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“Everything flows and nothing remains”

~ Heraclitus ~
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~ Xpovyg Miooiog ~

“A self that goes on changing is a self that goes on living.”

~ Virginia Woolf ~

“Nothing in life is to be feared, it is only to be understood. Now is the

time to understand more, so that we may fear less”

~ Marie Salomea Skiodowska Curie ~
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Summary

Photosensitisers (PSs) are medicinal molecules that are used as agents to
induce a phototherapeutic effect upon irradiation by reacting with the molecular
oxygen and producing either singlet oxygen or reactive oxygen species inside
the tumorous tissue. The quest for novel molecules is prominent and ongoing in
order to surmount several limitations of the commercially available PSs. In this
work we aimed to develop and synthesise new molecules that are based on the
pyrrole ring. Therefore, zinc(Il) gem-dimethyl chlorins, zinc(ll) chlorin-porphyrin
arrays, and tris(dipyrrinato)aluminium(lll) complexes were synthesised and
characterised by 'H, 13C, 2’Al NMR spectroscopy, mass spectrometry, UV-Visible
absorption, and fluorescence emission spectroscopy. A comprehensive study of
the photophysical properties of the ground and excited states and the singlet
oxygen determination was completed. This was aided using time-correlated
single photon counting and nanosecond transient absorption spectroscopy.
Furthermore, preliminary in vitro evaluation against a colon carcinoma cell line
(CT26) was assessed to investigate their photodynamic effect. Density functional
theory calculation accompanied the experimental findings, and a complementary

single crystal X-ray analysis was assessed for several molecules.

Specifically, in Chapter 2, the zinc(ll) gem-dimethyl chlorins (Zn1 and Zn2) were
synthesised via Lindsey’s de novo synthetic procedure, with the gem-dimethyl
group attributing resistant to their oxidation. Additionally, their free base
counterparts were prepared (FB1 and FB2). All the chlorins exhibited high triplet
state yields (®isc = 0.70 — 0.90) with excellent singlet oxygen quantum yields in
polar solvents (@ = 0.40 — 0.85); with the metallochlorins displaying longer lived
triplet excited states (~ 200 ns) than the free base analogues (~ 160 ns).
Consequently, the free base showed higher fluorescence yields and lifetimes (&
~ 0.10, s ~ 6 ns) than the zinc(ll) chlorins (&f ~ 0.5, s ~ 1 ns). Finally, zinc
complexes tend to internalise into the cells showing great phototoxicity upon

irradiation at low and safe concentrations (ICso ~ 0.4 — 1 yM).

In Chapter 3, we used the 4-bromophenyl gem-dimethyl chlorin for further
structural alteration via standard palladium catalysed Suzuki reaction. Three

novel porphyrin-chlorin dyads (3.18, 3.20, 3.21) and one chlorin-porphyrin-chlorin
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triad (3.19) linked with a 1,4-phenylene bridge were synthesised. The insufficient
solubility of the triad prevented further photophysical characterisation. The dyads
exhibited singlet and triplet excited features similar to the chlorin subunit
indicating that a fast porphyrin to chlorin energy transfer occurs upon
photoexcitation. The ethylpropyl substitution of 3.21 showed an interesting,
delocalised triplet excited state. All the dyads displayed moderate triplet excited
lifetimes in toluene and ethanol and efficient singlet oxygen generation. Dyad
3.21 displayed the higher singlet oxygen production. Time-dependent DFT
calculations predicted the electron distribution within the linker with an alteration
in the conformation in comparison with the other two dyads. Lastly, However,
regardless of the absence of dark toxicity, they did not exhibit any phototoxicity
with light doses up to 2 J cm?, denoting that this alteration attenuates the

phototoxicity that the chlorin subunit displayed.

In Chapter 4, a family of novel aluminium tris(dipyrrinato) complexes bearing
different substituents in the periphery of the dipyrrin core were obtained. Their
absorption spectra indicated the excitonic states formation and the co-
occurrence of the n - n* and r - n* transitions. Aluminium complexes appear as
weak fluorescence emitters (& = 0.01 — 0.07) in toluene, whereas in ethanol the
signal was negligible. A similar trend was presented in the singlet excited state
lifetimes (1.5 — 5 ns). However, they showed long-lived triplet excited states in
air-equilibrated conditions (250 — 350 ns) and in oxygen free conditions (50 — 200
us). In addition, they generated moderate singlet oxygen quantum yields with
Ag(DIPY)38 (in toluene) and A€(DIPY)s9 (in ethanol) displaying the higher.
Following, the in vitro screening of eight of the complexes showed that four of
them were able to trigger cell death upon irradiation at safe nanomolar and
micromolar concentrations with the following ascending order: A¢(DIPY)s34 <
Ag(DIPY)s312 < A€(DIPY)313 < A€(DIPY)s8, pointing the latter as the best PS
candidate. We surmise that the polar groups can facilitate the amphiphilicity
allowing for efficient cell internalisation. Ultimately, we attempted to evaluate the
radiolabelling potential of DIPY8 with indium-111. This resulted in the formation

of the radiolabelled dipyrrin with indium-111 in high incorporation (95%).



samenvatting

Op pyrrool gebaseerde fotosensibilisatoren
In de geneeskundige lichttherapie

Synthese, foto-fysische en foto-biologische evaluatie van chlorine-
en dipyrrine complexen

Zoi Melissari M.Sc.

Foto-dynamische therapie (PDT) is een door licht geactiveerde therapie waarbij
gebruik wordt gemaakt van een medicijn, de fotosensitizer (PS), licht en
moleculaire zuurstof. Eerst wordt de PS toegediend via een systemische of
plaatselijke route en vervolgens hoopt het zich op in specifiek weefsel. Het
therapeutische effect hangt samen met het vermogen van de PS om zijn triplet-
geéxciteerde toestandsconfiguratie te genereren bij excitatie. Deze toestand kan
reageren met de aanwezige moleculaire zuurstof en de productie van zeer
reactieve singlet-zuurstof (*O2) en andere reactieve zuurstofsoorten (ROS)
veroorzaken. Deze soorten resulteren in een specifieke celdood van
kwaadaardige cellen of een antimicrobiéle werking tegen bacterién of virussen.
De huidige klinisch goedgekeurde PS's voor PDT tegen kanker zijn voornamelijk
porfyrines (bijv. Foscan, Tookad Soluble) en hebben nog steeds beperkingen
(bijv. slechte oplosbaarheid in water, aggregatie, fotobleking, langzame klaring
uit het lichaam, enz.); daarom is het belangrijk om alternatieve PS's te ontdekken.
In dit proefschrift wordt de ontwikkeling van nieuwe op pyrrool gebaseerde PS's
beschreven. Eerst werden chlorine-verbindingen met een gem-dimethylgroep
gesynthetiseerd en onderzocht op hun in vitro fototoxiciteit. De resultaten
toonden aan dat de chlorine-verbindingen potentiéle PS-kandidaten voor PDT
kunnen zijn, aangezien ze een zeer goede fototoxiciteit vertonen tegen de
coloncarcinoomcellijin CT26, hoge singlet-zuurstof kwantumopbrengsten in
polaire oplosmiddelen, bescheiden fluorescentie kwantumopbrengsten en
matige levensduur van de triplettoestanden na foto-excitatie. Ten tweede
onderging een van de zink (Il) chlorine-verbindingen standaard palladium
gekatalyseerde kruiskoppelingsreacties met verschillende porfyrine-eenheden,
dit resulteerde in de ontwikkeling van nieuwe porfyrine-chlorine 1,4-fenyleen-

gekoppelde arrays. De eigenschappen in aangeslagen toestand, de singlet-
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zuurstof generatie en de in vitro-onderzoeken werpen licht op de processen die
plaatsvinden bij foto-excitatie. Porfyrine-chlorine arrays resulteerden in matige
fluorescentie kwantumopbrengsten en triplet-geéxciteerde levensduren.
Bovendien ondergaan ze een snelle energieoverdracht van de porfyrine naar de
chlorine sub-eenheid en werden hoge kwantumopbrengsten van singlet zuurstof
bepaald. De voorlopige in vitro-onderzoeken waren echter niet veelbelovend
omdat de moleculen vanwege hun lage permeabiliteit en hoog molecuulgewicht
niet in cellen werden geinternaliseerd. Ten derde, werd een bibliotheek van
nieuwe  aluminium(lll)-gecoérdineerde  dipyrrine-gebaseerde  complexen
ontwikkeld. De nadruk werd gelegd op de foto-fysische en foto-biologische
eigenschappen om de foto-dynamische werkzaamheid te verduidelijken. De
tris(dipyrrinato)aluminium(lil)-chelaten tonen excitonische toestanden in de
absorptiespectra en zijn zwakke fluorescentie-emitters. Ze vertonen kortstondige
aangeslagen singlet toestanden; ze gaan echter gepaard met langlevende triplet-
aangeslagen toestanden en ze genereren matig singlet-zuurstof bij bestraling.
De eigenschappen zijn afhankelijk van de polariteit van de omgeving. De in vitro
fototoxiciteitsstudies tonen dat de helft van de complexen veelbelovende PDT-
middelen zijn omdat ze een grote fototoxiciteit vertonen bij lage en veilige
concentraties. Tijdsafhankelijke dichtheids-functionaal theorie (TD-DFT)

berekeningen en mono-kristallijne réontgenanalyse worden ook beschreven.
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List of Abbreviations

Ar Aryl group

APCI Atmospheric pressure chemical ionisation source
calcd. Calculated

d Doublet (NMR)

dec. Decomposed

DCM Dichloromethane

dd Doublet of doublets (NMR)

DIPY Dipyrrin

DIP-MS Direct insertion probe-Mass spectrometry
DMF N,N’-Dimethylformamide

DMEM Dulbeccos’ modified Eagle’s medium
DPM Dipyrromethane

eg. Equivalents

Eq. Equation

ESI Electrospray ionisation

FCS Fetal calf serum

HOMO Highest occupied molecular orbital
HRMS High resolution mass spectrometry

h Hour

IC Internal conversion

IC50 Half maximal inhibitory concentration

ICT Intra-ligand charge transfer

ISC Intersystem crossing

J Coupling constant

Laser Light amplification by stimulated emission of radiation
LED Light-emitting diode

LUMO Lowest unoccupied molecular orbital

L.D. Light dose

MALDI Matrix assisted laser desorption ionisation
Mes Mesityl group

min Minute

M.p. Melting point
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m/z
NIR
NBS
NMR
PDT
Ph
ppm
PBS
PS

Q-Tof
R
RPMI
r.t.
ROS
SEM
SBCT

So
S
T1

tinc
TMP
TA
TCSPC
TFA
THF
TLC
uv
UV/Vis
°C

Multiplet (NMR)

mass/charge

Near infrared

N-Bromosuccinimide

Nuclear magnetic resonance
Photodynamic therapy

Phenyl

Parts per million

Phosphate buffer solution
Photosensitiser

Quarter (NMR)

Quad-time of flight

Retention factor

Culture media (Roswell Park Memorial Institute)
Room temperature

Reactive oxygen species

Standard error of mean

Symmetry breaking charge transfer
Singlet (NMR)

Singlet ground state

First excited singlet state

First excited triplet state

Triplet (NMR)

Incremental time
2,2,6,6-tetramethylpiperidine
Transient absorption (spectroscopy)
Time-correlated single photon counting
Trifluoroacetic acid
Tetrahydrofuran

Thin layer chromatography
Ultraviolet

Ultraviolet-visible spectroscopy
Degree Celsius

Chemical shift (NMR)
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kisc
kic

Wavelength
Singlet oxygen quantum yield
Fluorescence quantum yield

Triplet state lifetime (phosphorescence)

Singlet state lifetime (fluorescence)

Rate constant of radiative (fluorescent) transition from Si to
So

Rate constant of non-radiative (fluorescent) transition from
S1to So

Rate constant of inter-system crossing

Rate constant of internal conversion

Rate constant for oxygen quenching rate of triplet state
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Chapter 1. General Introduction

2

“Healing is a matter of time, but it is sometimes also a matter of opportunity.

~ Hippocrates ~

“And if you can't shape your life the way you want, at least try as much as you

can not to degrade it.”

~ Konstantinos P. Kavafis ~

1.1 Historical Overview of Phototherapy

Heliotherapy (Greek etymology: nAio + Oepareia = sun + therapy) is the
alleviating and therapeutic effect of natural sunlight that can be used to treat skin
or muscle disorders. Phototherapy (PT) (Greek etymology: gwro + Beparrcia =
light + therapy), dates back thousands of years when Egyptians, Indians,
Chinese, Romans, and Greeks were instinctively utilising sunlight to treat several
diseases including vitiligo, tuberculosis, and psoriasis.[!! Advances related to the
clinical use and safety of PT have been made in the last 50 years, notably in the
area of photodynamic therapy (PDT). PDT is an example of PT where light is
used to alleviate and treat malignant diseases such as cancer and infections. In
PDT, the so-called photosensitiser (PS) is the medium agent needed to convert
molecular oxygen to singlet oxygen or other reactive oxygen species, following

light irradiation, leading to a therapeutic response.

Delving into the past from Ancient times to the Modern era, several civilisations
used light as a treatment for diseases. Egyptians used the extract of Ammi Majus
seeds in combination with sunlight to treat leukoderma or vitiligo, whereas
Indians utilised the extract of Psoralea Corylifolia seeds for repigmentation.[
Today this therapy is known as PUVA photochemotherapy (psoralen plus UVA

light) and uses psoralens to treat various skin disorders i.e., psoriasis and vitiligo.

24



Another putative benefit from the healing power of light was reported by the
ancient Chinese. Interestingly, they ingested colored sheets that were first
exposed to sunlight (for men) or moonlight (for women), probably influenced by
their cultural background. Romans and Greeks used sunbaths for physical
improvement and skin treatment (first treatment for acne). Both ancient Greeks,
the historian and philosopher Herodotus (~450 BC) and the physician Herodotus
(~1%t century AD), recommended that light can be therapeutic. The former
attributed the thicker skulls of Egyptian soldiers to the power of sun exposure
since they shaved their heads from childhood; in comparison to the Persians who
wore hats. The latter stated that the human body can remain healthier with
exposure to sunlight ‘exposure to the sun is eminently necessary for people who
need to eat and take on flesh...however the head must be covered’ (in “mrepi
nAiwoewg” at “mepi Tv EEwBev mpoamiréoviwy Bonbnudrwy”); and also with hot
sand fomentation (“/Tepi auuoyxwoaoiag”).lBl Hippocrates the “father of medicine”
was the first to use the term heliotherapy and introduced the healing properties
of sunlight by incorporating it into his treatment methods together with a healthy
diet, hydrotherapy, massages, and physical exercise.l* Table 1.1 summarises,
in chronological order, important events and developments related to

phototherapy and photodynamic therapy throughout the ages.®

The term PDT as it is known today, was introduced by Hermann von Tappeiner,
whose student, Oscar Raab (1898), accidentally discovered that the combination
of a dye (acridine) and light had a fatal effect on paramecia cells (Paramecium
caudatum).[®-8 Following his research on the therapeutic effect of red light on
smallpox, in 1903, Niels Finsen won the Nobel prize in medicine and physiology
for his contribution to the treatment of Lupus vulgaris by ultraviolet light.[®! The
connection between tetrapyrroles and phototherapy dates back to the first
biological experiments conducted by Hausmann and Pfeiffer (1908-1911), who
reported the photosensitisation in white mice and guinea pigs, using
hematoporphyrin (HP) and subsequently resulting in mortality. A couple of years
after that, Meyer-Betz injected himself with 200 mg of hematoporphyrin and
sensitised himself with sunlight (1913) (Table 1.1).11% Regardless of these
advancements, it was only after 1970 that PDT was really developed as a
medical treatment by Thomas Dougherty and co-workers!'1:1?l as a follow up to
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Baldes and Lipson,!*314 who developed a water-soluble mixture of porphyrin

molecules named “hematoporphyrin derivative” (HpD), which became one of the

first generation PSs, known as Photofrin (purified form: Photofrin sodium).

Table 1.1. Historical overview of events of phototherapy and photodynamic therapy.

Year Event
+ Romans and Greeks utilised sunlight (sunbathing or using seeds from
plants) to treat vitiligo, acne, rickets (rachitis) and psychosis.
Hippocrates used exposure to sunlight as one of his treatments.
4+ Antylos treats rachitis and muscle atonia with sunlight and states the
3000 BC - o . .
1800 AD hygienic action of the sunlight (300 AD).
+ Larrey (Napoleon’s physician) observed that soldiers’ traumatic ulcers
healed quickly after sun exposure (Egypt 1798-1799).
4+ Discovery of the sun’s infrared spectrum by F. W. Herschel (1800).
+ Discovery of ultraviolet radiation by J. W. Ritter and W. Hyde (1801).
1834 5-Methoxypsoralen (5-MOP) was isolated from bergamot oil by Kalbrunner
1841 Discovery of hematoporphyrin (HP) by removing iron from dried blood by
Scherer
1855 A. Rikli opened a healthcare station in Slovenia and reintroduced the concept of
phototherapy. He developed therapeutic guidelines still applicable today.
Hematoporphyrin fluorescence and fluorescence spectrum by J. L. W.
1867 .
Thudichum.

1871 F. Hoppe-Seyler named the red-purple substance in iron-free heme as

hematoporphyrin.

1874 J. H. Schultz first described errors in heme biosynthesis and a porphyria patient.

1877 A. H. Downes and T. P. Blunt first observed ultraviolet light and antimicrobial

effect.

1890 T. A. Palm suggested that the sun could play a therapeutic role in rickets.

1898 O. Raab discovered phototoxicity of acridine dye against paramecia.

1899 O. Bernhard promoted heliotherapy at a private clinic in Switzerland.

+ In Leysin, Switzerland, A. Rollier established the first clinic for the
treatment of tuberculosis and rachitis with sunlight.

1903 4+ N. R. Finsen won the Nobel Prize in Physiology and Medicine for his
contribution to the treatment of diseases, especially tuberculosis (lupus
vulgaris), with concentrated light radiation

Reports that the presence of oxygen was essential for photosensitisation. H. von

1904 Tappenier and A. Jodlbauer introduced the term “Photodynamic action”

(“Photodynamische Wirkung”).
1905 H. von Tappeiner and A. Jesionek introduced the topical use of eosin as a
photosensitiser against facial basal cell carcinoma.
Experiments with hematoporphyrin and light on white mice and guinea pigs by
1908-1911 .
W. Hausmann and H. Pfeiffer.
1913 F. M. Betz self-sensitised himself using hematoporphyrin (HP) injection.
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1923

1924

1928

1930

1930s

1947

1948

1955

1957

1959

1960

1961

1962

1963

1966

1974

1975

W. H. Goeckerman used a high-pressure mercury lamp to produce artificial
broadband UV-B plus topical coal tar to treat psoriasis.

Localisation and fluorescence of endogenous porphyrins in tumours by A.
Policard

R. S. Mulliken reported the existence of singlet oxygen.

H. Fischer won the Nobel Prize in Chemistry for his research into the composition
of heme and chlorophyll and especially for the synthesis of haemin.

4+ H. Kautsky reported oxygen gquenching effect of fluorescence and
phosphorescence of dye molecules and the production of metastable
singlet oxygen.

4+ H. Kautsky and H. de Bruijn suggested the excited electronic state
intermediates of oxygen in chemical reactions.

I. R. Fahmy isolated the active ingredients of Ammi majus, 8-methoxypsoralen
(8-MOP) and 5-methoxypsoralen (5-MOP).

+ In Egypt, A. M. EI-Mofty carried out the first trials with 8-MOP and sun
exposure in vitiligo patients.

+ H. Auler and G. Banzer carried out the first study of selective
hematoporphyrin accumulation and photodynamic action in tumours.

4 Laboratory animal research by H. J. Figge et al. showed that porphyrins
have a preferential affinity not only to malignant cells but also to rapidly
dividing cells.

S. Schwartz discovered and isolated the hematoporphyrin derivatives as crude
mixture (HpD).

In Essex, England, R. Cremer used phototherapy as a treatment for neonatal
jaundice (blue light phototherapy).

D. Harman proposed the free radical theory of ageing and disease.

Lipson and F. J. Baldes reported the tumour localisation and detection by the
fluorescence of hematoporphyrin derivative (HpD).

H. G. Magnus described erythropoietic protoporphyria (EPP) as a genetic
disorder resulting from decreased activity of ferrochelatase, which is responsible
for adding iron to protoporphyrin to form heme.

J. D. Ridgen and A. D. White developed the first helium-neon continuous
operating laser which aided Dougherty et al. during the first clinical studies on
hematoporphyrin derivative (1978).

A. Wiskemann constructed a phototherapy system with Osram Ultravitalux
lamps and another with fluorescent UVB tubes.

Lipson et al. first reported the use of HpD to treat recurrent breast carcinoma.

% T.B. Fitzpatrick and J. A. Parrish developed PUVA photochemotherapy
to control psoriasis vitiligo and other skin disorders.

+ T. J. Dougherty found that fluorescein diacetate could act as
photosensitiser against tumour-bearing animals.

T. J. Dougherty et al. used HpD and red-light irradiation to cure mice and rats
bearing a variety of tumours.
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4+ K.R. Weishaupt and T. J. Dougherty identified that singlet oxygen is the
1976 cytotoxic product of the photochemical reaction with red light.
4+ J.F. Kelly et al. used HpD in patients with bladder cancer.

T. J. Dougherty et al. provide the first large series treatment where 113
1978 cutaneous or subcutaneous malignant tumours were treated by intravenous
hematoporphyrin derivative (HpD) Photofrin.

Z. Malik and M. Djaldetti reported the protoporphyrin IX (PpIX) photoinduction
from 5-aminolevulinic acid (ALA).

1987-1995 QLT developed and commercialised Photofrin.

1979

D. Dolphin found benzoporphyrin derivative (BPD) to be 10-70 times more

1987 cytotoxic than HpD in vitro.
1990 J. Kennedy and R. Pottier discovered the clinical application of ALA.

First PDT drug approval was given to Photofrin for use in bladder cancer in
Canada.

1999 The FDA approved 5-ALA (Levulan) for actinic keratosis.

1993

Visudyne (benzoporphyrin derivative-BPD) approved for age macular

2001 degeneration AMD (QLT).

Foscan approved in Europe for head and neck squamous cell cancer
2001 P

(Scotia/Biolitec).

The FDA approved the use of 5-ALA (5-aminolevulinic acid) as an optical
2017 imaging agent in patients affected by high-grade gliomas (Photonamic GmbH

and Co. KG)

Hematoporphyrin (derived from Greek: deep red-purple pigment of blood) first
isolated by Scherer in 1841, is a protoporphyrin 1X derivative (PplX) originating
from heme (iron-containing porphyrin). It was the molecule that established the
link between tetrapyrroles and photosensitisers (PSs) for PDT. Other naturally
occurring tetrapyrrolic pigments are chlorophylls, bacteriochlorophylls, and
coenzyme B12.1'% Porphyrins are key elements of metabolic processes and life.
Most of the approved drugs for PDT are porphyrin-based PSs with chemical
similarity to natural pigments. These examples are clear to see; between
protoporphyrin and Photofrin, between chlorophyll a and chlorin e6, between
bacteriochlorophyll a and Tookad soluble, and between pheophorbide a and
Photochlor (Figure 1.1, Figure 1.3 and Figure 1.4). Porphyrin-type molecules
have a high affinity for cancerous tissue and thus preferential accumulation
occurs in such tissue. In 1948 Figge et al. was the first to report this unique
property with an in vivo study in mice with various types of cancers using

hematoporphyrin injection.'® The missing piece of the PDT puzzle was discovery
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by Weishaupt et al. when he identified singlet oxygen (*O2) as the cytotoxic
photochemical product during in vitro inactivation of TA-3 mouse mammary

carcinoma cells, following the incorporation of HP and red light exposure.[17:18]
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Figure 1.1. Chemical structures of naturally occurring tetrapyrrolic pigments.

1.2 Mechanism of Photodynamic Therapy

PDT is a sub-category of phototherapy where the PS is usually administered
topically or intravenously and is selectively accumulating in the desired malignant
tissue. This accumulation is connected to the interactions of the PS with the
tumorous proteins and receptors or to the enhanced permeability and retention
effect (EPR).['*-21 During light irradiation, the PS in the ground state absorbs light
and is excited to the singlet excited state. From there, it can either relax to the
ground state by fluorescence emission (radiative decay) or by non-radiative
decay; or undergo intersystem crossing (ISC) to the triplet excited energy state.

From this state, several photochemical processes can occur (Figure 1.2 — section
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1.6.1). In PDT, the triplet state of the PS can interact with naturally occurring
molecular oxygen and produce either reactive oxygen species ROS via an
electron transfer process (Type | reaction, electron transfer) or singlet oxygen
species 10z via an energy transfer process (Type Il reaction) or both. PDT relies
on the intracellular formation of these cytotoxic species in specific organelles

such as mitochondria or lysosomes or indirect effects such as vascular PDT.
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Figure 1.2. Modified Jabtonski diagram displaying the photochemical pathways of PS
upon excitation; IC: internal conversion; ISC: intersystem crossing; VR: vibrational

relaxation.

Finally, this process will lead to a light induced cell death through apoptosis,
necrosis, or autophagy with the preferable cell death pathway being apoptotic
“natural” cell death, where a low inflammatory response is induced.l?'-24 The
same concept is used for extensive ongoing research in the antimicrobial PDT
(aPDT); a review by Wiehe et al. suitably discusses the antiviral applications and
potentials.[2°]

The key points in PDT are the efficient generation of cytotoxic singlet oxygen,
which should take place only after light radiation and the enhanced localisation
of the PSs in malignant cells. Yet several drawbacks characterise many current
PSs, some of which include poor water-solubility, slow body clearance,
photobleaching, long-lasting phototoxicity, and shallow skin penetration. These
limitations prevent the treatment of deep localised tumours. Hence, it is of great

importance to introduce potential candidates with appropriate characteristics. To
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summarise the physicochemical, photophysical, and pharmacological features of
a PS, an ideal PS should:

+*

+
*-
*-

be pure and stable at room temperature

have a low production cost and be commercially available

display amphiphilicity and water-solubility

show minimum dark-toxicity and high phototoxicity, while not producing

toxic metabolites

have optimal ADME properties (absorption, distribution, metabolism,
excretion)
have a strong absorption in the red or NIR region of the electromagnetic

spectrum (600 — 800 nm), so that light can deeply penetrate the target
tissue and activate the PS; this also depends of the targeted cancer type
and the way that the PS is administered (e.g., see TLD-1433)

have high selectivity and specific accumulation in target tumour tissues
and have subcellular localisation in mitochondria, lysosomes, or the
endoplasmic reticulum

display high singlet oxygen quantum yields (@a > 0.50) or ROS generation
have a high ISC yield and thus high triplet energy state yield (&7 > 0.80)

and triplet state lifetimes (tr ns — ys scale)

have post excitation process-yields that sum to unity (@s+ ®@isc + dic = 1).
However, regarding the fluorescence quantum yields (&) and singlet

excited state lifetimes (ts), a compromise can be made. The higher the

fluorescence yield the lower the PDT properties and vice versa.

1.3 Photodynamic Therapy and Cancer

Cancer is characterised by the uncontrolled proliferation of cells, resulting from

DNA damage or mutation; and is the second-highest cause of deaths worldwide

after cardiovascular diseases. According to the World Health Organisation

(WHO), the latest update in December 2020 estimated 10.0 million cancer deaths

resulting from the following five types of cancer: breast, lung, colorectal, prostate,

and stomach. Pancreatic and cervical cancer have high fatality rates and often

their symptoms are difficult to diagnose, therefore early-stage diagnosis can be

crucial and lifesaving.[?6?71 Current treatments mainly rely on chemotherapy,
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surgery, immunotherapy and radiotherapy; clearly, further development is
needed.

PDT can serve as a treatment option for age-related macular degeneration,
malignant and premalignant non-melanoma skin cancer and other cancers such
as head and neck cancer, prostate cancer, cholangiocarcinoma, lung, and breast
cancer.l?82% PDT is used therapeutically in dermatology for the treatment of non-
melanoma skin cancers, inflammatory skin diseases, and virus-induced skin
lesions caused by human papilloma virus.2% Especially for skin treatments, PDT
can be beneficial with good cosmetic outcomes as it is active locally in a
controlled way.[31 Most of the PSs that are under investigation for the treatment
of cancer and pre-cancerous diseases are based on the tetrapyrrole structure but
not only, examples include porphyrins (HpD), chlorins (BPD, SnEt2, m-THPC),
bacteriochlorins (Tookad soluble), phthalocyanines (Pc4, AIPcS), texaphyrins
(Lutex) and a Ru(ll) polypyridyl complex (TLD-1433) (Figure 1.5).

Gene mutations after radiation or chemotherapy develop resistance to treatment.
Concerning PDT, as singlet oxygen is the mode of action, cross-resistance is
rare, which encourages the use of PDT against cancers that recur after
conventional therapy.[®? Additionally, PDT is cost-effective and can potentially
stimulate anti-tumour immunity which contributes to a long-term control of the

disease.[33

Another important fact to consider is that 90% of cancer deaths are due to cancer
metastasis and not due to the primary tumour.l®4 The vascular system plays a
pivotal role, as travel from one site to another happens through the blood and/or
lymphatic vessels. It is reported that breast cancer usually develops metastases
to bone, liver, brain, and lung tissue; prostate cancer frequently metastasises to
the bone, and colorectal cancer metastasises in the liver.[?>3¢1 PDT is a potential
treatment against several cancers and a possible solution for metastasis
prevention especially when a PS can be used as a dual treatment and imaging

agent to track and visualise tumorous lesions.[37]

Moreover, PDT appears as an interesting therapy for acute coronary syndrome
and atherosclerosis. Preclinical studies have shown that plague progression is

reduced and restenosis post coronary intervention with balloon angioplasty or
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stenting is prevented. Waksman et al. applied intravascular PDT with MV0611-
porphyrin-based PS [chloro(mesoporphyrinato IX dimethyl ester)gallium(lil)] and
light through a catheter-based diode laser to rabbits and pigs. The encouraging
findings showed a reduction in macrophages and consequently cytokines in the
plague area reduced inflammation and attenuating atherosclerosis.l383% The
perspective of applying PDT with catheter-based DT in interventional cardiology
is ongoing and clinical trials involving Antrin, an expanded porphyrin (motaxefin
lutetium), are underway.*? This new feature of PDT can be of significance in the

case of coronary syndromes and prevent patients recurrent atherosclerosis.

1.4 Photosensitisers in PDT

Since 1993, when the first PDT drug was approved in Canada for the treatment
of bladder cancer (Photofrin), significant effort and research focused on tumour
treatment have been made. Since then, several PDT drugs have been approved
worldwide by health organisations and others are in clinical trials.[*1-42 However,
we are still awaiting the ideal PS that will fulfil all the features listed above. PSs
that have been either approved or under clinical development for PDT will be

presented next.

First-generation PSs include hematoporphyrin derivatives (HpD) and porfimer
sodium (Photofrin), which have been in use against various cancers (such as
lung, oesophagus, and non-small cell lung cancer). Photofrin was approved in
1993 for bladder treatment in Canada; however, it has many limitations including
long-lasting photosensitivity and a weak light absorption profile signal at 630
nm.[*3] Since then, second-generation PSs have been developed to overcome
these limitations. Porphyrins,[* chlorins,[*? bacteriochlorins,#¢! corroles,#7:48]
texaphyrins,*9 and phthalocyanines®® are based on the tetrapyrrolic unit and
constitute potential PDT candidates with several already having been approved
by health organisations and others being currently in clinical trials (e.qg.,
redaporfin  LUZ11).P1 Second generation PSs include either a prodrug
formulation e.g., 5-aminolevulinic acid (ALA) as biosynthetic precursor for PplX
(Levulan) and ALA-ester mALA (METVIX),[525% or a tetrapyrrole macrocycle
structure, e.g., temoporfin (Foscan),’® verteporfin (Visudyne),® padeliporfin

(Tookad soluble).[’8] A common characteristic of these aromatic molecules is their
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high conjugation and uniquely strong absorption profile, which contributes their
application in biomedicine, material sciences, electronics, and catalysis.[>"-58l
Today, research groups are targeting third-generation PSs, which are composed
of second-generation PSs in conjugation or encapsulation with biocompatible
nanomaterials or antibody conjugates, to induce cancer targeting and/or drug
delivery.5® The majority of compounds used in PDT are porphyrinoids. The
incorporated type of macrocycle determines the photophysical and
photobiological features; however, as previously mentioned, they present similar
drawbacks (e.g., poor water-solubility, slow body clearance resulting in long-
lasting photosensitivity). To surmount these limitations, apart from the
development of third-generation PS, attention has been dedicated towards other
metal complexes with attractive photophysical and biological properties (e.qg.,
strong luminescence, long excited lifetime, large Stokes shift, water-solubility,
efficient cellular uptake and photostability). These potential PS scaffolds include
transition polypyridine metal complexes [ruthenium(ll), iridium(lll), platinum(1V),
rhenium(l) or osmium(I1)]6%-61 and dipyrrin-based metal complexes, where boron-
difluoride complex of dipyrrin have been studied in-depth.[62-%4 |n fact, a Ru(ll)
polypyridine complex (TLD-1433, Figure 2) has entered Phase Il clinical trials
against non-muscle invasive bladder cancer.®® Lastly, hypericin, an
anthraquinone based PS, is demonstrating efficacy for the treatment of

cutaneous T-cell lymphoma.[°]

1.4.1 Clinically approved photosensitisers

Porfimer sodium or Photofrin is a first-generation PS, which exists as a mixture
of monomeric and oligomeric derivatives of hematoporphyrin (HpD) linked by
ether and ester bonds (up to eight porphyrin units). It is employed for the
treatment of oesophageal cancer, endobronchial non-small-cell lung cancer, and
for the ablation of high-grade dysplasia in Barrett’s oesophagus.[?® Photofrin is
intravenously administered and then the treatment area is illuminated by laser

light using cylindrical fibre optic diffusers to activate the drug after 40-50 h.[6¢]

It selectively accumulates in malignant tissues and localises in the Golgi
apparatus and plasma membrane. The primary mechanism of action is vascular

damage of diseased tissue by ischemic tumour cell necrosis.l®”l The main
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drawbacks are high post photosensitivity, long clearance (7 to 14 days), poor
water-solubility, and a low molar absorption coefficient (~1,170 M1 cm™?) at 630
nm, which leads to a low penetration depth (5 mm in tissue). Photosensitivity can
occur up to 30 days after the injection; thus, it is advised that exposure to sunlight
should be avoided. In addition to the approved indications, Photofrin has been
clinically tested against bladder cancers, brain recurrent cancers, biliary tract
cancer, breast metastases, skin cancers, gynaecological malignancies,
cholangiocarcinoma, and head and neck cancers.[%869 Phase Il clinical trials are
ongoing for patient recruitment for a combination of interstitial PDT with
chemotherapy against the locally advanced and recurrent head and neck

cancer.[70.71]

Second-generation PSs have been developed to overcome the drawbacks of the
first generation. They are chemical pure compounds, display a red-shift in their
absorption spectrum ca. 650-750 nm and thus deeper penetration (1-2 cm),
display higher singlet oxygen quantum yields, and show higher tumour

selectivity.l"?

5-Aminolevulinic acid (ALA) is a naturally occurring precursor of PplX and
heme and it is widely used as a second-generation PSs (Levulan or Ameluz)
against face and scalp actinic keratosis, and bladder cancer. Effective responses
to ALA-PDT have been reported for the treatment of basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC).[’37 ALA is used as a 20% aqueous
solution (Levulan), which enhances penetration from the abnormal epithelium. It
is applied topically with a typical time interval of 14-18 h in the case of actinic
keratosis, but only 3 h for upper extremities.l’473 ALA selectively accumulates in
mitochondria, cytosol, and cytosolic membranes in tumour lesions increasing the
production of PpIX and directly resulting in tumour cytotoxicity.®? PpIX as a
photoactive PS absorbs light at 635 nm with a quiet low molar absorption
coefficient (5,000 M1 cm) and has a reported 1 mm penetration depth.

ALA hydrochloride (ALA HCI, Gleolan) was recently approved by the U.S. Food
and Drug Administration (FDA) for fluorescence-guided surgery (FGS) as an
adjuvant to assist conventional glioma surgery providing real-time detection and

visualisation of malignant tissues during surgery. A dose of 20 mg kg™ is orally
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administered three hours before the anaesthesia and consequently, blue light

ilumination is used to visualise PplIX with a neurosurgical microscope.!’8! Patients

are advised to avoid exposure to light for 24 h post-treatment (body clearance:

1-2 days).

Table 1.2. Clinically approved photosensitizers for photodynamic therapy.

Drug dose
PS Application Amax Fluence rate & Approved
light dose
Worldwide
Bladder, esophageal, lun .
& brain cam[:)er ?Barrett’sg 2 mg kg™t (Withdrawn
Photofrin ’ 630 130 to 300 J cm™? in EU for
esophageal cancer, ) .
. . 100 mW cm?t commercial
cervical dysplasia
reasons)
Skin, bladder, brain &
ovarian cancer, Barrett’s 20% aqueous Worldwide
Levulan/ esophageal cancer, 635 solution In U.S. for
Ameluz actinic keratosis, BCC, 100 J cm™2 actinic
diagnostics of brain & 100-150 mW cm-2 keratosis
bladder
. i . 16.8% cream
o, R 20 e omt oo
200 mW cm2
100 mg (HCI salt)
Hexvix Bladder diagnosis 380-450 180-360 J cm™? EU, U.S.
0.25 mW cm2
Head and neck, lung,
brain, skin, bile duc? 0-15 mg kg*
Foscan prost:clte b’ronchial & 652 20J cm™ EU
- 100 mW cm2
pancreatic cancer
. 0.1-2.0 mg kg*
Visudyne a d;'\cha;rE;Tr;Zatg cc 690 50 J cm2 Worldwide
' 600 mW cm2
4 mg kg?
-srg:)uktji Prostate cancer 762 200 J cm?? EU, Mexico
150 mW cm?
Lung, skin, breast, 0.5-2 mg kg*
Photosense gastrointestinal, head and 675 100 J cm™2 Russia
neck cancer, AMD 150-250 mW cm2
. Ear-ly stage lung cancer, 0.5-3.5 mg kg
Talaporfin liver metastases of - Japan,
Laserphyrin colorectal cancer 664 100 J cm Russia
! 150 mW cm
hepatocellular carcinoma
0.75 mg kg*
Redaporfin Biliary tract cancer 749 50-100 J cm2 stz:t)tzzr:r?r:zu
100-150 mW cm
Synthetic Cutaneous T-cell 0.25% ointment Orphan status
. 570-650 .
hypericin lymphoma 5Jcm? in EU & U.S.
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ALA-methyl ester derivative (MALA or Metvix) also is a second-generation
PSs, approved for actinic keratosis and BCC.[’] It has the same mechanism of
action and localisation as Levulan; however, it displays deeper penetration into
the skin (2 mm) compared to Levulan (1 mm) due to its lipophilicity.[”8! A short
time interval is required (3 h) after the application of Metvix for the achievement
of the high fluorescence of PpIX in the treated lesions after illumination with red
light (570 to 670 nm). Currently, daylight PDT (DL-PDT) has attracted attention
from clinical dermatologists who aim to reduce the use of blue or red-light
irradiation. Recent reports for actinic keratosis treatment show that Metvix
application under daylight has the same effect as in the combination with blue
light PDT and that ALA is more effective than MALA in DL-PDT.["?8% |n the case
of DL-PDT, the quantification of light dose, which is directly dependent on the

environmental conditions, is of great importance.[8l

Other ALA-hexyl ester derivatives are Hexvix and Cysview. They are approved
for bladder cancer diagnostics in combination with blue light fluorescence
cystoscopy. The recommended dose for adults is 100 mg dissolved in 50 mL of
diluent, which is administered via intravesical instillation into the bladder, where
it selectively localises in the bladder walls.!82:83] |llumination during the cystoscopy

examination should take place within 60 min with blue light (380-450 nm).

Benzoporphyrin monoacid ring A (BPD) derivative or verteporfin (Visudyne) is
a second-generation PS, too. It is a liposomal formulation of a 1:1 racemic
mixture of two regioisomers (BPD-MAC and BPD-MAD). It is approved for the
treatment of subfoveal choroidal neovascularisation (CNV) due to age-related
macular degeneration (AMD) or pathologic myopia.’>8 15 Minutes after
intravenous administration, red light (689 nm) is delivered to the retina as a single
circular spot via a fibre optic and a slit lamp. In the bloodstream, verteporfin binds
to LDL and selectively accumulates within the neovasculature, resulting in
apoptosis in neoplastic tissues.[®¥ Verteporfin reaches the maximum
concentration after 30 min and has rapid body clearance rates and subsequently
minimal skin photosensitivity (3 days). It has a high molar absorption coefficient
(35,000 Mt cm) at 689 nm, which allows for deeper penetration. Promising
outcomes from clinical trials against BCC have been reported and currently a
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Phase Il clinical trial is recruiting patients for PDT treatment of advanced
pancreatic adenocarcinoma.[86.87]
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Figure 1.3. Chemical structures of photosensitisers.

