrin 4 was obtained in 82 % yield (0.074 g). The spectroscopic data

was according to the literature.’
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© 'H NMR (400 MHz, CDsOD) &, ppm: 10.90 (s,

|
J \® " 2H),9.88-0.86 (m, 4H), 9.20-9.13 (m, 4H), 8.39 (s,
| :\1 ] 4H), 3.85 (s, 12H), -2.20 (s, 2H).
\® / ESI-MS m/z: obtained 250.1218 [M-21]2*/2;
)

I calculated for [CsoH2sNg]?*/2 250.1213
UV-Visible (ethanol) Amax (log €): 395 (4.73); 496
(3.66): 532 (3.70); 572 (3.34): 625 (3.61) nm.

5,15-bis(1-methyl-3-ethylimidazol-2-yl)porphyrin diiodide (5)

Following the general procedure, the 5,15-bis(1-methylimidazol-2-yl) porphyrin
(100 mg; 0.21 mmol) was dissolved in DMF (0.35 mL) and iodoethane (1.75 mL; 22 mmol)
was added and the reaction was left with stirring at 70°C for 72h. After precipitation with
diethyl ether 5 was obtained in 79 % (0.087 g) yield.

/ ga " 1H NMR (400 MHz, CD:0D) 5, ppm: 10.78 (s, 2H),

Eg _ Z ] 9.74-9.73 (m, 4H), 9.05 (sl, 4H), 8.37 (d, J=2.2Hz,

N | /N 2H), 8.29 (d, J=2.2Hz, 2H), 4.02 (g, J=7.3Hz, 4H),
) 3.72 (s, 6H), 1.19-1.16 (m, 6H);

ESI-MS m/z: obtained 528.2743 [M-2I]";
calculated for [Ca2H32Ng]™ 528.2744

UV-Visible (ethanol) Amax (log €): 396 (4.52); 497
(3.95); 531 (4.00); 572 (3.63); 625 (3.92) nm.

Synthesis of 5,15-bis(1-methyl-3-( 1,1,1-trifluoropropyl)imidazol-2-yl)porphyrin
diiodide(6)

Following the general procedure, the 5,15-bis(1-methylimidazol-2-yl)porphyrin
(50 mg; 0.11 mmol) was dissolved in 0.4 mL of DMF and 1,1,1-trifluoropropyl iodide (0.05
mL; 42 mmol) was added and the reaction was left with stirring at 85 °C for 4 days. After

precipitation with a mixture of CH,Cl, and n-pentane, 6 was obtained in 84% yield (0.061

9).
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IH NMR (400 MHz, CDsOD) & 10.94 (s, 2H),
9.92-9,87 (m, 4H), 9.23 — 9.15 (m, 4H), 8.62-8.59
(m, 2H), 8.51-8.47 (m, 2H), 4.50-4.40 (m, 4H),
3.97-3.87 (m, 6H), 2.77-2.61 (m, 4H).

F NMR (400 MHz, CD30D) & -66.72 to 66.75
(m, 6F).

ESI-MS m/z: obtained 664.2467 [M-21]";
calculated  or [CasH3oFsNg] * 664.2492
UV-Visible (ethanol) Amax (log €): 395 (5.72); 498
(3.54); 533 (3.60); 572 (3.17); 626 (3.49) nm.

5.5. Chlorin synthesis
Synthesis of 5,15-bis(1-methylimidazol-2-yl)chlorin (7)

Hydrazine method: The 5,15-bis(1-methylimidazol-2-yl)porphyrin (100 mg; 0.2
mmol) was dissolved in dimethyl formamide (DMF) (2.5mL). Then, C/Pd (5%) (10 mg)
and hydrazine (NH2NH2.H20) (0.70 mL; 0.014 mmol) were added. The reaction was

monitored by UV-vis. Once the reaction was completed, the palladium was filtered off and

the crude was washed with dichloromethane/water. The organic layer was dried using
anhydrous sodium sulfate and the solvent was evaporated. Then, the solid was
recrystallized from dichloromethane/diethyl ether and dried under vacuum. To separate the
chlorin from the porphyrin, a Flash chromatography was performed using methanol and an
ammonium acetate buffer (1 L distilled water, 800 mg of ammonium acetate and the pH 9
was adjusted using a 30% solution of NaOH 1M). Two F0025 (32 g), reverse phase
columns. The elution steps are described in Table 5.1. 91 mg (91% yield) of 5,15-bis (1-
methylimidazol-2-yl) chlorin was obtained with 80% purity. Therefore, the NMR spectra

contains the peaks of porphyrin (20%) as well as the chlorin peaks described below.
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Table 5.1: Elution steps used for the purification of chlorin 7.

N°® Time Flow Rate %A %B %C
01 40:12 2.0 70 30 00
02 50:12 2.0 70 30 00
03 51:12 2.0 75 25 00
04 59:12 2.0 75 25 00
05 01:02:02 2.0 20 10 00
06 01:02:06 5.0 20 10 00
07 01:04:12 5.0 100 00 00
08 01:05:31 5.0 88 00 12
09 01:05:34 10.0 88 00 12
10 01:14:12 10.0 10 00 20
1" 01:19:12 10.0 10 00 20
12 01:30:12 10.0 10 00 20
13 01:35:12 10.0 10 00 20

'H NMR (400 MHz, (CD3)2CO), §, ppm: 10.12-

Nl N 10.11 (m, 1H), 9.42-9.41 (m, 1H), 9.31-9.29 (m, 1H),
E ¢ :\1] 9.13-9,11 (m, 2H), 8.88-8.87 (m, 1H), 8.52-8.51 (m,
N

/ 1H), 8.37-8.36 (m, 1H), 7.74-7.51 (m, 4H), 4.84-4.79
(m, 2H), 4.67-61 (m, 1H), 4.27-4.21 (m, 1H), 3.69-3.57
(m, 6H), -1.49 (s, 1H), -1.80 (s, 1H).