Temoporfin  or 5,10,15,20-tetrakis(meta-hydroxyphenyl)chlorin  (mTHPC,
formulation as Foscan) is a second-generation PS from the chlorin family. It is
approved for the treatment of squamous head and neck carcinoma.[®8 96 h after

intravenous administration, red-light illumination at 652 nm is delivered to the
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tumorous site through a microlens optic fibre. Temoporfin accumulates in the
vasculature walls of tumour brain tissue and also intracellularly, resulting in
tumour cell death and vascular damage through both necrosis and apoptosis. (8-
9% mTHPC has a relatively high molar absorption coefficient (30,000 Mt cm?) at
652 nm and thus, a low dose is needed in comparison with Photofrin (100 times
lower).P Temoporfin is one of the most effective PSs, although its main
drawback is its poor water-solubility and high post-treatment photosensitivity,
where patients are advised to avoid exposure to light for 15 days. Moreover, the
treatment area should not be exposed to light for up to 6 months.[72921 PDT with
Foscan had promising results in clinical trials for the treatment of breast and

pancreatic cancer.[93.94

Padeliporfin-dipotassium (Tookad soluble, WST-11) is a Pd(ll)bacteriochlorin
second-generation PS derived from the photosynthetic pigment
bacteriochlorophyll a (BChl a), which is found in bacteria. It is a follow-up PS to
padoporfin (WST-09) designed with increased water-solubility and is one of the
more recent developments in PDT. It is approved in the European Union (EU) for
the treatment of adenocarcinoma of the prostate.[®>%! 15 min after intravenous
administration, under general anaesthesia, light is delivered through interstitial
optical fibres to the prostate gland area.®® Tookad is a vascular-targeted
photodynamic therapy (VTP) and thereby localises in the tumour blood vessels
where it initiates inflammation, hypoxia, necrosis, and tumour eradication through
vascular damage.®! It has the advantage of deeper penetration (4 mm) as it
absorbs in the red area of the spectrum with a high molar absorption coefficient
at 762 nm (88,500 M1 cm™1).[%I! Tookad has a fast body clearance rate, resulting
in low skin photosensitivity as patients are advised to avoid light for only 6 h post-
treatment. Tookad has also been tested against established bone metastasis and
orthotopic prostatic models.l®® On February 2020, the FDA’s Oncologic Drugs
Advisory Committee (ODAC) refused to accept Tookad VTP; questioning the
therapy’s trial design, endpoints, missing follow-up data, and adverse events. 100l
A follow-up Phase IV to evaluate erectile dysfunction, urinary incontinence, and
related quality of life post-treatment for low-risk prostate cancer was terminated

due to difficulty to enrol patients.[104
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Figure 1.4. Chemical structures of photosensitisers.

Mono-L-aspartyl chlorin e6 (talaporfin sodium, Laserphyrin, NPe6) is a
hydrophilic rhodochlorin derived from chlorophyll a. It has been approved by the
Japanese government for the treatment of lung cancer.l'921% Talaporfin
selectively accumulates in the malignant site and 4 h after intravenous
administration laser light is endoscopically delivered through a quartz optic fibre.
Post-irradiation causes vascular flow stasis and direct tumour cytotoxicity through

apoptosis and necrosis.l19419% |t has a high molar absorption coefficient at 664
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nm (40,000 M1 cm?) and efficient antitumour effects, as well as low skin
photosensitivity (1 week) and fast body clearance rates compared to Photofrin,
making this PS a promising PDT agent.['%? Talaporfin was also employed in
clinical trials for the treatment of early stage head and neck cancer, colorectal

neoplasms, and liver metastasis.[106:107]

1.4.2 Photosensitisers under development

Redaporfin or Luz11 is a second-generation PS from the bacteriochlorin family
and was developed by Arnaut and co-workers.[*% |t was granted orphan
designation by the EU and U.S. for the treatment of biliary tract.!'%! Gomes-da-
Silva et al. investigated the mechanism of action of redaporfin and reported that
it selectively localises in the endoplasmic reticulum (ER) and the Golgi apparatus
(GA), which after light activation leads to ER and GA functional disruption. This
results in tumour cell death and direct antineoplastic effects through apoptosis,
as well as indirect immune-dependent destruction of malignant lesions through
ROS generation.’Y Redaporfin has a very high molar absorption coefficient at
745 nm (140,000 Mt cm?), which allows for deep light penetration. Recently
reported by Rocha et al. an in vivo study of the necrosis depth in liver rats showed
that redaporfin benefits from deeper necrosis at a drug-light combination ca. 50
times lower than that of Photofrin.[*10 Light illumination at 750 nm was delivered
15 min following the intravenous administration of redaporfin (0.75 mg kg™),
which led to a liver necrosis depth of approximately 4 mm with frontal illumination
(25 J cm™) and a necrotic radius of 0.7 cm with interstitial illumination (100 J
cm~2). Redaporfin is currently in Phase I/1l clinical trials for the treatment of head

and neck cancer with promising results.[109.111]

Texaphyrins are metal-coordinating expanded porphyrins with enhanced water-
solubility and this class of compounds was pioneered by Sessler for use in
medicine and biology.'’?! Texaphyrins show promising results as PDT or
radiation agents and mainly two lanthanide(lll) texaphyrin complexes are under
investigation for PDT treatments or imaging applications. The main advantage of
texaphyrins as PDT agents is their strong absorption profile at a much longer
wavelength due to their extended macrocycle (700-750 nm), which allows for

effective treatment at a greater depth. Other advantages include that they initiate
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the apoptotic pathway without disrupting DNA; thereby they are not mutagenic
and preferably localise in cancerous sites. Moreover, they are an attractive option
for contrast agents in magnetic resonance imaging (MRI), which allows for non-

invasive evaluation of tumorous tissues.[4°!

Clinical trials with Motaxefin lutetium(lll) (Lu-Tex, Lutrin, Antrin, or Optrin) for
the treatment of prostate and cervical dysplasia or cancer are complete; however,
they have not been granted approval from FDA or European Medicines Agency
(EMA). Moreover, this drug has been under preclinical investigations as a
possible therapy for AMD and photo-angioplasty of peripheral arterial
diseases.[*0113.114] Young and Woodburn et al. reported the selective uptake and
retention by cancerous lesions and atheromatous plaque after intravenous
administration as well as microvasculature selectivity, resulting in selective
photodamage.[15116l | utrin displays deep tissue penetration (molar absorption
coefficient 42,000 M1 cm? at 732 nm) and quick body clearance thereby
minimising retention in tissue and limiting skin and systemic post photosensitivity
(24-48 h).112

Motaxefin gadolinium(lll) (Gd-Tex, Xcytrin) is a gadolinium texaphyrin complex
that displays intense fluorescence at 750 nm and has found application in in vivo
real-time imaging making it a potent candidate for use as a contrast agent in
facilitating clinical diagnosis of atherosclerosis.[*”] Motexafin gadolinium MRI
visualisation showed that it preferably accumulates in tumours and is well-
tolerated. Clinical trials for the treatment of brain metastases from lung and breast
cancer under whole brain radiation showed promising results; however, further

evaluation is required to elucidate the safety and efficacy.[118.11°]

Purpurins are chlorin based structures and were first synthesised by Woodward
during his seminal chlorophyll synthesis.['??l Tin ethyl etiopurpurin or
Rostaporfin (Purlytin or SnET?2) is the most efficient purpurin and belongs to the
series of second-generation PSs. It has been under clinical trials Phase II/1ll for
the treatment of cutaneous cancer, for metastatic breast cancer, AIDs related
Kaposi’'s sarcoma, and AMD.[68l A follow-up study on the clinical trial (Phase II/11)
for the treatment of breast cancer had a complete response for over 90% of

patients.'?1l The tin atoms result in a redshift of the absorption profile
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accompanied by a high molar absorption coefficient at 660 nm (40,000 M1 cm-
1).[1221 puyrlytin has drawbacks including dark toxicity and photosensitivity (1
month) and it also has poor water-solubility. The latter can be overcome by
formulations with the use of lipid emulsions i.e. cremophor EL emulsion, liposome
encapsulation, or cyclodextrins.l’23] Although promising, there is still no
authorised approval for cancer treatment.

Another novel and very promising chlorin-based PS currently in clinical trials is
the hexyl ether derivative of derived from pheophorbide-a from Spirulina algae
(2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a, HPPH or Photochlor).[?4
HPPH is under evaluation in Phase | for its safety and tolerability post-injection
in patients with oesophageal cancer.l'?% A search of clinicaltrial.gov identifies
several clinical trials involving HPPH in Phase | (treatment of oral cavity
carcinoma, Barrett’'s oesophagus, lung cancer, head and neck cancer, BCC, and
oesophageal cancer), Phase Il (lung cancer, oesophageal cancer), and an active
study (Phase II) for treating patients with oral cavity squamous cell carcinoma.
The main advantages of HPPH are its high molar absorption coefficient at 665
nm (47,000 M? cm?) and the considerably low cutaneous phototoxicity
compared to patients treated with Photofrin or Foscan.12¢]

Phthalocyanines (Pcs) are extended, artificial porphyrin systems with a unique
structure where each pyrrole moiety is fused with a benzene ring resulting in a
red-shifted absorption spectrum and a deeper penetration range. They are
characterised by a relatively easy preparation, thus, large-scale synthesis at a
relatively low cost can be performed. Lately, there has been a focus on Pcs in
PDT and two recent reviews by Lo et al.'?”] and Li et al.[*28 perfectly summarise
their properties and applications. Their main drawback is their very low water-
solubility, which can be overcome by introducing polar groups, e.g., sulfonated
Pc derivates, or using nano-formulations such as nanoparticles (liposomes or
polyethylene glycol polymers).[t29130 |t was shown that metal insertion increases
the triplet state yield and the singlet oxygen quantum yield of Pcs, i.e., zinc,
aluminium, and silicon derivatives.'?1 As such, Pc derivatives are under
development and currently undergoing preclinical and clinical evaluation. One

liposomal zinc Pc developed by Ciba-Geigy underwent Phase I/l clinical trials

43



against squamous cell carcinomas of the upper aerodigestive tract; however, no

additional data have been reported yet.[127:130]

Photosense or AIPcS is a water-soluble sulfonated mixture of di-, tri- and tetra-
sulfonated aluminium phthalocyanines and it has been approved by the Russian
Ministry of public health.[8! |t is indicated for patients with AMD, head and neck,
lung, breast, skin, and gastrointestinal cancers. It is administered intravenously
with a 24 h drug-light interval and it selectively accumulates in the cancerous
sites.['31 Laser light is delivered to tumours via quartz optical fibres at 675 nm,
where Photosense absorbs with its characteristic high molar absorption
coefficient (42,000 M- cm1). Noteworthy, a Photosense analog with two sulfonic
groups in the adjacent isoindole subunits (AIPcS:zad) proved to be a powerful

photochemical internalisation (PCl) agent.[132]

Pc4 is a silicon-based phthalocyanine, which has been under Phase | clinical
trials for cutaneous cancers. After activation, it initiates apoptosis in cancer cells
leading to photodamage. A clinical study reported by Baron et al. showed that
Pc4-PDT is a safe and tolerable treatment for cutaneous malignancies such as
mycosis fungoides.[*33134] |n another trial from the same principle investigator,

Pc4-PDT was used to treat cutaneous T-cell non-Hodgkin lymphoma.[3°]

In the search for other improved PSs for PDT a non-porphyrin PS has also been
granted orphan designation by the EU and US. This synthetic hypericin
(SGX301, Figure 1.5) derivative belongs to the extended quinone family. It is
used to treat early-stage cutaneous T-cell ymphoma (CTCL) and a pivotal Phase
[Il clinical trial was recently completed achieving a statistically significant
treatment response rate (p=0.04) in overall three cycles of the patients treatment
(36 weeks).[1361 SGX301 is topically administered as a hydrophilic ointment, twice
per week, and covered with a bandage for 12-24 h. Then, the area is treated with
visible fluorescent light. Hypericin tends to accumulate in T-cells and localises in
the ER, GA, lysosomes, and mitochondria. After light activation, singlet oxygen
and ROS are formed and initiate the mitochondrial apoptotic pathway causing
cellular toxicity and killing the targeted T-cells.[% Hypericin has a high molar
absorption coefficient at 590 nm (45,000 M-t cm?) and displays low toxicity and
dark toxicity as it only targets the T-cells in the skin layer.[??
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Figure 1.5. Chemical structures of non-porphyrin potential PSs.

Another non-porphyrin complex developed by Mc Farland and co-workers is the
TLD-1433 ruthenium (Figure 1.5) polypyridine complex.[61.137 |t is currently in a
Phase Il clinical trial in Canada for the treatment of non-muscle invasive bladder
cancer. This ruthenium complex absorbs at 525 nm with a low molar absorption
coefficient 2,000 M1 cm; however, it displays efficient intersystem crossing,
intra-ligand charge transfer post excitation, and high singlet oxygen quantum
yield. TLD-1433 interacts with the biological environment by electron transfer
reactions and inducement of ROS.[*2 The prevalent production of hydroxyl
radicals in a hypoxic environment is an indication for its use in solid tumours.[138]
The high selectivity for cancer cells is based on a higher expression of transferrin
receptors that are upregulated on the cancer cell surface.'37:139 During a Phase
| clinical trial involving TLD-1433 for the treatment of bladder cancer, an aqueous
solution of the metal complex was administered into the bladder via a catheter
(minimal dose: 0.35 mg cm™2, therapeutic dose 0.70 mg cm™2), following rinsing
after 1 h (removal of excess of the compound) and filling with water to allow a
constant light exposure of the bladder surface. An optical fibre with a diffuser was
used and the bladder wall was irradiated at 520 nm (90 J cm™2).[14% The results
were promising since two out of three patients had full response and no
recurrence or progressing of the bladder tumour. An ongoing Phase Il clinical trial
is planned to treat ~120 patients with non-muscle invasive bladder cancer in the
USA and Canada who are intolerant or unresponsive to bacillus Calmette-Guérin

therapy (therapeutic dose 0.70 mg cm™2).[42.141,142]
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1.5 Dipyrrinato Metal Complexes as Potential PS and

their Photophysics

Metal-based complexes have found use since ancient times; for example, one of
the first metal-based compound was the arsenic trioxide (ATO). ATO was used
by Chinese medical practitioners as an antiseptic, and against rheumatoid
diseases, syphilis, and psoriasis; by 1970 it found use in the treatment of
leukaemia (1970, China). In the early 20™ century its use was replaced by
radiation and cytotoxic chemotherapy.l143144 A breakthrough in medicine for
metal complexes in medicine was the discovery of the arsenic containing drug
arsphenamine (a mixture of trimer and pentamer) as an antimicrobial agent and
the platinum containing drug cisplatin as an anticancer agent.[*#51461 Currently,
cisplatin, carboplatin, and oxaliplatin are platinum containing drugs used in
chemotherapy (Figure 1.6).1247 However, these complexes are related with acute
side effects such as peripheral neuropathy and the increase of drug-resistant
tumours. This has resulted in the use of combination of therapies including
radiotherapy, immunotherapy and surgery in order to surmount the limitations
and improve the survival rates.[**8 In addition, mercury is known as toxic, but is
also used in merbromin as an antiseptic agent where it combines with carbon

(carbon-mercury bond) to form an organic mercury compound.[4°]

Metal complexes display characteristic features i.e., structural diversity, redox or
catalytic properties, and ligand exchange propensity,[44 but they can also display
toxicity. All the above depend on the type of metal, its oxidation state, the
coordination geometry, the variety of coordinated ligands etc.!%% To overcome the
limitations that arise, such as toxicity and cross-resistance, novel molecules are
sought after and the demand for metal-based compounds is continuing for cancer

treatments.
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Figure 1.6. Chemical structures of metal-based complexes used in the clinics.

The quest for ideal PS in PDT has prompted substantial interest in evaluating the
attributes and limitations of the natural related metal-based products, e.g.,
porphyrinoids, or other types of molecules, e.g., transition metal polypyridine
complexes ruthenium(ll), iridium(lIl), platinum(lV), rhenium(l), and osmium(ll) or
mono-, bis-, and tris- dipyrrinato complexes.[?342 Transition metal complexes of
ruthenium are under scrutiny, due to their attractive photophysical, biological, and
anticancer properties i.e., strong luminescence, long fluorescence lifetimes, large
Stokes shifts, water-solubility, high cellular uptake with promising cytotoxicity,
and photostability. As mentioned, the first Ru(ll)-based photosensitiser (TLD-
1433) is the first that has entered into clinical trials against non-muscle invasive

bladder cancer.[61]

Another family related to porphyrinoids are the dipyrrins that can serve as perfect
ligands with multiple types of metal coordination. The dipyrrin moiety consists of
two pyrrole rings bridged with a methine group and occurs in a planar
configuration. The dipyrrinato ligand, upon deprotonation, can coordinate with
various cationic species and form stable complexes.['*? |t is a m-conjugated
system that can absorb light (450 — 550 nm) and undergo r - ©* transitions. In

bis- and tris- dipyrrinato complexes, where the moieties are in proximity but not
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in conjugation, exciton coupling of the 'x - n* transitions can take place, leading
to non-degenerate excitonic states.[!®ll This is observed in the UV-Visible
absorption spectra of the complexes with a splitting of the absorption bands
(Davydov splitting) (see 4.3.3.1). Circular dichroism (CD) spectroscopy is another
means to determine if exciton coupling occurs. The post-excitation luminescence
features can be tuned and are greatly dependent on the environment polarity and
the structural variety upon modifications on the periphery. The latter can occur
by the introduction of various 5- substituents on the dipyrrin moiety or at a- or (-
pyrrole rings and can alter drastically the photoluminescence properties. Cohen,
Halper, Dolphin, Lindsey, Bocian, Nishihara, Holten, Telfer and their co-workers
have reported their work on dipyrrins, their complexes, and their ground- and
excited- state properties. They also reported that the modifiability of the periphery

of such systems is feasible and can alter the photophysical properties.[150.152-161]

A variety of substituents can alter the excited states formation in metal-based
systems, having great dependency on the polarity of the environment. In addition,
the different type of metal coordinated centres can result in electronic
configurations upon excitation that may favour the triplet state population. These
configurations can be metal-centred (MC), within a single ligand (intraligand, IL),
or involve a charge transfer (CT) state between them. The CT states can be
metal-to-ligand (MLCT), ligand-to-metal (LMCT), within a ligand (ILCT) or
between two different ligands (LLCT).[®] The majority of dipyrrinato metal-based
complexes are considered as weak luminophores. The non-emissive charge
separated states may occur upon excitation, specifically in polar solvents, and
this usually increases with a less structural constrains in the system’s periphery.
Depending on the oxidation state, the electronic configuration of the metal ion
and the nature of the ligands, the dipyrrinato complexes have either a preference

for octahedral, tetrahedral or square planar geometries.

Dipyrrinato complexes with calcium, magnesium, lithium, natrium and potassium
have been previously reported; however, to date they do not display any
capability as PSs and limited information can be found with regards to their
geometries and optical properties.[*62-164] | jthium dipyrrinato salts can be used

as precursors in the synthesis of other dipyrrinato complexes.[*6°]
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Another type of dipyrrins are the N202 and aza-dipyrrins. N2O2-type ligands are
similar to dipyrrins but with phenol groups attached on the pyrrolic a positions.
N202-type ligands can form complexes with Zr, Ti, Mn, Co, Ni, Cu, Pt and Au, B,
In, Ga, Si, Ge, Sn and Al.[15.166-171] Aza-dipyrrin ligands consist of a nitrogen
atom instead of the carbon in the methine bridge and can form complexes with
Cu(l), Ag(l), Au(l), Zn(ll), Re(l), Co(ll), Ni(ll), Hg(ll), Rh(1), Ir(1), Ir(111), Li, Na, K, B
and P.[172173] For dipyrrinato complexes with Mn(Il), Mn(lll), Mo(VI) and Cr(lll)
only few photophysical data have been reported apart from the occasional UV-

Visible absorption spectra.[174-178]

In this section we will focus on dipyrrinato based metal complexes with potential
applicability toward photomedicine, apart from boron dipyrrinato dyes (BODIPY)
which are well-known and extensively investigated. In particular, the
photophysical properties of Zn(ll), Ni(ll), Cu(ll), Pd(ll), Pt(ll), Re(l), Ru(ll) and
Ir(11) dipyrrinato complexes will be described below and Ga(lll), In(lll) and Al(lII)

dipyrrinato complexes are described in section 4.1.
1.5.1 Zn(Il), Ni(ll), Cu(ll), Pd(ll) and Pt(Il) dipyrrinato complexes

Bis(dipyrrinato) Zn(ll) dipyrrin complexes are most studied for their luminescence
efficiency and photophysical properties. (Dipyrrinato)zinc(ll) complexes usually
obtain a tetrahedral configuration. Figure 1.7 presents several

bis(dipyrrinato)zinc(ll) complexes.

Several factors can result in modulation of the emissive properties of these
complexes such as modulation of substitution at a-, 8-, or 5-position. Sazanovich
et al. reported that structural modifications caused by bulky aryl groups (mesityl)
at the meso position of the corresponding dipyrrins in bis(dipyrrinato)zinc(ll)
complex resulted in increased steric hindrance and consequently in a great
improvement of the fluorescence quantum vyield. Namely, the fluorescence
guantum yield of the mesityl derivative 130g was higher (0.36) than the phenyl
and tert-butyl analogues 130b and 130e (0.006 and 0.007, respectively).
Additionally, the singlet state lifetime of 1.30g (3 ns) was longer that of 129b (0.09
ns).l156.1791 Furthermore, other facts that impact the luminescence are the
introduction of iodine atoms or methyl groups on the dipyrrin core. It was

demonstrated that the presence of iodine atoms in 132g (R? = ) resulted in a
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decreased fluorescence quantum yield and increased CS state formation when
compared to the derivative without iodine 132g (R? = H). Therefore, the
introduction of heavy atoms can facilitate the formation of long-lived triplet states,

increase the ISC rate, and a red-shift of the electronic absorption spectrum.8

R3 Ar R3

(1555563
L S0 e ®

1.29R"=R?=R3=Ar=H
130R"=R?2=R%=H

1.31 R’ =CH3, RZ=R3®=H
1.32R'"=R¥®=CH;, R?=H,I,C,Hs, Y Y= !%Q

1.33R'= R2— R3 = ClI, Ar = Mes

Figure 1.7. Chemical structures of homoleptic zinc(ll) dipyrrinato complexes.

Charge transfer (CT) between chromophores happens after photoexcitation,
producing symmetry-breaking (SB) charge separation (CS) states and the
emission quenching upon SBCS states in polar solvents is considerable. The
SBCT and the formation of ligand-ligand charge transfer states is also called
Intramolecular Charge Transfer (ICT) states (ICT energy states are governed by
solvent dipolar stabilisation) (Figure 1.9).117%-18] Nishihara and co-workers
introduced another approach to enhance the luminescence of dipyrrinato metal
complexes. In the heteroleptic complexes the SBCT process is less important,
since there is no symmetry. The heteroleptic bis(dipyrrinato)zinc(ll) complexes
1.34, 1.35 and 1.36 (Figure 1.8) have different photophysical properties from the
homoleptic analogues (Figure 1.7).1160.181] The absorption spectrum of 1.34 was
the sum of the absorption bands of the homoleptic analogues 1.31g and 1.32f
(R? = Y) and the emission spectrum showed one emission band of the dipyrrin
ligand D2 (Aem = 578 nm) both in the cases when exciting the D1 ligand (495 nm),
and after exciting selectively the D2 ligand (553 nm). This was ascribed to the
presence of energy transfer from D1 to D2, followed by emission from a [D1-Zn-
D2*] state. Furthermore, the heteroleptic zinc complexes displayed higher

fluorescence quantum yield than the corresponding homoleptic analogues.[160.181
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Specifically, a higher fluorescence quantum yield was reported for 1.34 (®:=0.76
in toluene and &¢ = 0.52 in DCM) compared to the homoleptic analogue 1.31g
(@r = 0.28 in toluene and non-emissive in DCM). The same group also observed

the same effect with tris(dipyrrinato)indium(lll) complexes.t5°]

Figure 1.8. Chemical structures of heteroleptic Zn(ll) dipyrrinato complexes reported.

The green arrow indicates energy transfer (ET) from the D1 ligand to the D2 ligand.

Consequently, the same group reported heteroleptic zinc dipyrrin complexes with
bulkier substituents in the pyrrolic ring. The most promising candidate in terms of
fluorescence properties was 1.35 showing a high luminescence quantum yield of
0.62 — 0.72 in both polar and non-polar solvents; an absorption maxima (Amax =
671 nm in toluene), a large € of 89,000 Mt cm™ or 180,000 Mt cm™ (for each
ligand) and large Stokes shifts of ~ 5400 cm™. Nevertheless, an improved
fluorescence quantum vyield for heteroleptic complexes compared to their
homoleptic analogues is not a strict rule. For instance, complex 1.36 showed a
significantly lower & in non-polar and also polar solvents (&t = 0.07 — 0.08 in
toluene and &= 0.01 — 0.03 in DCM). The presence of electron donating methyl
and ethyl groups raised the energy of the HOMO-1 of the D1 ligand and reversed
the electronic distribution between the ligands in the HOMO and HOMO-1
(comparing with 1.34) resulting in a favourable electron transfer process [D1-Zn-
D2*] — ![D1*-Zn-D2] and an efficient generation of non-emissive [D1*-Zn-D2

‘] state, characterised by a decreased @x[160.181
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In addition, it was reported that triplet excited state formation can be enhanced
by ICT states in polar solvents for (dipyrrinato)zinc(ll) complexes.[17%18% Das et
al. demonstrated that the triplet state of 1.33 was generated via ISC from the S1
state in non-polar solvents, whereas in polar solvents triplets were rapidly
generated via charge recombination from ICT states with higher triplet state
yields (Figure 1.9).18 Similarly, Mahmood et al. synthesised a series of
bis(dipyrrinato)zinc(ll) complexes 1.32b, 1.32i, 1.32j, and 1.32k (R? = H) and
demonstrated that their triplet excited state dynamics can be effectively tuned by
structural modifications. This can occur by altering the energy gap between the
CT and Tn states along with the geometry by introducing electron donating aryl
moieties at the meso-positions of the complexes. In this way, the ISC yield and
triplet excited state lifetime can be tuned and resulted effectively in the singlet
oxygen production through SBCT state. Due to the bulky pyrene and anthracene
groups the intramolecular rotations are hampered and their fluorescence decay
is slower, leading to efficient ISC and longer triplet lifetime. The ascending order
of the singlet and triplet lifetimes and the singlet oxygen quantum yield was as
follows: 1.32i < 1.32b < 1.32k < 1.32j (R? = H).1182

The reaction can occur through a radical pair intersystem crossing (RP-ISC)
which involves mixing between !ICT (}[D*-Zn-D~]) and 3ICT (3[D*-Zn-D~))
states. These states can undergo *ICT — 3ICT transition followed by a rapid
charge recombination to the lowest triplet state (3ICT — T1). On the other hand,
ISC may also happen directly from ICT — T state via spin—orbit charge-transfer
intersystem crossing (SOCT-ISC). This happens in the case that the orbital
symmetries are involved in the way that the spin flip is coupled with an
accompanying orbital angular momentum change [dominates when a strong
electronic coupling between the donor (D*) and acceptor (D) radical pairs
exists]. Usually, it is difficult to differentiate between RP-ISC and SOCT-ISC
mechanisms; however, the electronic coupling and thus the distance and
orientation between the donor and acceptor has a significant role in controlling
the ISC mechanism.['84-1871 Theoretical calculations in radical pairs illustrated that
SOCT-ISC was enhanced with orthogonality between the orbitals involved and
was reduced with the longer distance between the orbitals.l*8 Finally, in non-
polar solvents the preferable transition is from S1 — Ti state via ISC.
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Figure 1.9. Simplified energy diagram showing the excited-state decay pathways and

one example of bis(dipyrrinato)zinc(ll) complex.[*83l

Karges et al. investigated 1.32b, 3.32f, 1.32g, and 1.32j (R? =I) for potential PDT
application. These complexes absorbed at ~ 515 nm, and the iodine atoms
promoted spin-orbit coupling resulting in ISC and singlet oxygen generation upon
irradiation [at 510 nm (20 min, 5.0 Jcm™) and at 540 nm (40 min, 9.5 Jcm?)],
which was confirmed by EPR spectroscopy. The phototoxicity studies were
performed using human retinal epithelial cells (RPE-1), human cervical
carcinoma (HelLa), mouse colon carcinoma (CT-26), and human glioblastoma
astrocytoma (U373) cells. They efficiently entered in cancer cells within 4 hours
through passive diffusion and localised in the cytoplasm. All the four complexes
showed no dark toxicity and they were phototoxic against several cancer cell
lines at a low micromolar concentration. Additionally, they were found to be active
in a HeLa MCTS (multicellular tumour spheroids) 3D tumour model. The
anthracene derivative 1.32j (R? = I) displayed the higher cell uptake efficiency.
Since their excited states were quenched in polar environment due to the
formation of a SBCT state, the mesityl derivative 1.32g (R? = |, with the best
photophysical and phototoxic properties) was encapsulated in a polymer matrix
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

glycol)-2000] ammonium salt (DSPE-PEG2000-OCHs). The nanoparticles
improved the water solubility, enhanced the photophysical properties and the

selective localisation in lysosomes, contrary to the complex alone that
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accumulated in the cytoplasm. Upon light exposure, the particles lead to cell
death at low micromolar concentrations in the monolayer cancer cells and HeLa

MCTS 3D tumour model, presenting potential as PSs.[18

The same group reported that the heavy atom-free bis(dipyrrinato)zinc(ll)
analogues 1.32b, 3.32f, 1.32g, and 1.32j (R? = H) showed potential as imaging
probes. These complexes had intense fluorescence in non-polar solvents, the
emission was quenched in polar environment, and were localised in HelLa cells
cytoplasm by passive diffusion. In order to overcome the quenching and increase
the water-solubility, complex 1.32g (R? = H) was encapsulated in a polymer
matrix with biotin group. The nanoparticles maintained their bright fluorescence
and similarly with the iodinated analogues they selectively localised in the HeLa
cancer cells lysosomes and fully penetrated 3D MCTS. All the zinc components
did not show any dark toxicity, either phototoxicity upon irradiation [at 510 nm (20
min, 5.0 J cm2) and 540 nm (40 min, 9.5 J cm?)] toward non-cancerous retinal
pigment epithelium (RPE-1) and human cervical carcinoma (HeLa) cells (ICso >
100 pM).[1e0l

Ni(ll) and Cu(ll) dipyrrinato complexes favour square planar or tetrahedral
configurations depending on the nature of the ligands (Figure 1.10).1*% The steric
repulsion from a-substituents can be adapted by creating intermediate
geometries between square planar and tetrahedral.[150:191.192] A distorted square
planar geometry (a-substituent = H) or a distorted tetrahedral geometry (a-
substituent = CHs or Ph) were observed for bis(dipyrrinato)Ni(ll)
complexes.[150.155.193] The CHs and Ph groups are larger and can introduce steric
hindrance, thereby increasing the inter-ligand dihedral angle. Similar distorted
geometries were observed for bis(dipyrrinato) Cu(ll) and Zn(ll)
complexes.[150.174.189.191] The order of deviation from the tetrahedral angle caused
by a-substitution is: Zn(ll) < Ni(ll) < Cu(ll).[t74

Usually the Ni(ll) and Cu(ll) dipyrrinato complexes are non-luminescent.
However, Cu(ll) dipyrrinato complexes 1.39 and 1.42 displayed weak
fluorescence. For example, the dipyrrin complex 1.39 weakly emits at ~ 500 nm
and 1.42 at 570 — 630 nm in several solvents. The fluorescence quantum yield

of the later was estimated 0.001 in butyronitrile.[194
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Figure 1.10. Chemical structures of Ni(ll) and Cu(ll) bis(dipyrrinato) complexes.

Karges et al. investigated two iodo-substituted Ni(ll) and Cu(ll) homoleptic
dipyrrinato complexes 1.43 and 1.44 as PSs for PDT (Figure 1.10). These are
direct analogues of the zinc complex 1.32g (R? = I) which has exhibited potential
for PDT. Both complexes displayed distorted geometries in between square
planar and tetrahedral. The complexes had strong absorption in the green area
of the electromagnetic spectrum ~525 nm but they were poorly emissive and
scarcely generated singlet oxygen upon irradiation. Ni(ll) complex 1.43 had no
fluorescence signal and Cu(ll) analogue 1.44 displayed a low emission signal
with a fluorescence quantum yield of 0.1%. The biological evaluation revealed
that they had low dark cytotoxicity in non-cancerous retinal pigment epithelium
and human cervical carcinoma (HeLa) cells (ICso = 157.1 — 185.3 uM); however,
a negligible effect was observed on the cell viability upon irradiation (at 510 nm,
20 min, 5.0 J cm-2).[1°1]

Nishihara and co-workers synthesised heteroleptic Ni(ll) and Cu(ll) complexes
1.45 and 1.46 which adopted tetrahedral geometries, due to the bulky a-
substituents on one of the dipyrrin ligands. Both complexes were non-emissive,
while the heteroleptic and tetrahedral Zn(Il) complexes were emissive. The

structures were analysed by X-ray single crystal, and investigated by using cyclic
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voltammetry, chronocoulometry, and UV/vis absorption spectroscopy. No data
with regards to PDT have been reported [19°]

Pd(ll) and Pt(Il) dipyrrinato complexes are mainly investigated in context of their
geometry and their luminescence properties. Most palladium and platinum
bis(dipyrrinato) complexes form 4-coordinated complexes and the ligands can
either bind in a tetrahedral or a square planar configuration and in this case the

preferred configuration is square planar.

Mathew et al. recently reported four homoleptic bis(dipyrrinato)palladium(ll)
complexes via a one-pot reaction and a preliminary investigation on their
antitumor activity (1.47 — 1.50, Figure 1.11). The absorption spectra of these
chelates displayed one intense band for i - n* transitions at ~ 470 — 490 nm (¢
= 55,000 M cm) and a broad band ca. 350 — 400 nm (¢ = 10,000 Mt cm?),
that the authors ascribed to an MLCT transition. The respective complexes
displayed weak luminescence and overall fluorescence quantum yields lower
than 0.03 in acetonitrile, chloroform, and toluene. Their singlet state lifetimes
were in the range of 2.5 — 3.8 ns representing this weak fluorescence feature. In
addition, the average singlet oxygen quantum yield in all the solvents was
relatively low (@x ca. ~ 0.08), with the phenyl derivative 1.47 displaying the higher
value in acetonitrile (@4 = 0.17) whereas their triplet excited state lifetimes were
also short (30 — 70 ns). Finally, in vitro cytotoxicity against DLA cancer cell lines
was assessed and the selectivity of action of the complexes was validated with
respect to non-cancerous rat spleen cell lines. Interestingly, all the complexes
1.47 — 1.50 exhibited cytotoxicity against cancerous DLA cells and had no affect
on the non-cancerous cells. The cyanophenyl derivative 1.49 was the more
cytotoxic with a low ICso value of 50.73 pug mL™1.[*%] Pd(Il) complexes have not
yet investigated toward a PDT application; however, with further development
they could reveal a potential as anticancer agent. Lastly, the respective palladium
complexes adopt a slightly distorted square planar geometry where a loss of
coplanarity between the dipyrrin ligands and a curvature of the bis-pyrrolic core

were observed.
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Figure 1.11. Chemical structures of Pd(Il) and Pt(ll) bis(dipyrrinato) complexes

Another report for complex 1.47, showed that it undergoes a key structural
reorganisation in its excited state and yields a triplet state from a square planar
configuration. Fluorescence decay studies along with DFT calculations showed
the involvement of LC2 and LC: (ligand-centred) excited states where
population of 'LC2 upon excitation results in a short-lived singlet state that is
quickly relaxed to LCi. By this state they observed that due to a probable
structural flexibility of 1.47 the symmetry was disturbed and resulted in a partially
allowed fluorescence. The triplet state adopts a geometry which was supported
by DFT calculations and is dominated by a fast ISC process from LC states to
triplet states with an ISC rate constants of ca. (13 —16 ps)™. Lastly, the absence
of any phosphorescence emission of bis(dipyrrinato)Pd(ll) complex was
validated by the structural reorganisation leading to a non-emissive triplet metal

centred state (3MC).[197]

Bronner et al. synthesised and photophysically evaluated four new Pt(Il) and
Pd(Il) complexes that combine a mesityl dipyrrin or benzonitrile dipyrrin ligands
with a cyclometallated Pd(ll) and Pt(Il) moieties of 2-phenylpyridine (ppy) (1.53 —
1.56, Figure 1.11). The geometry of the Pd(ll) centre deviated slightly from the
square planar with a deviation from planarity orientating either above or below
the plane defined by the Pd(ll) and the 2-phenylpyridine (ppy) ligand and each
pyrrolic ring. The geometry around the Pt(ll) metal centre is square planar;
however, the two pyrrolic rings were not coplanar and showed a distortion.

Interestingly, palladium complex 1.54 was not isostructural to its platinum
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analogue 1.56. These complexes displayed an intense absorption band at ~500
nm, corresponding to the r - n* transition of the dipyrrin ligand, whereas a band
at ~430 nm was only evident on the Pt(ll) complexes which can be ascribed to
MLCT state. Nevertheless, their luminescence was rather weak, even at lower
temperatures. Amongst the complexes, the Pt(ll) derivatives exhibit the stronger
fluorescence emission, and particularly the mesityl derivative 1.55. This indicates
that the singlet state of Pt(ll) chelates undergo faster radiative processes and
slower non-radiative processes. This is related, as previously described, to the
restriction of rotational freedom which increases the emission intensity and
fluorescence quantum yield, e.g., by mesityl group.'%! For Pd(ll) complexes, the
out-of-plane distortion can result in a low-lying MC state which favours the

deactivation pathways.[1°€]

In general, a-substituents in the pyrrolic rings of the dipyrrin can cause strain
between them which can be released when the structure can reorient and distort
away from the square planar configuration providing room for the a-substituents
and deviating from the square planar geometry.[**®! However, Pd(ll) dipyrrin
complexes were observed to maintain a strictly square planar configuration upon
coordination environment with Pd(ll). Telfer et al. showed that the repulsion could
be accommodated by forcing the ligands to lean away from the Pd-Na4 plane, and
a non-planar distortion of the bis-pyrrolic core was observed due to close
interligand contacts of their a hydrogen atoms (1.51, 1.52, Figure 1.11).1290 These
complexes displayed intense bands in their UV-Vis spectra at ~ 480 nm, which
can be ascribed to 'n - n* transitions of the dipyrrin moieties; however they were

non-emissive upon excitation.

1.5.2 Re(l), Ru(ll), Rh(lll), and Ir(lll) dipyrrinato complexes

Re(l) complexes with ligands other than dipyrrins, e.g., pyridine, polypyridyl,
tricarbonyl, pyridocarbazole or phenanthroline ligands, are well studied
complexes in the context of triplet state population and photosensitised
generation of singlet oxygen and PDT application.[?°1-209 Most of the complexes
involve a long 3MLCT state lifetime which enhances the possibility of energy
transfer process, followed by high values of singlet oxygen quantum yields. Their

potential mechanism of action include i) phototoxicity; ii) DNA binding; iii) enzyme
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inhibition; iv) mitochondrial effects or v) oxidative stress regulation. Many ligands
have been described that can modulate the lipophilicity, the luminescent
properties, the cellular uptake, the biodistribution, the cytotoxicity, the
pharmacological and toxicological profile. Nevertheless, concerning Re(l)
dipyrrinato complexes only few photophysical properties have been published to
date (Figure 1.12).1210-214]

Telfer and co-workers synthesised Re(l) complexes coordinated with dipyrrin
ligands and different number of CO- or phosphine ligands (1.57 and 1.58, Figure
1.12). These complexes showed intense absorption in the visible region (470 —
480 nm); however, they displayed weak or no emission from the 'x - x* transition
(&< 0.01, at ~ 700 nm) and large Stokes shifts (6,000 cm). Exciton coupling is
not observed since they are mono dipyrrinato type of complexes. Exchanging the
PPhs phosphine ligands with PBus ligands caused a blue-shift in the UV-Vis
absorption spectra of the n - ©* band. Additionally, by increasing the number of
phosphine ligands from one to two resulted in a blue-shift with a decrease in the
absorption intensity. Formation of a SMLCT state and phosphorescence from a
dipyrrin-centred triplet excited state was proposed by DFT calculations.?1%
Following, the same group, synthesised Re(l) dipyrrins with various meso
substituents were the complexes 1.59 presented negligible luminescence. Since
1.57 and 1.58 were emissive, this difference could occur due to the complexation

with the pyridine moiety in 1.59. [213]

Manav et al. investigated the singlet oxygen efficiency and photostability of Re(l)
complexes 1.60 (Figure 1.12). These complexes had strong absorption in the
UV-Visible spectra but very weak fluorescence with a large Stokes shifts values
(5600 — 6960 cm) and they displayed high singlet oxygen yields (®x = 0.75 —
0.99) with the highest value for 1.60b (@ = 0.99), followed by N-butylcarbazole
1.60g in the second place (0.98). The substitution at the meso position did not
impact the absorption maxima of the absorption band; however, the substituents
had an impact on the phosphorescence wavelengths.?'l The different
substituents from electron donating (e.g., carbazole) to electron withdrawing
(e.g., pentaflurophenyl) altered the structural, electrochemical, and spectroscopic
properties of these complexes. Thus, the bulky electron rich aromatic groups

(160f,g,h, Figure 1.12) showed phosphorescence between 681 — 692 nm with
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relatively smaller Stokes shifts. Conversely, the electron withdrawing
halobenzene groups showed maxima at higher wavelengths ca. 698 — 736 nm.
The complex with the strongest electron withdrawing group, pentafluorophenyl
160a, and the thienyl 160e exhibited the most red-shifted absorption profile.
Finally, these complexes displayed long triplet excited state lifetimes (tt=9 — 29
Ks) resulting in efficient singlet oxygen generation (®a ~ 0.75 — 0.98) along with

their distinct photo-stability showing potential for use as PSs.[?11
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Figure 1.12. Chemical structures of Re(l) dipyrrinato complexes.

The Ru(ll) complexes have been extensively studied for different applications
due to their relative stability and their unique photophysical properties. As
previously stated TLD-1433 is a ruthenium based PS. The majority of these
chelates have good water-solubility, long luminescence decays, high singlet

oxygen production, and chemical and photophysical stability.61]

Yin et al. reported blue-green absorbing Ru(ll) complexes with TT-conjugated
ligands which exhibit long-lived triplet lifetimes and can be activated with red/NIR
light to yield PSs for multiwavelength PDT. Remarkably, these ruthenium
complexes had photodynamic efficacy when they were excited at longer
wavelength (625 nm, L.D. of 100 J cm) even with low absorptivity at this region
(e < 100 M cm). Although these complexes absorb outside the photo

therapeutic window (< 500 nm), they displayed promising potential as PSs for
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PDT, with light ECso values of 0.4 — 1.9 uM against HL60 human promyelocytic
leukaemia cells.?%%l Another article described a red-shift in the absorption of
Ru(ll) polypyridyl complexes towards the therapeutic window. This was achieved
via the introduction of suitable 1-conjugated moieties on the [Ru(bipy)s]** core,
such as extension with methyl groups or vinyl dimethylamino groups, presenting
phototoxicity against cervical cancerous HelLa cells.[?1]

With regards to Ru(ll) complexes with dipyrrin ligands there are reports on
heteroleptic complexes, which focus on their synthesis, photophysical properties,
antitumor activity, and applications in dye-sensitised solar cells.[?16-2201 The
heteroleptic Ru(ll) dipyrrin and bipyridine complexes with carboxyl, carboxylate,
or ester as functional groups 1.62 — 1.67 (Figure 1.13)[200.217] displayed an intense
absorption band and 1.65 displayed two distinct bands in the visible region and
prominent exciton coupling features. One strong band at 483 nm was assigned
to the n - «* transition and a broader at 512 nm to a Ru(ll) bipy MLCT transition.
This second one is slightly red-shifted compared to the corresponding MLCT
transition of [Ru(bipy)s]?*. For 1.67 the most interesting feature is a broad, intense
band at 638 nm that was ascribed to a Ru — bipy (MLCT) transition while the
band at 480 nm is due to intraligand dipyrrin 1r - n* transition. Complexes 1.62-
1.67 had weak or negligible luminescence and Raman spectroscopy indicated
that only weak electronic interactions were present between the MLCT and r -
©* transitions (even though they were both coordinated to the Ru(ll) metal ion).
In addition, 1.68 Ru(ll) complexes have been developed without further

characterisation apart from X-ray analysis.[??1

Swavey et al. reported heteroleptic monometallic 1.69 and trimetallic 1.70 Ru(ll)
complexes with 1T-extended dipyrrinato ligands. They have been characterised
and evaluated as possible PSs using the human lung cancer cell line A549. Both
complexes showed absorption at ~ 290 nm that belong to n - =n* transition of
bipyridine moieties, and the trimetallic complex showing higher intensity due to
the increased number of bipyridines. Complex 1.69 displayed a band at 570 nm
with a shoulder at 540 nm due to an overlap of transitions by the dipyrrins and a
transition overlap of the ruthenium and bipyridines metal to ligand charge transfer
(MLCT) transitions, respectively. Complex 1.70 had two distinct bands at 502 and
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578 nm that presumably belong to the ruthenium to bipyridine MLCT transition
and the dipyrrin intra-ligand charge transfer transition, respectively. The latter can
also include an overlap of dipyrrin ILCT and Ru(ll) dipyrrin MLCT transitions. In
addition 1.70 had another absorption band at 350 nm, most likely connected with

a higher energy MLCT transition originating from the peripheral Ru(ll) centres.
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Figure 1.13. Chemical structures of Ru(ll) dipyrrinato based complexes.

The complexes generate singlet oxygen sufficiently to operate efficiently via type
Il mechanism irradiating within the PDT window or at high energy (420 nm). The
in vitro (photo)cytotoxicity was evaluated and both complexes did not exhibit any
dark toxicity against lung cancer cells (A549 cell line) up to 50 uM. Upon
irradiation of the cells (~ 420 nm, 2.3 yW cm?) 1.69 did not show any
phototoxicity; however, the trimetallic Ru(ll) complex 1.70 displayed significant
phototoxicity at 50 uM concentration. This was explained by the fact that 1.70
generated 50% higher light-induced ROS compared to the control. Interestingly,
photocleavage studies with supercoiled plasmid DNA (pUC18) demonstrated
that the complexes initiated the DNA photodegradation (irradiation > 550 nm). It
was reported that 1.70 photo reacted with DNA under hypoxic conditions causing

62



DNA photodamage, which is crucial in PDT since in cancer cells and tumorous

sites oxygen concentrations are low.[216]

Furthermore, heteroleptic Ru(ll) complexes with (methoxypyridyl)phenyl,
methylthiophenyl, pyrimidyl-piperazine, p-cymene and ferrocene substitution
have been reported to demonstrate binding affinity to DNA or proteins and act as
anticancer agents.[?14.218-220222.223] gome of the Rh(Ill) and Ir(lll) based
heteroleptic dipyrrin analogues were also reported. Research relevant to PDT is
not yet well investigated.

Paitandi et al. synthesised and investigated a series of Ru(ll), Rh(lll) and Ir(llI)
complexes with a ferrocenyl dipyrrin for use as anticancer agents. At the UV-
Visible spectra the ligand itself displays two weak absorption bands at 480 nm
(Fe—Cp) and at 395 nm due to & - n* charge transfer transitions, respectively. The
complexes had intense band ~ 500 — 510 nm which were assigned to © - n*
charge transfer transitions due to dipyrrin moiety, whereas the weaker ones ~
418 — 450 nm to the MLCT transitions. Intense high energy transitions ~ 340 —
350 nm were assigned to intra-ligand = - ©* transitions. Interactions of the
complexes with calf thymus DNA (CT-DNA) and BSA (bovine serum albumin)
have been assessed via UV-Visible absorption, ethidium bromide displacement
fluorescence studies, synchronous, and 3D fluorescence spectroscopy. In
addition, molecular docking studies proposed that the complexes bind with the
minor groove of DNA, and are located within the subdomain IIA cavity of the
protein. In vitro anticancer studies showed that 1.71 — 1.75 (Figure 1.14) induced
cytotoxicity and apoptosis against Dalton’s lymphoma (DL) cell line. The
ruthenium complexes exhibited cytotoxicity and rhenium was the most toxic,
effectively inducing apoptosis at low concentrations. The toxicity was according
to the following descending order: 1.74 (ICso = 20-30 ug mLt) > 1.73 (ICs0 = 80—
90 ug mL1) > 1.72 (ICso = 100-110 pg mL?) > 1.71 (ICso = 110 ug mLt) > 1.75
(ICs0110 pg mL?).[219]

The same group worked on a new set of Ru(ll) organometallic complexes 1.76 —
1.79 (Figure 1.14). Absorption spectra displayed three bands: a strong band at
low energy ~ 490 — 510 nm corresponding to 'n - n* charge transfer from the

conjugated dipyrrin core; another band at higher energy ~ 420 — 460 nm assigned
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to MLCT transitions; and a third band in UV region at ~ 305 — 340 nm that was
ascribed to dipyrrin based intra-ligand © - =* transitions. Following, the DNA
binding affinity of the demonstrated the interaction of the complexes with CT-
DNA through intercalation in the DNA and molecular docking studies suggested
that they bind with the minor groove of the DNA same as the previous work.
Finally, a significant cytotoxicity against A549 cell line was present for all the
complexes (1.76 — 1.79) inducing apoptosis efficiently and the most prominent,

with the lowest ICso value (20 uM), was the pentafluorophenyl derivative 1.77.1220]
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Figure 1.14. Chemical structures of heteroleptic Ru(ll), Rh(ll) and Ir(lll) dipyrrinato

complexes.

Gupta et al. developed four new heteroleptic complexes with (n®-arene)Ru-, (n°-
CsMes)Rh-, and (n°-CsMes)Ir- moieties and 4-(2-methoxypyridyl)phenyldipyrrin
1.80 — 1.83 (Figure 1.14). Their absorption spectra displayed an intense low
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energy band ~ 485 — 500 nm that was assigned to conjugated dipyrrin x - ©*
transition and MLCT transitions, whereas the high energy bands at ~ 260 nm and
at ~ 350 to dipyrrin based intra-ligand « - n* transitions. Their DNA binding activity
was evident even at very low concentrations. The cytotoxic efficacy against DL
cells of these complexes based on binding constant and antitumor activity was
as follows: 1.81 (ICso = 5-10 yg mL™?) > 1.80 (ICs0 = 8-10 pug mL1) > 1.83 (ICso
= 3040 ug mL1) > 1.82 (ICs0 = 75-100 pg mL1).[214]

The same group evaluated a new class of heteroleptic dipyrrinato complexes
based on Ru(ll), Rh(lll), and Ir(lll) 1.84 - 1.87 containing 5-(4-
methylthiophenyl)dipyrrin (Figure 1.14). They exhibited strong low energy
absorptions at ~ 490 — 500 nm; weak bands at ~ 385 — 430 nm in the absorption
spectra; and high energy intense bands at ~ 250 nm which have been ascribed
to the intraligand n - n* transitions. Similarly with the previous reports these
complexes appeared to act as intercalators in the DNA (through the minor DNA
groove) as they bind efficiently through intercalative or electrostatic interactions.
In vitro anticancer activity of the complexes was remarkably improved since they
had better cytotoxicity, and higher activation of the endonuclease for DNA
cleavage. The descending order was: 1.85 (ICso = 5-10 ug mL?) > 1.84 (ICso =
8-10 yg mL1) > 1.87 (ICs0 = 30—40 pug mL™?) > 1.86 (ICso = 75—-100 ug mL1).[222]

Similar observations were made by this group with arene Ru(ll) heteroleptic
dipyrrinato complexes containing 5-(2-pyrimidylpiperazine)phenyldipyrrin and 5-
(2-pyridylpiperazine)phenyldipyrrin, that displayed in vitro cytotoxicity against
kidney cancer cell line (ACHN) and suggested an apoptotic mode of cell
death.[218]

Iridium metal complexes are widely investigated for applications in catalysis,
materials in electronic devices such as photoelectronic sensors, photochemistry
and luminescent chemosensors or LEDs. The application toward biomedicine is
still in its infancy; however, there is an increasing effort in developing Ir(lll) based
chelates with biomedical purposes. Most of the Ir(lll) complexes related to PDT
research are based on polypyridyl ligands. Looking in Ir(lll) and dipyrrin ligands
only a limited number of complexes is investigated in the context of PDT.[224
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Particularly, Hohlfeld et al. investigated the application of a wide range of
heteroleptic (dipyrrinato)iridium(lll) complexes for application in PDT with four
tumour cell lines and antibacterial PDT with two bacterial strains known to pose
one major problem in hospital infections (Gram-positive germ S. aureus and

Gram-negative germ P. aeruginosa).

A number of heteroleptic (dipyrrinato)Ir(lll) complexes with several functional
groups were synthesised. These could be grouped into the
chlorido(dipyrrinato)(pentamethyl-n>-cyclopentadienyl)iridium(lil) type 1.70 -
1.71 or (dipyrrinato)bis(2-phenylpyridyl)iridium(lll) type 1.72 — 1.73 (Figure 1.15).
Both the groups were sub grouped by two types of aromatic substituents, one
with 4R-tetrafluorophenyl (substituent X) and second with 3-nitrophenyl-4R
(substituent Y). To investigate the scope of the reaction the complexes were
functionalised via nucleophilic substitution, glycosylation, and BODIPY

conjugation. 225l
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Figure 1.15. Chemical structures of heteroleptic Ir(lll) based dipyrrinato complexes.

66



The (cyclopentadienyl)(dipyrrinato)iridium(lll) complexes 1.70 — 1.71 displayed
two absorption maxima at ~ 450 — 465 nm and ~ 500 nm, whereas for the
corresponding (dipyrrinato)bis(2-phenylpyridyliridium(lIll) complexes 1.72 — 1.73
only one absorption maximum at ~ 485 nm was observed. In general, the
tetrafluorophenyl substituted dipyrrinato complexes exhibit a red-shift absorption
(~ 10 nm) compared to the nitrophenyl substituted. Their suitability for PDT was
assessed in cellular and bacterial assays with and without light with the 1.70 —
1.71 complexes and the glyco-substituted iridium(lll) complexes showing
prominence as photomedicine candidates. There was a tendency for the X-
substituted complexes to show higher phototoxic activity than the Y-substituted
complexes. Within the 1.72 — 1.73 complexes the ones with alkenyl, alkynyl, and
polar substituents exhibited the higher phototoxicity, with glycosylated complexes
being most effective. This study illustrated the potential for Ir(Ill) complexes as
PSs for PDT. In the evaluation against bacteria 1.70 — 1.71 group displayed high

toxicity with but also in the absence of light, regardless of the substitution.

Apart from this comprehensive report on Ir(lll) complexes for PDT, there is no
published research related to Ir(lll) dipyrrin complexes and PDT. One work
focused on the phosphorescence of bis-cyclometalated Ir(Ill) dipyrrin complexes
with application in OLEDs. A variety of co-ligands (CN) and substituents on the
meso-position of the dipyrrin ligand were introduced 1.74 — 1.77 (Figure 1.15).[228]
The electrochemical and photophysical properties of the complexes were
governed by the dipyrrin ligand acted as the chromophore and showed strong
absorption of visible light (~ 470 — 485 nm, £ = 38,000 M-t cm™) with large Stokes
shifts. The complexes showed phosphorescence at room temperature from a
dipyrrin-centred triplet state with quantum yields up to 11.5% and triplet state
lifetimes ~ 12.9 — 23.1 ps with emission maxima ranging from 658 — 685 nm.
Additionally, it was suggested that the efficient triplet state formation upon
photoexcitation is caused by the formation of the °IL state.[??”] These features
and the efficient triplet state formation may facilitate possible applications as PSs.

Ultimately, another study associated with dipyrrinato ligands was based on
homoleptic tris(dipyrrinato) Ga(lll), In(lll) and Fe(lll) complexes (Figure 1.16).
The absorption spectra of Ga(lll) and In(lll) tris(dipyrrinato) complexes showed

two distinct absorption bands at ~ 450 and ~ 515 nm whereas in the spectrum of

67



Fe(lll) complex these bands are evidently broader. The cytotoxicity of selected
complexes 1.84 — 1.87 in the absence and presence of light was evaluated in
human epidermoid carcinoma (A253), human epithelial carcinoma (A431),
human oral adenosquamous carcinoma (CAL27), and colorectal
adenocarcinoma (HT29) cell lines whilst the mouse fibroblast cell line L929 was
tested as a non-tumorous cell line. Lastly, the bacteria photoinactivation was
evaluated with 1.84 — 1.87 against the Gram-positive bacterium S. aureus.
Overall, the phototoxic effect against tumor cells and against S. aureus was
predominantly observed with the glycosylated gallium(lll) complexes (1.85 and
1.87) and the activity was dependent on the metal and the presence of
carbohydrate unit.[228l
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Figure 1.16. Chemical structures of homoleptic tris(dipyrrinato) Ga(lll), In(lll) and

Fe(lll) complexes.

Metal coordination complexes are promising material for metal organic
frameworks (MOFs) preparation through the self-assemblies of organic ligands
and metal ions (or clusters) and coordination bonds that lead to a crystalline
network structure formation. Bis- and tris- dipyrrinato complexes are excellent
materials towards the formation of supramolecular structures. The advantage
over BODIPY, that consists of one dipyrrin ligand, is their spontaneous
coordination bonds that allow the development of self-assembled supramolecular
and polymeric architectures.l161.2291 Additionally, metal organic frameworks
(MOFs) have been investigated as drug delivery systems in PDT due to its porous

network that can be used to encapsulate molecules minimising the aggregation
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and enhancing the singlet oxygen yields. Another advantage is that the
physicochemical properties of MOFs are modifiable, they can present good
biocompatibility and can be degraded in the organisms. Finally, loaded MOFs

can enhance the solubility of PSs and increase the cellular uptake.[230
1.6 Photophysical Aspects of PDT

An efficient PS can be developed by modifying the core structure of the
macrocycle or the periphery of the ligands and modulating the photophysical and
photopharmacological properties. Candidates that absorb intensively at the red
or NIR region (590 — 850) are more likely to find use in PDT since the penetration
of light into tissue proportionally increases with wavelength. The identity of the
metal in the coordination centre can influence the relative energies, together with
the substitution on the core structure. This has a consequent effect in the
emissive properties such as fluorescence and triplet efficiency. PDT and PS
activation depend directly on the light source and dose. Interactions between light
and tissue such as refraction, reflection, and scattering can be overcome by
applying the beam of light perpendicular to the tissue. However, the “optical
therapeutic window” for PDT treatment is defined by two factors. The first
limitation, between 650 — 1200 nm, arises from the absorption of tissue
chromophores i.e., water, melanin, oxyhemoglobin, deoxyhemoglobin, and
cytochromes. The second limitation between 650 — 850 nm comes from the
desired triplet state energy level of the PS which should be sufficient to generate
efficiently singlet oxygen, thus 294.3 kJ mol™ (0.97 eV).[231 Finally, the desired
outcome is the singlet oxygen or ROS production and the efficient cell uptake in

order for the photodynamic effect to take place.

1.6.1 Ground and excited state properties

The fundamental photophysical processes of molecules associated with photon

(hv) absorption are listed below:

+ Excitation, when a molecule in the singlet ground state is excited and
promoted to singlet excited states: So + hv — Sun.
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Two-photon singlet-singlet absorption, when a molecule in the ground
state absorbs simultaneously two photons and elevates to the Si state:
So+ 2 hv — Su.

Singlet-triplet absorption, when the absorbed energy is insufficient to
excite the molecule to S1 but can excite it to the triplet excited state: So +
hv — Tu.

Singlet-singlet absorption, when a molecule in the lowest singlet excited
state absorbs energy leading to a transition to higher singlet states: Si1 +
hv — Sn.

Triplet-triplet absorption, when a molecule in the lowest triplet excited
state absorbs energy leading to a transition to higher triplet states: T1 +
hv — Th.

Fluorescence emission, when a molecule from the lower excited singlet
state decays to the ground state radiatively: S1 — So + hv.
Phosphorescence, is a phenomenon of long-lived luminescence where a
molecule in the excited triplet state emits a photon and returns to the
singlet ground state radiatively: T1 — So + hv.

Internal conversion (IC) is a non-radiative isoenergetic transition between
two electronic states of the same multiplicity; a strong overlap of
vibrational wave functions is required: e.g., S1 — Soand T2 — T1.
Vibrational relaxation (VR), occurs within the vibrational levels of the
same excited state.

Intersystem crossing (ISC), is a special case where a molecule in an
excited state undergoes a non-radiative iso-energetic transition to
another electronic state with a different spin multiplicity: S1 — T1 and T1

— So.

Porphyrin-based molecules display a unique UV-Visible absorption profile with a

strong absorption band at 400 — 450 nm (Soret or B band) and less intense

band(s) between 500 — 800 nm (Q bands), which are the basis of their application

in PDT. This unique profile is the result of splitting of the frontier molecular orbitals
(FMO), as described by Gouterman’s four orbital model (HOMO-1, HOMO,
LUMO, and LUMO+1 orbitals) (Figure 1.17).1232-2341 As mentioned above, a series

of competitive photochemical processes commence post irradiation. These
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processes depend on the structural pattern of the PS. Generally, in porphyrinoids
the Soret band stems from the strong electronic transition from the ground state
to the second excited singlet state So — S2n and the Q bands arise from the
transition to the first excited singlet state So — Si. The loss of energy (via heat)
from the S2 state by internal conversion (IC) is very fast and fluorescence is
observed because of the depopulation of the first excited singlet state to the
ground state S1 — So. There are important differences in the absorption profile in
regard to the Q bands (red-shifted) and the absorption intensity (different molar
absorption coefficient) of porphyrins, chlorins (one reduced pyrrole), and
bacteriochlorins (two reduced pyrroles) due to the destabilisation of the HOMOs
(and stabilisation of the LUMOS) of the latter molecules.[?3% The multiplicities of
the Q bands are related to the transition dipole which is orientated on x or y axes
resulting to the named Qx and Qy excitations. When the symmetry is reduced
e.g., free base porphyrin or chlorin, the two axes are no longer equivalent and
the transitions between the MO are no longer degenerate causing the splitting of

the MO and therefore the Q band transitions.
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Figure 1.17. Simplified one electron transitions of porphyrinoids (A); Gouterman’s four

orbital model representing the HOMOs and LUMOs of chlorins (B) and porphyrins (C).
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Changes to the absorption profile can be achieved by reducing the energy gap
between the HOMOs and LUMOs, leading to red-shifted absorption spectra,
which is of major importance in PDT. Modifications can occur inside the
macrocycle either by reducing the pyrroles or by exchanging them with other
rings or modifications on the periphery with functional moieties. Altering the
symmetry of the macrocycle results in a red-shifted absorption profile and thus
enables deeper skin penetration. It is known that substitution of the periphery
with meso- or - substituents can cause a bathochromic shift (red-shift) of both
the B and Qy bands and a hypochromic shift (decrease of the absorptivity) of the
Qy band, which is of great importance for photochemical applications.[23¢ The
reduction in the pyrrole rings does not change the 18tr-conjugation of the
macrocycle but results in a difference in the UV-Visible spectrum due to the
change of the symmetry and the reduced energy gap allowing for longer
wavelength transitions. Figure 1.18 shows examples of magnesium
2,3,7,8,12,13,17,18-octaethylporphyrin, chlorophyll a and bacteriochlorophyll a

together with their electronic absorption spectra.
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Figure 1.18. Chemical structures of porphyrinoids along with their electronic

absorption spectra; data obtained from PhotochemCAD database.[?37:2%]

To achieve a high triplet state energy efficient ISC from the singlet excited state
to the triplet excited state (S1 — T1) must occur. ISC depends on the energy of
the triplet state and the presence of heavy atom (structurally). Heavy atoms such
as transition metals or halogens enhance ISC via spin—orbit coupling
(SOC)[227.239.240] and when introduced to a porphyrin type molecule they increase
the triplet state quantum yield. Increase of ISC lowers the fluorescence lifetime
and yield. A consequence of the introduction of heavy atoms is often an increase
in the dark toxicity of the PS;??1 hence, new methods to increase the ISC

pathway with heavy atom free molecules are under development. Equation 1.1
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displays the relationship between the singlet-triplet energy gap (AEsi-11) and the
ISC rate constant (kisc), indicating that ISC occurs with a small energy gap (Hso:

the Hamiltonian for the spin—orbit coupling):(227]

(T1|Hs151)*

ki
e (AESI—Tl)Z

Eq. 1.1

Moreover, the triplet excited state lifetime should be sufficiently long-lived, and
the triplet energy state should be higher than that of singlet oxygen, so it can
efficiently produce moderate singlet oxygen yields through energy transfer (Type
I1). Except for high triplet state yields, a sufficient triplet energy level is needed to
activate molecular oxygen in its triplet state condition to form the excited

configuration — singlet oxygen (94 kJ mol?, 0.97 eV).

As previously mentioned, another excited state that may occur is the formation
of the charge transfer states which is directly dependent to the solvent polarity
and consequently form triplets. The solvent dependency of PSs post excitation
can lead to charge-separated states (CSS) and triplet formation by charge
transfer (CT) or charge recombination (CR), thus establishing alternative ways to
access the desired triplet state (see section 1.5).11871 BODIPY dimers or dyads
[e.g., BODIPY-fullerene Cso or BODIPY-anthracene dyads (BADs)], display CSS
and donor-acceptor properties, which opens doors for medical and optoelectronic

applications. [44:241,241-243]

The identity of the metal in the core of the macrocycle can influence the relative
HOMO-LUMO energies and the triplet quantum vyields. On one hand
paramagnetic metals appear to shorten triplet lifetimes, while on the other hand
diamagnetic metals appear to promote ISC with longer triplet lifetimes; however,
this is not a fixed rule.?*2 Generally, zinc chelates show low fluorescence
guantum vyields and higher ISC yields, whereas magnesium results in higher
fluorescence yield and longer singlet lifetime. Palladium complexes display
marginal fluorescence and high triplet state yields. Furthermore, in porphyrinoids,
axial metal coordination is possible for some metal ions which can further
introduce new substituents and therefore new photophysical features. Dgbrowski

et al. described the resulting modifications of metallo-tetrapyrrolic PSs.[244
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The free base porphyrins show the intense Soret band and four Q bands in the
visible region stemming from vibrational coupling effects [HOMO-LUMO,
(HOMO-1)—-(LUMO+1) transitions]. Metal insertion alters the symmetry of the
molecule (from D2n to Dan) significantly and this leads to a reduction of the Q
bands from four to two. In addition, the absorption wavelength maxima differ, with
the free base absorbing in longer wavelengths. On the other hand, metal insertion
into chlorins and bacteriochlorins does not alter the symmetry as it is already
changed by the pyrrole reduction, but can still effect the position and the shape

of the absorption spectra.[234.235.245]

PSs can undergo several cycles of photoactivation and absorption of photons of
energy until they lose the ability to induce further photooxidation reactions. This
effect is called photobleaching and is the irreversible photo destruction of the PS
linked with its photostability.[?46] The final photodynamic effect depends on the
nature of the generated reactive oxygen species. For instance, palladium
porphyrin derivatives result in ROS production and a faster photobleaching is
observed. This happens due to the hydroxyl radicals that are formed upon
irradiation and thus the PS is more susceptible to photodegradation and less
photostable. On the other hand, in zinc porphyrins singlet oxygen production is

more favourable after excitation and therefore they are more photostable.[24

Dimeric aggregates or higher order aggregates can form in porphyrin solutions
as a result of their hydrophobic skeleton, resulting in “sandwich” (H-aggregates)
or linear (J-aggregates) self-assemblies. This should be minimised as it can
significantly reduce the absorption intensity, mislead clinical results, and
negatively affect the efficiency of the PS. Depending on the solvent, especially in
agueous media, the ISC capability of molecules can be reduced and energy can
be dissipated through radiative (fluorescence) or non-radiative decay (IC).
However, H-aggregates aid the photostability of the micellar assemblies of
Photosan.[?47-24% The absorption profile of the aggregated PS usually differs from
the monomeric form. To address this issue, amphiphilic PSs can be employed to
lower aggregation and this is an active research area. Another solution lies on
nanotechnology-based drug delivery systems such as liposomes or protein
binding systems, which can assist with de-aggregation and lead to a red-shift in

the absorption spectrum whilst increasing the triplet state lifetime.[25%
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1.6.2 Photooxidation processes with molecular oxygen

Singlet oxygen is the major cytotoxic agent that allows for the PDT therapeutic
effect. Molecular oxygen or dioxygen is in the ground state and it has two
unpaired electrons with parallel spins in two degenerate antibonding orbitals,
which gives a spin multiplicity of three (Figure 1.19). Thus, without activation,
molecular oxygen is in the triplet state. It very seldom reacts with other molecules
in the singlet state; however, it can react with radicals.[?51-253 Triplet excited
configurations of a PSs induce chemical reactions, including Type | and I

reactions, with neighbouring molecular oxygen Oz (3Z¢") (Figure 1.2).

Occupancy of Energy above
highest orbital the ground state

. 1 +
2 -
Second excited state 24 @ s @ o 157 kJ mol!
First excited state 1Ag -1
@n* O - 94 kJ mol

Ground state 329' @n* @ -

Figure 1.19. Electronic configurations of the different states of molecular oxygen.

States of oxygen

Type | involves electron or proton transfer to yield radical cations or anions
(reactive oxygen species, ROS). The latter can react with oxygen to form
superoxide anions (O27), which are not very reactive but can undergo
dismutation or electron reduction to form hydrogen peroxide (H202), which is
cytotoxic. Hydrogen peroxide can further react with superoxide anions to produce
hydroxyl radicals (OH), which can oxidise cellular components. Furthermore,
iron or copper from the micro-environment promote hydroxyl radical formation.
Both hydrogen peroxide and hydroxyl radicals have high diffusion properties and
can pass through biological membranes causing cellular damage to several
cellular compartments (plasma, mitochondria, lysosomes, proteins, nuclear, and
cell membranes). Type Il involves energy transfer from the triplet PS directly to
oxygen resulting in singlet oxygen 102 (*Ag). Singlet oxygen is an uncharged
molecule and can diffuse through the cytoplasm and biological
membranes.[23217.231,240.241]  Ginglet oxygen in its singlet excited state is

characterised by paired electrons (with opposite spins) in the outer orbital.
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Although it is common to refer to the first excited state as singlet oxygen, there
are two excited electronic states of oxygen and the second excited state (*Zg*)
(157.0 kJ mol?, 1.63 eV) decays efficiently to the first excited state (94.3 kJ mol-
1,0.98 eV).?> There is no evidence that the latter is an intermediate in solution-
phase photo-oxygenations.l?552%6] Type Il reactions dominate the action of
porphyrin PSs while Type | reactions are dominant for other PS structures. [23:231]
Hamblin and Abrahamse outlined a non-oxygen photoinactivation pathway for

aPDT (Type Ill reaction process), which opened a new PDT perspective.[?>7]

Singlet oxygen generation is dependent on various parameters: the triplet state
yield of the PS, the triplet excited state lifetime, the sensitisation efficiency of the
PS, oxygen concentration, photosensitiser photostability under those conditions,
and the reactivity of singlet oxygen in a particular environment. First, singlet
oxygen production is a second-order effect that depends on the triplet PS
concentration and the triplet lifetime. Second, the concentration of ground state
oxygen (triplet state configuration) also plays a role in singlet oxygen generation.
The fact that the quantum yield of singlet oxygen upon purging with oxygen gas
is higher than it is under ambient conditions indicates that the emission of singlet
oxygen is due to a second-order process. As such, the oxygen quenching
constant is a universal expression for the potential of singlet oxygen

generation. 258259

The quantum vyield of singlet oxygen emission is defined as the number of
photons emitted by singlet oxygen divided by the number of photons absorbed
by the photosensitiser. The detection of singlet oxygen and the determination of
its quantum yield are challenging. The majority of methods rely on relative indirect
chemical methods such as using singlet oxygen scavengers and probes with high
selectivity for singlet oxygen. The use of 9,10-diphenylanthracene (DPA) or 1,3-
diphenylisobenzofuran (DPBF) where a stable endoperoxide is formed is most
frequent and the singlet oxygen quantum yield can be calculated from the
absorption decay of the probe. Alternatively, fluorescent probes such as 9-[2-(3-
carboxy-9,10-dimethyl)anthryl]-6-hydeoxy-3H-xanthen-3-one (DMAX), DPBF or
Singlet Oxygen Sensor Green (SOSG) are non-fluorescent but their
endoperoxides fluoresce, allowing for singlet oxygen detection and vyield

calculation.[?89] The same techniques can be applied to ROS detection but
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guantification is limited by the specificity of the reaction towards singlet
oxygen.[?®1l Fluorescence microscopy is also used for the spatial detection of
singlet oxygen and thus helps to reveal the intracellular localisation pattern.
Electron paramagnetic resonance (EPR) detects unpaired electrons in molecules
and thus it consists of an indirect method to detect singlet oxygen in combination
with spin traps (e.g., 2,2,6,6-tetramethylpyridine (TEMP), 4-hydroxy-TEMP) to
form spin—active stable radicals; however, short lifetimes and side products from
microenvironment interactions can influence the results and lead to significant

errors.[262]

Direct determination of singlet oxygen via its phosphorescence emission at
~1275 nm can be challenging because the emission is usually weak. Therefore,
highly sensitive NIR detectors are required, such as cryogenic germanium
diodes, semiconductor detectors, and photomultipliers.?> Appropriate reference
materials for calibrating the NIR detector are needed. For instance, a Nd:YAG
laser rod is suitable for solid state lasers. Time-resolved spectroscopy is used to
determine the lifetime and provide insight into the kinetics and the decay
profiles.l?63] The singlet oxygen lifetime is sensitive towards its environment and
it has been calculated in solvents on the ps scale from time-resolved
phosphorescence experiments by Ogilby and co-workers.[?®4 However, singlet
oxygen has a shorter lifetime in biological media and can only react with
biomolecules in its proximity, which limits the possible applications.[?326% Singlet
oxygen’s intracellular lifetime is ~3 us (ta) and is longer than what was reported
initially (0.04 us).[2%5-2671 This new estimate also changed the singlet oxygen
diffusion distance, which is calculated from equation 1.2, defining its sphere of

activity approximately at ~100 nm (previously reported: 20 nm).[268]

d = V6tD Eq. 1.2

where d is the diffusion distance that singlet oxygen would move in a period time
t (i.e., a period equal to its intracellular lifetime) and D is the diffusion coefficient
(avalue of ~2 —4 x 10 cm? s! for intracellular D).

Elucidating the fundamentals of the mechanism of action and kinetics of singlet
oxygen can help the design of PS by regulating the long-lived triplet states of the
PS, leading to high concentrations of singlet oxygen in biological media and
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resulting in cell death.[?0:269.270] Singlet oxygen has a longer lifetime in deuterated
water (D20 ~ 67 ps) than in water (H20 ~ 3.5 us). Surprisingly, replacing H20
with D20 has no major effect on cells with the exception of neuron cases where
membrane ion channels respond to this difference.[?59263] Njerde et al. used a
NIR photomultiplier to first report the lifetime of singlet oxygen in vitro and in vivo
in the skin and liver of rats during PDT.[?%"] High-level computational methods are
now shedding light on the electronic states of oxygen, its properties in solution

and biological media, and its cellular mechanisms.[?71]
1.6.3 Light sources

A suitable combination of PS, light source, and treatment parameters is critical
for successful PDT and is directly connected to the size of the treatment area.
Brancaleon and Moseley reported the available laser and non-laser options for
PDT.[?72 The optimal light source should match the absorption maxima of the PS
and the delivery of an appropriate light dose (L.D.) is important for generating a
therapeutic response in the target tissue. There are several types of light sources
that are effectively used: arc and xenon lamps, light-emitting diodes (LEDs), laser
beams, and increasingly daylight sun. Low-cost conventional lamps have a broad
spectral output, which can be limited with filters to match the PS and therefore,
they have found application in dermatology for the treatment for larger skin
lesions. Advancements in light sources led to the development and use of high
energy monochromatic laser beams, which are highly efficient and provide
precise light delivery to the target, particularly in cases of non-superficial tumours
where a combination of laser and fibres is beneficial, e.g., endoscopic or
interstitial light delivery.[?73274 The development of optical fibres has enabled the
precise delivery of light through a specially designed illuminator tip such as
microlens, cylindrical, or spherical diffusers where light can pass through and
reach the target.[? Lasers used for PDT are: i) argon dye lasers (primary choice
for PDT); ii) metal-vapor lasers (Cu- and Au- vapor lasers); iii) solid-state lasers
(Nd:YAG, Ho:YAG, KTP:YAG/dye laser), and iv) semiconductor diode lasers.[?76]
Diode lasers are employed in PDT especially because they are small and cost-
effective, easy to install and operate, and can be operated with either a pumped
or continuous wave beam light (picosecond to millisecond).[?”?2l The main

limitation of a diode laser is that it operates at a single-wavelength and a separate
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unit is required for each photosensitiser. A breakthrough will open the road to
new multi-wavelength laser diode systems where the wavelength can be
adjusted. Light-emitting diodes (LEDs) are an alternative low-cost and highly
efficiency technology used to irradiate tissue surfaces. Their versatility enables a
flexible arrangement (different irradiation geometries) and the potential to cover
and irradiate larger areas for treatment.l?’4 Femtosecond lasers are presently
used for two-photon excitation in several advanced research areas such as
microscopy and spectroscopy. Due to the suitability of the fs-pulsed lasers for
two-photon absorption, they have been proposed for two-photon PDT as
discussed extensively in reviews by Kobuke et al. and Sun et al.[277:278]

Kercher et al. developed a cost-effective LED technology capable of switching
between wavelengths to facilitate the next generation of PDT systems. Using two
well-known PSs, aminolevulinic acid (ALA) and verteporfin, 90% cell death was
observed in a primary ovarian cancer cell line after treatment with L.D. of 50 J
cm2.1279 Another tunable light source of interest is the organic light-emitting
diodes (OLEDSs). Attili et al. reported an open pilot study of ambulatory ALA-PDT
and suggested that the use of a low-irradiance device can be painless, effective,
and convenient. The use of a wearable low-irradiance OLED light source after
ALA application exhibited positive outcomes for patients with non-melanoma skin
cancer (Bowen's disease and superficial basal cell carcinoma).l?8? These
discoveries enable OLEDs to be the ideal candidate for ambulatory PDT light
sources. Clinically applied PDT treatment regimens use various light dose
approaches. ALA, in the case of the treatment of actinic keratosis, is topically
administered and activated by a blue fluorescent lamp with a L.D. of 10 J cm?
(BLU-U Blue Light Photodynamic Therapy llluminator) at 417 + 5 nm. Visudyne,
which is used for the treatment of age-related macular degeneration (AMD), is
activated by a laser (689 + 3 nm with a light dose of 50 J cm).127%] Tookad Soluble
(WST11), a recently approved drug, is used as an alternative treatment for
prostate cancer, delivers light to the target tumour through fibre optic tubes;
although invasive, this approach benefits from deeper tissue penetration. The
Tookad regime is a focal vascular targeted PDT (VTP) that focuses particularly

on the prostate and delivers a laser light energy of 200 J cm2 at 753 nm.[281.282]
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1.7 Photopharmacological Aspects of PDT

“What is there that is not poison? All things are poison and nothing is without

poison. Solely the dose determines that a thing is not a poison”

Paracelsus defined the concept of the balance between the benefits (therapeutic
effects) and the risks (adverse effects) of a drug in correlation to the dosage.[?83!
Generally, a combination of several factors influences the photodynamic effect
of a potential PS. Not only should it generate singlet oxygen but it should also
localise effectively in the cellular compartments with minimal dark toxicity in order

to induce significant phototoxicity.

Depending on the mechanism of action, a potential light-activated drug
candidate, after its photo-activation, can cause cell death through different
mechanisms. It can be a non-specific damage to the cells by producing ROS
which is the basis of PDT; or by a selective binding of the drug to a molecular
target that is connected to a specific disease. This can lead to a
photopharmacological effect via a light-induced isomerisation of the agent that
goes from an inactive to an active state (a photo-switchable unit into the
molecular structure of the bioactive compound itself) resulting in a precisely
targeted biological effect.[?84] Focusing on PDT treatment, the efficacy depends
on the PS dose, the time of exposure, and intensity of the light, considering that
the overall protocol is not life-threatening and does not result in serious
complications. Important factors influencing the properties of the PS and light
activation aspects were discussed above. However, how a drug affects the body
and vice versa determines the pharmacological response. The
pharmacodynamics (PD) and pharmacokinetics (PK) explain the relationship
between drug dose and response. Usually, the administration route of PDT is
intravenous, which circumvents the first-pass effect and metabolism, allowing
direct absorption from systemic circulation and a higher drug availability with a
minimum delay. Although in the case of a pro-drug formulation, such as ALA-
mediated PDT, metabolic activation is required to form the photosensitising

protoporphyrin IX.
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Since 1924 and the first report of porphyrin localisation, it has been established
that porphyrins display a greater affinity for cancer cells and malignant tissues
compared to normal ones.l!! The higher accumulation of PSs in malignant
tissues/cells can be influenced by several factors: enhanced vascular
permeability in tumour vessels; lymph drainage, which decreases excretion;
protein binding; the upregulation of LDL-receptors, which increases the mediated
endocytosis; the acidic pH of the tumour (average pH: 6.5), which can increase
the distribution of the weak acid PS; the large number of macrophages which can
excessively accumulate porphyrin-type molecules; and larger interstitial

space.[285-288]

Protein binding followed by distribution to the targeted tissue (via diffusion or
receptor-mediated endocytosis) and consequent cellular localisation is directly
dependent on the hydrophilicity, molecular weight, and charge of the PS.[20
Hydrophobic and small drugs passively diffuse through the cell membranes
equilibrating between the inside and outside of the cell. The blood flow strongly
determines the rate of absorption as it constantly maintains the concentration
gradient, which is necessary for passive diffusion. The affinity of the PS to bind
proteins in plasma can significantly influence its half-life, define the time interval
of the treatment, and affect photosensitivity. Larger particles with incorporated
PSs can be absorbed by phagocytosis or micropinocytosis.[?89 Carrier-mediated
diffusion occurs for less hydrophobic molecules and for those that resemble
endogenous compounds for which specific membrane receptors and carrier
systems already exist. It is worth noting that heme biosynthesis takes place partly
in mitochondria and cytosol, starting from mitochondria where 5-aminolevulinic
acid (ALA) is formed, then in the cytosol where several enzymatic reactions form
coproporphyrinogen lll, which transports the compound to the mitochondria to
form heme.[2%! Porphyrins, including Photofrin, display an affinity for binding to
mitochondrial benzodiazepine receptors, which can explain, to some extent, the
internalisation and accumulation in this vital organelle.?®-2%3 The mechanism of
action is also dependent on the cell genotype, the adenosine triphosphate levels
(ATP), and the PS localisation.[?42%] There are three mechanisms of tumour
destruction: direct cytotoxic effect against malignant cells; indirect vascular

damage of the tumour, and macrophage-mediated immune system activation.
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The latter is a result of a pharmacological response and is described in the
referenced reviews.[®32%! Figure 1.20 summarises the signal pathways activated
after PDT. Events occur at receptors located at the plasma membrane and lead
to changes in cellular metabolism. These may tend towards increasing apoptosis

or increasing cell survival.
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Figure 1.20. Signal transduction pathways activated after PDT.[2!]