ESI-MS: obtained 473.2195 [M+H]"; calculated
for [CasH24Ns]* 472.2124

UV-Visible (CH2Cl2) Amax (relative %):406 (100);
506 (51); 528 (34); 589 (21); 645 (81) nm.

Synthesis of cationic chlorins

Synthesis of 5,15-bis(1,3-dimethylimidazol-2-yl)chlorin diiodide (8)

5,15-bis(1-methylimidazol-2-yl)chlorin (100 mg) was dissolved in DMF (0.5 mL) and
a large excess iodomethane (1.8 mL; 29 mmol) was added. The reaction was maintained at
30°C for 24h, under argon atmosphere. The progression of the reaction was followed by
thin layer chromatography (TLC). The product was precipitated with diethyl ether and the
solid was filtrated and dried under vacuum. The 5,15-bis(1,3-dimethylimidazol-2-

ylchlorin diiodide was obtained in 95% yield.
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© !H NMR (400 MHz, (CD3).CO), 8, ppm:

\ I
N’ N@ 10.29 (s, 2H), 9.53-9.51 (m, 4H), 8.92-8.91 (m, 2H),
| @ :\1 | 8.44-8.42 (m, 4H), 4.40-4.38 (m, 4H), 3.85-3.83 (m,
o\ / 12H).

| ESI-MS m/z: obtained 251.1283 [M]%*/2;
calculated for [C3oH30Ng]?*/2 251.1291.
UV-Visible (CH2Cl2) Amax (relative %): 395
(100); 500 (7); 537 (4); 570 (2); 644 (12) nm.

5.6. Photochemical characterization studies:

UV-vis spectroscopy

The molar absorption coefficients of the samples were obtained using quartz cells
with an optical path of 1 cm They were obtained using the appropriate solvent at 5 different
concentrations for the Soret and five for the Q bands. A calibration curve was obtained in
order to calculate the molar absorption coefficient, using the Beer-Lambert law (A=¢lc),
where A is the absorbance, € is the molar absorption coefficient, | is the length of the optical
path and c is the concentration of the solution.

Generally, a stock solution with a concentration of 10 was prepared and solutions
with concentrations ranging from 107 to 10~ were prepared using the stock solution. The

absorbances were then noted to calculate the molar absorption coefficient.

Fluorescent quantum yield

Fluorescence experiments were performed in a spectrometer PerkinElmer LS 45.
Porphyrin samples were excited at 420nm, using Tetraphenylporphyrin (TPP) as a
reference in toluene, ¢ F= 0.11,2° with optical absorption ca. 0.01 at Soret band.
Fluorescence of samples was determined in ethanol, applying a correction factor for the
refractive index in the determination of fluorescence quantum yield. Chlorin samples were
excited at 652nm, using oxazine 170 as reference in ethanol, ¢F = 0.579.° The absorbance
of samples and reference were ca. 0.01 at 652nm.
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Fluorescence quantum yield were determined by integrating the emission spectra,

in wavenumber scale, following the equation 5.1:

Area (sample) 1 — 107Abs(reh 2 (sample)

— 10-Abs(sample) * Area (ref) * nz(ref) * ¢F (ref) (51)

OF (sample) = I

The area refers to the integration of the fluorescence spectra, Abs to the absorbance
in the appropriate wavelength and n to the refraction index in the solvent where the sample

is dissolved.

Singlet oxygen quantum yield

The quantum yield to form singlet oxygen was determined by collecting the steady-
state phosphorescence spectrum of oxygen in the spectrofluorometer Horiba Fluorolog.
The phosphorescence was collected using a photomultiplier Hamamatsu R5509-42, with
voltage set at 1750 volts, cooled to 193 K in a liquid nitrogen chamber. The cutoff filter
Newport 10LWF-1000-B was used to avoid fluorescence light.

Methylene blue was employed as a reference, ¢A = 0.50.1 Excitation was either
625 nm for porphyrins or 650 nm for chlorins. Optical absorption in both wavelengths was
ca. 0.3. All samples were prepared in ethanol.
The calculation of the yield was performed using equation 5.2.

Slope (sample) 1 — 107Abs(reh 2 (sample)
* *
— 10-4bs(sample) ~  Slope (ref) n2(ref)

$A (sample) = - * PA (ref) (5.2)

Photostability assays

In order to determine the photodegradation quantum yield, 3mL of solutions either in
DMSO or water or cell culture medium were irradiated by LED light sources. A LED
emitting at 630 nm and total output power of P = 5mW. A LED emitting at 660nm and total
output power of P = 13mW was employed for chlorins. The solutions were kept stirring
during the experiment and optical absorption spectra recorded in function of irradiation
time for 3 hours. The light doses used to induce photodegradation were corrected

considering the overlap between the spectra of light sources and those of optical absorption.
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