In the bloodstream, a hydrophobic PS (e.g., unsubstituted phthalocyanines, tin-
etiopurpurin) usually binds to low-density lipoproteins (LDL, HDL, and VLDL).
Amphiphilic PSs (e.g., disulfonated derivatives of tetraphenylporphyrin, lutetium
texaphyrin, and benzoporphyrin derivate monoacid) bind with both HDL and
albumin; whereas the more hydrophilic [e.g., tri- and tetrasulfonated
tetraphenylporphyrins, chloro(phthalocyaninato)aluminium(lil)] bind to serum
proteins such as albumin. Following this, the PS should bind and penetrate
through the vessel walls and thus diffuse throughout the target. The hydrophobic
PS usually diffuses faster into the diseased cells and preferentially localises in
intracellular compartments such as mitochondria and nuclear membranes. The
hydrophilic PS is absorbed by pinocytosis or endocytosis and localises mostly in
lysosomes. Upon photoactivation, a chain of photoreactions together with

83



enzymatic reactions and alterations are triggered and result in cancer treatment
through necrosis, apoptosis, or autophagy.l?®7-2%? Firstly, necrosis is
unprogrammed cell death that involves degradation, cytoplasm swelling, and cell
membrane disruption and leads to inflammation. Secondly, apoptosis is a
programmed cell death that involves cell shrinkage. The intracellular organelles
are being removed by phagocytes through membrane-enclosed spherical
vesicles. Apoptosis usually does not involve inflammation. Finally, autophagy is
a process that involves the transportation of cellular organelles through
lysosomal degradation pathways; usually it does not involve inflammation.
Cellular targets of PSs include the plasma membrane, mitochondria, lysosomes,
the Golgi apparatus, the endoplasmic reticulum (ER), and components of the
cytosol. Vascular targets include the vascular wall of normal and tumour vessels,
which can destruct blood supply to the tumour by depriving the tissue of oxygen
and nutrients causing starvation of the diseased tissue.[?503%01 A review by
Almeida et al. regarding intracellular signalling mechanisms thoroughly describes
the molecular pathways of PDT and the role of each enzyme, factor, and
receptor. Briefly, there are two apoptotic pathways both leading to pro-caspase -
3, -6, and -7 activation that play a pivotal role in apoptosis.[?1:23:24.295.301] The first
is the extrinsic pathway which is death receptor-mediated through activation of
the cell surface death receptors (Fas, TNF-RI, TRAIL), leading to the formation
of death-inducing signal complexes (DISCs) and activating pro-caspase-8 and
pro-caspase-10. The second is the intrinsic pathway which is mitochondria-
mediated through disruption of the mitochondrial function, resulting in the
cytochrome c release to cytosol, which in the presence of ATP or dATP activates

pro-caspase-9 and -3 (Figure 1.21).
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Figure 1.21. Signalling pathways in cells post PDT resulting in apoptosis. The targets
of PDT depend on PS localisation in mitochondria, lysosomes, endoplasmic reticulum

(ER), plasma membrane, and PS binding to Bcl-2.[2%

Hydrophilic sulfonated aluminium phthalocyanines (AIPcSn) with three or four
sulfonated groups tend to localise in lysosomes while more hydrophobic PSs with
one or two sulfonated groups target the mitochondria or membranes.[3%2
However, hydrophobic molecules and molecules that localise predominantly in
the mitochondria are more effective PSs, probably because they initiate cell
death via the apoptotic pathway as compared to those that localise in lysosomes,
although this is not a hard-and-fast rule.[3%3:3%4 | ysosomal photodamage resulting
in mitochondrial-mediated apoptosis has been reported by Kessel and co-
workers. Murine hepatoma cells (1c1c7) were treated with N-aspartyl-chlorin e6
(NPe6) and upon irradiation, the mitochondrial pathway was triggered by
cytochrome c, Bid, and caspase -3 and -9 activation.[3%I! Lutetium texaphyrin (Lu-
Tex) was found to localise in lysosomes in murine mammary sarcoma cells
(EMT®6). Post irradiation there was a loss of lysosomal fluorescence resulting in
cell death, which was found to follow the apoptotic pathway by DNA ladder

fragmentation analysis. 306!
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Finally, the PS will be eliminated from the tissue by lymphatic or blood vessels
and excreted through the liver or kidney to the bile. From there, it can either
circulate for a second time or be eliminated permanently through intestines via
faecal or urine elimination.?%] For example, the pharmacokinetic profile of
Tookad soluble (see section 1.4.1) indicates fast body clearance rates (alpha and
beta half-lives: 2 min and 1.3 h, respectively) and less post-treatment
photosensitivity; whereas Photofrin stays in the body longer (alpha, beta and
gamma half-lives: 16 h, 7.5 days and 155.5 days respectively) and patients have

persistent photosensitivity, in some cases, for more than a month.[308-310]

Another fact that should be considered is that light irradiation can induce drug
relocalisation. Sulfonated meso-tetraphenylporphyrins relocalise from lysosomes
to cytoplasmic and nucleus areas.?11 Kessel et al. reported that monocationic
porphyrins relocalise from the plasma membrane to cytosol, which then leads to

procaspase-3 and -9 photodamage.[312

1.8 Strategies for Improvement of PS

There are several ways to control the selectivity of cancerous cells and modulate
singlet oxygen production. Below, some of the strategies under investigation to
achieve advanced PSs are briefly discussed. Third generation PSs aim to
advance the photophysical properties and improve the drug delivery properties.
Expanding the Tr-conjugation to refine the absorption profile, introducing
functional groups to enhance singlet oxygen generation, utilising antibody
bioconjugation or encapsulation of PSs in nanoparticles to control cancer
targeting methods and drug delivery are some of the ways to manage the

therapeutic outcome.

1.8.1 Modulation of the photophysical properties

As mentioned, triplet state formation (through ISC or ICT) and singlet oxygen
generation directly influence the overall PDT effect. Slight changes in the
molecular structure of a compound may modulate its photosensitising properties.
The photophysical properties of a PS are influenced by the presence and nature
of a metal atom in the core or at the periphery. Enhancing the triplet state

guantum yield and consequently the singlet oxygen quantum yield can primarily
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occur by heavy atom insertion (e.g., Br, 1), the so called “heavy atom effect”,
particularly when it is attached directly to either porphyrinoids or dipyrrinato
systems.[239:313] |n addition, a variety of second-generation PSs contain a central
metal atom (e.g., Tookad, SnEtz, and AIPcSn); however, this does not directly
define the photoactivity of a PS.[314 The development of PSs with an absorption
profile in the red-visible or near infrared (NIR) region along with an enhanced
molar absorption coefficient specifically at the Q bands (500-750 nm) in
porphyrin based molecules is a challenge. The position of the Soret band can be
influenced by the structural variation of the macrocycle. The position and the
relative intensities of the Q bands can vary according to the nature and the
position of the substituents. Expanding the 1r-conjugation of the macrocycle can
result in a bathochromic shift due to the delocalisation of the frontier MO, as
discussed earlier. This can be achieved by modulating the periphery with either
- or meso-substituents, which can promote a bathochromic shift and at the same
time endorse a hyperchromic effect on the peak intensity (molar absorption
coefficient).[232.236.315] Additionally, an increased absorption coefficient in the NIR
wavelength region can be obtained by reducing one or two of the double bonds
in the conjugated ring structure (i.e., € bacteriochlorins > ¢ chlorins > ¢
porphyrins). Another way to alter the intensity of the visible bands is the
replacement of methine bridge with aza-nitrogen atom, as such in
phthalocyanines. Also, substitution with electron-rich donor groups, in particular
amino groups, induces a bathochromic shift in the absorption spectra, and
therefore, can enhance the penetration of light in human tissue. Similar strategies
apply in BODIPY dyes.[?32316] Considering other metal complexes, a way to
enhance their photophysical properties is the introduction of a variety of
substituents, preferably 1m-conjugated ones, attached to the respective ligands.
For instance, heteroleptic bis(dipyrrinato)zinc(ll) complexes and their homoleptic
counterparts displayed distinctive photophysical properties, such as
photoillumination in the red region (~671 nm), with higher fluorescence
efficiencies for the heteroleptic complexes compared to their homoleptic
analogues. However, the non-emissive SBCT state in polar solvents reduced the
fluorescence emissive properties of the zinc complexes.[1603171 These strategies

can be considered as useful tools for altering the electronic configuration of
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potential PSs; however, sometimes they are accompanied by decreased singlet

oxygen quantum yields.

1.8.2 Photosensitiser uptake and cellular localisation

Among the PSs there is a preferable selectivity towards the tumorous sites, as
previously discussed, which can be modulated with targeting approaches.[16:318]
The hydrophobic character of the PSs usually increases the cellular uptake;
however, it also causes poor solubility and hydrophobic molecules have a
tendency to form aggregates in biological aqueous media, therefore, preventing
their biological application. Additionally, such molecules have shorter triplet
lifetimes and singlet oxygen quantum yields. On the other hand, hydrophilic PSs
are unable to cross amphiphilic cellular membranes, resulting in poor cellular
uptake. Hence, there should be a balance between the hydrophilicity and
hydrophobicity of the PS to achieve the desired localisation.[’2314:319] Another
approach that has been described is the insertion of metal complexes as
macrocycle substituents. Poon et al. reported that the use of a polypyridyl Ru(ll)
complex, as substituent attached to the hydroxylphenyl group (meso-position) of
the porphyrin macrocycle, improved the photodynamic efficiency of the
conjugate. The amphiphilic system with a Ru(ll) complex as the hydrophilic head
and a porphyrin unit as the hydrophobic tail, resulted in the enhancement of the
system’s two-photon absorption, high singlet oxygen quantum yield, rapid cellular
uptake, and high phototoxicity.l320] The water-solubility can be enhanced by
functionalisation of the porphyrin ring with cationic or anionic substituents i.e.,
amine, pyridyl, pyridinium, imidazolyl, carboxylate sulfonyl and phosphate
groups.2Y Third-generation PSs are envisaged to surmount this limitation by
designing amphiphilic PSs through the introduction of hydrophilic groups like
peptides, PEGs, and carbohydrates at their peripheral or axial positions.[322:323]
Also, the introduction of bioconjugates that are either covalently bound to the PS
or incorporated into a drug delivery system (DDS) aims to improve the tumour
specificity of the PS.
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1.8.3 Targeted PDT and nano-approaches

Targeted PDT is a far-reaching field and is there are extensive article reviews
where this is widely discussed. In 1891, Ehrlich, the pioneer of chemotherapy,
coined the term “magic bullet”, which represents the first description of the drug
targeting concept.[324325  Nanomedicine refers to the use of so-called
nanoparticles (NPs) designed for specific drug delivery with an accurate
concentration over a specific period of time. Nanoparticles are stable, solid
colloidal particles consisting of biodegradable polymer or lipid materials and
range in size from 10 to 1,000 nm. It should be noted that the EMA has a limit of
100 nm for nanoparticle containing drug systems.[326:3271 NPs can improve water-
solubility and the biocompatibility of a drug, can mitigate the degradation of a
drug after administration, and can potentially decrease side effects. The clinical
use of targeted PDT is still limited. The best example of targeted PDT involving
porphyrins is Visudyne, which is a liposomal formulation of verteporfin approved
for treatment of AMD and polypoidal choroidal vasculopathy.® In addition to
liposomes, DDS utilise various NPs, including polymeric nanoparticles,
niosomes, solid lipid nanoparticles, nanoemulsions, nanocrystals, cubosomes,
hexasomes, dendrimers, micelles, microcapsules, quantum dots, silica and gold
NPs, superparamagnetic iron oxide nanoparticles, carbon nano-platforms, and
different nanoassemblies.[28-330] | astly, other approaches include the use of
ligands/conjugates such as vitamins, folates, glycoproteins, peptides,
oligonucleotide aptamers, growth factors, lipoproteins, and other useful tools to

target nanoparticles to cancer cells.[326:331-333]

Additionally, to enhance the selectivity and specificity of a PSs towards tumour
tissue, it is possible to utilise active targeting where PS conjugates are fashioned
with receptor targeting moieties.’3* Some examples include monoclonal
antibodies such as herceptin (antibody to the HER2 receptor), folate-modified
nanocarriers, antibodies against transferrin receptors (TfR), which are over-

expressed on the surface of many solid tumours, as well as Tf itself.[335:336]

An interesting study by Sitti and co-workers involved the use of microrobots, the
“micro-rollers”, which consist of gold and nickel layers that allow for the control of
blood flow circulation by applying a weak magnetic field. After reaching the
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tumour target, they bind to cancer cell proteins (anti-HERZ2) via the antibody.
Following UV irradiation, they release the anticancer drug (doxorubicin). This
opens new approaches to drug delivery that can be applied in PDT.[337:338] One
of the most important advances in nanomedicine is the improvement of targeted

DDS that can maximise the therapeutic efficacy.
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Chapter 2: gem-Dimethyl Chlorins as
Potential Photosensitisers in PDT

“However bad life may seem, there is always something you can do and succeed

at. Where there’s life, there's hope”

~ Stephen Hawking ~

2.1 Introduction

Chlorins are frequently encountered in nature as chlorophylls (derived from the
Greek word: xAwpo@UAAn = green natural pigment); which exist in all
photosynthetic organisms, including plants, bacteria, and algae. Functionally,
chlorophyll serves as photoreceptor molecule, absorbing light energy to perform
the biological processes of photosynthesis. Besides their natural function in
photosynthesis, chlorins are used as diagnostic or therapeutic agents and also
have found application in the food industry, in materials chemistry, and in
photovoltaic solar energy applications.[®3%-341 Considering that the penetration of
light into tissue proportionally increases with wavelength, candidates with strong
absorptivity in the red region (600 — 850 nm) such as chlorins or bacteriochlorins
are more likely to become appropriate photosensitisers (PSs), with the former
being chemically more stable. As mentioned in Chapter 1, chlorins are popular
for their photodynamic activity and they hold a keystone position in PDT (see 1.4)
since they tend to access high triplet state yields and lifetimes and generate
singlet oxygen. Additionally, they can maintain moderately high fluorescence

quantum yields and lifetimes and find use in bioimaging.342

This chapter focuses particularly on the so-called geminal (gem) dialkyl chlorins
and specifically the gem-dimethyl type. Two naturally occurring chlorins (Figure
2.1), which both bear a gem-dialkyl group, Faktor I (derived from vitamin B12
biosynthetic pathway), and Bonellin (green pigment of marine worm, Bonellia
viridis), intrigued the development of new synthetic routes towards such

systems.[343-345]
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Figure 2.1. Chemical structures of the natural chlorins Bonellin and Faktor I.

The gem-dialkylchlorins are more stable and less susceptible to oxidation due to
the disubstitution on the 18-position, yet they maintain their physicochemica
properties.!346] Originating from 1980, research on gem-dialkyl chlorins is a recent
field in chlorin chemistry; however, synthetic advances already present great
versatility. Comprehensive reviews by Lindsey cover the de novo synthesis of
such chlorins and compare approaches from works reported by Battersby,
Jacobi, Lindsey, and Montforts. Scheme 2.1 displays examples of simplified

general routes developed by the aforementioned researchers.[347:348]

RS R® R
R2 BN HO // R8

\_NH HN
: RZO + R‘IO
Battersby Lindsey R18 ,;1 HN \
: R18 Br Yy R™
\ 2.5 R™ 26
. Western half Eastern half

H H Northern half :
: CHO  Et0OC S R? : , :
: R™ 1 : R 17 R :
L] 2 . L]
PRITN P R20 PR SNNAN R
: R™: R! \ NH HN—7 :
: N 210 } _~ : HOOC +  COOBu :
: N : \3 ! OHC CHO  :
. 18 . . "
: R L Br  HN R12 * Montforts Jacobi : R /=N HN\ .
: R / : Gen;-ldie_zlkyl NN NG N R'2
. . chlorin . .
: 0" "0 o] R13 : : RIS RS .
s 242 /(\ 211 @ 213 : :
Ve emssssssssssssssssssssssssssas - Southern half :

R'8 = alkyl group . 2.8 :

Scheme 2.1. Simplified de novo routes to gem-dialkylchlorins.
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Extensive investigation of the synthetic routes towards the synthesis of gem-
dimethyl chlorins have been conducted through the last three decades. Lindsey
and co-workers have greatly contributed to the improvement of the chlorin
preparation pathways. To summarise, Ptaszek et al. exploited five routes towards
the synthesis of 10-substituted chlorins depending on the sites of the
electrophilic-nucleophilic complementary groups on the pyrrole and pyrroline
rings (Scheme 2.2). They concluded that Route Il was the most beneficial route
in terms of quantity and stability of the products. Route Il entails the use of the
Eastern (9-bromo-1-formyl-dipyrromethane) and Western half

(tetrahydrodipyrrin) under an acidic condensation.

Intermediate Western half Eastern half

= HO
Route | \ NH
— +
N
\

.............................................................

- 0
Route Il \ NH
— +
)

.............................................................

\ SR
Route 11l NH N
— + \ R
N
| HNT
X
Br
AN \O
Route IV \ Nn
— .
N
\
AN
Route V \ NH

—

Scheme 2.2. Routes to 10-substituted chlorins.

The 5-substitued dipyrromethane (DPM) scalable synthesis (Eastern half) has
been refined via reducing the oligomer production (by-products) in a one-flask

synthesis, optimising the acidic condensation, and purification which yields 9-
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bromo-1-formyl-DPMs.[349-351 Moreover, the synthetic pathway of the Western
half towards a more stable tetrahydrodipyrrin derivative, 2,3,4,5-tetrahydro-1,3,3-
trimethyldipyrrin has been achieved. This dipyrrin shows an increased reactivity
to acid-catalysed condensations in the pyrrolic a-position, thereby facilitating the

formation of the intermediate 2.16.3%2

The exact intermediates on the synthetic pathway of the chlorins are not yet fully
determined. Several aspects can affect the outcome of the reaction i.e., choice
of the solvent, the metal coordination, choice of the oxidant, the base selection,
and the temperature. Taniguchi et al. and Strachan et al., with the guidance and
propositions of Battersby and Montfort’s works, simplified and proposed possible
steps; however, the sequence may vary. First, the two halves form the 2,3,4,5-
tetrahydrobiladiene-ab 2.16 under acidic condensation; then four electrons and
four protons are removed via oxidation 2.17; subsequent imine to enamine
tautomerisation 2.18 is followed by zinc complexation 2.19, and lastly carbon-

carbon bond formation 2.20 and HBr elimination 2.21 (Scheme 2.3).

\ NH
+
N
\
214
Western Eastern
half half Tetrahydrobilene-ab +Zn(OAc), iv
not isolated -2 HOAc
Demetalation vii
Bromination vi
Pd-coupling -~
Remetalation =] R =— R
Modification of substituents - HBr
Br
2.21 H

2.20

Scheme 2.3. Processes and possible intermediates in 10-substituted gem-dimethyl
chlorin formation (Route I); i) acidic condensation; ii) oxidation; iii) tautomerisation; iv)

complexation; v) C-C bond formation; vi) HBr elimination; vii) post modifications.

The use of base is to neutralise the acetic acid (formed upon zinc insertion) and
the hydrobromic acid (formed upon aromatisation) and possibly to ease the
imine-enamine tautomerisation. The metal complex is used to direct

electrocyclisation and the silver salt to ease dehydrobromination.[353.354]
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Following these studies, each position of the chlorin (either meso or B/’ position)
can now be modified via de novo synthetic approaches. The red-shifted
absorption spectrum stems from the transitions along the polarised axis bisecting
A and C rings, hence the substitution on 2, 3, 12 or 13 position significantly alters
the absorption features. Namely, B-substitution causes a red-shift in absorption
spectra accompanied by a relative increase in the intensity (hyperchromic shift)
of the Qy band coupled with an increase in the fluorescence quantum yield.
Moreover, it is known that the increasing number of meso-substituents (0-4
substituents at the 5, 10, 15 or 20 position) causes a bathochromic shift (red-
shift) of both B and Qy bands and a hypochromic shift (decrease of the
absorptivity) of the Qy band, which is of great importance for photochemical
applications. The above observations apply primarily to zinc or magnesium
metallated chlorins and also to their free base counterparts. Regarding the latter,
they tend to have longer singlet lifetimes and higher fluorescence quantum yields
than the zinc chelates since their absorption features appear in longer
wavelengths. Data of the quantum yields of the excited states by metallated or
free base porphyrins, chlorins or bacteriochlorins can be summarised as average
ranges in Table 2.1. The trend for the fluorescence quantum yield follows an
ascending order: porphyrins < chlorins < bacteriochlorins, and the triplet state
quantum vyield follows as expected an inversely proportional order. Internal
conversion (IC) appears to be at the same range for chlorins and porphyrins,
however for bacteriochlorins is higher due to the fact that they have lower excited
singlet states and thus an increased vibrational overlap explained by Franck-
Condon factor and the definition of the energy gap law for the non-radiative

Table 2.1. General range of the quantum yields in porphyrins, chlorins or

bacteriochlorins.

&; Disc Dic
Porphyrins 0.10 (0.03-0.16) 0.80 (0.7-0.9) 0.10 (0.05-0.2)
Chlorins 0.20 (0.1-0.3) 0.70 (0.6—0.8) 0.10 (0.1-0.2)
Bacteriochlorins 0.15 (0.1-0.3) 0.50 (0.3-0.8) 0.35(0.3-0.4)
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The non-radiative rate constant (kar = kic + Kisc) in zinc derivatives is greater relative
to the free base and is consistent with the more facile ISC anticipated from the
heavy atom effect on spin—orbit coupling in the metallochlorins. An enhanced
non-radiative decay is associated with enhanced ISC since the higher energy
state Qyis expected to decrease the IC contribution. However, regarding the free
base chlorins, the involvement of N-H vibrations of the inner core might enhance
the Franck-Condon factor for the IC decay process. The relation between the rate
constants, singlet excited state lifetime, and quantum yields can be summarised
by equations 2.2 and 2.3.[359.360]

1
T= Eq. 2.2
K + koo + ki 9
o, = ks Eg. 2.3
77k + kg + Kese 9.2

An efficient PS should possess a long-lived triplet excited state and a higher
triplet energy state than that of the singlet oxygen (= 94.3 kJ mol™), so it can
efficiently undergo Type I/ll electron or energy transfers reacting with ground
state molecular oxygen. Chlorins usually satisfy these conditions and they

generate singlet oxygen efficiently.[346l

Surprisingly, gem-dimethyl chlorins have not gained much attention relating to
their photoactivity in vitro or in vivo. To our knowledge only Ogilby et al. have
investigated the localisation of the lipophilic unsubstituted free base gem-
dimethyl chlorin (2.22) using HelLa cells in comparison to the hydrophilic cationic
porphyrin  5,10,15,20-tetrakis(N-methyl-4-pyridyl)-21H,23H-porphyrin  (2.23)
(Figure 2.2). The goal of the study was to determine the intracellular generation
of singlet oxygen via time-resolved singlet oxygen phosphorescence
measurements at the level of a single cell using molecules that localise in
different subcellular areas. The hydrophilic porphyrin molecules 2.23 tended to
accumulate in the nucleus and cytoplasm of the cell yielding an intracellular
singlet oxygen lifetime of ca. 30 — 40 ps. Chlorin 2.22 was accumulated non
homogeneously outside the nucleus in the cell cytoplasm; however, the exact
organelle localisation of 2.22 in the cytoplasm has not been yet determined.[364

Worth mentioning, Hamblin and co-workers have investigated the in vitro PDT
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potential of similar gem-dimethyl bacteriochlorins against HeLa human cancer
cells [362363]

| A
NCI

2.22

Figure 2.2. Chemical structures of the free base gem-dimethyl chlorin (2.22) and
5,10,15,20-tetrakis(N-methyl-4-pyridyl)-21H,23H-porphyrin (2.23).

Overall, depending on the final application that each researcher is seeking,
different tailoring on the macrocycle periphery should be taken; thus there is no
rule we need to follow in the exploitation of the gem-dimethyl functionality for the

production of new molecules.
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2.2 Objectives

This study aimed to develop new derivatives of oxidation resistant chlorins for
maximum singlet oxygen generation that can be used as potential PSs for PDT,
either individually or as building blocks for new materials. These chlorins bear a
gem-dimethyl group in the reduced pyrrole ring that prevents oxidation and thus
attributes advantageous stability to the chlorins. Numerous similar complexes
have been synthesised; however, little advances have been made to investigate
their potential of singlet oxygen generation and the photodynamic effect. Hence,
this work focuses on the development of such systems through the introduction

of different substituents in the macrocycle periphery.

We aimed to synthesise and characterise zinc gem-dimethyl chlorins and their
free base counterparts, following Lindsey’s procedures by using a [2+2]
condensation of 9-bromo-1-formyl-5-substituted dipyrromethane (Eastern half)
and 2,3,4,5-tetrahydro-1,3,3-trimethyldipyrrin (Western half) which yields chlorins
with functional moieties in the meso-position (Scheme 2.4). A 4-bromophenyl or
naphthyl meso-substitution was introduced with the aim to investigate the scope
of the reaction, as well as to prepare a series of analogues with handles for further
periphery modifications. Additionally, we aimed to characterise photophysically
the target compounds regarding their ground and excited states properties.
Specifically, singlet and triplet state lifetimes and the respective quantum yields
have been experimentally determined along with their singlet oxygen quantum
yield. These studies were accompanied by density functional theory (DFT)
calculations to assess the features of the frontier molecular orbitals and the
theoretical excited states properties. Ultimately, we aimed to investigate the in

vitro phototoxic activity against a mouse colon carcinoma cell line (CT26).

5 '/ B position
\ N o/ //
NH HN H
+ N R > 20 10 R
N \
\ N
Br
15
2.21
Western half Eastern half
214 2.15 meso-posiiton

Scheme 2.4. Structure and general scheme of gem-dimethyl chlorin synthesis.
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2.3 Results and Discussion

2.3.1 Synthesis of gem-dimethyl chlorins

Zinc chlorins and their free base counterparts have been investigated as potential
PDT agents. The [2+2]-type synthesis is the most suitable way to synthesise
these molecules on realistic scales involving a tetrahydrodipyrrin and a
brominated-formylated-dipyrromethane. Starting with the synthesis of the
Eastern half of the targeted chlorins, 9-bromo-1-formyl-5-substituted DPMs
(2.15a-e) were synthesised according to literature procedures (Scheme 2.5).[349-
3511 A variety of meso-substituents were introduced to investigate the scope of
the reaction and to prepare a series of analogues with handles for further

periphery modifications.

H H 'R
2.24 R/%O i ~ X =
+ \ NH HN \ NH HN / \ NH HN /
| \ Br

N 2.26 215

Eastern half
-0 s%} O é
b c d e O
Scheme 2.5. Synthesis of 9-bromo-1-formyl-5-substituted dipyrromethanes (Eastern

half) over three steps; (i) 0.1 eq. TFA for 2.26a,b,d,e and MgBr, in case of 2.26c¢, rt, 1
— 1.5 h; (ii) DMF/POCIs, 0 °C, 2 h, EtOAc/NaOAc; (iii)) 1 eq. NBS, THF, -78 °C, 1 h.

The first step towards the synthesis of Eastern half involves the corresponding
aldehyde and pyrrole condensation forming the meso-free and 5-substituted
DPMs. For compounds 2.26b, 2.26d, and 2.26e dichloromethane was used
together with pyrrole as solvent, reducing the final usage of pyrrole equivalents.
Thus, using 10 eq. of pyrrole and 0.1 eq. of trifluoroacetic acid (TFA) or MgBr2 in
case of 2.26¢c, DPMs were obtained in 42 — 62% vyield. Subsequent Vilsmeier-
Haack formylation of the DPMs utilising POCIs/DMF yielded the 1-formyl-5-
substituted-DPMs 2.27a-e in 39 — 65% yield.[3%4 The diformylated products were
observed by TLC; however, these were not isolated or characterised. Lastly,

electrophilic aromatic substitution using 1 eq. of NBS in anhydrous THF yielded
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the desired 9-bromo-1-formyl-dipyrromethanes 2.15a-e in 45 — 85% yield.[355:35€]
In some cases, bromination of 1-formyl-DPMs yielded multiple products, and
likewise these were not isolated. Yields for each step of the DPM synthesis are
shown in Table 2.2. DPMs are light- and heat-sensitive compounds, therefore
protection from light during the reaction, purification, and storage was of
paramount importance to ensure these compounds do not degrade. Regarding

compounds 2.15a-e, in most of the cases, the solvent was removed at 25 °C.

Table 2.2. Reaction yields for every step of the synthesis of DPMs.

R 2.26 2.27 2.15

H (a) 43 % 42 % 85 %
Phenyl (b) 42 % 42 % 67 %
Mesityl (c) 62 % 65 % 45 %
4-Bromophenyl (d) 48 % 39 % 70 %
1-Naphthyl (e) 56 % 42 % 55 %

Western half 2.14 was synthesised in accordance with literature
procedures.[352353 Starting from pyrrole-2-carboxaldehyde and following the
sequence: Henry addition, reduction, Michael addition, and reductive cyclisation

resulted in the desired dipyrrin in 30% yield over four steps (Scheme 2.6).1[349.365]

D\/ @\/ﬁNoz W‘\ SN

Western half
2.14

2.28 2.29 2.30

Scheme 2.6. Synthesis of the Western half over four steps in 30% yield; (i)
MeNH:-HCI, KOAc, MeNOg, EtOH, rt, 2 h; (ii) LiBH4, THF, -10 °C, 0.25 h; (iii) mesityl
oxide, DBU, rt, 24 h; (iv) Zn/HCOONH4, THF, 40 °C, 26 h.

The present flexibility in the syntheses of the 17,18-dihydro-18,18-
dimethylchlorins chlorins stems from the far-reaching and ground-breaking

studies of the Lindsey group.l?!! Synthesis of the targeted chlorins, bearing a

! Compound 2.14 was synthesised by Harry C. Sample, Polythea Ph.D. student, TCD.
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gem-dimethyl group was performed using a one-pot reaction according to
Lindsey’s [2+2] chlorin synthesis following the Route Il reported by Ptaszek et al.
(Scheme 2.7).[353:366] Two of the 5-substituted DPMs were utilised for the chlorin
condensation as they can provide interesting features in the chlorin derivatives.
In particular, the 4-bromophenyl group on the periphery was introduced to
enhance the ISC (heavy atom effect),[227:239 and to allow further functionalisation
through standard palladium-catalysed cross-coupling reactions. The choice of
the naphthyl group stemmed from the interest for a possible attempt to perform
an intramolecular ring fusion with the B-carbon of the macrocycle, in the hope of

accessing a m-extended gem-dimethyl chlorin framework and enhancing the -

i ii

2.15d ‘R = 4-bromopheny! 2.16 Zn1R = 4-bromophenyl 37%  FB1R = 4-bromopheny! 46%
2.15e R = 1-naphthyl not isolated Zn2 R = 1-naphthyl 36% FB2R = 1-naphthyl 41%

conjugation.

2.14

Scheme 2.7. Synthesis of gem-dimethyl chlorins displaying the non-isolated 2,3,4,5-
tetrahydrobiladiene-ab, and the final products Zn1, Zn2, FB1 and FB2; (i) p-
TsOH-H,0, CH,Cl,/CHsOH, 20 °C, 0.5 h; (ii) 2,2,6,6-tetramethylpiperidine, Zn(OAc),
AgOTf, 90 °C, 18 — 20 h, CH3CN; (i) TFA/CH,Cl,, 20 °C, 1 h.2

This synthetic pathway consists of an acid catalysed pyrrole-aldehyde
condensation, thus forming the linkage between the A and B rings, yielding the
non-isolated 2,3,4,5-tetrahydrobiladiene-ab 2.16, which is then subjected to
basic conditions, metallation, and an oxidant. Hence, 2.14 was reacted with
2.15d or 2.15e and 5 eq. of p-TsOH-Hz20 in CH2CIl2/CH3OH for 30 min and the
subsequent removal of the solvent resulted in the yielding of the non-isolated
intermediate (2.16). This was immediately treated with CHsCN, 2,2,6,6-
tetramethylpiperidine, anhydrous Zn(OAc)2, AQOTf and was allowed to stir at 90
°C for 18 — 20 h. The products formed were either the desired chlorin or degraded

products (which stay on the baseline on the TLC). Therefore, the desired chlorin

2 Compounds FB1 and FB2 were synthesised by Harry C. Sample — step iii Scheme 2.7.
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products were isolated after column chromatography as blue-purple solids in
good yields (37% for Zn1 and 36% for Zn2).

With the aim to evaluate and compare the photophysical properties between zinc
and free base complexes, demetallation of both zinc-chlorins was carried out to
yield the free base counterparts FB1 and FB2 (46% and 41% yields, respectively)
(Scheme 2.7).[354

During the preparation of the present work Borbas et al. published the synthesis
of 10-substitued zinc gem-dimethyl chlorins focusing on the kinetics of the acidic
demetallation.*¢] One of the differences that can be drawn between our
syntheses is that purification of the final brominated-formylated-dipyrromethane
has a significant effect on the final yield of the chlorin: i.e., when 2.15d is not
isolated the yield of the respective chlorin drops drastically to half. Additionally,
the demetallation of the chlorins can be done quicker with a lower concentration
of TFA and quenching with triethylamine is more fruitful than the use of sodium
bicarbonate presented herein.

Next, compounds Znl and FB1 were further characterised by single-crystal X-

ray diffraction analysis and crystal structures obtained (Figure 2.3- Figure A 1).3
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Figure 2.3. View of the molecular structures of Zn1 (left) and FB1 (right) in the crystal,
shown with displacement at 50% probability and heteroatoms labelled. Inner chlorin

hydrogen atoms shown in FB1, all others omitted for clarity.

3 Crystal structures were determined by Dr. Brendan Twamley, TCD
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2.3.2 Photophysical characterisation and DFT calculations

The chlorins synthesised herein were investigated regarding their ground and
excited state properties. Together with the singlet oxygen generation, we
illustrate that they possess desirable photophysical and -chemical characteristics
deeming them suitable for use as PSs. Yields and rate constants of the decay
pathways of the singlet excited state (S1) were experimentally determined whilst
the triplet state energy for each chlorin (T1) was estimated using DFT (Density

Functional Theory) calculations.

2.3.2.1 Ground state properties

UV-Visible absorption spectra of all compounds were recorded in ethanol, and
DCM and they are displayed in Figure 2.4 and Figure A 2. The free base and
Zn(Ill)chlorins display absorption spectra that differ from each other due to the
metal effect and the variation in the respective molecular orbitals. The absorption
spectra of chlorins show a strong B-band in blue-violet region at ~400 nm, with
minor difference between Zn(ll)chlorins and their free base analogues. The last
Q-band (~ 640 nm) of the free base chlorins exhibits a significant red shift (ca.
30 nm) as compared to Zn(Il) complexes, which is likely due to a reduction in the
energy gap between the MOs. From DFT calculations we have assumed that this
is due to the (HOMO-1) — LUMO and (HOMO-1) — (LUMO+1) energy gap
reductions.

Coordination with Zn(ll), which acts as a Lewis acid by accepting electron density
from the macrocycle, results in stabilisation of the chlorin core and thus lowers
the energies of the MOs.[?#5368 Furthermore, the ratio of the intensity of the
Qy(0,0) and B bands (Table 2.3) provides a relative measure of the hyperchromic
effect on the Qy(0,0) band showing the following descending order FB2 > FB1 >
Zn2 > 7Znl.

Comparison of these compounds with regards to meso-substituents indicates
that there is no dramatic difference between the 4-bromophenyl and 1-naphthyl
group; only a slight bathochromic shift for the Qy band, in favour of the
naphthalene substituent. A broader Qx band for FB1 and FB2 is displayed at

~500 nm, which is indicative of different electronic transitions occurring, in

103



comparison with Znl1 and Zn2, due to the vibronic borrowing from the strong B

transitions.[359.369.370)

Normalised absorption (a.u.)
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Figure 2.4. Normalised UV-Visible absorption spectra of the chlorins in ethanol.

Spectra are normalized at the maximum of the B bands with an inset showing the Q-
bands between ca. 450 — 700 nm (Zn1 red, Zn2 dashed blue, FB1 black, FB2 dashed

green).

Table 2.3. UV-Visible absorption data of the chlorins in ethanol or dichloromethane.

Chlorin Amax (M) @ Q,/B?®
B band Qx(1,0) Qy(1,0) Q,(0,0)

Zn1* 405 (5.40) 506 (3.40) 559 (3.59) 604 (4.61) 0.16

Zn2* 405 (5.54) 506 (3.73) 561 (3.83) 605 (4.76) 0.17

FB1** 407 (5.08) 503 (4.00) 586 (3.56) 638 (4.43) 0.22

FB2* 407 (5.24) 501 (4.17) 587 (3.70) 639 (4.64) 0.25

2 Values in parentheses refer to log ¢; P ratio of the intensities of the Q,(0,0) and Soret

(B) bands; *ethanol; **dichloromethane.
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2.3.2.2 Excited state properties

The excited state properties of all the chlorins were determined in polar solvents
(ethanol or methanol). Fluorescence emission spectra were recorded, and the
quantum vyields were calculated by using cresyl violet as reference compound.
Additionally, singlet and triplet state lifetimes were determined experimentally by
time-correlated single photon counting (TCSPC) and nanosecond transient
absorption spectroscopy. Their respective quantum yields, and radiative and

non-radiative rates were calculated.

Fluorescence emission is determined by the Si1 — So transition as the IC from
S2/Sn— S1 is very fast and undetectable. Therefore, fluorescence spectra of the
chlorins are dominated by the Qy(0,0) band with a shoulder of the Qy(1,0) band,
the vibronic satellite, clearly displaying the mirror image of the absorption
spectrum. Compounds Zn1 and Zn2 display a fluorescence peak maximum (Amax)
at ca. 610 nm with a vibronic satellite at ~ 660 nm, while compounds FB1 and
FB2 display their peak maximum at ca. 638 nm with two vibronic satellites at 667

and 700 nm (Figure 2.5 and Figure A 3).
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Figure 2.5. Normalised fluorescence emission spectra of the chlorins in ethanol (Zn1
red, Zn2 dashed blue, FB1 black, FB2 dashed green); Aexc = 560 nm for Zn1/Zn2 and
500 nm for FB1/FB2.
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Stokes shift (Av) is the difference between the position of the absorption and
fluorescence emission peak,’®”1l and it was calculated from the corresponding
UV-Vis and emission spectra in EtOH or MeOH. A minor Stokes shift from 50 to
160 cm™ (2 to 6 nm) occurs between Qy(0,0) absorption and Qy emission peak
with the free base chlorins displaying a smaller shift (50 — 70 cm™t). This profile
is the same in both ethanol and methanol solution indicating a significant overlap
of the corresponding absorption and emission spectra.372 Fluorescence
guantum vyields (@) of Zn1 and Zn2 range from 0.03 to 0.08, respectively and
from 0.08 to 0.14 for FB1 and FB2, respectively. The & of the free base chlorins
is around two times higher than the @& of the Zn(ll) chelates following the trend

of reported values in literature of similar compounds.[358!

2 =
14 R ——FB1EOH X - 109924

- - - FB1MeOH X’ =1.05457
\ FB2 EtOH x?=1.03789
\ = = = FB2 MeOH x2 =1.02752
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Figure 2.6. Fluorescence lifetime decays of FB1 and FB2 in ethanol and methanol.
Reduced y? value is presented (black: FB1 in EtOH; magenta dotted: FB1 in MeOH;
green: FB2 in EtOH, purple dotted: FB2 in MeOH); Aexc = 400 NnmM; Aget = 637 NM.

There is a general correlation between the fluorescence quantum yield (&) and
the Qy/B absorption ratio and the fluorescence lifetime: the free base chlorins
with the lowest excited singlet states (the most red-shifted Qy bands) have the
largest relative Qy/B ratio along with the higher fluorescence lifetimes and yields
(Table 2.3 and Table 2.4).

Time-correlated single photon counting (TCSPC) was performed and the
fluorescence decay profiles of each chlorin in ethanol and methanol are shown

in Figure 2.6 and Figure A 4. Lifetime values of the singlet excited state (zs)
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remain the same between ethanolic and methanolic solutions. The radiative (k=
ki = fluorescence rate constant) and non-radiative (knr = kic + kisc) rate constants,
were calculated by using equations 2.4 and 2.5 , following reported methods and
are summarised in Table 2.5 and Table 2.5.1373374]

k, = x Eq. 2.4
I g. 2.
where x is f, ISC or IC.
Pie = 1- Py - Py Eq. 2.5

Table 2.4. Photophysical properties of the chlorins in polar solvents.

Chlorin = Aem (M) Av (cm™) 75 (ns) x 1 gj o
Zn1’ 609 163 0.9 0.03 3.3
Zn1" 609 136 0.9 0.04 4.4
Zn2' 611 162 15 0.05 3.3
Zn2" 611 162 15 0.08 5.3
FB1' 637 74 5 0.07 1.4
FB1™ 637 74 5 0.08 1.6
FB2" 637 50 7 0.10 1.4
FB2" 638 50 7 0.14 2.0

" MeOH; ™ EtOH; Av stokes shift; standard errors (percentage of value) are zs +5%, ®s

+10%, ki £10%.

Furthermore, as expected, the fluorescence lifetime of Zn1 and Zn2 is lower than
the free base analogues and ranges between 1 — 1.5 ns whilst that of FB1 and
FB2 ranges between 5 -7 ns (Figure 2.6 and Figure A 4). Thus, Zn(ll) derivatives
have an almost five times shorter fluorescence lifetime as compared to the free
base, which indicates that Zn(Il) chelates undergo faster ISC to the triplet excited
state in comparison to the free base counterparts due to the heavy atom
effect.[227.239.375] Additionally, the lowest @ is displayed by chlorins Zn1 and FB1
with the 4-bromophenyl substituent. The results are comparable with similar
compounds in the literature (Table 2.5).376377] |n addition, ks values of Zn1 and
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Zn2 are typical for Zn(ll) chlorins as are the knr values of the free base

analogues. 35835

Since ISC feature is dominant in the photochemical pathway for the chlorins,
nanosecond transient absorption (TA) spectroscopy was performed and the
triplet state lifetimes (tr) and quantum yields (& or ®isc) were calculated from the
triplet-triplet absorption spectra, and these are shown in Figure A 5 - Figure A 12
(ambient conditions) and Figure A 13 - Figure A 20 (oxygen-free conditions).

Table 2.5. Photophysical properties of the chlorins in polar solvents.

a b . . c
Chlorin (TnTs) (Tst) P P Pa ><1l(<)I;CS'l ><1l(;I7c st ><1055(T\/I'1 st

Znl’ 200 27 0.82 0.15 0.60 9.1 16 2.36
Znl” 202 26 0.90 0.06 0.90 10 6.6 2.34
Zn2’ 210 28 0.78 0.17 0.55 5.2 11 2.25
Zn2" 210 30 0.88 0.03 0.85 5.9 2.0 2.25
FB1" 160 47 0.78 0.15 0.40 1.6 3.0 2.97
FB1" 170 70 0.80 0.12 0.70 1.6 2.4 2.79
FB2" 150 50 0.70 0.20 0.38 1.0 2.9 3.17
FB2" 166 64 0.75 0.11 0.60 1.1 1.6 2.86

2 Triplet state lifetime in air (equilibrated); ° triplet state lifetime in oxygen free solution; ©
oxygen quenching rate; * MeOH; ™ EtOH; standard errors (percentage of value) are zr
ilo%, @isc ilo %, @ic i15%, @A ilo%, kic ilo%, kisc ilo%, kq il5 %

Triplet state lifetimes (zr) at ambient and oxygen-free conditions (through
degassing with argon) in methanol or ethanol are shown in Table 2.5. The triplet
absorption profile of the TA spectra of metallochlorins (Znl1, Zn2) and the free
base chlorins (FB1, FB2) display very similar shapes, both in ethanol and
methanol. Figure 2.7 displays representative TA spectra of Zn1l (left) and FB1
(right). They show an absorption maximum at 420 — 460 nm and negative
absorbance signals that are caused by bleaching of the ground-state, which is
characteristic of the significant electronic transitions at 400 — 500 nm (B band, So
— Sn) and 600 — 650 nm (Qy band, So — S1). The lifetime of the Zn(ll) chelates
under ambient conditions is longer (200 — 210 ns) than that of the free base

chlorins (150 — 170 ns). In contrast, the Zn(ll) complexes display shorter lifetimes

108



in oxygen free conditions (26 — 30 us) than the free base analogues (47 — 70 ys),
which shows that free base compounds have intrinsically longer triplet lifetimes.
There is a large difference from the ns to the ps time scale at ambient and in

oxygen free conditions.

T e T " T T ny— 400 450 500 550 600 650 700
350 400 450 500 550 600 650 700 Wavelength (nm)
Wavelength (nm) ; 5

Figure 2.7. TA spectra of Zn1 in methanol (ambient conditions; incremental time 40
ns; 604 nm Xexc) ON the left; TA spectra of FB1 in methanol (oxygen free conditions;
incremental time 3 ps; 637 nm Aexc) On the right. Arrows pointing from blue to red colour

show the decay from the maximum intensity in the successive steps respectively.

Stimulated emission spectra which appeared at early delay times were not taken
into consideration for the triplet lifetime calculation. Nevertheless, these features
allowed us to estimate the triplet state quantum yield as they contain the singlet
state features. Hence, the triplet state quantum vyields (&1 or @isc) were
determined from the triplet-triplet absorption spectra as the average of individual
experiments, by comparing the bleaching magnitudes at long times (due to the
triplet formation) versus the ones from the immediate excitation flash (due to the
singlet formation). Triplet state yields are higher in the zinc chelates (&1 ~ 0.75 —
0.90) than the free base analogues (&7 ~ 0.70 — 0.80) with a descending order
Znl > Zn2 > FB1 > FB2 following the anticipated trend (1 — &) < &1 < @, and

also illustrated the more dominant pathway of IC and ISC of the zinc chelates.

Moreover, the IC quantum yield along with the corresponding rate constants (Kic,
kisc) were calculated (equation 2.5) and presented in Table 2.5. The IC quantum
yield of the free base chlorins is higher than those of the zinc complexes, due to
the Franck-Condon factor. However, the IC rate constants for S1 — So of Zn1
and Zn2 are greater than those for the free base FB1 and FB2. This is probably
due to structural or vibrational effects of the possible axial coordination of the

central zinc ion with the hydroxyl- groups of the solvent. In general, the
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methanolic solution displays a rise for the IC quantum vyields and rates, in
comparison with the ethanolic solutions, which is more apparent in the zinc

complexes (Table 2.5).

Last, another feature of the triplet excited states is the triplet-triplet molar
absorption coefficient (e;). An estimate calculation of the ¢ for Zn1 in ethanol was
found as 18,750 M cm™ at 446 nm and this value is comparable with the & of
mTHPC (temoporfin) known as 19,300 M1 cm in methanol.[*®! This value was
derived by determining the iso-absorptive points among a TA trace spectrum and
the TA+A sum spectrum (TA spectrum + UV-Vis absorption spectrum expressed
in €) scaling the latter in a positive range in order to eliminate the ground state

photobleaching features (Figure 2.8).[578l
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Figure 2.8. Representation of the spectra used for &; determination of Zn1 in ethanol

(black: absorption; red: TA trace; blue: sum of TA and absorption values).

As previously mentioned, there is a large difference between the triplet excited
state lifetimes in presence and absence of oxygen. This denotes that oxygen
plays a significant role in chemical processes upon photoirradiation and, energy
transfer from the triplet state of the molecules to molecular oxygen in the
microenvironment takes place efficiently. Indeed, the singlet oxygen quantum
yield is relatively high for both Zn1 and Zn2 in methanol and ethanol. In the latter,
it reaches 90% while FB1 and FB2 show lower singlet oxygen quantum yields as
expected due to their lifetimes and rates. The Stern—Volmer equation was applied
to calculate the energy transfer of the compounds from the triplet state to
molecular oxygen (kq) (equation 2.6).1379-381
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[(%) B (Tio)] Eq. 2.6

where; Kq is the rate constant for quenching of the triplet state by oxygen, 1° the
triplet lifetime in oxygen free conditions, 1 the triplet lifetime in the presence of
oxygen and, [Oz] is the concentration of oxygen which is 2.1 x 10-3M in methanol
and ethanol at 20 °C.[¥ Values are shown in Table 2.5 and they are consistent

with other chlorin molecules in the literature.[377:383]
2.3.2.3 Singlet oxygen phosphorescence and quantum yield

Singlet oxygen determination was achieved by the direct detection of its
luminescence emission at 1275 nm using an InGaAs NIR detector. Singlet
oxygen quantum vyields (@a) in polar solvents were calculated by using Rose
Bengal as reference. Representative emission spectra of the singlet oxygen
luminescence are presented in Figure 2.9 (methanol) and the corresponding

values are shown in Table 2.5.
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Figure 2.9. Singlet oxygen emission spectra of Zn1, Zn2 and Rose Bengal in MeOH,
Aexc = 512 nm; 15 s integration time; @, Znl = 0.61; @A Zn2 = 0.64.

As previously mentioned, when chlorins undergo ISC as the dominant decay
pathway (Si1 — Ti), this triplet excited state reacts with molecular oxygen and
produces singlet oxygen (*Oz2). The triplet energy of an ideal PS should be higher
than the lowest excited singlet state of molecular oxygen (94.3 kJ.mol? or 0.977

eV) to be able to generate singlet oxygen. It is reported that in chlorinated
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solvents such as CH2Cl2,[®84 the singlet oxygen quantum vyield can be
overestimated; thus, ethanol and methanol were used with regards to their future

compatibility for in vitro evaluation.

All chlorins exhibit high singlet oxygen quantum yields both in methanol and
ethanol. Noteworthy, the @, values, as well as the & values, in methanol are
clearly lower for all compounds (and the @i values are slightly higher in
methanol). The triplet excited state lifetimes, akin to the @i, are reasonably
similar for all four compounds in both solvents (Table 2.5). This discrepancy is
puzzling, and we tentatively attribute this to a different chemical reactivity of the
two solvents with singlet oxygen, somehow influenced by the presence of the
chlorins. This reactivity may be correlated to the different singlet oxygen lifetime
values in different solvents (15 ps in ethanol; 9 ys in methanol), but perhaps trace
water content may also play a role. The molecular oxygen concentration [30z2]
does not differ between the two solvents. These are the factors that can attribute
to the @, difference between methanol and ethanol reported in this work.[383! |t
should be noted that temoporfin also displays lower singlet oxygen quantum
yields in methanol in comparison with ethanol.*>38 Additionally, as the
luminescence of singlet oxygen is difficult to detect, longer time integrals were
used for the @, measurements. As a result of the short fluorescence lifetimes,
high ISC quantum yields, and longer triplet state lifetimes, Zn1 and Zn2 display
higher values on average in both solvents (0.55 — 0.90) when compared with the
free base counterparts (0.40 — 0.70) while Zn1 and FB1 display slightly higher

values, as a result of the 4-bromophenyl substituent (Figure A 21 - Figure A 23).

2.3.2.4 DFT and TD-DFT calculations

Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations
were performed to investigate the ground-state and the excited-state properties
of the chlorins. Hybrid B3LYP functional,[387:38l and a 6-31G* basis set were used
for the ground state (So) geometry optimisation. For zinc complexes the axial
coordination with an alcohol molecule (ethanol) was included in the optimised
structure and for the free base chlorins, calculations were performed taking into
account the presence of ethanol [with the respective keyword for ethanol

scrf=(cpcm,solvent=ethanol)]. The same methods were applied and TD-DFT
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calculations were performed to calculate the excited singlet (S1) and triplet (T1)
states and the respective molecular orbitals (MOS).

The goal was to determine the theoretical singlet and triplet excited level of the
chlorins, compute the singlet-triplet gap and visualise the electron-density
distribution in HOMOs and LUMOs (Figure 2.10). The S1 (*Eoo) and T1 (®Eoo)
energies and the difference between the first singlet excited and triplet energy
state (AEs-1) are shown in Table 2.6, along with the oscillator strengths (f) and
the energy difference between [HOMO - LUMO], [(HOMO-1) — LUMO] and
[(HOMO-1) — (LUMO+1)]. The S1 singlet state level of all chlorins was determined
experimentally from the intersection of the normalised absorption and emission

spectra (*Eoo).

Table 2.6. Molecular orbital energies (eV) and differences between HOMO/LUMO and
singlet and triplet excited states from TD-DFT calculations.

LUMO- LUMO- (LUMO+1)-

Chlorin "\ \oMo  (HOMO-1) (HOmo-1) |~ Ee Boo At Eoo®
znl 2519 2772 3.460 0370 214 115 082 205
Zn2 2523 2.803 3.500 0396 214 116 082 2.04
FBL  2.610 2517 3.325 0266 216 100 093 1.95
FB2  2.609 2.795 3.366 0299 216 098 093 194

aOscillator strength of transition So — Si; ® experimental value for S;.

In all optimised structures, the HOMO-1 displays an electron density localised on
the four meso-positions. Specifically, in the free base chlorins, electron density is
localised on the core N-atoms, whereas, in the Zn(ll) analogues, it is also
localised on the core metal atom. In accordance with a previous report by
Aravindu and co-workers, HOMOs do not show electron density at meso-
positions; hence, the substitution at meso-position/s can significantly alter the
HOMO-1 energy level which is visible in the UV-Vis spectra of the complexes.
The same group applied the four-orbital model to assign the electronic transitions
from the calculations to the experimental spectra.l®®? This proved that the
HOMO-1 — LUMO and HOMO — LUMO+1 correspond to Bx and Qx bands and
HOMO-1 — LUMO+1 and HOMO — LUMO correspond to Qy bands. This can
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be applied to the corresponding chlorins, as they have similar properties,

energies, and electron-density of MOs.[356:389]
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Figure 2.10. Molecular orbital energies and electron-density distribution of the chlorins
obtained from TD-DFT calculations; B3LYP/6-31G*.

The results of the theoretical calculations agree with the ones from the ground

state absorption experiments. This is exemplified by looking at the HOMO-1 of

the corresponding chlorins; free base chlorins undergo destabilisation resulting
in smaller energy gaps [(HOMO-1) — LUMO] and [(HOMO-1) — (LUMO+1)] as

shown in Table 2.6.

2.3.3 In vitro phototoxicity studies of zinc(ll) chlorins*

Zinc chlorins which displayed high singlet oxygen quantum yields were tested for

in vitro phototoxicity against the mouse colon carcinoma cell line (CT26).

Colorectal cancer is considered as one of the most common cause of cancer

4 The experiments were conducted during a training secondment in the photobiology group at the University
of Coimbra, under the supervision of Dr. Ligia C. Gomes-da-Silva and with the help of Dr. Fabio Schaberle.
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death worldwide. There are treatment plans to restrain the disease and shrink
tumours. These usually include a combination of surgery, radiation therapy,
immunotherapy, targeted therapy, and chemotherapy.*°® However, there is still
space of improvement. Namely, PDT allows for a selective treatment irradiating
only the target tissues and can stimulate an anti-tumour immunity contributing to

the long-term control of the disease.[!

Cell viability was accessed by using resazurin assay where viable cell metabolise
the blue non-fluorescent dye resazurin (Alamar blue) to the highly pink
fluorescence compound resorufin by reduction.[®°13%2 Cell survival may be
determined as the fluorescence from the non-treated control sample which is
considered as 100% of viability. Additionally, since these compounds displayed
fluorescence properties, cell uptake studies were conducted by flow cytometry.
In order to determine the toxicity in the absence of light (dark toxicity), CT26 cells
were first incubated with Zn1 and Zn2 for 24 h with concentrations ranging from
0.62 to 20 uM. Both chlorins showed considerable dark toxicity above 5 uM with
a statistically high significant level (P < 0.001) (Figure 2.11). Consequently, in
vitro evaluation for their cellular uptake and phototoxicity was conducted with

concentrations lower than 5 pM.
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Figure 2.11. Cell viability of CT26 cells post incubation (24 h) with Zn1 (red) and Zn2
(blue) in the absence of light; results are expressed as the mean values of three
independent experiments + SEM (n = 3); one-way ANOVA in comparison with

untreated cells, p < 0.001 for ***,
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Phototoxicity was determined under two different light doses (L.D.) 0.5 J cm2or
1 J cm™. The final concentration of the chlorin derivatives was in the range of
0.04 to 5 uM when a L.D. of 0.5 J cm was delivered, whereas concentrations
ranging from 0.01 to 1.25 uM were used for L.D. of 1 J cm™. Colon carcinoma
cells were incubated with chlorin derivatives for 24 h followed by a washing step
and irradiation at the indicated L.D. Cell irradiation was performed by using a
visible broadband light (LED, 400-700 nm, light potency 10 mW cm?). Accurate
light doses were estimated considering the overlap between the LED and the
complex spectrum.%3 Cellular viability was evaluated 24 h post irradiation using
the resazurin reduction assay. The results of merged independent experiments
are displayed in Figure 2.12 and Figure 2.13. Both chlorins showed significant
phototoxicity at low concentrations with ICso ca. 0.30 — 0.40 uM in the case of 1
J cm? light dose, which is a relatively low energy treatment. As an example, a
comparative study showed that temoporfin has an ICsp of 0.9 uM (with light dose
of 15 J cm™) against human ovarian cancer cell line (SK-OV3).3% These
results are promising and along with the high singlet oxygen production denote

a potential photodynamic effect.
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Figure 2.12. Cell viability of CT26 cells incubated with Zn1 (A) and Zn2 (B) for 24 h
followed by irradiation with L.D. of 0.5 J cm; results are expressed as the mean
values of four individual experiments + SEM (n = 4); one-way ANOVA in comparison

with untreated cells, p < 0.05 for *, p < 0.001 for ***,
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Figure 2.13. Cell viability of CT26 cells incubated with Zn1 (A) and Zn2 (B) for 24 h
followed by irradiation with L.D. of 1 J cm?; results are expressed as the mean values
of four individual experiments + SEM (n= 4); one-way ANOVA in comparison with

untreated cells, p < 0.01 for **, p < 0.001 for ***.

To evaluate the ability of Zn1 and Zn2 to be internalised by cancer cells, cell
uptake studies were conducted by taking advantage of the intrinsic fluorescence
of these compounds. CT26 cells were incubated with the indicated PSs at 1.25
and 2.5 uM, for 24 h (Figure 2.14). Cells were then washed to remove the non-
internalised compound and their associated fluorescence was measured by flow
cytometry. PSs fluorescence was measured upon excitation with the 405 nm
laser and detection was performed using the 615/24 nm filter (Figure 2.15). The
obtained data showed that both chlorins are efficiently internalised by cells. The
display of higher cell uptake of Zn2 is probably due to the fact that the
fluorescence quantum yield is relatively higher than that of Zn1 (Table 2.4).
Possibly their relative uptake is the same since the phototoxicity is similar with
Zn1l even showing a slight increased phototoxicity in comparison to Zn2 due to
higher singlet oxygen generation. The fact that Zn1 is more phototoxic than Zn2
is also indicated by the phototoxicity index (Pl = ICso in the dark/ICso with light
irradiation). Pl was calculated for Zn1 and was found to be 11 at 0.5 J cm2 and
31 at 1 J cm? whereas for Zn2 was lower: 9 at 0.5 J cm? and 21 at 1 J cm*.
Overall, these results demonstrated that Zn1 and Zn2 combine efficient cell
internalisation with high singlet oxygen production which results in high

phototoxicity at low and safe concentrations.
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Figure 2.14. Cellular uptake of the chlorins Zn1 (red) and Zn2 (blue) evaluated by flow

cytometry. Values are normalised against the signal of the untreated cells and results

are expressed as the mean values of two individual experiments + SEM (n = 2).
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Figure 2.15. Flow cytometry histograms showing the signal detected of the control
cells (grey); Zn1 at 1.25 yM (red), Zn1 at 2.5 yM (green) (A); Zn2 at 1.25 yM (red) and
Zn2 at 2.5 uyM (green) (B) detected with 615/24 nm filter.
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2.4 Conclusions and Future Work

To conclude, a series of DPMs and two zinc(ll) gem-dimethyl chlorins (Zn1 and
Zn2) were successfully synthesised together with their free base counterparts
(FB1 and FB2). Photophysical characterisations, including steady state- and time
resolved-spectroscopy, were performed to evaluate the ground and excited state
properties (singlet and triplet) of all chlorins. DFT calculations were performed to
compute the energy of the excited states of the chlorins, visualise the HOMOs
and LUMOs, and determine the triplet state energy. Moreover, they were
evaluated for their capability to generate singlet oxygen and the best candidates
were tested for their dark and phototoxicity against a cancer cell line (colon
carcinoma cell line, CT26). Along with this, crystal X-ray structures of Zn1 and
FB1 have been successfully obtained.

Prior to this work, such complexes had not been investigated regarding their
singlet oxygen generation and we have found that both Zn1 and Zn2 exhibit high
triplet state yields (®isc = 0.70 — 0.90) and excellent singlet oxygen quantum yields
in methanol and ethanol (& = 0.60 — 0.85); in comparison the free base
analogues also exhibited suitable singlet oxygen quantum yields (®a = 0.40 —
0.70). Additionally, zinc complexes tend to internalise into the cells displaying
great phototoxicity upon irradiation with a broadband light source at low
concentrations where they do not show any dark toxicity. Specifically, they
displayed an ICso value of ~ 1 yM with L.D. 0.5 J cm?and an ICso value of ~ 0.4
MM with L.D. 1 J cm,

The results show that the chlorins can be efficient PS candidates for use in
photomedicine, given that they display in vitro phototoxicity, high singlet oxygen
guantum vyields in polar solvents, modest fluorescence quantum yields and

moderate triplet state lifetimes and yields upon photoexcitation.

Future work includes the modification of the chlorin periphery in the meso and/or
B-positions in order to fine-tune their electronic properties, i.e., red-shifting of the
Qy band in the absorption spectra towards the NIR region; longer singlet and
triplet lifetimes, whilst maintaining the singlet oxygen quantum yield, to allow the
photobiological effect. This can be employed by introducing halogens in desirable

positions and subsequently extending the 1T-conjugation via palladium-mediated
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coupling reactions. The challenge is the development of chlorins with enhanced
hydrophilicity and tumour tissue selectivity (amphiphilicity and biocompatibility)
that will allow further in vitro and possibly in vivo evaluation studies. Amide and
amine linkers, aniline and phenol groups, carboxylic acids, and alkoxy groups are
sought after to enhance the water solubility.3%] Attaching bioconjugatable
groups, such as polyethylene glycol or polysaccharides, may enhance the
amphiphilicity. A further evaluation of the mechanism of the photocytotoxicity is

envisioned.

120



Chapter 3: Synthesis and Photophysical
Studies of 1,4-Phenylene-linked Porphyrin-
Chlorin Arrays

“Like a bird with broken wing that has traveled through wind for years . . .

1 sleep and my heart stays awake . . .”

~ Giorgos Seferis ~

3.1 Introduction

The development of tetrapyrrolic systems with tunable photophysical properties
and absorption that reaches the red region is essential for diverse applications.
Nature’s photosynthetic chromophores engage light-harvesting antenna systems
that absorb light and funnel the energy to the photochemical reaction centres.[3%
Since photosynthetic processes can only happen within assemblies the design
and synthesis of conjugated or non-conjugated tetrapyrrolic scaffolds have
prompted interest. Exploiting the photochemical reactions not only gives answers
to the fundamental mechanism of photoexcitation in natural systems, but also
provides opportunities for applications in material and biological sciences.[37]

Functionalisation of the tetrapyrrolic structures towards light-harvesting systems
or biological tools intents to cover several photophysical criteria. Some of those
include an intense and red-shift absorption and efficient emission, long-lived
excited state lifetimes, and photostability. Other chemical and biological
characteristics include a facile synthesis, chemical stability, tailorable solubility,
introduction of handles for bioconjugation.l*%! Expanding the system’s TI-
conjugation is one of the main strategies for shifting the absorption
wavelength.[3994001 |n  porphyrinoids, this can be achieved via designing
assemblies which include (i) the introduction of a nitrogen or oxygen or sulfur
atom instead of a methine carbon bridge (aza-, oxa-, and thia- porphyrins), (ii) a
fused benzene (benzoporphyrin) or naphthalene (naphthoporphyrin) ring
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attached to the pyrrole, (iii) a combination of the above, e.g., in phthalocyanines,
(iv) introduction of suitable functional groups at meso- and/or - positions of the
macrocycle, or (v) connecting two or more porphyrinoids directly or via a linker,
or (vi) by reducing one or more pyrrole rings in the porphyrin macrocycle (forming
chlorins or bacteriochlorins).l*01-405] |n the case where a linker is used, the
electronic and steric nature of a linker molecule dictates the photophysical

properties of an array.[%l

In 1982 the first porphyrin dimer bearing a phenylene linker was reported.4%7]
Since then dimer systems have been designed towards optoelectronic and light-
harvesting applications, biomedical applications or the lately popular two-photon
absorption (TPA) spectroscopy.% The latter concerns also applications
involving the treatment of deep tumours by PDT, with porphyrin dimers reported
with enhanced potential for TPA and moderate singlet oxygen generation.[4%8l |n
a review article, Kim et al. stated various strategies to increase the efficiency of
the two-photon absorption process of porphyrin related systems. While
monomers exhibit relatively small two-photon absorption cross-section values,
dimers may increase the TPA efficiency.%9

Focusing on the case of linker mediated conjugation, when an aryl substituent is
placed at the meso position to form a dimer, it can result in a twisted conformation
and the molecule may lose the planarity with attenuation in its Tr-conjugation. On
the other hand, aryl-ethynyl linkers may increase the co-planarity and thus the 1r-
conjugation.[4034041 A recent review by Jing et al. comprehensively summarises
the phenylene linked tetrapyrrole arrays covering systems that predominantly
contain porphyrins with very few chlorins and bacteriochlorins.*% Porphyrin
arrays having a 1r-conjugated linker exhibit electron delocalisation, resulting in
the mixing of the frontier molecular orbitals (MOs) of the subparts. This leads to
a small(er) LUMO — HOMO gap and a bathochromic shift in the UV-Vis spectrum.
However, in some cases, the desired bathochromic shift is associated with an
unfavourable reduction in the excited state lifetimes.[*11] Additionally, the possible
torsional rotations, observed in chlorin and bacteriochlorin dyads, depending on
the linker identity and attachment site, are keen on accelerating internal

conversion processes.*1?
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Tetrapyrrolic arrays constructed by conjugating linkers such as ethynyl and
butadiynyl groups have been extensively investigated by Therien and co-workers
and Anderson and co-workers.*13-41% Moreover, they have exploited the excited
states of such molecules and their potential in optoelectronics or as
nanotechnological materials. The expanded 1-conjugation through bridges at the
meso position had led to Soret band splitting and a red-shift into the near-IR
regions, therefore this strategy can be employed as another means in deeper

absorption into the NIR region.[420]

With regards to chlorins, various dyads have been reported, such as chlorin-
porphyrin or chlorin-bacteriochlorin dyads for energy-transfer studies!*2%.4221 or
chlorin-chlorin  dyads.[*?04231 ~ Additionally, introducing groups, such as
polyethylene glycol (PEG), cyclodextrin or glucose units, that enhance
biocompatibility and amphiphilicity is of significant importance for potential
applications in photomedicine.l¥743771 Figure 3.1 shows some of the reported

dyads.

Porphyrin- -Porphyrin Oxochlorin-——=-0Oxochlorin

Bacteriochlorin-——=-Bacteriochlorin

/
0 W
3.3

Figure 3.1. Examples of reported dyads with a phenylethyne or 1,4-phenylene linker.

M=ZnorH
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3.2 Objectives

Chlorins bearing a 4-bromophenyl substituent at the 10-position allow for
subsequent chemical modulation of their periphery. They can act as primary
building block, which can undergo structural alteration via palladium catalysed
cross-coupling reactions resulting in the development of new products (e.g., 11-
extended chlorins), having different photophysical properties as compared to

their parent molecule.

Herein, to develop novel dyads with a 1,4-phenylene linker we included the gem-
dimethyl chlorin (Zn1, Chapter 2) as a benchmark and consequently aimed to
introduce various moieties on the periphery. Modifications have been achieved
through the synthesis of three new porphyrin-chlorin dyads and one triad which
bear different substituents at the meso-positions (Figure 3.2). Despite the
tractable porphyrin dimers, such systems with a phenylene bridge between the
chlorin and porphyrin moiety are not investigated. They are expected to undergo
energy transfer upon photoexcitation, via through-bond or through-space

interactions.

The complete characterisation of these complexes was achieved through NMR
spectroscopy, UV-Vis spectroscopy and mass spectrometry. In order to shed
light on their photophysical properties and excited state features, steady state
and time resolved spectroscopy were employed. In addition, singlet oxygen
determination was planned together with their evaluation for a potential
photodynamic effect.

Chlorin-—=-Porphyrin

=

R

W R1

3.5

Figure 3.2. General chemical structure of the chlorin-porphyrin arrays.
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3.3 Results and Discussion

3.3.1 Synthesis of 1,4-phenylene-linked porphyrin-chlorin arrays

The chlorin core can be modified via several approaches with the most common
one being the bromination and subsequent palladium catalysed cross-coupling
reactions.4”] Bromine atoms at the chlorin periphery can be introduced either by
direct bromination of the intact chlorin or a condensation reaction between
bromo-substituted Eastern and Western halves in total synthesis approaches. 24
Then, palladium-catalysed cross-coupling reactions such as Suzuki,“?3 or
Sonogashira,[?6-428] can be used to access the desired substituents at the chlorin

periphery.

The zinc chelates of gem-dimethyl chlorins (Znl1 and Zn2, Chapter 2) showed
excellent singlet oxygen generation, moderate fluorescence quantum yields and
high phototoxicity against CT26 cells which displayed a potential application as
PS.3721 The zinc chlorin with the 4-bromophenyl substituent 3.6, can provide a
synthetic handle for further modification, and hence, was subjected to palladium

catalysed reactions.

First, efforts to introduce an anthracene 3.7 or BODIPY® 3.8 moiety to yield
chlorin-anthracene and chlorin-BODIPY dyads bearing a 1,4-phenylene bridge,
were not fruitful (Scheme 3.1). In particular a reaction of anthracene or BODIPY
boronic acid with chlorin 3.6 under Suzuki coupling conditions did not yield the

desired product.

3.6

Scheme 3.1. Attempts of Suzuki cross-coupling reactions to obtain dyads of
compound 3.6; (i) 10 eq. Cs2CO3, 0.2 eq. Pd(PPhg)s, toluene:DMF (2:1).

5 Compound 3.8 was provided by Elisabeth Sitte, Ph.D. student, TCD.
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Furthermore, directing the functionalisation of the bromophenyl chlorin towards
bulkier systems; the introduction of porphyrin moieties was carried out
successfully. Following the same Suzuki cross-coupling conditions, the meso-
monoborylated/diborylated porphyrins 3.13 — 3.16 reacted smoothly to yield
porphyrin-chlorin dyads (3.17, 3.18, 3.20 and 3.21) and a chlorin-porphyrin-
chlorin triad 3.19, respectively (Scheme 3.2). Borylated porphyrins 3.13 — 3.16
were synthesised by bromoporphyrin analogues 3.9-3.12 according to literature

procedures and 3.16 was fully characterised as a new compound.[#29.430]

R R
o i
1 / R1
O o oy O
(e}
3.6 R R

i 3.13 R = tolyl, R! = phenyl 3.17 R = tolyl, R" = phenyl (raw yield 32%)
2 3.14 R = phenyl, R' = B[OC(CH,),], 3.18 R = phenyl, R! = H (13%)
—-_pl=
3.15R=R"= phenyl 3.19 R = phenyl, R! = phenyl-chlorin (triad, 16%)

3.16 R = 1'-ethylpropyl, R'= phenyl (70%) 3.20 R =R' = phenyl (54%)

3.21R = 1"-ethylpropyl, R' = phenyl (48%)
R Br

3.9 R = tolyl, R! = phenyl
3.10 R = phenyl, R' = Br
R 3.11 R =R'= phenyl
3.12 R = 1'-ethylpropyl, R' = phenyl

Scheme 3.2. Suzuki cross-coupling reactions between chlorin and porphyrins; (i) 0.1
eg. PdCIy(PPhg),, 1,2-dichloroethane, 10 eq. TEA, 10 eq. pinacol boran, 80 °C, 30 min;
(i) 10 eg. Cs2COs3, 0.2 eq. Pd(PPhs)s, toluene:DMF (2:1), 85 °C, 1-2 h.®

As a conseqguence, the introduction of porphyrins with a variety of substituents in
the periphery such as phenyl, tolyl or ethylpropyl groups was achieved. Namely,
dyad 3.17 was synthesised from 3.6 and 3.13 and identified by mass
spectrometry: HRMS (MALDI) m/z calcd. for CesHasNsZnz [M]*: 1104.2585,
found: 1104.2581. However, purification was cumbersome and it has thus far
been proven difficult to remove traces of the deborylated porphyrin. As such, the
purification issues set a drawback and a final effort to purify via alumina column
chromatography (Al203) resulted in degradation and partial oxidation of the

chlorin to the oxochlorin (carbonyl group at 17 position).434

& Compounds 3.9, 3.10, 3.11, 3.13, 3.14, 3.15 were provided by Dr. Nitika Grover; compound 3.12 was
provided by Dr. Gemma M. Locke, TCD.
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On the other hand, dyads with phenyl or 1-ethylpropyl substituents at meso
positions of porphyrin, were easier to purify. The diborylated porphyrin 3.14
resulted in the formation of two products, the dyad 3.18 and the triad 3.19. The
tedious purification of the chlorin-porphyrin-chlorin triad 3.19 along with the
insufficient solubility, precluded further photophysical characterisation.
Nevertheless, it was characterised by NMR and UV-Vis spectroscopy and mass
spectrometry. The corresponding reaction yields were low with 13% for the dyad
and 16% for the triad. Lastly, dyads 3.20 and 3.21 were synthesised under the
same conditions with relatively high reaction yields: 54% and 48% respectively.
Partial deborylation of the porphyrin moiety during the coupling reactions was

identified as a potential cause for the low reaction yields.

To best of our knowledge systems that contain a gem-dimethyl chlorin and
porphyrin connected via 1,4-phenylene spacer at meso-position have not yet
been reported or investigated. However, it is previously reported that similar
frameworks can participate in excited state energy- and electron- transfer
processesl*32433] and can be useful material for two-photon absorption (TPA)
spectroscopy.[408.409]

3.3.2 Photophysical characterisation

3.3.2.1 Ground state properties

UV-Visible absorption spectra of the three dyads 3.18, 3.20, 3.21 and triad 3.19
were recorded and are displayed in Figure 3.3. Their absorption features did not
show a significant red-shift in the UV-Visible spectra when comparing with the
parent compound 3.6; however, there is an apparent overlapping of the electronic
absorption spectra in the region of the Soret band. All arrays displayed an intense
Soret band at 418 — 426 nm stemming from the porphyrin benchmark and a less

intense band at ~ 402 nm arising from the chlorin.[372:434.435]
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Figure 3.3. Normalised (at the maximum of the Soret band) UV-Visible spectra of
dyads and triad in DCM.

Array 3.18 showed a weaker Soret band with a shoulder rather than a separate
peak and had the more blue-shifted absorption spectrum compared to the other
arrays. This indicates that the meso-substitution may influence the absorption
characteristics and thus when one substituent is missing, the Soret band is
slightly distinct and blue-shifted compared to the fully meso-substituted porphyrin
arrays. Nevertheless, looking into the solvent dependency on the absorption
profiles, it is indicative that non-polar toluene has an apparent attenuation on the
chlorin-related Soret band intensity (~ 400 nm); whereas in ethanol or DCM the
two peaks are separated. This is less clear for 3.18 (Figure 3.4 A) and more
evident for dyads 3.20 and 3.21 (Figure 3.4 B, C) and can be attributed to the
presence of exciton coupling of the two excited states of the subunits due to the

polar solvent.[436:437]

The respective Q bands of the arrays in the visible region were found between
500 — 610 nm with the last Qy band being the more intense particularly for the
triad system 3.19 due to the two chlorin macrocycles. The metallated porphyrin
benchmarks display two Q bands at ~ 540 nm and ~ 580 nm with the latter being
weaker,[*3443] whereas the chlorin displays three Q bands between 510 — 600

nm with higher absorptivity.
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Figure 3.4. Normalised UV-Visible spectra (at the maximum of the Soret band) of

dyads in DCM, ethanol and toluene.

Representative spectra of benchmarks and final arrays are collectively presented
in Figure 3.5 and Figure A 24. The Q band of the arrays at ~ 540 nm is related to
porphyrin and the low-energy transition band at ~ 600 nm is exclusively related
to the chlorin Qy(0,0) peak. However, the absorptivity of the Qy(0,0) peak of the
dyads (~ 20,000 M cm™) is reduced compared to the chlorin (~ 40,000 Mt cm-
1), reflecting a weak electronic coupling. The respective arrays display a minimal
red-shift of 3 —4 nm of the Qy band compared to the chlorin benchmark (604 nm),
indicating a minimal effect from the porphyrin system. Furthermore, the ratio of
the intensity of the Qy and B bands (Table 3.1) provides a relative measure of the
hyperchromic effect on the Qy(0,0) band showing the following descending order
3.19>3.21>3.18 > 3.20.

Therefore, the spectrum of the dyads and triad is essentially the sum of the
spectra of the benchmark monomers. Similar observations have been reported

in gem-dimethyl chlorin-bacteriochlorin phenylethyne-linked arrays. The latter,
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similarly to the case herein, displayed a weak electronic coupling between the
two moieties, in comparison with the case where a direct ethynyl linker joined the
macrocycles and resulted in profound spectral alterations due to the more intense

electronic coupling.!38l

Table 3.1. UV-Visible absorption data of the dyads in dichloromethane.

Compound Amax (NM) 2 Q/B®
B bands Q bands

3.18 403 (4.89), 418 (5.40) 544 (3.87), 607 (4.06) 0.05

3.19 401 (5.35), 427 (5.64) °04 (46%)(;)’(2.572)(4'49)’ 0.11

3.20 402 (5.04), 423 (5.67) 551 (4.31), 608 (4.29) 0.04

3.21 402 (5.00), 426 (5.44) 554 (4.15), 607 (4.31) 0.07

2 Values in parentheses: log €; P ratio of the intensities of Qy(0,0) and Soret bands
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Figure 3.5. Normalised UV-Visible spectra of the chlorin 3.6, porphyrin 3.14 and the
corresponding dyad 3.18 in toluene and triad 3.19 (DCM).
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3.3.2.2 Excited state properties

The excited state properties of dyads 3.18, 3.20 and 3.21 were determined in
ethanol and toluene. Fluorescence emission spectra were recorded for all the
dyads and the triad, and quantum yields were calculated by using cresyl violet as
a reference compound. Additionally, singlet and triplet state lifetimes were
determined experimentally for dyads by using time-correlated single photon
counting (TCSPC) and nanosecond transient absorption (TA) spectroscopy,

respectively.

Fluorescence spectra of the benchmark chlorin and porphyrins along with the
dyads in ethanol and toluene are displayed in Figure 3.6 (A, B, C). For triad 3.19
fluorescence was recorded in DCM with a weak signal (Figure 3.6 A). The key

photophysical characteristics are summarised in Table 3.2.
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Figure 3.6. Normalised fluorescence emission spectra of the chlorin, porphyrins and

the corresponding dyad arrays in toluene, ethanol or DCM (Aexc = 550 — 560 nm).
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Compared to the fluorescence spectra of chlorin and porphyrins benchmarks, the
arrays show an identical spectrum to that of the chlorin precursor 3.6, reflecting
the relatively weak electronic coupling between the chromophores in the dyad (in
both ground and excited electronic states).[*3? The spectrum is dominated by the
Qy(0,0) band of the chlorin with a shoulder of a vibronic component displaying
the mirror image of the absorption spectra. Namely, they displayed a
fluorescence peak maximum at ca. 610 nm with the vibronic satellite at ~ 660
nm. Consequently, the fluorescence from the dyads and the triad occurs mainly
from the chlorin subunit regardless of whether the porphyrin subunit is
preferentially (but not exclusively) excited. In addition, taking into consideration
the absorptivity of the dyads at 550 nm via the molar absorption coefficients of
each subunit (at 550 nm) we determined that ca. 93% of the absorption stems
from the porphyrin; hence, the absence of porphyrin emission feature upon
excitation at 550 nm characterises the insignificant emission contributed from the
porphyrin. These findings indicate the anticipated fast energy transfer from the
porphyrin to chlorin subunit in the early times (ps scale) after excitation, which
could be further investigated in the future by femtosecond transient absorption

spectroscopy.[44%

Additionally, the Stokes shifts (Av) between the fluorescence and corresponding
absorption maximum were calculated to be in the range of 100 — 170 cm (Table
3.2).871 The relatively low values suggest a minimal rearrangement of molecular
structures in the excited versus the ground states.[*!?l Lastly, the singlet state
level (S1) was calculated from the intersection of the normalised absorption (last
Q band) and emission spectra. The Si value of the borylated porphyrins in
toluene was found: 2.10 eV for 3.14 and 3.15, and 2.08 eV for 3.16; whereas S1
of chlorin 3.6 was found 2.05 eV. The experimental values of the dyads in ethanol
or toluene were slightly lower: 2.03 — 2.04 eV (Table 3.2); supporting the marginal
red-shift (3 — 4 nm) of the electronic absorption spectra (compared to the chlorin

benchmark).

Fluorescence quantum yields of the dyads were calculated in ethanol and toluene
with cresyl violet as reference compound (Table 3.2). The differences between
the solvents were minimal between the range of 0.03 — 0.05. For 3.18 the yield

was also determined in methanol and was found 0.02 (Figure A 25 displays the
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fluorescence emission spectrum) and for triad 3.19 the corresponding yield in
dichloromethane was negligible (<0.01).

Table 3.2. Photophysical properties of porphyrin-chlorin arrays.

2
(iﬁ:) (?r:’rl) (:;) b ><1§7f st x1l§;rs_l St (rTL:,) B
3.18* 609 136 1.3  0.03 2.3 75 204 190%12 0.47*
3.18" 610 108 1.4 0.04 2.9 6.9 204 230+13 3.438
3.19* 612 135 - <0.01 - - 2.03 - -
3.200 609 163 1.3  0.03 2.3 75 204 210+7 0.59*
320f 611 176 1.6 0.03 1.9 6.1 204 220+x10 3.56°
3.21* 610 163 1.6 0.05 3.1 59 2.04 220+10 0.76*
3217 610 149 15 0.04 2.7 6.4 204 24020 3.65°

* Ethanol; T toluene; ¥ DCM; 2 Stokes shift; ® singlet oxygen quantum yield calculated in
ethanol (with Rose Bengal as reference compound) and @ ratio of @, of dyads (in
toluene) to @, of reference compound (Rose Bengal in ethanol); standard errors

(percentage of value) are ts +5%, @ +10%, Kr +£10%, Knr £10%.

In addition, the respective yields of the subunits were determined in toluene.
Borylated porphyrin fluorescence quantum yields have not been yet reported
elsewhere. Likewise, the chlorin subunit has been investigated; however, the
yield in toluene has not been reported. The fluorescence quantum yields of the
precursors in toluene were determined as follows: 0.06 for chlorin 3.6; 0.04 for
porphyrin 3.14; 0.04 for porphyrin 3.15, and 0.03 for porphyrin 3.16. Therefore,
the emission profile of the dyads is mainly related to the emission of the chlorin
subunit but their yield decreases ca. 1.5-fold. Note, that there can be a slight
discrepancy when using different reference compounds for calculating the yields.
Herein, when 5,10,15,20-tetraphenylporphyrin (H2TPP) was used as reference
in toluene to determine the fluorescence quantum yield of the dyads, these were
found as follows: 0.07 for 3.18; 0.09 for 3.20, and 0.08 for 3.21; being slightly
higher than the values obtained by using cresyl violet as standard reference (in
ethanol). A recent review by Taniguchi et al. has listed the different values
reported of H2TPP and the zinc analogue (ZnTPP) denoting the discrepancies

due to variation of the experimental conditions across articles from different
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groups and different eras (e.g., deaerated or air saturated solutions, diversity of

fluorescence reference compounds).[*44

Singlet excited state lifetimes of the respective dyads were determined in ethanol
and toluene by TCSPC and are presented in Figure 3.7 and Figure A 26,
respectively. The fluorescence lifetimes of the dyads in both solvents were similar
to equal and ranged between 1.3 — 1.6 ns with 3.20 displaying a difference in the
lifetime values between ethanol (1.3 ns) and toluene (1.6 ns) (Table 3.2). The
dyads exhibit singlet excited state lifetimes similar to those of related chlorin
subunits in toluene (e.g., phenyl gem-dimethyl chlorin derivative: 1.5 ns),[3%8
whilst in ethanol they have slightly longer lifetime than that of the chlorin subunit
(0.9 ns in ethanol, see Table 2.4). Conversely, comparing with values of similar
porphyrin subunits such as (5,15-diphenylporphyrinato)zinc(ll) (S1=2.16 eV, s =
2.3 ns, &= 0.03), or (5,10,15-triphenylporphyrinato)zinc(ll) (S1 =2.12 eV, = 2.3
n, @ = 0.03) in toluene;*42 the dyads display slightly shorter singlet lifetimes and
lower Si. Thus, upon excitation of the porphyrin, energy flows in high yield to the
chlorin and then the resulting excited chlorin can behave as an isolated unit, with
almost 99% quenching of the porphyrin constituent emission. Consequently, the
radiative and non-radiative rate constants were determined (equations: ki = @&x /
15, knr = (1 — @) / 75). The radiative rate (fluorescence) and non-radiative decay

rates (IC, ISC) are of the order of 107 s and 108 s, respectively.40]
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Figure 3.7. Fluorescence lifetime decays of the dyads in ethanol; Aexc = 425 NM; Aget =
610 nm.
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Since the formation of triplet excited states is crucial in PDT, nanosecond
transient absorption (TA) spectroscopy was employed to determine whether a
triplet excited state forms upon photoexcitation in ethanol or toluene. All
porphyrin-chlorin dyads displayed triplet excited state lifetimes on the order of ~
200 ns. Representative spectra of each dyad are shown in Figure 3.8 and all
spectra obtained are displayed in Figure A 27 — Figure A 33. The relevant triplet
excited state lifetimes are summarised in Table 3.2. Similarly to the ethanolic
solution, the triplet lifetime of 3.18 in methanol was 200 + 20 ns (Figure A 28). It
can be noted that porphyrin-chlorin dyads have a slightly longer triplet lifetime in
toluene than in ethanol; hence, the polarity can marginally alter their triplet
photophysical properties.

The most important feature deduced from TA spectra is that the ground state
bleaching of the arrays 3.18 and 3.20 is mainly ascribed to the chlorin moiety at
~ 400 and 600 nm with a weak contribution of a neighbouring ground state
bleaching at ~ 430 nm. Surprisingly, the TA spectra of 3.21 showed a second
intense band at ~ 430 nm that can be ascribed on the porphyrin constituent along
with an appearance of a weak feature at ~ 580 nm. This indicates that in the
triplet excited state both the porphyrin and chlorin subunits in 3.21 are ground
state bleached and they are interacting with each other; whereas in 3.18 and 3.20
chlorin is the dominant triplet excited species. Therefore, we can denote that the
porphyrin substitution can alter the profile and looking jointly at the LUMO (Figure
3.10) it is evident that there is a higher electron delocalisation over the molecule,
which can occur likewise on the triplet excited state. The bulky ethylpropyl group
of array 3.21 influences the outcome of the photoexcitation in a way that the
singlet absorptivity at the porphyrin subunit is higher, therefore changes the triplet

state profile resulting in a more intense ground state bleaching (Figure 3.8 C).
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Figure 3.8. TA spectra of 3.18 in toluene (A); 3.20 in ethanol (B), and 3.21 in ethanol
(C) after excitation at 604 nm; ambient conditions; ti,c = 80 ns; arrows pointing from
blue to red colour show the decay from the maximum intensity in the successive steps

respectively.

Additionally, looking at the TA features of the dyads in different solvents (toluene
or ethanol) there is no significant alteration on the obtained spectra for 3.18 and
3.20 regardless exciting at 550/560 nm (excitation of both subunits) or at 604 nm,
which can be of chlorin mainly, denoting that the chlorin triplet state is dominant.
However, in the case of 3.21, there is a distinct difference in the ground state
bleaching between 400 — 450 nm in toluene and different excitation wavelengths.
Exciting both chlorin and porphyrin subunits at 560 nm results in ground state
bleaching (Figure 3.9, A) stemming from both chlorin and porphyrin; however,
the porphyrin triplet feature is attenuated when the dyad is selectively excited in
the chlorin subunit at 604 nm (Figure 3.9, B). This finding supports that in 3.21
apart for a fast energy transfer in the singlet state, a triplet energy transfer can
occur and is more apparent in toluene as solvent. To unveil how the lowest
electronic excited state evolves to the nanosecond timescale, ultrafast

femtosecond TA (fs-TA) spectroscopy should be employed in the future.
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Figure 3.9. TA spectra of 3.21 in toluene after excitation at 560 nm (A) or 604 nm (B);
ambient conditions; tinc = 80 ns; arrows pointing from blue to red colour show the decay

from the maximum intensity in the successive steps, respectively.

Complementary TD-DFT calculations were performed for the porphyrin-chlorin
dyads (3.18, 3.20 and 3.21). Hybrid B3LYP functional, 387388 and a 6-31G* basis
set in the gas phase were used for the ground state (So) geometry optimisation,
the calculation of the excited singlet (S1) and triplet (T1) states, and visualisation
of the respective molecular orbitals (MOs). The respective MOs and the predicted
electronic distribution showed that the electron localisation is ambiguous with an
important overlap between porphyrin and chlorin (Figure 3.10). Looking at the
changes within the energies of the frontier MO between the arrays there are
alterations related to the introduction of two or three substituents. The ethylpropyl
groups and the phenyl group of dyad 3.21 cause a substantial destabilisation of
the HOMO-1, a small stabilisation of the HOMO and a lesser destabilisation of
the LUMO and the LUMO+1 when compared to array 3.18. A similar trend in the
HOMOs appears between 3.20 and 3.18 whereas LUMO has no difference and
LUMO+1 displays a small stabilisation. Moreover, at the HOMO-1 and LUMO+1
the electron distribution localises also in the meso phenyl moieties whilst in the

ethylpropyl electron distribution is marginal.

Hence, the energy gap between the Si of the porphyrins and the S1 of the chlorin
benchmark is small (difference of 0.05 eV); thus, along with the MOs
representation we can presume that energy can flow fairly within the constituents
and their HOMO/(-1) and LUMO/(+1). Additionally, all the arrays have
considerable electron density in HOMO-1 and LUMO within the phenylene linker
which can indicate the energy flow between the two units upon excitation. As
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mentioned before, a possible energy transfer from porphyrin to chlorin should be
considered and this can occur from HOMO-1 to LUMO/LUMO+1 transitions. As
derived from the optimised geometries, the dihedral angle between the chlorin
and porphyrin subunit was found to be 1.8° and 1.3° in 3.18 and 3.20 arrays,
respectively, whilst for 3.21 it was 44.1°. In the optimised singlet excited state
(S1) there was an increase of this angle with 3.21 showing a dihedral angle 57.9°
(+13.8°) while 3.18 and 3.20 showed a marginal increase 3.4° (+1.6) and 5.1°
(+3.8°), respectively. Presumably, there is an increased steric hindrance induced
by the ethylpropyl groups in the porphyrin subunit, which leads to a ruffled
conformation of the macrocycle as it was previously reported by Senge et al.[*4
Lastly, the triplet excited energy level was predicted as 1.53 eV which is above

the singlet oxygen (0.98 eV); sought-after for singlet oxygen generation.
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Figure 3.10. Molecular orbital energies and electron-density distribution of the dyads
obtained from TD-DFT calculations; B3LYP/6-31G*.
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3.3.2.3 Singlet oxygen phosphorescence and quantum yield

Singlet oxygen was determined by its luminescence emission at 1275 nm with
the use of an InGaAs NIR detector. The singlet oxygen quantum vyield (®,) in
ethanol was calculated by using Rose Bengal as reference. Representative
emission spectra of the singlet oxygen luminescence are given in Figure 3.11

and the corresponding values are shown in Table 3.2.

The capability of a system to generate singlet oxygen relies on the triplet excited
energy level, which should be higher than the lowest singlet state of molecular
oxygen (0.977 eV). The calculated desired triplet energy level (1.54 eV) and
moderate triplet lifetimes for the dyads 3.18, 3.20 and 3.21 indicated towards
moderate singlet oxygen quantum yields. As expected, the arrays exhibit singlet
oxygen quantum vyields in ethanol ranging between 0.5 and 0.7 and the
ascending order is as follows: 0.47 for 3.18 < 0.59 for 3.20 < 0.76 for 3.21. Trying
to find a suitable reference compound in toluene was challenging and therefore
the ratio was calculated as a relative measurement confirming the same trend as
above (Figure A 34). Compared to the chlorin subunit (~ 0.90 in ethanol, Table

2.5) there is a reduction in the singlet oxygen efficiency.
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Figure 3.11. Singlet oxygen emission spectra of dyads and Rose Bengal in ethanol;

dexc = 550 nm; 10 s integration time.
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Lastly, looking collectively at the values in Table 3.2 we can summarise, as
expected, that the meso-substituents can affect the photophysical outcome.
Array 3.18 with two phenyl moieties exhibits shorter singlet and triplet state
lifetimes and lower singlet oxygen quantum yield in comparison to arrays 3.20
and 3.21. Arrays that bear three substituents in the porphyrin periphery, exhibit
slightly longer lifetimes and higher singlet oxygen quantum yield.
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3.3.3 In vitro evaluation of porphyrin-chlorin dyads

As shown in Chapter 2, zinc chlorins are capable of singlet oxygen generation
and exhibit high phototoxicity as they efficiently internalise into cells. The 4-
bromophenyl gem-dimethyl chlorin Zn1 (3.6) showed high phototoxicity at safe
and low concentrations (ICso = 0.31 uM, 1 J cm™). The aim of this study was to
screen the potential phototoxic effect of the porphyrin-chlorin dyads, since they
generated singlet oxygen as well. Therefore, 3.18, 3.20 and 3.21 were used for
the in vitro studies with the aim to elucidate their phototoxicity against CT26

mouse colon carcinoma cell line.”

In order to determine the dark toxicity, CT26 cells were incubated with the
indicated dyads for 24 h with final concentrations from 1.25 to 40 uM. Cell survival
was accessed by resazurin assay (Alamar blue).[°! Neither of the dyads showed
any dark toxicity at the corresponding range of concentrations (Figure 3.12, A).
Consequently, keeping the same concentrations, phototoxicity studies were
conducted. CT26 were incubated with the dyads for 24 h, followed by a washing
step and irradiation. Cells illumination was performed by using a visible
broadband lamp (LED, 400 — 700 nm) and a correction factor was applied in order
to deliver accurate light doses (L.D.) of 0.5 J cm?, 1 J cm? and 2 J cm2.[3%]
Cellular viability was evaluated 24 h post-irradiation using resazurin reduction
assay. Results are shown in Figure 3.12 (B, C and D). In comparison to the
chlorin benchmark which displayed great phototoxic effect at 0.5 — 1 J cm?,
herein it is apparent that the dyads do not exhibit any phototoxicity upon
irradiation with L.D. in the range of 0.5 — 2 J cm™. Presumably, the dyads do not
penetrate the cell membranes due to the large molecular weight of the systems
and the reduced amphiphilicity. An effort to assess their cellular uptake, CT26
mouse colon carcinoma cancer cells were incubated with the indicated dyads at
5 and 10 uM, for 24 h. After a washing step, fluorescence was measured by flow
cytometry. The fluorescence was determined upon excitation with 405 nm laser
and detection was performed by using 615/24 nm filter. The obtained signal was

weak (Figure 3.13), and along with the relatively low fluorescence quantum yield

" The experiments were conducted during a training secondment in the photobiology group at the University
of Coimbra, under the supervision of Dr. Ligia C. Gomes-da-Silva and the assistance of Dr. Fabio
Schaberle.
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of the respective dyads, it is clearly difficult to draw any conclusions on the

cellular uptake result.
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Figure 3.12. Cell viability of CT26 cells post incubation (24 h) with 3.18 (black), 3.20
(blue) and 3.21 (purple) in the absence of light (A); followed by irradiation with L.D. of
0.5Jcm?(B); 1Jcm?(C); 2 J cm?(D); results presented are a single representative

experiment.
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Figure 3.13. Cellular uptake of the dyads 3.18 (black), 3.20 (blue), and 3.21 (purple)
evaluated by flow cytometry. Values are normalised against the signal of the untreated

cells; results presented are a single representative experiment..
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3.4 Conclusions and Future Work

In this study we utilised a potential photosensitiser chlorin (3.6) which displayed
excellent phototoxicity in low concentrations and high singlet oxygen yield as a
building block for dyads. We assessed the modifications via standard palladium
catalysed Suzuki reaction to create arrays linked with a 1,4-phenylene unit. As a
result, three new dyads (3.18, 3.20, 3.21) and one triad (3.19) were obtained and
fully characterised by NMR spectroscopy, mass spectrometry, UV-Vis absorption
and fluorescence emission spectroscopy. Additionally, the excited states were
evaluated by TCSPC and transient absorption spectroscopy and the yield of
singlet oxygen generation was determined. The insolubility of chlorin-porphyrin-
chlorin triad prevented further photophysical characterisation. Ultimately, in vitro
evaluation was employed to elucidate whether the phototoxic effect of the

constituent chlorin moiety is retained.

The excited state features resembled the chlorin constituent indicating that a fast
porphyrin to chlorin energy transfer occurs upon photoexcitation. Additionally, the
ethylpropyl substitutions in array 3.21 led to an interesting delocalised triplet
excited state. TD-DFT calculations provided a supplementary study of the excited
states for the arrays, predicting the electron distribution within the linker and the
alteration in the conformation due to the different substitution. The dyads
maintained moderate triplet excited lifetimes both in toluene and ethanol which
resulted in efficient singlet oxygen generation with dyad 3.21 displaying the
higher singlet oxygen production. However, the in vitro evaluation was not as
expected, regardless of the absence of dark toxicity; dyads did not exhibit any
phototoxicity with light doses up to 2 J cm2, possibly due to their high molecular

weight and a low permeability into the cells.

For future reference, the biological properties could be improved by incorporation
in nanosystems since the arrays are not phototoxic but have moderate singlet
oxygen quantum yield and they are triplet generators. These factors probably
render the porphyrin-chlorin systems interesting towards other directions, such
as potential light-harvesting materials or application in a two-photon absorption

spectroscopy. For further investigation about how the lowest electronic excited
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state evolves on an ultrafast to nanosecond timescale, femtosecond transient

absorption (fs-TA) measurements should be employed in the future.

Figure 3.14. Chemical structures of the porphyrin-chlorin dyads and chlorin-porphyrin-

chlorin triad obtained.
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Chapter 4: Tris(dipyrrinato)aluminium(lIl)
Complexes as Potential Photosensitisers in
Photodynamic Therapy

“You must wish to consume yourself in your own flame: how could you wish to

become new unless you had first become ashes”

~ Friedrich Nietzsche ~

4.1 Introduction

Aluminium belongs to Group 13 elements of the periodic table together with
boron, gallium, indium, and thallium. Aluminium is the third most abundant
element found in the earth’s crust (8.3% by weight) and is exceeded only by
oxygen (45.5%) and silicon (25.7%).44 It was first observed by the father of
modern chemistry A. Lavoisier in 1782, named by H. Davy in 1808, and isolated
by H. C. @rsted in 1825.1444445] Commonly, it has a high affinity to oxygen atoms
and is usually found in the form of oxides or hydroxides, with bauxite being the
main source. Importantly, metallic aluminium, its oxides, and aluminium salts are
not presenting either genotoxicity or carcinogenicity and the biological tolerance
value for occupational exposure is: 50 pg of aluminium/gram of creatinine

(urine).1446:447]

Aluminium finds a wide range of uses in material, pharmaceutical sciences, and
food industry. Organometallic complexes containing aluminium are used as
catalysts in reactions and aluminium plays an important role in the vaccine
production as an adjuvant.[**8] Moreover, it is a main ingredient in antacid drugs
that contain aluminium hydroxide along with the magnesium hydroxide
neutralising the acid in gastric secretions; resulting in relief of indigestion, gastro-
oesophageal reflux disease (heartburn) and healing peptic ulcer diseases. Also,
it is widely used as construction material in electrical devices, conductor in cables

and for food preservation (canning and packaging).*4448 An example of
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aluminium drugs in PDT is a sulfonated aluminium phthalocyanine (Photosens®),
which has been clinically approved in Russia for the treatment of lung, liver,

breast, skin and gastrointestinal cancer.[68l

Dipyrrins have been studied widely since the beginning of 20" century and H.
Fischer is considered a pioneer in dipyrrin complexes chemistry.*4% Selecting a
suitable synthetic method for dipyrrins varies according to the desired product,
while the number and nature of substituents can be critical. The presence of
substituents on the skeleton of the dipyrrin prevents possible oligomerisation and
lowers the susceptibility to attack by electrophiles or nucleophiles enhancing the
stability of the product.l'92450 The synthesis of dipyrrins can be achieved mainly
via pyrrole condensation (Scheme 4.1, A, B, C) or via dipyrromethane (DPM)
oxidation (Scheme 4.1, D, E, F).[*51.452 Specifically, the synthesis of unsymmetric
5-unsubstituted dipyrrins involves the acid-catalysed condensation of two
different pyrrolic components (2-formylpyrrole and 2-unsubstituted pyrrole), the
so-called MacDonald coupling (Scheme 4.1, A).[*5¥1 Symmetric 5-substituted
dipyrrins have been prepared by condensation of carboxylic acid or acid halide
and two equivalents of 2-unsubstituted pyrrole (Scheme 4.1, B).[544%5] Next,
synthesis of symmetric 5-unsubsituted dipyrrins can be performed by using two
equivalents of 2-unsubstituted pyrrole in a strong acidic environment (mixture of
acids) (Scheme 4.1, C).[458]

Alternatively, DPM oxidation can yield the corresponding dipyrrin by using
oxidising agents such as DDQ or p-chloranil. Three different pathways are
outlined in Scheme 4.1 (D, E and F).[1504571 Generally, the reaction of two
equivalents of 2-unsubstituted pyrrole with an aldehyde yields symmetric
dipyrrins (Scheme 4.1, D) and the acidic self-condensation of an 2-acyl
substituted pyrrole yields 5-unsubstituted symmetric dipyrrins (Scheme 4.1,
E).[%8 In addition, reaction of a 2-acyl substituted pyrrole with a 2-unsubstituted
pyrrole yields unsymmetric 5-unsubsitututed dipyrrins (Scheme 4.1, F).[#51

Dipyrrins are well-known for their ability as ligands in coordination chemistry, as
they form isolable complexes with a range of metal ions.*51 Upon deprotonation,
the anionic dipyrrinato moiety coordinates with a metal centre and forms metal

chelates in the presence of metal salts. Depending on the metal employed,
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dipyrrinato complexes can bear one or more ligands and are classified as
homoleptic when the ligands are identical or as heteroleptic when ligands are

different, [163.451,452]
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Scheme 4.1. Synthetic procedures for dipyrrins.

Dipyrrinato complexes with elements from Group 13 have been widely
investigated in photomedicine, with boron complexes being the most famous
chelates. Particularly, the so-called BODIPY dyes, which consist of one dipyrrin
ligand with a boron centre, have received considerable attention due to their
relatively facile preparation and functionalisation.l62451 Their advantageous

emissive features direct the focus towards their application as fluorescence
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probes and sensors finding use in optoelectrical devices and bioimaging.[62:460
Likewise, gallium and indium complexes can be coordinated with dipyrrin ligands
forming homoleptic or heteroleptic tris(dipyrrinato) complexes.[152:159.228,461]
Frequently, dipyrrin complexes, in comparison with the boron common
alternatives, are considered as poor emissive chelates; however, this is not a
hard-and-fast rule.[*>1 Recently, Wan et al. reported the synthesis of the stable
monomeric gallium chelate 4.17, a direct analogue of BODIPYs, by using an
intermediate lithium-dipyrrin salt. The gallium complex resembled the highly
fluorescence profile and the photophysical properties of the BODIPY dyes along
with a similar tetrahedral geometry.[*621 Note that the tris(dipyrrinato)gallium(Ill)
complex 4.18 showed poor fluorescence emission (@ = 0.024 in hexane),52
whilst the monomeric complex 4.17 had highly luminescent properties (& = 0.82
in DCM, 0.91 in toluene).[#62

Factors that play a key role and affect the absorption and emission properties
include the metal centre but also the number and nature of the coordinated
ligands. Sazanovich et al. showed that by altering the 5-substitution and by
increasing the size of the aryl group in zinc bis(dipyrrins), the non-radiative decay
could be diminished, with a considerable increase in the fluorescence quantum
yield.[*%8] Similarly, the homoleptic tris(dipyrrinato)indium(Ill) complexes 4.19 and
4.22 were emitting less (& = 0.074 in hexane and & = 0.028 in toluene,
respectively) than the heteroleptic analogues 4.20 and 4.21 (Figure 4.1), which
exhibit stronger fluorescence features (&+ = 0.41 and & = 0.34 in toluene,
respectively).[15215] The UV-Vis absorption spectra of complexes 4.20, 4.21 and
the 4.22 had similarities which evidence the exciton coupling between the
ligands, resulting in a band splitting of the x - n* transitions. Namely, heteroleptic
4.20 and 4.21 displayed two distinct bands at ~ 480 and ~ 580 nm corresponding
to 1n - n* transitions; whereas the absorption of the homoleptic 4.22 was broader
at ~ 520 — 590 nm.

With reference to dipyrrins and aluminium as a coordination centre only little
advances and few reports have been made to date. The introduction of bulky aryl
groups at the a-position of the pyrrole ring results in a steric hindrance which
stabilise the reactive A{(lll) centre towards the formation of the mono dipyrrin

aluminium complexes. Giannopoulos et al. described the synthesis of monomeric
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dipyrrinato aluminium (AZDIPY) complexes bearing mesityl substituents at the a-
pyrrolic positions 4.23 — 4.33 (Figure 4.2).[463.464]

Mes
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R@(ﬁ@' Rz 419R'=RZ=R°=H
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= 422R'=R2=R%=X
cr Tl

Figure 4.1. Gallium and indium dipyrrinato complexes reported in the literature.

Whilst the photophysical properties were beyond the aim of the work, it was noted
that compound 4.23 was fluorescent (green) whilst complexes 4.24 — 4.26 were
non-emissive. Complexes 4.24 — 4.26 were stable to air or moisture while 4.23,
4.27 and 4.28 were moisture sensitive, with dihydride 4.23 resulting in the
formation of oxo-bridged aluminoxane 4.33 upon reaction with water. lkeda et al.
reported N202-type aluminium dipyrrins which displayed an absorption maximum
at ca. 600 nm and exhibited moderate to high fluorescence quantum yields.
Specifically, the mesityl derivative showed higher fluorescence quantum yield
than the phenyl derivative due to the restricted rotation of the mesityl group (s
of 4.34 =0.23 and & of 4.35 = 0.72 in toluene:methanol, 99:1).1*%61 The aluminium
coordination in N202-type AIDIPY complexes adopted a square planar geometry,
which allowed for extra octahedral coordination. Their fluorescence intensity and
wavelength significantly changed upon the addition of zinc salts and the
consequent formation of heterometallic A£(lI)-dipyrrinato-Zn(ll) adducts 4.36 —
4.38 (&5 of 4.36 = 0.55, &5 of 4.37 = 0.56, &r of 4.38 = 0.83 in toluene:methanol,
99:1) (Figure 4.2).1Y7% This was probably caused by the enhanced rigidity of the
dipyrrin framework after chelation, reducing the energy loss via radiationless
decay. Lastly, another report of aluminium dipyrrin complexes investigated the
binding ability of AIDIPY complexes with alkaline earth ions (Ca*?, Mg*?, Ba*?,
Srt2). Both monomer [4.39-(CH3OH)-(H20)] and dimer [4.40-(CH30H)4]
aluminium complexes worked as selective receptors for alkaline earth metal ions

via selective binding in aqueous media.l*%%
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It has been demonstrated that lacking of a pyrrolic substitution at a-positions
allows for the formation of 1:3 metal to ligand complexes of trivalent metals.[175.46¢]
The common oxidation state of aluminium is +3; hence, in the absence of a-
substitution the complex can adopt an octahedral coordination geometry. A
Japanese patent by Toguchi et al., 20 years ago, reported the structures of
tris(dipyrrinato)aluminium(lil) complexes 4.41 — 4.44 (Figure 4.2). Apart from this
patent, which was directed for an application towards optoelectronics, there is no
chemical neither photophysical characterisation of such complexes.[467]
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\ N N= 1_pR2=
N 428R'"=R?=|
Mes AL Mes 420R'-R2- N(CHs),
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4.34 R3 = Ph
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Figure 4.2. Dipyrrin and aluminium coordinated complexes reported in the literature.

As mentioned, the metal centre, the substitution, and bulkiness of the ligand(s)
can influence the optical properties. Another factor that contributes and alters the
emissive features of the complexes is the solvent. Upon photoexcitation, and

after the population of the singlet excited state (S1), certain systems can undergo
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charge transfer (CT) processes and form charge-separated (CS) states. This CT
state is a long-lived state, originates from a intramolecular charge separation
process, and is highly dependent on the polarity of the medium (solvent effect).
From there, the photogenerated states can recombine back to singlet ground
state (So), repopulate the singlet excited state (S1), or populate the triplet excited
state (T1) via charge recombination of the intramolecular charge transfer (ICT)
state or otherwise called symmetry breaking charge transfer (SBCT) process.[187]
This characteristic can be advantageous with regards to a photobiological and

photodynamic application.

In the dipyrrin complexes the electronic configurations after excitation can be
located on the metal, within a single ligand (intra-ligand) or involve a charge
transfer (CT) state between the ligands. It has been shown for zinc dipyrrinato
complexes that in non-polar solvents the total energy of the ICT state lies above
that of the first excited state (local excited state), thus the Si state will undergo
ordinary ISC to the triplet state (competing with IC). By increasing the polarity of
the environment, the ICT state is stabilised through dipole-dipole interactions with
the solvent molecules. Therefore, it is preferably populated, giving access to a
new T1 state via ICT state recombination. Consequently, instead of undergoing
regular ISC, the complex forms the charge separated states and reverts to the
triplet state via the ICT states. Conversely, moving to greater polarity, the ICT
state stabilisation can be such that the ICT state behaves as an energetic trap
and can reduce the triplet yield.['79183 Similar solvent effects have been
described in heavy atom-free BODIPYs where in polar solvents they form CT
states via photoinduced electron transfer (PeT) process.[242468469 Since in PDT
one of the expectations is the singlet oxygen or ROS production via triplet

formation, such systems could be applied as triplet sensitisers.[47]

Lastly, as described in section 1.5.2, Glitsche et al. evaluated the phototoxicity
of indium(lll), iron(lll), and gallium(lll) tris(dipyrrinato) complexes bearing
pentafluorophenyl moieties with alcohols and thiocarbohydrates. They tested the
phototoxicity against various tumour cell lines and against the bacterium S.
aureus. Most promising phototoxic results were exhibited by the glycosylated

analogues of tris(dipyrrinato)gallium(lll) complexes [228]
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4.2 Objectives

Metal coordinated complexes play a pivotal role in medicinal chemistry, as well
as in photodynamic therapy (PDT), and they have gained a lot of attention over
the past years (e.g., ruthenium, boron, gallium, or iridium complexes). The
current clinically approved photosensitisers (PSs), mainly porphyrinoids (e.g.
Foscan, Tookad Soluble), for anti-cancer PDT still encounter drawbacks (e.g.,
poor water solubility, aggregation, photobleaching, slow clearance from the body,
etc.); therefore, it is important to discover alternative PSs. Metals from group 13
of the periodic table coordinated with dipyrrins have been reported. Nevertheless,
aluminium complexes have not yet been investigated in terms of their

photophysical or photobiological properties.

In this study, we sought to develop a library of novel homoleptic
tris(dipyrrinato)aluminium(lll) complexes with the aim of a photodynamic effect
(Figure 4.3). We intended to expand and optimise the library of A{DIPY)s
complexes through a simple and rational synthesis and stepwise
functionalisation. X-ray single crystal analysis was set to accompanied the
majority of the corresponding structures. This type of complexes may form
charge transfer (CT) excited states; hence, it is important to investigate the
influence of the dipyrrin substitution and the metal coordination centre in order to
shed light on the excited states. As a consequence, we aimed to elucidate their
photophysical properties upon photoexcitation and their tendency to react with
the molecular oxygen of the microenvironment and generate singlet oxygen.
Therefore, fluorescence quantum yields, singlet and triplet excited state lifetimes
and singlet oxygen quantum yields should be determined in polar and non-polar
environment. These studies are complemented by density functional theory
(DFT) calculations to assess the possible electronic distribution on the frontier
molecular orbitals within the complex. We also planned to investigate their
phototoxicity potential to prove our state-of-the-art concept towards applications
in photodynamic therapy. An initial screening of the A{(DIPY)s complexes was
assessed via in vitro phototoxicity studies against a mouse colon carcinoma cell
line (CT26). Last, we aimed to evaluate the radio labelling potential of a dipyrrin

molecule with indium-111.

152



4.45

Figure 4.3. General chemical structure of homoleptic tris(dipyrrinato)aluminium(lil)

complexes.

153



4.3 Results and Discussion

4.3.1 Synthesis of tris(dipyrrinato)aluminium(lll) complexes

A new class of tris(dipyrrinato)aluminium(lll) complexes A{(DIPY)s was
synthesised and fully characterised with the aim to evaluate their applicability to
PDT. To our knowledge such compounds have only been reported in a Japanese
patent in 2000 by Toguchi et al. under the concept of organic electroluminescent
components and devices.l**”] Considering the elements from Group 13,
aluminium is the least investigated as the emissive properties, such as

fluorescence emission, are meant to be diminished.[152.156]

Tris(dipyrrinato)aluminium(lll) complexes were synthesised via a three step
synthetic process adapting literature procedures.[150.157.228] A library of homoleptic
dipyrrinato complexes was developed bearing different substituents at the 5-
position (meso), whilst lacking a- or 8- substitution. The simple meso-free dipyrrin
was not included in the library due to its instability.[!5%! The synthetic process,
where various substituents were introduced, involved the acidic condensation of
pyrrole 4.46 and the appropriate aldehyde 4.47a-k to yield the respective DPMs
4.48a-k. Then, DPM oxidation with DDQ yielded the corresponding dipyrrins
DIPY1-11; and finally use of aluminium chloride (AICI3) salt under basic
conditions yielded the corresponding tris(dipyrrinato)aluminium(lll) complexes
Ag(DIPY)31-11 (Scheme 4.2).

5-Substituted dipyrrins were synthesised in accordance with literature
procedures!®94714721 and four of the derivatives were fully characterised since
their characterisation has not been reported. Reaction yields were relatively good
in the range of 30 — 90 % and they are presented in Table 4.1 for all dipyrrins. N-
H protons of the dipyrrin moiety show a broad and weak resonance (sometimes
not easy to detect) in the range of 11 — 13 ppm in their *H NMR spectra, as their
arrangement results in a planar conformation with a fast tautomeric exchange of
the N-H proton between the nitrogens of the pyrrolic units. The aromatic

properties of these compounds are demonstrated by the *H NMR shifts where 8-
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protons appear in the range of 6.30 — 6.70 ppm and a protons appear in the range
of 7.50 — 7.70 ppm.
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Scheme 4.2. Synthesis of dipyrrins and aluminium complexes; (i) acidic condensation
reaction between an aromatic aldehyde and pyrrole yielding DPMs 4.48 a-k; (ii)
oxidation yielding dipyrrins DIPY1-11, 1.1 eq. DDQ, DCM, r.t. 1 h; (iii) aluminium

complexation to yield tris(dipyrrinato)aluminium(lll) complexes A€(DIPY)s1-11, 3 eq.
dipyrrin, CHClIs, 1.4 eq. AICls, 3 eq. DIPEA, 70 °C, overnight.

Aluminium salt AICls in mild basic conditions was utilised for the N-H
deprotonation and complex formation. The lack of a- or 8- pyrrole substitution
resulted in a less sterically hindered environment which, along with the presence
of the aluminium trivalent metal ion, resulted in the formation of the
tris(dipyrrinato) complexes. Attempts for in situ complexation, of the respective
dipyrrins without purification, as it is common in the case of BODIPY
complexes,*®® were unsuccessful. This has been already reported for other

trivalent Group 13 metal ion complexes. Moreover, it has been reported that
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dipyrrin isolation was eased through copper(ll) complexation prior to the desired
product formation.“”3l In our case, TLC reaction monitoring showed
predominately the dipyrrin spot and by-product formation with a less intense
orange spot of the desired A{(DIPY)s compound. Therefore dipyrrin purification
prior to complexation is essential in order to assess the corresponding A{(DIPY)s
complexes in good yields (Table 4.1). The majority of the aluminium complexes
were obtained in moderate to high yields of 50 — 90 % with the lowest yield being

calculated for the mesityl derivative (18%).

Table 4.1. Reaction yields of the synthesis of dipyrrins and aluminium complexes.

Product  Yield Product Yield
a Phenyl- DIPY1 55%  A@(DIPY)sl  96%
b Mesityl- DIPY2 80%  AL(DIPY):2  18%
c 4-Bromophenyl- DIPY3 82% Ag(DIPY)33 75%

d 2,3,4,5,6-Pentafluorophenyl- DIPY4 75% AL(DIPY)s4 58%

e 4-TMS-phenyl- DIPY5 85%  Ag(DIPY)s5 75%
f 4-Methoxyphenyl- DIPY6 60% Ag(DIPY)36 74%
g 2,4,6-Trimethoxyphenyl- DIPY7 31% Ag(DIPY)37 35%
h 2,4,5-Trimethoxyphenyl- DIPY8 70% Ag(DIPY)38 80%
[ Naphthyl- DIPY9 95%  Ag(DIPY):9 65%
i Anthracenyl- DIPY10  34%  Ag(DIPY):10  40%
k Ester- DIPY11 70%  AL(DIPY):11  76%

Irrespective of increasing the number of AICls equivalents unreacted dipyrrin
remained after complexation, but could be recovered via column
chromatography. The majority of these complexes adopt a symmetrical
octahedral geometry with clear signals in the proton and carbon NMR spectra
testifying the expected symmetry. As mentioned, a-pyrrole protons of the dipyrrin
precursors appear at a lower field ~ 7.50 — 7.60 ppm, whilst in the octahedral
complex configuration they appear at higher field ~ 6.70 — 7.00 ppm. This stems

from the increasing shielding effect (double) by the two adjacent dipyrrinato
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moieties.1504721 Moreover, mass spectrometry was employed and exact mass
was confirmed by APCI method. Additionally, the octahedral aluminium
coordination centre was confirmed via ?’Al NMR with a signal/resonance in the
range of 6.50 — 7.15 ppm which is characteristic of the octahedral coordination
(between — 46 and 40 ppm).[44]

The insufficient solubility of A€(DIPY)s7 resulted in technical issues, thereby it
was difficult to proceed with the complete photophysical characterisation, yet it
was characterised by UV-Vis, NMR and M.S.

An alternative effort to obtain the monomeric aluminium dipyrrin complex (ML1),
involved the reaction of DIPY1 or DIPY®6 with n-BuLi and AICls, analogous to how
AIDIPYs 4.27 and 4.28 were prepared.“64 As expected due to the lack of a-
substitution in the pyrrole and the possible instability of the products, the desired
complex was not isolated. The reaction gave a mixture of products likely due to
the high reactivity of n-BuLi. However, monitoring the reaction mixture with UV-
Vis spectroscopy showed a red-shifted absorption band in comparison with the
UV-Vis of the respective dipyrrin precursor. This approach requires the usage of
a substituted dipyrrins as precursors and further optimisation in order to achieve

the monomeric AIDIPY complex.

4.3.1.1 Post functionalisation of Al€(DIPY)s: complexes

To investigate the potential of post functionalisation on the periphery of A{(DIPY)s
complexes, derivatisation was attempted and some trial reactions were
performed on the aluminium complexes. Hence, attempts to introduce polar
groups, which increase the water solubility, and palladium-catalysed coupling

reactions were carried out.

First, ester hydrolysis of the 4-methoxycarbonylpheny! derivative A€(DIPY)311
was conducted straightforward vyielding the corresponding carboxylic acid
derivative AL(DIPY)312 in 95% vyield (Scheme 4.3). A typical hydrolysis
procedure was followed by dissolving A€(DIPY)s11 in polar media under basic
conditions. The presence of carboxylic acid groups can facilitate the biological

applicability since they increase the solubility in more polar solvents. Moreover,
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the introduction of carboxylic acid group can act as an anchor side for further

modification; such as formation of amide groups.

COOCH,; COOH

A2(DIPY);11 Ag(DIPY);12

Scheme 4.3. Ester hydrolysis (i) 1 eq. A¢(DIPY)3;11, 60 eq. KOH, water/THF/MeOH,
overnight, 80 °C.

Next, the pentafluorophenyl substituents of A(DIPY)34 enabled the nucleophilic
substitution on the respective para-fluorine position under basic conditions. First
attempt was to introduce the propargyl group as recently published by Gutsche
et al.; however, the reaction yielded the 4-hydroxy-2,3,5,6-tetrafluorophenyl
derivative A€(DIPY)313 in good yield 85% (Scheme 4.4), therefore optimisation
of the reaction is required.l?28 Purification of complex A&(DIPY)313 was tedious

and different solvent systems were required with increasing polarity.

A&(DIPY),;4 A¢(DIPY)313

Scheme 4.4. Fluorine nucleophilic substitution (i) 1 eq. A(DIPY)z4, 15 eq. KOH, 20
eg. propargyl alcohol, THF, overnight, r.t.

Finally, palladium-catalysed cross-coupling reactions were performed by using

BODIPY moieties for the respective couplings. First, A8(DIPY)35 underwent TMS
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deprotection prior to Sonogashira cross-coupling conditions (Scheme 4.5).[474
The deprotected chelate A#(DIPY)s14 was purified, characterised, and
subsequently used for reaction with BODIPY 4.49 (Scheme 4.5).1474 Several by-
products were formed and purification was tedious. The monosubstituted product
4.51 (Figure 4.4) was isolated in traces via column chromatography and was
confirmed by mass spectrometry via APCI method. Optimisation is needed for
this reaction in order to increase the yield and direct the product formation;
however, it proves that A{(DIPY)s complexes is stable and the formation of

supramolecular complexes is feasible.
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TMS

f f

AL(DIPY);5
(DIPY)s Ae(DIPY),14

Scheme 4.5. TMS deprotection of A8(DIPY)s5 and subsequent attempt of Sonogashira
cross-coupling reaction; (i) 1 eq. A8(DIPY)s5, 3 eq. TBAF (1M THF), 40 min, r.t.; (ii) 1
eq. AE(DIPY)314, 4.5 eq. 4.49, 0.3 eq. Cul, 0.2 eq. PdCIx(PPhs),, NEt3:THF (1:3), 2.5 h,
40 °C.
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Figure 4.4. Chemical structure of the product 4.51 from a Sonogashira reaction

identified via mass spectrometry.

On the other hand, palladium-catalysed Suzuki reaction with A€(DIPY)33 and the
borylated BODIPY 4.52 was successful, yielding the desired product in high yield
(72%) (Scheme 4.6). The respective product was purified, characterised, and its

structure was confirmed by single crystal analysis (see section 4.3.2).
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Br

A&(DIPY);15

Scheme 4.6. Synthesis of A(DIPY)315 via Suzuki coupling reaction; (i) 1 eq.
Ag(DIPY)33, 4 eq. 4.52, 10 eg. Cs.CO3, 0.2 eq. Pd(PPhs)4, toluene/DMF, 2.5 h, 40 °C.
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4.3.2 Single-crystal X-ray structure analysis

Single crystal X-ray diffraction analysis was performed to determine the
molecular geometry of four dipyrrins DIPY1, DIPY6, DIPY7 and DIPY8 (Figure
45, Figure A 35 — Figure A 38) and the majority of homoleptic
tris(dipyrrinato)aluminium(lll) complexes. Crystal structures of such aluminium
complexes have not been reported to date. The experimental details and the

crystallographic data are presented in section 5.2.2.

The dipyrrin core mainly adopts a planar conformation assisted by intramolecular
hydrogen bonds (N---H) with an average distance ~ 2.06 A. There are two
independent molecules in the asymmetric unit of DIPY8 (Figure 4.5, D). Molecule
1 of DIPY8 shows an intramolecular hydrogen bond, enabling a planar
conformation, whereas molecule 2 is not planar and no intramolecular hydrogen
bond occurs (larger distance, N — H = 2.227 A). The dihedral angle between the
plane and the substituent is locked between 55 — 90 degrees with an ascending
order: DIPY6 with 52.57(3)° < DIPY1 with 67.52(4)° < DIPY7 with 83.45(2)° <
DIPY8 with 93.20(19)°.

Figure 4.5. Molecular structure of DIPY1 (A) DIPY6 (B) DIPY7 (C) and DIPY8 (D)

(thermal ellipsoid plot), shown with atomic displacement at 50% probability.
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The trimeric octahedral configuration of the tris(dipyrrinato)aluminium(lil)
complexes was confirmed by singe-crystal X-ray crystallography The crystal
structure of the phenyl tris(dipyrrinato) derivative A€(DIPY)s1 (Figure 4.6) was
found to be isostructural to the iron(lll) analogue.*>3 There is a half molecule in
the asymmetric unit, with the rest symmetry generated. The dihedral angle
between the dipyrrin and the substituent for the two moieties is between 65 — 76

° and the structure is tightly packed without any solvent.

Figure 4.6. Molecular structure (left) and packing diagram viewed normal to the c-axis
(right) of A€(DIPY)s1 (thermal ellipsoid plot), shown with atomic displacement at 50%
probability.

The asymmetric unit of A€(DIPY)s2 is comprised of 1/3 of the disordered
molecule at the mesityl group and 1/6 of the next molecule. Mesityl groups are
disordered (see section 5.2.2) and the voids are occupied by DCM molecules.
Ag(DIPY)s2 is tightly packed with encapsulated solvent (Figure 4.7) and a
dihedral angle of 83.44° between the dipyrrin plane and the mesityl group. Indium
and gallium analogues have been reported by Thoi et al. with equal asymmetric
units, similar metal-nitrogen distances and degrees of dihedral angles of mesityl

group and dipyrrin moieties.52
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Figure 4.7. Molecular structure (left) and packing diagram viewed normal to the c-axis
(right) of A¢(DIPY)s2 (thermal ellipsoid plot), shown with atomic displacement at 50%
probability.

AL(DIPY)33 crystallised with one complete molecule in the asymmetric unit with
partially occupied hexane (Figure 4.8). The partially occupied hexane molecule
occupy a channel parallel to the a-axis. The bromophenyl group/dipyrrin plane
normal is ca. 120.2°. Similarly with the Co(lll) analogue halogen—halogen
interactions do not appear to be significant in this structure. Intermolecular

contacts involving Br atoms are possible with Br---Br distances of ca. 3.57 A.475]
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Figure 4.8. Molecular structure (left) and packing diagram viewed normal to the a-axis
(right) of A€(DIPY)s3 (thermal ellipsoid plot), shown with atomic displacement at 50%
probability (partially occupied hexane incorporated into the structure).

Ag(DIPY)s4 was solved with a 1/2 of the molecule in the asymmetric unit partially
occupied by hexane (Figure 4.9). There is a dihedral angle of 74 — 84° between

the dipyrrins and the pentafluorophenyl groups. The solvent is incorporated in the
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void channel that runs parallel to the c-axis. Analogous structures of gallium and

indium have been previously reported by our group.228l

Figure 4.9. Molecular structure (left) and packing diagram viewed normal to the c-axis
(right) of A€(DIPY)34 (thermal ellipsoid plot), shown with atomic displacement at 50%

probability (disordered hexane incorporated into the structure).

Ag(DIPY)36 formed a complete molecule in the asymmetric unit (Figure 4.10). In
this molecule there are intermolecular interactions between oxygen and
hydrogen (C-H:--O) with a distance of 2.61 A. The structure shows a tight packing
in ‘stacks' parallel to the a-axis with weak H-bonding and no solvent, and a

dihedral angle between the dipyrrin plane and the substituent between 32 — 66°.

Figure 4.10. Molecular structure (left) and packing diagram viewed normal to the b-
axis (right) of A€(DIPY)s6 (thermal ellipsoid plot), shown with atomic displacement at
50% probability.

Regarding complexes A€(DIPY)s8 and A€(DIPY)39 an atropisomeric formation
was displayed. This was proven by single crystal X-ray analysis and both

molecules were crystallised with one complete molecule highly disordered both
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on the phenyl methoxy and naphthyl substitution (Figure 4.11 and Figure 4.12).
In A€(DIPY)38 there is a partial occupation of disordered hexane and a dihedral
angle between the dipyrrin plane and the substituents in the range of 64 — 99°.
In addition, intermolecular hydrogen bonds are formed between the methoxy
groups [C(42)-H(42C)---O(66A), C(67A)-H(67D)---O(41), C(6S)-H(6SB)---O(45A)]
with a distance of 2.14 — 2.47 A. The disordered structure of A@(DIPY)39 is tightly
packed without solvent and the naphthyl group was twisted by 74 — 98° from the

dipyrrin core.

o

Figure 4.11. Individual representations of each disordered moiety of A¢(DIPY)s8 with
atomic displacement shown at 50% occupancy (A and B); packing diagrams of each
disordered moiety of A€(DIPY)s8 with the major moiety (C) and minor moiety (D) both

viewed normal to the a-axis.

Ag(DIPY)310 has one complete molecule in the asymmetric unit (Figure 4.13).
The dihedral angle between the dipyrrin plane and the anthracene unit is between
88 — 92°. The structures are highly occupied with solvent molecules of hexane

and DCM with three solvent sites per asymmetric unit.
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Figure 4.12. Disordered molecular structure with two ligands disordered (left) and
packing diagram viewed normal to c-axis (right) of A€(DIPY)39 (thermal ellipsoid plot),

shown with atomic displacement at 50% probability.

Figure 4.13. Molecular structure (left) and packing diagram viewed normal to the b-
axis (right) of A¢(DIPY)s10 (thermal ellipsoid plot), shown with atomic displacement at
50% probability.

Ag(DIPY)s11 crystallised with one complete molecule in the asymmetric unit
(Figure 4.14). The crystals were tightly packed with no solvent and formed
intermolecular hydrogen bonds between the ester groups [C(56)-H(56)::-:O(40),
C(63)-H(63B)--O(20)] with a distance of 2.42 — 2.47 A between hydrogen and
oxygen atoms. Additionally, the dihedral angles between the dipyrrin plane and
the substituents were found to be 58° and 77°.
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Figure 4.14. Molecular structure (left) and packing diagram (right) of A¢(DIPY)s11

(thermal ellipsoid plot), shown with atomic displacement at 50% probability.

Ag(DIPY)312 was solved with 1/2 of the molecule present in the asymmetric unit
(Figure 4.15) which displayed a disordered benzoic acid moiety. The crystals are
partially occupied with solvent molecules of hexane and water and formed
intermolecular hydrogen bonds between the carboxylic acid moiety and water
molecules [0(19)-H(19)---O(20), 0O(35)-H(35)--O(1S), C(6S)-H(6SC)---0(19),
C(6S)-H(6SC)---O(20)] with a distance of 1.73 — 2.49 A. Additionally, they form
voids where the solvent is encapsulated. The phenyl rings are orientated out of
the plane of the dipyrrin by 70° — 80°, but the -COOH groups remain nearly
coplanar with the phenyl ring. The acid dimer formation is well known for the
organisation of frameworks, and similar tris(dipyrrinato) octahedral chelates have

been reported with a rhodium and cobalt metal centre.[200.475]
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Figure 4.15. Molecular structure of A8(DIPY)312 (left), and packing diagram with
solvent channels viewed normal to a-axis (right), shown with atomic displacement at
50% probability.
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Ag(DIPY)s15 was crystallised in the asymmetric unit with one complete molecule
which displayed two disordered ligands. The respective dihedral angles between
the dipyrrin plane (of aluminium dipyrrin) and the phenyl substituent were found
to be between 69° and 70°. The distance between the aluminium and boron
atoms was 16.35 — 16.50 A. The X-ray analysis showed that the conjugate had
potential of metal organic framework (MOF) structures. This represents a
promising route towards nanomaterials that can be useful for encapsulating PSs
as drug delivery platforms, enhancing the biocompatibility or finding use in
different fields.[476]
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Figure 4.16. Disordered molecular structure of A€(DIPY)s15 (left) and packing diagram
viewed normal to b-axis with major moiety showing the large voids with solvent

contribution removed (right); atomic displacement shown at 50% probability.

Table 4.2 presents the dihedral angle of the dipyrrin plane and the aryl substituent
at the meso position of the tris(dipyrrinato)aluminium(lll) complexes, the N-Al
distance, and the sigma parameter which represents the sum of the deviation
from 90° of the angles in the coordination sphere (of the metal atom) reflecting
the deformation of the octahedron.

Sigma values determine the distortion of the complexes, the larger the value the
higher distortion from the ideal octahedral conformation. Therefore, we can
conclude that A€(DIPY)s2 , A¢(DIPY)s4, A¢(DIPY)3:10 and A¢(DIPY)s15 showed
the higher distortion (sigma = 15 — 21), presumably due to their bulkier

substitution that induces stronger strains within the molecules. The lower values
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were found for A€(DIPY)s1l, A€(DIPY)s3, and A€(DIPY)39 (sigma = 8 — 11);
however, all the structures are very close to the ideal octahedral configuration.

Table 4.2. Data obtained from the crystal structures of the A2(DIPY); chelates.

Entry Dihedral angle(®) 2 Ae-N (A)P Sigma ¢
Ag(DIPY)s1 64.59(2)/75.59(19) 2.011 11.3074
AL(DIPY)s2 83.44(4) 2.00 21.9086/18.9962
AL(DIPY)33 59.93(18)/60.97(2)/67.87(18) 2.01 11.8779
Ag(DIPY)34 74.43(3)/84.27(2) 2.006 15.3841
AL(DIPY)36 31.36(8)/65.25(14)/66.56(2) 2.005 14.0017
AL(DIPY);8 63.74(3)/95.02(4)/98.79(3) 2.009 13.4427
AL(DIPY);9 74.31(15)/78.86(3)/98.82(14) 2.010 8.2846

Ag(DIPY)310 88.81(3)/91.45(3)/91.77(2) 2.007 15.985
AL(DIPY);11 57.59(11)/59.07(3)/76.58(3) 1.999 10.8695
AL(DIPY);12 69.70(18)/79.80(7) 2.011 12.2155
Ag(DIPY)315 68.81(3)/71.20(4)/72.18(4) 1.999 18.439

2 Angle between the dipyrrin plane and the 5-substituent; ® average of Al-N distance;
¢ parameter which presents the sum of the deviation from 90° of the octahedron
configuration.

To conclude, all the complexes presented herein were characterised by an
octahedral configuration of the aluminium centre. The dipyrrin core was relatively
planar and the substituents were twisted out of its plane between 30 — 98°
indicating that the attached groups on the phenyl ring play a significant role in the
final configuration. Chelates A#g(DIPY)s2, A#¢(DIPY)3:8, Ag(DIPY)s9 and
Ag(DIPY)310 displayed the higher tilt distortion of the aryl ring attached at the
meso position of the dipyrrin. In addition, the bigger range on the degrees of this
angle was exhibited by A#£(DIPY)3:8 which the two 2,4,5-trimethoxyphenyl
moieties were almost perpendicular to the dipyrrin, but also one had 63°. We
assume that there is a higher repulsion related to the methoxy groups when
compared to the above. In addition, A¢(DIPY)39 and A€(DIPY)s10 had almost
orthogonal configuration between the dipyrrin and the substituent. On the other
hand, A¢(DIPY)s6 showed the smaller distortion of the substitution. The same
trend in the degrees of the dihedral angles was followed by their precursors:
DIPY6 (53°) < DIPY1 (68°) < DIPY7 (83°) < DIPY8 (93°).
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Regardless the similarities on the single crystal conformation of A€(DIPY)s12 and
its rhodium analogue, their absorption spectra differ significantly denoting the key
role of the metal centre in the photophysical properties. Moreover, the distances
of aluminium metal centre and nitrogen (Al-N) atoms were in the range of 1.97 —
2.02 A (ca. 2 A), which is similar with the rhodium and gallium analogues whereas
is slightly longer than the cobalt analogues and shorter than the indium
analogues.[522284751 Finally, looking at the packing and specifically of the
Ag(DIPY)s4, Ag(DIPY)s312 and A€(DIPY)s15 crystal structures, we can observe
that the carboxylic acid and the fluorine groups play a role in the structure giving

a packing with voids and prominent porous networks.
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4.3.3 Photophysical characterisation

Steady state and transient absorption spectroscopy were employed in order to
investigated the ground and excited state properties of the homoleptic
tris(dipyrrinato)aluminium(lil) complexes. The photophysical results and data of
those complexes may resemble other trivalent metal complexes (ML3s) of Co(lll),
Ga(lll), In(l11), Rh(111).[t52:200.228] Flyorescence studies have been reported but
singlet oxygen determination and triplet state properties are yet to be explored.
Specifically, the triplet excited states properties of the aforementioned complexes
have remained unexplored until now. In this study, we discuss and aim to explore
the photochemistry of A{(DIPY)s chelates and evaluate their capability towards
exerting photodynamic effect. Insufficient solubility of some complexes resulted
in the exclusion of measurements and thus certain values have not been
determined yet. Ground state analysis and (TD)-DFT calculations predicted the
absorption profile of the A{(DIPY)s complexes. Quantum yields and rate
constants of the decay pathways of the singlet excited state (S1) along with the
singlet and triplet excited state lifetimes were experimentally calculated.
Furthermore, singlet oxygen luminescence and singlet oxygen quantum yields

upon sensitisation were determined.

4.3.3.1 Ground state properties

The absorption spectra of the A{(DIPY)s complexes were recorded and they are
displayed in Figure 4.17 (A, B, C). For clarity the spectra were grouped and

distributed in three graphs as their features are overlapping.

All the aluminium coordinated complexes display two pronounced characteristic
bands at ca. 450 and 500 nm with moderate molar absorption coefficients with
the band at 450 nm showing the stronger absorption (Table 4.3). The lower
values of molar absorption coefficient (¢), at the 450 nm, range from ~ 40,000 to
~ 60,000 cm* M1 for A@(DIPY)31, A¢(DIPY)310, A¢(DIPY)312, Ae(DIPY)313, and
A€(DIPY)314; whilst for A€(DIPY)33, A€(DIPY)s36, A€(DIPY)s8, and A€(DIPY)39 ¢
is two times higher (range of ~ 90,000 to ~ 140,000 cm M1). As expected, the
conjugate of BODIPY 4.52 with A¢(DIPY)33, A€(DIPY)315 displayed the highest
absorptivity ~ 250,000 cm™ Mt at 500 nm due to the strong absorbance of the
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BODIPY moiety. The difference between the absorption spectra of the single

dipyrrin chromophore and the A{(DIPY)s complexes is apparent, with the former

displaying a broader single band at ~ 430 nm (Figure 4.18) with lower molar

absorption coefficient and the latter displaying a double, red-shifted band.

Table 4.3. UV-Visible absorption data of A{(DIPY)s complexes.

e 09
Ag(DIPY)s1 320 (4.21), 450 (4.80), 500 (4.74)
A8(DIPY)32 350 (4.01), 454 (4.85), 500 (4.80)
Ag(DIPY)s3 329 (4.48), 451 (4.98), 501 (4.92)
A8(DIPY)34 461 (4.90), 512 (4.87)

Ag(DIPY)s5 342 (4.50), 452 (4.88), 502 (4.82)
Ae(DIPY):6 357 (4.71), 450 (5.15), 499 (5.01)
Ag(DIPY)s7 357 (4.13), 457 (4.93), 502 (4.88)
Ag(DIPY)38 362 (4.18), 454 (4.97), 502 (4.91)
A8(DIPY):9 351 (4.24), 456 (4.94), 504 (4.90)

A&(DIPY);10

A@(DIPY);11
A@(DIPY);12*
A@(DIPY)313**

A&(DIPY);14

A@(DIPY)315

351 (4.32), 369 (4.47), 390 (4.45), 460

(4.74), 508 (4.69)
452 (4.93), 502 (4.87)

451 (4.79), 502 (4.71)

455 (4.62), 506 (4.59)
333 (4.36), 452 (4.80), 502 (4.74)
384 (4.95), 454 (5.07), 503 (5.41)

UV-Vis spectra were recorded in DCM, THF(*) and MeOH(**)
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Figure 4.17. Normalised UV-Visible spectra of the A{(DIPY)s; complexes in DCM (*in
THF; ** in MeOH).
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This can be explained by the phenomenon of exciton coupling, well defined by
Kasha et al., which can be observed in the absorption spectra as the apparent
splitting of the absorption bands (Davydov splitting).[*”” Bosnich summarised the
analysis of the exciton coupling effect in a coherent way for octahedral
configurations of metal complexes and this justification can be applied in the case
of the tris(dipyrrinato)aluminium(lll) complexes (ML3, see below).[t51.478]
Additionally, the octahedral configuration was confirmed by the single crystal

analysis for the majority of the chelates.
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Figure 4.18. Normalised UV-Visible spectra of the dipyrrin precursors (DCM).

When various chromophores are localised in proximity, transition dipole moments
can interact and the electronic excitation is delocalised across the molecule;
therefore the original excited states of each chromophore are coupled with each
other resulting in excitonic states that are pairs of nondegenerate states (in
comparison with the parent). The energy shared between the chromophores
produces the X' and X" excitonic states where transitions are allowed. The X"
higher excitonic energy stems from the coupling of the dipole moments (u1 + u2
+ u3), and the X' lower state from two dipole coupling configurations (2u1 - y2 - us)
and (u2 - u3) (Figure 4.19). Excitonic splitting of the respective energy state is
leading to the case where the lowest exciton state is closer to the triplet excited
state and therefore can efficiently result in higher intersystem crossing vyields,

efficiently producing triplet excited states, which is the aim of PDT.[479480]

176



Excitonic states

2p4-Mp-H3zand p-ps

Ground state

GS
Isolated M-L3
M-dipyrrinato complex
component

Figure 4.19. Three transition dipole moments of the dipyrrin moieties are coupled to
produce two excitonic states (X' and X") that can be observed in the UV-Vis spectra of

the Al(DIPY); complexes; adapted from the literature.[*5!

The two bands in the absorption profile of the A{(DIPY)s complexes in the region
of 450 — 500 nm correspond to the excitonic states. The absorption data match
other reported UV-Vis features of similar coordination complexes. Co(lll), Rh(lll),
and Fe(lll) tris(dipyrrinato) complexes have a broader band splitting compared
with the In(lll) or Ga(lll) counterparts, which have a more profound double peak,
and the same characteristic appears in the aluminium complexes with two bands
at 450 — 500 nm.[200.228:475] Hence, metal coordination can affect the absorption
profile as it presumably can alter the excited state properties. Another effect that
impacts the features of the absorption spectra is the atomic radius of the
elements. The excitonic energy gap splitting is inversely proportional to the

distance between the component molecules.[*7]

Moreover, comparing the UV-Vis of the parent dipyrrins (Figure 4.18) and the
AL(DIPY)s complexes (Figure 4.17) it is evident that not all the dipyrrins display a
band in the range of 300 — 400 nm; however, all the A{(DIPY)s chelates display
a band in this range, with some of them exhibiting higher molar absorption
coefficient than others. For example, the anthracene moiety absorbs in this
region, displaying four peaks as a characteristic feature of both DIPY10 and
Ag(DIPY)310. Consequently, bands that appear at the region 300 — 400 nm are
related to dipyrrin based charge transfer transitions (intramolecular charge
transfer ICT) along with the co-occurrence of the n - n* and x - n* transitions by

the various meso-substituents (-R).*81 Additionally, a possible metal to ligand
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charge transfer transition has been previously assigned for both low- and high-
energy bands in relevant complexes, and may be expected to co-occur with the
associated charge transfer within the dipyrrins and the r-r* transitions.[154.472,481]

Presumably, in this case the metal to ligand charge transfer is not possible.

Lastly, regarding the influence of meso-substitution there was only a marginal
difference in the absorption spectra of the A{(DIPY)s complexes and thus
different substituents do not greatly affecting the absorption profile. This outcome
is in accordance with the reports of similar compounds and it is mostly related to
the conformation in space between the substituent and the plane of the
dipyrrin.[156.228.4601 The electron-withdrawing substituent in A(DIPY)z4 results in
a slight, bathochromic (red-shifted) absorption spectrum compared with the other
complexes (~ 10 nm), and the electron donating A€(DIPY)36 appears to have the
more blue-shifted absorption peaks. The post-functionalised complex
Ag(DIPY)313 displays a 6 nm blue-shift compared to its precursor A¢(DIPY)34
and both profiles of the electronic spectra are similar. The carboxylic acid
Ag(DIPY)312 derivative exhibits the same absorption profile as its precursor
Ag(DIPY)s11. Also, A¢(DIPY)35 and A(DIPY)s14 display the same profile with
only a slight difference in the shoulder (~ 330 nm). The conjugate A€(DIPY)315
shows a strong absorption band at 500 nm attributed to the AIDIPY and the three
BODIPY moieties with a high molar absorption coefficient. There is a shoulder at
454 nm due to the A{(DIPY)s moiety A€(DIPY)33 and it is noted that there is no
BODIPY related exciton splitting due to the long distance between the AIDIPY
and BODIPY moieties. The corresponding high-energy band of A€(DIPY)s3
appears at 320 nm; thus, the red-shifted shoulder at ~ 370 nm of A€(DIPY)315
stems from the precursors A€(DIPY):3 and BODIPY2 that now are in

conjugation.

DFT and TD-DFT calculations were conducted for representative complexes
Ag(DIPY)s1, A€(DIPY)s4, Ag(DIPY)38, A(DIPY)39 and A€¢(DIPY)313 by using a
hybrid B3LYP functionall®87:388 and a LANL2DZ basis set.*’3l The aim was to
visualise the frontier molecular orbitals (FMOs) and the electron-density
distribution within the complexes. Additionally, the theoretical singlet S1 (*Eoo)
and triplet T1 (°Eoo) excited levels of the ALDIPY)s complexes were determined
along with the singlet-triplet gap (AEs-t). As shown in Figure 4.20 there is no
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apparent electronic distribution in the metal centre and indeed it was localised
within the dipyrrin moieties confirming the inter-ligand excitation profile and the
charge transfer between the ligands. This result is in accordance with the
literature.[152159 DFT calculations of Ga(lll) and In(lll) analogues attributed the
electronic distribution mainly as ligand centred in the intra-ligand charge transfer.
Kusaka et al. investigated the heteroleptic tris(dipyrrinato) indium(lil) coordinated
complexes and showed that there is no significant influence of the metal centre
in the FMOs; the HOMO and LUMO are localised on the dipyrrin ligands.
Ultimately, the computed triplet excited energy was found between 1.60 — 1.75
eV following the trend: A¢(DIPY)34 < A¢(DIPY)313 < A¢(DIPY)39 < A€(DIPY)38 <
Ag(DIPY)s1, and prerequisite that a PS should be able to generate singlet oxygen

(T1>0.98 eV, the lowest excited singlet state of oxygen).
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Figure 4.20. Molecular orbital energies and electron-density distribution of
representative Af{(DIPY)s; complexes obtained from TD-DFT calculations;
B3LYP/LANL2DZ.
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4.3.3.2 Excited state properties

Steady-state and nanosecond transient spectroscopy experiments were
undertaken to elucidate the singlet and triplet excited state properties of the
Al(DIPY)s chelates. Toluene or ethanol was mainly used as solvent depending
on the solubility of the respective molecules. For clarity they are displayed in two
separate figures (Figure 4.21, A and B).

4.3.3.2.1 Singlet excited state

Fluorescence emission spectra of A{(DIPY)s complexes were recorded, and the
fluorescence quantum yield was calculated by using rhodamine 6G or coumarine
153 as reference compounds. The emission profile of the fluorescence spectra
of the AY(DIPY)s complexes is rather similar displaying one broad band which is
relatively weak. The emission band of the A{(DIPY)s occurs between 530 — 590
nm, and spans across a range of more than 100 nm (Figure 4.21), being a mirror
image of the absorption band at ~ 500 nm. Conjugate A€(DIPY)315 displayed
one broad peak ~ 570 nm indicating its origin from the emission of precursor
Ag(DIPY)33, rather than that of the BODIPY. Excitation either at 450 or 500 nm
had no influence on the emission profile of A(DIPY)315, which means the typical
strong BODIPY emission at Amax ~ 520 nm is attenuated, since no emissive
BODIPY feature is observed.[*8?]

Fluorescence quantum yields for the majority of the compounds were calculated
in the range of 0.01 — 0.07 (@) following an ascending order: A€(DIPY)s312,
AL(DIPY)313 < Ag(DIPY)34, A€(DIPY)s5, Ag(DIPY)sll, AL(DIPY)3l5 <
Ag(DIPY)sl, Ag(DIPY)33, Ag(DIPY):6 < AL(DIPY)s8 < AgDIPY):9 <
Ag(DIPY)310 < A(DIPY)s2 (Table 4.4). The highest yields were displayed by
Ag(DIPY)32, A€(DIPY)39, and AL(DIPY)310 probably due to the bulky 5-
substitution and the steric hindrance. It has been previously reported that mesityl
substitution on the meso position and restriction of the internal rotation can
drastically increase the fluorescence quantum yields of dipyrrinato metal
complexes.[156:483 This shows the potential for enhancing the fluorescence, which
can also be influenced by the introduction of B-substituents.['>?] The trends
observed in In(lll) and Ga(lll) homoleptic complexes asserts that Group 13

complexes are less luminescent than the zinc or boron complexes. 52
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Figure 4.21. Normalised fluorescence emission spectra of A{(DIPY)s chelates in
toluene (hexc = 450 nm), A8(DIPY)312 in THF (Aexc = 445 nm), A€(DIPY)313 in DMF (Aexc
=500 nm).

Most of the complexes were soluble in toluene and thus it was used for the
measurements. Trials to determine the fluorescence yield in ethanol (for example
for A€(DIPY)38 and Ag(DIPY)s35) were not successful. The emission band
appeared quite noisy and weak. Additionally, the fluorescence quantum yield of
Ag(DIPY)312 and A€(DIPY)313 was difficult to calculate due to a very feeble
fluorescence intensity. For A€(DIPY)312 the use of THF or ethanol were the
appropriate solvents in terms of solubility; however, the fluorescence yield was
calculated to be less than 0.01 in both solvents with a broad emission band at ~

610 nm (Figure 4.21, B). Similarly, a low yield was reported for the homoleptic 4-
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carboxyphenyl rhodium(lll) complex derivative whilst counterparts of Co(lll) ML3

are completely non-emissive. 2%

Table 4.4. Photophysical data of singlet excited states of the A{(DIPY); complexes.

K¢ Knr

Compound  Jem(nm) Av(cm?t) zs(ns) @ <1055  x10%sl S1(eV)
Ag(DIPY)s:1 576 2639 2.2 0.02 9.1 4.5 2.38
Ag(DIPY)32 535 1308 4.7 0.07 14.9 2.0 2.42
Ag(DIPY)33 587 2924 1.9 0.02 10.5 5.2 2.36
AL(DIPY):4 580 2290 3.6 0.01 2.8 2.8 2.35
AL(DIPY)35 596 2971 1.3 0.01 7.7 7.6 2.36
AL(DIPY)36 571 2527 2.1 0.02 9.5 4.7 2.38
AL(DIPY)38 580 2679 3.7 0.03 8.1 2.6 2.38
AL(DIPY)39 560 1984 4.0 0.04 10.0 24 2.38
Ag(DIPY)310 564 1955 4.3 0.05 11.6 2.2 2.35
A8(DIPY);11 595 3114 14 0.01 7.1 7.1 2.35
AL(DIPY);12* 615 3700 1.3 <0.01 0.8 7.7 2.31
AL(DIPY)313** 559 1952 - <0.01 - - 2.33
AL(DIPY)315 576 2520 14 0.01 7.1 7.1 241

Respective data and spectra were obtained in toluene; * THF; ** DMF; Av Stokes shift;
S: determined experimentally by intersection; standard errors (percentage of value) are
7s 5%, @Df £10%, Kr +10%, Knr £10%.

For Ag(DIPY)313 attempts to use DMSO, THF, or 2-propanol were unsuccessful,
whilst in ethanol or DMF a weak band appeared with negligible yield (< 0.001).
Presumably, in polar media there is a prominent possibility of either solvent
fluorescence quenching or formation of non-emissive ICT states which lead to a
more efficient triplet formation via charge recombination and non-radiative decay
as the dominant pathway. On the other hand, in non-polar solvents the ICT state
will not stabilise and therefore, the excited state S1 will undergo ordinary ISC (in
competition with the IC).[179.183.189.484] |ndeed, all the aluminium complexes display

moderate triplet state lifetimes in air equilibrated solutions (see section 4.3.3.2.2).
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The emission peaks are equating to Stokes shifts between a minimum 1308 cm-
! for A€(DIPY)32 and a maximum 3114 cm™ for A€(DIPY)3:11l (Table 4.4).
Complexes A€(DIPY)s2, A¢(DIPY)39, A8(DIPY)310 have smaller Stokes shifts
pointing to a reduced amount of molecular rearrangements reflecting less
conformational freedom in the ground and/or excited states due to the steric
hindrance by the substituents.['>¢! The considerable Stokes shifts and the
moderately low fluorescence quantum yields support that non-radiative decay

pathways are the most dominant processes (ISC and IC).

TCSPC was performed and fluorescence lifetimes were determined to assess
the singlet photophysical properties of the complexes (Table 4.4). The singlet
state lifetimes of the A{(DIPY)s complexes in toluene (A€(DIPY)s12 in THF)
ranged from 1.3 to 4.7 ns with the ascending order: A¢(DIPY)35, A¢(DIPY)312 <
Ae(DIPY)311, A€(DIPY)s15 < Ag(DIPY)33 < Ag(DIPY):6 < Ag(DIPY)sl <
A€(DIPY)34 < A€(DIPY)s8 < A€(DIPY)39 < Ag(DIPY)310 < A€(DIPY)s2. Figure
4.22 displays all the fluorescence decays. Comparing A€(DIPY)s2 with the
respective mesityl-dipyrrinato Ga(lll) and In(lll) complexes, aluminium complex
appears to have slightly increased Stokes shifts and longer singlet excited
lifetime (+1 — 2 ns) whilst maintaining a moderately high fluorescence quantum
yield equal to the In(lll) counterpart: Ga(lll) complex: &= 0.02, s = 3.75 ns, Av =
1220 cmt and In(lll) complex: & = 0.07, s = 1.93 ns, Av = 1113 cm? (in
hexane).l'®2 As expected, the singlet state lifetime of A€(DIPY)313 was not
detected neither in DMSO nor ethanol or THF (< 1 ns).

Consequently, the radiative and non-radiative rate constants were determined (n:
ki = @t/ 75, knr = (1 — &) / 75) and are consistent with the fluorescence profile of the
AL(DIPY)s complexes. The radiative rate (fluorescence) and non-radiative decay
rates (IC, ISC, ICT) are of the order of 10 st and 108 s1, respectively, supporting
the prevalence of the non-radiative decays (Table 4.4). Similar values have been
reported of dipyrrin complexes showing that increasing the number of dipyrrin
moieties in proximity influences the emissive properties and enhances the triplet
state or internal conversion processes to the ground state.[“8% [astly, the singlet
excited energy state was determined experimentally via the intersection of the
normalised absorption and emission spectra and was found to be in the range of
2.3-2.4 eV (Table 4.4).
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Figure 4.22. Fluorescence lifetime decays of the A{(DIPY); complexes in toluene,
AL(DIPY)312 in THF; Xexc = 450 nm; Aget = 580 nm.

The possible charge separated states result in non-emissive charge separated
states which can undergo IC (S1— So) and ICT or ISC (S1 — Tna1) as the most
probable decay pathways. Additionally, the non-radiative relaxation from a higher
to lower excitonic state and the weak emission profile suggest that the prominent
electronic transitions are ligand centred. These observations indicate that the
chromophores undergo excited-state non-radiative relaxations (conformational,
vibrational, electronic) prior to the observed steady-state emission spectrum with
the radiationless ISC process (with rate constants of the order of 108 s?)
expected to lead to an efficient triplet formation.[*68] Any possible metal-to-ligand
charge transfer that might co-occur could be merged with the broad peak of the
emission spectrum since it is already red shifted (500 — 700 nm) where CT

emission can be expected.18¢l

Kusaka et al. considered an equilibrium between the emissive r-n* transition of
the ligand and the non-emissive charge separated states of tris(dipyrrinato) In(lIl)
complexes.> They surmised that in homoleptic complexes (with 8 substitution)
there was a bigger contribution of the charge separated states among the ligands
leading to low fluorescence quantum vyields, whilst in heteroleptic complexes a
smaller contribution of the charge-separated states resulted to the highest

fluorescence quantum yield.

184



Thus far, we sought to shed light on the singlet excited states and the processes
after photoexcitation. As stated, the possible formation of intramolecular charge
transfer (ICT) between the ligands of the complex might reduce the fluorescence

emission, but on the other hand, enhance the triplet generation yield.[18l
4.3.3.2.2 Triplet excited state

Nanosecond transient absorption (TA) spectroscopy was employed to explore
the triplet excited states and the proposed non-radiative pathways of the
AL(DIPY)s chelates. A relative estimation of the triplet state quantum yield
between the complexes was made. The desired long-lived triplet excited states
were observed, and the triplet excited lifetimes (zr) were defined in air equilibrated
solutions by simple monoexponential fitting. TA spectra were recorded in non-
polar toluene solution and polar ethanolic solution. For A€(DIPY)312 and
Ag(DIPY)313 the same issue with solvent compatibility was encountered,
concluding that ethanol was the appropriate option for the measurements.
Although the corresponding signal most of the times was noisy, we were able to
extract the triplet state lifetimes. DMSO, DMF and DCM were also used as
solvents, but the spectra obtained were noisier with negligible peaks. For the
latter solvent, decomposition was observed by monitoring the UV-Vis before and
after the experiment. For A@(DIPY)s15 the respective TA spectra resembled each

other post excitation at 450 or 500 nm with no major difference.

The triplet absorption profiles of the A{(DIPY)s complexes have similar shapes
and the excited state absorption bands appear between 380 — 700 nm.
Representative spectra of A@(DIPY)s1, A€(DIPY)s:4, A¢(DIPY)38 and A¢(DIPY)39
are shown in Figure 4.23 and in Figure A 39 — Figure A 59 all the TA spectra
along with the time trace fittings are depicted. It is apparent that TA spectra are
superimposed by the ground state bleaching resulting in an absorption maximum
at ~ 400 nm with two prominent negative absorbance signals at ~ 450 and ~ 500
nm reproducing the exciton split bands of the ground state. These are the
characteristic peaks of the ground state electronic transitions of the complexes
and provide information that the triplet-triplet absorptivity is weaker than the
singlet absorptivity, although occurring in decent vyields. TA spectra of
Ae(DIPY)s2, AL(DIPY)s4, A€(DIPY)s5, Ag(DIPY)36, A€(DIPY)s8, A€(DIPY)s9,
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Ag(DIPY)310, and A(DIPY)s11 display a broad band between 550 — 700 nm.
Complex A8(DIPY)s4 displays nearly the same intensity of the two ground-state
bleaching bands indicating a weaker triplet-triplet absorption at 500 nm.
Conjugate A(DIPY)315 is maintaining moderate triplet state lifetime displaying
one ground state bleaching band at ~ 500 nm (Figure A 59), repeating the
absorption pattern typical of the BODIPY moiety in nanosecond TA

experiments.[189]
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Figure 4.23. TA spectra at ambient conditions of A8(DIPY)s1 in ethanol (40 ns tinc; 450

NM Aexc) (A); A€(DIPY)z4 in toluene (40 ns tinc; 450 NM Aexc) (B); A(DIPY)38 in toluene

(80 NS tinc; 450 NM Aexc) (C); AB(DIPY)39 in ethanol (60 NS tinc; 450 NM Aexc) (D); arrows
pointing from blue to red colour show the decay from the maximum intensity in the

successive steps, respectively

The corresponding triplet state lifetimes of the A{(DIPY)s complexes in toluene
were in the range of 290 — 400 ns with the longer triplet lifetime displayed by
Ag(DIPY)32 and A¢€(DIPY)38 showing the following descending order:
Ag(DIPY)32, A¢€(DIPY)s8 > A¢€(DIPY)39> A¢g(DIPY)s3, A¢(DIPY)s10 >
Ae(DIPY):11 > Ag(DIPY):4, A@(DIPY)s5 Ag(DIPY):6, Ag(DIPY)s15 >
Ag(DIPY)s3l (Table 4.5). The results are similar to previously reported triplet

excited state lifetimes of In(l11) and Ga(lll) chelates.[*>d However, to date only few
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studies focussed on the photoexcitation processes of this class of tris(dipyrrinato)
complexes. A comparable trend occurs in ethanolic solutions where the triplet
state lifetime underwent a significant decrease (where comparison is possible) of
the order of ~ 90 ns, except for A€(DIPY)35 which shows a minor difference. The
latter, together with A€(DIPY)38 and A€(DIPY)39, display the higher triplet state
lifetime in ethanol ~ 290 ns. A€(DIPY)s:3, A€(DIPY)s4, A€(DIPY)s12, and
Ag(DIPY)313 display a triplet state lifetime of around 250 ns with an overall lower
value than in toluene solutions. Lastly, we can observe that the respective errors
of the fitting curves are smaller in toluene than in ethanol and along with the
higher triplet state lifetime values (in toluene) this is indicative that solvent

significantly affects the results.

Table 4.5. Triplet excited state lifetimes of the AL(DIPY); complexes at ambient (zr)

and oxygen free conditions (z1°) in toluene and ethanol.

Compound 771 (NS) 771° (US)
Ethanol Toluene Ethanol Toluene

Ag(DIPY)s1 - 290+6 - 89+4
AL(DIPY)32 - 390+12 - 202+22*
Ag(DIPY)33 25017 34016 - 6615
Ae(DIPY)34 230+14 31048 3443 67+4
Ag(DIPY)35 280+25 30012 - 150412
AL(DIPY)36 - 300+11 - 87+6
AL(DIPY)38 300+25 39018 1704 190+£20
Ag(DIPY)39 28018 360+7 - 7414
AL(DIPY)310 - 33049 - 86+5
Ag(DIPY)s11 - 320+7 - 8816
AL(DIPY)312 240+30 - 100416 -
Ag(DIPY)313 250+30 - 170+£20 -
Ag(DIPY)315 - 30010 - 11046

*calculated by biexponential fitting

Another complementary feature that can be estimated from TA spectra, and the

intensity of the ground state bleaching, is the triplet state relative efficiency (®isc).
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Since the UV-Vis absorption at the excitation wavelength was set to the same
range (0.4 — 0.5), the relative triplet state yield can be estimated comparing the
intensity of the TA spectra of each of the A{(DIPY)s complexes (preferably by
experiments on the same day). The ascending order of the relative triplet state
yields in toluene is: A€(DIPY)313 < A€(DIPY)312 < Ag(DIPY)35 < A€(DIPY)sl,
AL(DIPY)36, AL(DIPY)3:11 < Af(DIPY)32, Ag(DIPY)313, AL(DIPY)31l5 <
Ag(DIPY)34 < AL(DIPY)39 < A€(DIPY)s8 < A€(DIPY)310; while the order in
ethanol is: A(DIPY)34 < A@(DIPY)s35, A¢(DIPY)312, A¢(DIPY)313 < A¢(DIPY)33
< A€(DIPY)38 < Ag(DIPY)39. Therefore, we can postulate that A(DIPY)s8 and
AL(DIPY)39 are more likely for efficient triplet sensitisation since they persistently
exhibit higher triplet state yields in both solvents; however, A€(DIPY)32 and
Ag(DIPY)310 may have the same potential since they display relatively high triplet
state lifetimes in toluene whilst they both have moderate fluorescent
characteristics. In comparison to toluene, complexes A#g(DIPY)s12 and
Ag(DIPY)313 illustrated a greater triplet absorptivity in ethanol and A€(DIPY)34
absorb less. TA spectra in DCM exhibited intense peaks with longer triplet
lifetimes, but as there is degradation we did not proceed with other experiments.
The obtained triplet excited state lifetimes were calculated as follows:
AL(DIPY)38: 650+40 ns, A(DIPY)39: 870+38 ns, A(DIPY)310: 760+34 ns
(Figure A 50, Figure A 53 and Figure A 55). The depicted differences of the triplet
state lifetimes among the solvents support the fact that photoexcitation processes
are affected by the nature of the solvent both in the triplet and singlet excited

states and imply that non-radiative decay T1 — So is also significant.

Additionally, to testify whether oxygen is a keystone element upon
photoexcitation, the triplet state lifetimes under oxygen-free conditions of the
AL(DIPY)s complexes were calculated by simple monoexponential fitting (unless
stated otherwise). TA spectra and time trace fittings are shown in Figure A 60 —
Figure A 73. Solutions were subjected to five freeze-pump-thaw cycles prior to
photoexcitation. TA features of the A{(DIPY)s complexes were similar, with triplet
excited state lifetimes being extremely longer, in the range of ~ 80 — 200 s,
giving testimony that oxygen significantly alters the outcome of the excitation.
Noteworthy, this condition is consistently observed for all the A{(DIPY)s chelates
(Table 4.5).0185480 | astly, the rate constant for quenching of the triplet state by
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oxygen was also determined to be in the range of 1.60 — 1.90 x 10° Mt s ([O2]
in ethanol: 2.1 x 103 M; [Oz] in toluene: 1.8 x 103 M, at 20 °C).[382]

4.3.3.3 Singlet oxygen generation

Singlet oxygen phosphorescence was determined at 1270 nm and the singlet
oxygen quantum vyields were calculated relative to 5,10,15,20-
tetraphenylporphyrin (H2TPP) in toluenel*®® or erythrocin B in ethanol®l as
standard reference compounds (Figure 4.24, Figure A 74 and Figure A 75). Table
4.6 summarises the singlet oxygen quantum yields in ethanol and toluene.
Additionally, a ratio of the @ of A{(DIPY)s chelates and @a of the reference
(erythrocin B) was defined in another attempt to demonstrate the relative singlet
oxygen generation. Singlet oxygen determination can be affected by the oxygen
concentration and its lifetime in different solvents.?58 There is an significant
variation in the determined singlet oxygen quantum yield of A¢(DIPY)38 between
ethanol (&4 = 0.15) and toluene (@ = 0.70) solutions, while for A(DIPY)39 the
opposite trend occurs: @, = 0.35 in ethanol; @, = 0.07 in toluene. Since singlet
oxygen phosphorescence is a sensitive method, and taking into consideration
that oxygen concentration in air equilibrated solutions is mainly the same in both
solvents, the discrepancies between the two solvents can be ascribed to the
difference in the singlet oxygen lifetimes: singlet oxygen lifetime in toluene (27

us) is almost two times greater than that in ethanol (15 ps).[382487]

The combination of the absolute values and the calculated ratios leads to the
conclusion that chelates A€(DIPY)s:4, A€(DIPY)36, A¢(DIPY)s8, A(DIPY)39 and
Ag(DIPY)310 can be efficient singlet oxygen generators. Therefore, their
respective triplet state energy level should be higher than the lowest energy of
molecular oxygen (0.98 eV) to generate singlet oxygen. To conclude, since
exciton coupling splits the singlet excited state into two excitonic states with
higher (X") and lower energy level (X'), it is expected that the X' state is closer to
the triplet excited state. Therefore, a decrease of this energy gap can enhance
the ISC efficiency and result in higher singlet oxygen generation. The occurence
of a high IC yield from non-radiative decay to the ground state (S1/T1 — So)
cannot be eliminated and it can be higher than the ISC in some of the complexes,

therefore further investigation is needed.!52156157]
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Table 4.6. Singlet oxygen quantum yields of A{(DIPY)s; complexes in toluene and

ethanol.

Compound DA toluenc® DA ethanol® Dy / DA’
A&(DIPY);1 0.03 i 0.98
A&(DIPY):2 0.07 i 2.03
A&(DIPY):3 0.03 0.13 1.00
A&(DIPY)s4 0.59 0.13 1.89
A&(DIPY):5 0.02 0.18 0.54
A&(DIPY):6 0.38 i 0.93
AL(DIPY)s8 0.70 0.15 1.98
AL(DIPY)39 0.07 0.35 2.25
A&(DIPY);10 0.76 i 2.41
Ae(DIPY):11 0.02 ] 0.55
A&(DIPY):12 i 0.10 0.65*
A€(DIPY):13 i 0.10 -
A&(DIPY);15 0.20 i 0.51

a Absolute value of singlet oxygen quantum yield in toluene calculated with H,TPP as
reference compound; P absolute value of singlet oxygen quantum yield in ethanol
calculated with erythrocin B as reference compound; € ration of @, of A{(DIPY)3
complexes (in toluene) to @, of reference compound (erythrocin B in ethanol);
*AL(DIPY)312 in THF and erythrocin B in ethanol.

The quantum yield of ISC (or ICT) and IC should be following the general trend:
®p < Disc + Dic < 1 — dr. An approximation of the radiationless processes could
be given by the singlet oxygen quantum yields and the triplet state information
indicating that A€(DIPY)s4, Ag(DIPY):6, AL(DIPY)3:8, A¢(DIPY)3:9 and
AL(DIPY)310 may possess an enhanced intersystem crossing yield which is in
agreement with the increased knr. Moreover these chelates display moderate
singlet excited state lifetimes. Additionally, the large Stokes shifts, the low
radiative rates and the long triplet lifetimes confirmed the emission through the
excited triplet state of the aluminium complexes. These findings can lead to the
inter-ligand based triplet excited state 3r-n* (long-lived 3IL) originating from the

initial ‘r-7* states. All the above are extremely dependent on the polarity of the
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environment, which influences the processes and the competing pathways. The
reduction of singlet oxygen efficiency has been observed in polar solvents (aqua-
rich media) and is related to the low solubility of oxygen in water in comparison
to other organic solvents as well to the lower singlet oxygen lifetime in water.[488]
Moreover, excited state quenching or aggregation in polar environments can
occur resulting in singlet oxygen attenuation. For instance, encapsulation in a
polymer matrix to generate nanoparticles or addition of poly(ethylene) glycol
(PEG) substituents can enhance the water solubility and biocompatibility of the

potential therapeutic agents. 189489
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Figure 4.24. Singlet oxygen emission spectra of A{(DIPY)s; complexes after excitation

at 500 nm in toluene or ethanol (*) with erythrocin B as reference compound.
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4.3.4 Photobiological evaluation —in vitro phototoxicity studies®

Following the chemical and photophysical characterisation of the A{(DIPY)s
complexes, their photobiological evaluation was assessed in view of their

application as PSs in PDT.

The A{(DIPY)s chelates used for the in vitro studies were chosen in terms of their
solubility in DMSO in order to obtain stock solutions with concentrations of 1 — 2
mM. Therefore, eight of the complexes were investigated with regards to their
phototoxic effect against the CT26 mouse colon carcinoma cell line (Figure 4.25).
Cell viability was assessed by using resazurin assay where the cell survival is
determined in comparison with the non-treated control sample which

corresponds to 100% cell viability.[391.392]

OCH,

- Q Q IX

Ae(DIPY);1 A€(DIPY);3  Ag(DIPY);4  Ae(DIPY);6

OCHj, COOH OH
OO TC
Ag(DIPY),8 Ag(DIPY);9  Ag(DIPY);12 Ae(DIPY);13

Figure 4.25. Chemical structures of the A{(DIPY)s; complexes used for the

photobiological evaluation.

In a first set of studies, the toxicity of the selected A{(DIPY)s compounds was
evaluated in the absence of light using the CT26 cell line (Figure 4.26). For this,
cells were incubated during 24 h with the respective A{(DIPY)s complexes using
concentrations from 0.62 to 20 uM. Then, after a washing step, cell viability was
assessed by resazurin assay.°! The majority of the complexes showed no
toxicity up to 20 yM except for A¢(DIPY)313 which displayed 40 — 50% of cell

8 In vitro studies were conducted during a two month internship in the photobiology group at the University
of Coimbra in Portugal, under the supervision of Dr. Ligia Catarina Gomes-da-Silva and with the support
of Dr. Fabio A. Schaberle.
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death at 20 uM (Figure 4.26). As a consequence, in the following phototoxicity
studies, the highest concentration of A€(DIPY)313 that was tested was 10 uM.

140- - AI(DIPY);1
Al(DIP
120_?5 _ -=- Al(DIPY)33
~ B> ~+ AI(DIPY),4
S 100 Al
= . (DIPY)46
£ 05 T ' Al(DIPY),8
g 60- Al(DIPY)39
T 40- = AI(DIPY);312
° * e~ AI(DIPY)513
0 T T T T 1
0 5 10 15 20 25

Photosensitiser [uM]

Figure 4.26. Cell viability of CT26 cells post incubation (24 h) with A{(DIPY)s
complexes in the absence of light; results are expressed as the mean values of three
individual experiments + SEM (n = 3); one-way ANOVA in comparison with untreated

cells, p < 0.001 for ***,

The phototoxicity effect of the A{(DIPY)s chelates in CT26 cell line was assessed
as previously described (see 2.3.3), by using a broadband lamp (LED) with a light
dose (L.D.) of 2.6 J cm™. Accurate light doses were estimated considering the
overlap between the LED and the photosensitiser spectrum.%l Final
concentration of A8(DIPY)s1 — A@(DIPY)312 was in the range from 0.62 to 20 uM,
whereas concentrations from 0.31 to 10 yM of A€(DIPY)313 were used. CT26
cells were incubated with the aluminium complexes for 24 h followed by their
replacement by fresh medium. Then, cells were irradiated at 2.6 J cm (LED, 400
— 700 nm, light potency 10 mW cm?) and 24 h later, cell viability was assessed
(Figure 4.27).

Our results show that complexes A€(DIPY)s1l, A¢(DIPY)3:6 and A#(DIPY)s9
(Figure 4.27 A, D and F) are not phototoxic at the indicated light dose, while
Ag(DIPY)33 (Figure 4.27 B) showed a marginal phototoxicity at 20 yuM. Complex
Ag(DIPY)s4 displayed a higher phototoxic effect, since it reduced cell viability by
50 — 60 % at 20 uM (Figure 4.27, C).

193



>

Al(DIPY);1

120-

_ 100-
X

< 80
E

3 60-
=

= 40
8

20-

0-

120
q
P
£
£
=
>
=
8

&
n Y

T T T
] v “ o
Q.b r:." Vv

Photosensitiser [uM]

2

AI(DIPY);4

Photosensitiser [uM]

E 120+
100 T Al(DIPY);8
< 801
= 601
=
g o
% 22: *kk LT
(%]
204 © Q?"I' \,}ﬁ NI
Photosensitiser [pM]
G 12 Al(DIPY)312
—~ 1004
.aE
E- IC50=1.8 pyM
=
)
>
3
o L

Photosensitiser [uM]

Cell viability (%)
O

Cell viability (%)

Cell viability (%)

Cell viability (%)

AI(DIPY),3

100 == _I_

42 V) o]
Q.b y\“\' Vv
Photosensitiser [nM]

120~ AI(DIPY);6

100+ T

T . =TT7

60

404

204

00— T T T T T T
S A

Photosensitiser [uM]
120

Al(DIPY);9

T T
N 3 V) b2
Q‘b p\‘." Vv

Photosensitiser [uM]

|

Q N 9 o
> &
Photosensitiser [pM]

B

AI(DIPY);13

T

Figure 4.27. Cell viability of CT26 cells post incubation with A{(DIPY)s complexes and

irradiation with L.D. of 2.6 J cm; results are expressed as the mean values of the

individual experiments + SEM (n = 3 — 4); one-way ANOVA in comparison with
untreated cells, p < 0.05 for *, p < 0.01 for **, p < 0.001 for ***,
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Interestingly, A€(DIPY)312 and A€(DIPY)s313 had a very good phototoxic effect
on the colon carcinoma cell line, whilst they were the most difficult to handle
during the photophysical characterisation studies. Their non-emissive singlet
state properties led to an efficient triplet excited state formation and a low singlet
oxygen generation (®@a = 0.10 in ethanol), yet suitable to develop the desired
photodynamic effect. It seems that the polar hydroxyl and carboxyl groups can
enhance the phototoxicity effect since the post-functionalised A€(DIPY)313
exhibits greater phototoxicity in comparison with its precursor A€(DIPY)s4. The
ICs0 values of A@(DIPY)312 and A€(DIPY)313 are fairly low with the former being
slightly more phototoxic: 1.8 uM and 3.5 uM for A€(DIPY)312 and A€(DIPY)313,

respectively.

Lastly, A€(DIPY)s8 that contains three methoxy groups in the phenyl rings
showed great phototoxic potential with approximately 100% of cell death at all
the tested concentrations (0.62 to 20 yM). In contrast, A€(DIPY)36, bearing only
one methoxy group on each phenyl ring, did not exhibit any phototoxic effect
(Figure 4.27, E). This can be attributed to the fact that A€(DIPY)38 exhibited
higher singlet oxygen quantum yield (@, = 0.70 in toluene) in comparison to
Ag(DIPY)36 (®@» = 0.38 in toluene). In order to calculate the 1Cso value for
Ag(DIPY)38; a new set of phototoxicity studies was carried out using lower

concentrations of A(DIPY)38 and/or lower L.D.

An ICsp value in the nanomolar range (80 nM) was determined when A€(DIPY)38
was used in the range of 0.04 — 5 yM with a L.D. of 2.6 J cm™? (Figure 4.28, A).
A slightly higher ICso (0.18 uM) was calculated when A€(DIPY)38 was examined
under a lower L.D. of 1 J cm (0.08 — 10 uM) (Figure 4.28, B). The low ICso value
is of great importance as it gives room for less exposure to the PSs, which can

contribute in reducing unwanted side effects while maintaining the phototoxicity.
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Figure 4.28. Cell viability of CT26 cells post incubation with A€(DIPY)s8 and irradiation
with L.D. of 2.6 J cm2(A) and 1 J cm?(B); results are expressed as the mean values
of the individual experiments £ SEM (n = 2); one-way ANOVA in comparison with
untreated cells, p < 0.05 for *, p < 0.001 for ***,

Note, that A€(DIPY)38 exists as an isomeric mixture; however, this is not a new
concept for PS in PDT; Ru(lll) complex TLD-1433 is a chloride salt of a racemic
mixture of two isomers and can be effectively utilised as long as the toxicity profile
is acceptable.fY The high phototoxicity mediated by A€(DIPY)38 is consistent
with its photophysical properties. Both in toluene and ethanol A€(DIPY)38 can
effectively generate singlet oxygen, particularly in toluene (®a = 0.70).
A8(DIPY)38 has a moderate fluorescence quantum yield (@ = 0.03) taking into
consideration that such molecules are normally poor emitters. Moreover, triplet
excited state lifetimes were long and greatly affected by oxygen. Overall, the
optimal photophysical properties of A8(DIPY)s8 are correlated with the significant
phototoxicity and the lack of dark toxicity in CT26 cancer cells. The observed
morphology under the microscope of the CT26 cells is depicted in Figure 4.29.
Viable cells (control) are adhesive in the substrate and show a regular
morphology (left); whilst cell death is observed post incubation with A€(DIPY)38

and irradiation (right).

Surprisingly, A€(DIPY)39 which had improved singlet and triplet state properties,
and singlet oxygen formation in polar solvent (@x = 0.34), did not induce any
phototoxicity at 2.6 J cm. It is hypothesised that the lack of activity might be
explained by its poor internalisation or possible aggregation. However, it should
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be noted that the applied L.D. was relatively low in comparison with other reports,

which leaves room for exploration,[209:228.490]

Ultimately, we can surmise that the A{(DIPY)s complexes with -OH, -COOH, -
OCHs groups in the phenyl moieties exhibit better biological compatibility and
probably cell permeability. These polar groups may increase the amphiphilicity
of the compounds which at the end can facilitate their cellular uptake. Another
factor that can be crucial is the varied solubility in the medium; if aggregation
takes place, they might lose their activity. This can be overcome by attaching

polymer moieties or encapsulate the complexes in polymer matrixes.

Although these complexes absorb outside the photo therapeutic window; they
display promising potential as new homoleptic complexes for photodynamic
therapy or antimicrobial inactivation. Additionally, another aspect that should be
taken into account is the possibility of DNA intercalation, as in the case of other
metal complexes, e.g., Ru(ll) bipyridine derivatives, upon photoirradiation. These
classes of molecules are non-emissive in aqueous solutions and by interference
with DNA they act as “molecular light switches”. Specifically, upon intercalation
of the complex in the hydrophobic cavity of DNA and with the prevention of water
access by the duplex DNA surroundings, the emissive properties of the complex
are revealed. This occurs through the local region that acts like an organic solvent
and allows the luminescence properties to be unveiled enabling singlet oxygen
generation upon irradiation. Another action can be through the minor or/and
major groove binding. One similarity between the metallo-intercalators and the
A{(DIPY)z chelates is the octahedral configuration.[*91-4%4 Early reports on the
DNA-binding of octahedral metal centres (e.qg., tris-phenanthroline complexes of
ruthenium, chromium, zinc, nickel, cobalt) showed that the complexes could bind
to DNA via a hydrophobic interaction in the minor groove or by a partial
intercalation of the ligand into the helix in the major groove or these can happen

simultaneously.[#95-497]

Overall, our preliminary results demonstrated that A¢(DIPY)s8, A¢(DIPY)312 and
Ag(DIPY)313 are promising photosensitisers as they exhibit high phototoxicity at
low concentrations. Further studies are crucial to unveil the underlying

mechanism of action of the A{(DIPY)s complexes.
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Figure 4.29. Cell morphology of CT26 cells under inverted microscope (Motic

AE2000); left: viable cancer cells (control); right: cell death is observed after the
treatment with A(DIPY)s8 upon irradiation.
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4.3.5 Radio labelling with Indium-111°

The aim of this study was to investigate the potential and the capability of one
dipyrrin molecule to form the corresponding indium-111 radiolabelled chelate.

Upon successful radiolabelling in vivo biodistribution is envisioned.

Regardless of the previously reported trivalent indium complexes and the
common use of indium-111 as a radioisotope in the pharmaceutical drug industry,
there are no reports on the radiolabelling potential of tris(dipyrrinato)indium(lil)
complexes.[152.159.228] Indium-111 is considered an excellent imaging radioisotope
as it has a moderate radiation dose, facile labelling procedures and most
importantly, appropriate half-life. A burden is the cost, a slow clearance of the
body and the short self-life that requires a weekly order.[*9%84%1 Herein, we
attempted to evaluate the radiolabelling potential of 5-(2'4'5"-
trimethoxyphenyl)dipyrrin (DIPY8) to form the corresponding tris(dipyrrinato)
complex with the indium-111 isotope as metal centre. Since A€(DIPY)38 showed
the highest in vitro phototoxicity among the tris(dipyrrinato)aluminium(lIl)
complexes against the CT26 cell line, DIPY8 was handpicked for the radiolabel

attempt.

Several attempts were made to generate the corresponding tris(dipyrrinato)
indium-111 complex. The reaction was monitored by using HPLC equipped with
UV-Vis absorption and gamma detector. Efforts to radiolabel DIPY8 by using
indium-111 chloride [**tIn]InCls with solvent or buffer - such as sodium acetate,
ammonium acetate, methanol, HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), or triethylammonium acetate - did not result in
the formation of any radiolabelled compound. Conversely, upon addition of aq.
NaOH, a new product was formed and detected by HPLC, indicating that the use
of base is essential for successful radiolabelling (Figure 4.30). Therefore, a
solution of ammonium acetate with indium-111 chloride was left to react in order

to increase the binding activity of indium-111 while ClI- dissociates. Then DIPY8

® This piece of work was conducted during a three week training in our POLYTHEA industrial partner
‘BIOEMISSION TECHNOLOGY SOLUTIONS IKE, Athens, Greece’. The work was carried out under
the supervision and guidance of Dr. Sophia Sarpaki and Asst. Dr. George Loudos. The general objective
of the secondment was to follow a radiolabelling protocol and get an insight of the company’s performance
and activities.
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and ag. NaOH were added and after 40 min the reaction was monitored by radio
HPLC in order to assess the binding efficiency of Indium-111 labelled dipyrrin.
The product 4.53 was formed after binding in 95% incorporation (Reg#2, Figure
4.31).

[ In]inCl; (i) NaOH
+

CH3;COONa OCH3
HsCO

OCHs,

4.53

Figure 4.30. Radiolabelling of DIPY8 by using [***In]INCl; in ammonium acetate and

sodium hydroxide solution.

In the UV-Vis HPLC the peak at ~ 8.30 min corresponds to the ligand precursor
DIPY8 (Figure 4.31, top). Looking at the radio HPLC, the peak at ~ 2.5 min
(Reg#1) corresponds to the unbound [*1In]In(IIl) and the broad peak at ~ 7.5 min
(Reg#2) corresponds to the radiolabelled compound (Figure 4.31, bottom).
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Figure 4.31. UV-Vis HPLC (top) and radio HPLC (bottom) of the reaction, 95.26%

incorporation after the peak integration./HPLC chromatogram of '*!In-labelled complex.

Furthermore, kinetic stability studies of the radiolabelled indium-111 chelate were

conducted. This was assessed by monitoring the percentage of indium-111
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incorporation at various temperatures (4, 24, and 37 °C) and in saline as medium
(37 °C) for 24 h, post preparation. No significant changes in the incorporation
were observed after 24 h (Figure 4.32). These studies suggest that the respective
complex is stable with respect to loss of the metal ion at different temperatures
and in saline solution. This can be advantageous for future in vitro or in vivo
Imaging studies, enabling control over the localisation and minimise the non-
target accumulation of the isotope. Preliminary non-invasive imaging
experiments in a healthy mouse are sought after to investigate the biodistribution

of the indium-111 chelate.
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Figure 4.32. Radiochemical purity of tris(dipyrrinato) ***Indium complex at different

temperatures and in saline, at different time points.
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4.4 Conclusions and Future Work

In this study we successfully synthesised a library of novel
tris(dipyrrinato)aluminium(lll) complexes in a three step synthesis A€(DIPY)s1 —
Ag(DIPY)s11. We exploited the stability of the complexes by introducing polar
anchor groups in the periphery [A€(DIPY)312, A€(DIPY)313] and by performing
palladium catalysed cross-coupling reactions. Overall, neither the strong basic
condition of the ester cleavage nor the palladium catalysed reaction conditions
affected aluminium complexes, proving their stability upon functionalisation.
Lastly, X-ray single crystal analysis was performed for most of the corresponding
structures with A€(DIPY)s2, AL(DIPY)s8, A¢(DIPY)s9 and A#(DIPY)s10
displaying the higher distortion of the aryl ring attached at the meso position of
the dipyrrin. Noteworthy, conjugate A¢(DIPY)s15 has the potential to form metal

organic frameworks (MOFs).

With the aim to elucidate their photophysical features and excited state
properties, steady state absorption and fluorescence along with transient
absorption spectroscopy were employed in polar and non-polar solvents.
Generally, A{(DIPY)s complexes resulted in excitonic and ICT states leading to
non-radiative decays upon excitation. DFT calculations supported the inter- and
intra- ligand electronic transitions that may occur and the marginal metal
contribution on the transitions. However, long-lived triplet excited states were
formed and allowed for singlet oxygen generation. In PDT, long triplet excited
state lifetimes are envisioned and this could be advantageous for aluminium
dipyrrinato complexes launching a new ground in research towards

photomedicine.

Namely, A{(DIPY)s chelates displayed fluorescence emissive properties with
fluorescence quantum yields in the range of 0.01 — 0.07 in toluene; whereas in
ethanol the signal was negligible. Chelates A€(DIPY)s2, A¢(DIPY)38, A¢(DIPY)39
and A€(DIPY)310 displayed the higher yields in toluene. A similar trend was
observed in the singlet excited state lifetimes ranging from 1.5 — 5 ns.
Consequently, as a result of the CT states, A{(DIPY)s complexes efficiently
populate triplet excited states with long-lived triplet state lifetimes in air-
equilibrated conditions (250 — 350 ns). Complexes A€(DIPY)3:4, A€(DIPY)s8,
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Ag(DIPY)39 and A8(DIPY)310 displayed the higher triplet state lifetimes in toluene
and A€(DIPY)s3, Ag(DIPY)s8 and A€(DIPY)39 in ethanol. Additionally, in the
absence of oxygen the triplet state lifetimes ascend up to the range of 50 — 200
us, confirming that the complexes’ reactivity with oxygen is of paramount
importance after photoexcitation. Next, comparing the singlet oxygen formation
in ethanol and toluene, we can conclude that in the polar solvent, luminescence
is apparent but not significantly detected, while toluene proved more suitable for
the measurements. Complexes A¢€(DIPY)s:4, A#g(DIPY)36, A#€(DIPY)s8,
Ag(DIPY)39 and Ag(DIPY)310 showed high singlet oxygen generation in both

solvents.

Moreover, we performed an in vitro screening of eight A{DIPY)s against CT26
cells in order to evaluate their applicability in photodynamic therapy. Preliminary
results are promising as these complexes were able to trigger cell death upon
irradiation at safe nanomolar and micromolar concentrations. Specifically, we
identified possible PS candidates since four of the complexes induced
phototoxicity with the following ascending order: A€(DIPY)s4 < A€(DIPY)312 <
Ag(DIPY)313 < A€(DIPY)38, pointing the latter as the best PS candidate. We
presume that complexes with polar groups attached might express improved

amphiphilicity, allowing for a better cell internalisation and permeability.

Finally, an interesting approach to evaluate the radiolabelling potential of DIPY8
with indium-111 was achieved, resulting in radiolabelling of dipyrrin 5-(2',4',5'-
trimethoxyphenyl)dipyrrin (DIPY8) with indium-111 in high incorporation (95%).
The isotope incorporation remains stable over 24 h post preparation which can
facilitate the outcome on a future biodistribution study.

To summarise, we conducted a comprehensive study on the development of
novel homoleptic tris(dipyrrinato)aluminium(lll) complexes (Figure 4.33) along
with the investigation of their photocytotoxicity and their photophysical properties.
Preliminary results show that they can be considered as triplet photosensitisers

since they illustrated photodynamic potential.

The future direction of this project will entail broadening the scope of the
aluminium complexes via introducing various anchor groups in the periphery with

the aim to optimise their emissive profile and improve the photophysical
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properties. Additional work on these systems will require their solvent
compatibility and biocompatibility to assist the excited states analysis and the
understanding of the photochemical and photobiological processes. Finally, the
development of monomeric or heteroleptic aluminium complexes is envisioned in

order to alter, fine-tune, and compare the spectral and physical characteristics.
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Figure 4.33. Library of the obtained tris(dipyrrinato)aluminium(lll) complexes; the

highlighted complexes were used for the phototoxicity studies.
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Chapter 5: Experimental Details

“The beginning is perhaps more difficult than anything else, but keep heart, it

will turn out all right”

~ Vincent van Gogh ~

5.1 General Information and Instrumentation

Reagents and solvents were of analytical grade and commercially acquired and
used without further purification unless stated otherwise. All air and/or water-
sensitive materials were handled using standard high vacuum techniques. Dry
CH3CN was obtained by passing through alumina under Nz in a solvent
purification system and then dried over activated molecular sieves. Dry DMF,
THF and MeOH were purchased from Sigma-Aldrich. EtOH and MeOH of
spectroscopy grade were purchased from Merck KGaA.

Analytical thin-layer chromatography (TLC) was performed using silica gel 60
(fluorescence indicator F254, pre-coated sheets, 0.2 mm thick, 20 cm x 20 cm;
Merck) plates and visualised by UV irradiation (4 = 254 nm). Column
chromatography was carried out using Fluka Silica Gel 60 (230—-400 mesh;
Merck). Mobile phases are given as (v/v).

Melting points are uncorrected and were measured using a Stuart SMP10 melting
point apparatus. NMR spectra were recorded at room temperature on a Bruker
AV 600, Bruker Advance 11l 400 MH or a Bruker DPX400 400 MHz or an Agilent
400 spectrometer. Mass spectrometry analysis (HRMS) was performed with a Q-
Tof Premier Waters MALDI quadrupole time-of-flight (Q-TOF) mass
spectrometer equipped with Z-spray electrospray ionisation (ESI) and matrix
assisted laser desorption ionisation (MALDI) sources in positive mode with trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile as the matrix.
ESI mass spectra were acquired in positive modes as required, using a

Micromass TOF mass spectrometer interfaced to a Waters 2960 HPLC or a
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Bruker microTOF-Q Ill spectrometer interfaced to a Dionex UltiMate 3000 LC.
Atmospheric pressure chemical ionisation (APCI) experiments were performed
on a Bruker microTOF-Q Il spectrometer interfaced to a Dionex UltiMate 3000
LC.

Photophysical measurements were carried out with the respective solvents of
spectroscopy grade. All solutions were filtered with Fisherbrand PTFE syringe
filters with pore size 0.45 ym to prevent aggregation. UV/Visible spectra were
recorded in solution at room temperature using a Specord 250
spectrophotometer from Analytic Jena (1 cm path length quartz cell) or a Hewlett-
Packard/Agilent 8453 diode array UV-Vis or Shimadzu UV2700
spectrophotometer.

Fluorescence emission spectra were recorded on a SPEX Fluorolog 3
fluorometer with double grating monochromators in the excitation and emission
channels. Excitation light source was a Xenon lamp (450 W, Osram) and the
detector was a Peltier cooled photomultiplier tube (Hamamatsu, R636-10). The
fluorescence emission signal is collected in a right-angle geometry, and the

fluorescence spectra are corrected for fluctuations of the excitation source flux.

For the singlet oxygen emission at 1275 nm, a highly sensitive liquid nitrogen
cooled InGaAs detector (Electro-Optical Systems DSS series cryogenic receiver,
2 mm InGaAs photodiode) was coupled to a Horiba Jobin Yvon Spex Fluorolog
3 spectrofluorometer. Maximum slits (excitation and emission) and long
integration times (10 — 15 s) were used. A 850 nm cut-off filter was used in the

emission path, to prevent second order effects of the fluorescence compounds.

Triplet state lifetimes were determined by nanosecond time-resolved absorption
spectroscopy using an EKSPLA NT342B laser system in which the third
harmonic of a Nd:YAG laser system was used to pump an optical parametric
oscillator (OPQO) at the corresponding excitation wavelengths for each
experiment. The typical power was 1 — 2 mJ per pulse and the laser system was
operated at 5 Hz. Probe light, running at 10 Hz, was generated using a high-
stability short arc xenon flash lamp (FX-1160, Excelitas Technologies) with a
PS302 controller (EG&G). The probe light was split in a signal and a reference
beam with a 50/50 beam splitter and focused on the entrance slit of a
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spectrograph (SpectraPro150, Princeton Instruments). The signal beam (A =1
mm?) was passed through a sample cell and overlapped with the excitation light
onalmm x 1 cm area, perpendicular to the excitation beam. A reference beam
was used to normalise the signal for fluctuations in the flash lamp intensity. Both
beams were recorded with an intensified CCD camera (PI-MAX3, Princeton
Instruments) using 5 — 20 ns gate depending on the time steps of the
measurements. The timing was achieved with a delay generator 6 (DG535,
Stanford Research Systems, Inc.) and the setup was controlled with an in-house

written program (LabView).

Time-resolved fluorescence decays were measured using a TCSPC technique.
The relevant excitation wavelengths were generated by frequency doubling of
the output of a tunable Titanium:Sapphire laser (Chameleon Ultra, Coherent).
The repetition rate is decreased from the fundamental 80 MHz to a lower value
(usually 8 MHz) using a pulse picker (Pulse Select, APE). The fluorescence was
detected with a multichannel plate photomultiplier tube (R3809U-50,
Hamamatsu) through a single-grating monochromator (Newport Cornerstone
260, f = 250 mm, grating 300 In/mm blaze 422 or grating 300 In/m blaze 750 nm
M20, Carl Zeiss, 600 lines/mm). The overall instrument response is usually 20 —
25 ps (FWHM) measured from a dilute scattering solution (Ludox) at the
excitation wavelength. TCSPC histograms were recorded using ~10% counts in
the peak channel using the SPCM program (Becker & Hinkle).

Data analysis and spectra fitting were done in Microsoft excel, Igor-Pro 7,500
OriginPro®®1 and Spectragryph.92

HPLC was carried out using an Agilent HPLC system, 1260 Infinity 1l analytical
series with quaternary pump linked to a (i) Elysia Flow-Count radioactivity
detector and (ii) variable wavelength UV detector; using a Agilent Zorbax Eclipse
Plus C18 column (4.6 x 250 mm), 5 um (Agilent) at a flow rate of 1.0 min mL. A
Capintec™ CRCR-55tR dose calibrator was used to determine the intensity of

the radioactive source expressed in uCi.
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5.2 Single-crystal X-ray Structure Determinationsi®

5.2.1 X-ray crystallography details for the chlorins

Single-crystal X-ray diffraction data were collected on a Bruker APEX KAPPA
DUO using Cu Ka (A = 1.54178 A) radiation. The sample was mounted on a
MiteGen microloop and data collected at 100(2) K. Bruker APEX[®% software was
used to collect and reduce data and determine the space group. The structure
was solved using direct methods (XT)®%4 and refined with least squares
minimisation in Olex2.5%1 Absorption corrections were applied using
SADABS.[508]

Crystals suitable for single crystal X-ray diffraction analysis were grown by slow
layer diffusion. For Zn1, the chlorin was dissolved in DCM, and layered with
hexane. For FB1, a DCM/hexane mixture evaporated slowly at rt. Crystals of poor
guality were obtained for Zn1 in a DCM/hexane solvate and FB1 was also poorly
diffracting. The free base and metallated chlorins are shown in Figure 2.3 (see
Table 5.1 for crystal data). The macrocycle of FB1 is notably planar. Partial
bromination substitution of the C ring occurred during synthesis with approx. 3%
present in the structure (Br3 = 3% and Br4 = 3% occupied) (Figure A 1).
Hydrogen atoms inside the chlorin were located. The Zn is displaced from the
plane of the chlorin by ca. 0.315 A. In both the FB1 and Zn1 structures the phenyl
ring is twisted to the chlorin plane (64.7° in FB1 and 63.03(19)° in Zn1).

10 The structural analysis was performed by Dr. Brendan Twamley, TCD unless stated otherwise.
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Table 5.1. Crystal data and structure refinement for FB1 and Zn1.

Identification code FB1 Znl
CCDC deposition no. 1990004 1990003
Empirical formula Ca2sH22.95Br1.03N4 C29.08H23.51BrClo.1N4Zn
Formula weight g/mol 497.96 577.77
Temperature (K) 100(2) 100(2)
Crystal system monoclinic triclinic
Space group P2i/n P1
a(A) 15.2041(9) 16.5765(9)
b (A) 9.8625(5) 16.9003(10)
c (A 31.7167(18) 16.9698(10)
a(®) 90 119.694(3)
B(°) 97.607(4) 102.715(3)
y (°) 90 93.421(3)
Volume (A3) 4714.1(5) 3947.8(4)
Z 8 6
Pealc (g/cmd) 1.403 1.458
W (mm) 2.615 3.349
F(000) 2041 1756

Crystal size (mm3)
Radiation
20 range for data collection (°)

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [1=20 (1)]

Final R indexes [all data]

Largest diff. peak/hole (e A-3)

0.14 x 0.04 x 0.02
CuKa (A = 1.54178)
5.622 to 118.526
33238
6800
Rint = 0.1542
Rsigma = 0.1132]
6800/16/612
1.024
R1=0.0729
WR2 = 0.1685
R: = 0.1568
WR2 = 0.2115
1.01/-0.62

0.12 x 0.05 x 0.04
CuKa (A = 1.54178)
5.576 to 137.21
48448
14460
Rint = 0.0794
Rsigma = 0.0738
14460/113/1049
1.004
R: = 0.0692
WR = 0.1863
R1 = 0.0966
WR; = 0.2044
1.26/-0.97
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5.2.2 X-ray crystallography details for the A€(DIPY)zcomplexes

Data for the ligand samples DIPY1, 6,1 7 and 8 were collected on a Bruker D8
Quest ECO or DUO using Mo Ka radiation (A = 0.71073 A). Each sample was
mounted on a MiTeGen cryoloop and data collected at 100(2) K using an Oxford

Cryostream.

Data for the aluminium complexes A€(DIPY)sl, 3, 4, 8, 9, 10, 12, 15 were
collected on a Bruker APEX DUO using Cu Ka radiation (A = 1.54178 A) and also
A€(DIPY)s2, 6 and 11 on a Bruker D8 Quest ECO using Mo Ka (L = 0.71073 A).
Each sample was mounted on a MiTeGen cryoloop and data collected at 100(2)

K using an Oxford Cobra cryosystem and Cryostream respectively.

Data were collected by using omega and phi scans and were corrected for
Lorentz and polarisation effects using APEX.[%! Absorption corrections were
applied using SADABS.[571 The structure was solved with the XT structure
solution program,’®4 using the intrinsic phasing solution method and refined
against | F2| with XL using least squares minimisation®%! within OLEX2.15%%]
Hydrogen atoms, unless specified, were placed in geometrically calculated
positions and refined using a riding model. Details of data refinements are
mentioned in Table 5.2 — Table 5.6. Molecular graphics were generated using
OLEX2.

For dipyrrin crystal structures: in DIPY7, the nitrogen donor atoms were located
and refined semi-free with distance restraints (DFIX) with the displacement riding
on the carrier atom. Occupancy set at 50% for H1 and H11. In DIPY8, the N-H

hydrogen atoms were located and refined. Data refined as a racemic twin.

Regarding the tris(dipyrrinato)aluminium(lll) chelates: it is noted that A€(DIPY)s1
is isostructural to tris(phenyldipyrrin-N,N")-iron(iii).[*53 In A@(DIPY)32, the crystals
were rotationally twinned. The twin law was obtained using TWINROTMAT®% in
PLATON giving a 2-axis rotation around reciprocal ( 1 0 0 ), Angle = 0.00°,
(2.000, 1.000, 0.000, 0.000, -1.000, 0.000, 0.000, 0.000, -1.000) with a refined
BASF of 0.0606(14). The mesityl groups were disordered and C12-C20 modelled

11 Crystal structure DIPY®6 was determined by Dr. Christopher J. Kingsbury, TCD.
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in two positions (61:39% occupancy) using geometric and displacement
restraints (SADI, SIMU, ISOR); C27-C35 lies along the 2-fold axis and was
modelled as a complete rigid group, half occupied, using restraints (SIMU). A
partially occupied CH2Cl2, also on the 2-fold axis, was modelled 10% occupied
with restraints (SIMU, ISOR).

Ag(DIPY)s3 has partially occupied hexane solvate in the voids (37.5%) and
Ag(DIPY)34 has disordered partially occupied (65% total, 2x17.5 and 2x15% for
all positions) hexane solvate modelled with a rigid group over the inversion centre
in two positions with restraints (SIMU). In A8(DIPY)s8, each trimethoxy phenyl
group is disordered. The disorder in each substituent was different with the group
at C12/C12a 58:42%, C35, C35a, 63:37% and C58/C58a 80:20%. The disorder
was modelled with restraints (SADI, SIMU, and DFIX). There are two partially
occupied disordered hexane solvate molecules in the lattice (75% occupancy and
modelled with restraints SIMU, SADI, ISOR, and constraint EADP for C9s, C9sa).
Similarly, A(DIPY)39 is also disordered - two of the ligands (2,2'-(haphthalen-1-
ylmethylene)bis(3H-pyrrole)) are modelled in two locations, with occupancies
N22/N32 72:27 %, N43/N53 76:24%, and refined using restraints (FLAT, SADI,
SIMU, ISOR) and constraints (EXYZ, EADP for C28/C28B).

Ag(DIPY)310 is highly solvated with disorder. Solvents included are DCM and
hexane, all modelled with rigid groups and restraints (SIMU, ISOR) and
constraints (RIGU - CI9 CI10 C86 CI3 Cl4 C83). There are three solvent sites in
the ASU and in the first DCM, C76, CI1,CI2 is disordered over two locations,
65:35% occupied. The second has patrtially occupied, DCM C83 CI3, Cl4, 25%
occupied and C86, CI9, CI10, 5% occupied. The last site is more complex and
consists of hexane 33%, and 3 partial DCM molecules - C84, CI5, CI6 5%, C85,
Cl7, CI8 20% and C87 CI11, Cl12 3% occupied.

Ag(DIPY)311 has weak diffraction at higher angle, leading to a high R(int) and
Ag(DIPY)312 also displays disorder in one dipyrromethenebenzoic acid group
over a 2-fold axis. The benzoic acid moiety is modelled as a complete unit with
half occupancy using restraints (ISOR, SIMU, SADI). There are partially occupied

water molecules (2x25% occupancy in the ASU) as well as hexane (15%
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occupied in ASU) and all modelled with restraints (SIMU, DFIX, ISOR and
DANG).

Lastly, A@(DIPY)s15 was more challenging with a diffraction limit = 0.97 A due to
weak diffraction. The diffuse contribution of solvent in the voids was accounted
for by using the SQUEEZE® routine in PLATON, with two voids of 2688 and
2689 A3 with 729 electrons each removed. Two arms (biphenyl-dipyrromethane)
were disordered over two locations and modelled with a combination of rigid
groups (AFIX 66 and AFIX 176) using restraints (SADI, SIMU, ISOR) with
occupancies of 70:30% (C50:C50B) and 65:35% (C84:C84a).
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Table 5.2. Crystal data and structure refinement for DIPY1, DIPY6 and DIPY?7.

Identification code DIPY1 DIPY6 DIPY7
Empirical formula CisH12N2 C16H14N20 C18H18N20s3
Formula weight g/mol 220.27 250.29 310.34
Temperature (K) 100(2) 100(2) 100(2)
Crystal system triclinic orthorhombic monoclinic
Space group P1 Pbca P2i/c
a (A) 6.8079(6) 15.3607(4) 12.5511(7)
b (A) 9.2020(8) 7.2185(2) 13.7153(8)
c (A) 9.7551(9) 22.7229(5) 8.9474(5)
a (%) 79.313(4) 90 90
B (°) 76.202(3) 90 99.8086(14)
v (°) 80.019(3) 90 90
Volume (A3) 577.83(9) 2519.54(11) 1517.71(15)
z 2 8 4
Pealc (g/cmd) 1.266 1.320 1.358
M (mm-1) 0.076 0.084 0.094
F(000) 232.0 1056 656.0

Crystal size (mm?)
Radiation (A)

Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2

Final R* indexes [1=220 (1)]

Final R indexes [all data]

Largest diff. peak/hole
(e A3)

Flack parameter

10110

2536
Rint = 0.0578,

Rsigma =0.0508

2536/1/159

1.029

R1 =0.0489,
wR2 = 0.0988
R1 = 0.0855,
WR2 =0.1134

0.27/-0.20

116487

6080
Rint = 0.1109
Rsigma = 0.0399

6080/0/177

1.085

R1 =0.0581
wR2 =0.1164
R1=0.0972
wR2 = 0.1337

0.540/-0.264

0.33x 0.14 x 0.06 0.106 x 0.142 x 0.428 0.37 x 0.23 x 0.11
Mo Ka (A = 0.71073) Mo Ka (A = 0.71073) Mo Ka (A = 0.71073)

28565

3553
Rint = 0.0427,
Rsigma =0.0227

3553/2/218

1.027

R1 =0.0386,
WR2 = 0.0934
R1 = 0.0527,
wWR2 = 0.1027

0.26/-0.25

"R1 = Z|[Fo| = [Fe|[/=|Fo|, WRz = [EW(Fo? — Fe)2/Zw(Fo2)Z22.
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Table 5.3. Crystal data and structure refinement for DIPY8, A(DIPY)s1 and

Ag(DIPY)32.
Identification code DIPY8 Ag(DIPY)s1 Ag(DIPY)32
Empirical formula C18H18N20s3 CasH33AIN6 Cs4.1Hs51.4AICl0.2N6
Formula weight 310.34 684.75 819.68
Temperature (K) 100(2) 100(2) 110(2)
Crystal system monoclinic monoclinic trigonal
Space group Pn C2/c P-3cl
a (A) 13.5936(6) 12.1938(4) 23.2826(10)
b (A) 8.9845(3) 22.7452(8) 23.2826(10)
c (A 14.2796(5) 13.4258(5) 14.6760(9)
a(®) 90 90 90
B (°) 115.2191(15) 105.6156(18) 90
y () 90 90 120
Volume (A3) 1577.76(10) 3586.2(2) 6889.7(7)
Z 4 4 6
Pealc (g/cmd) 1.307 1.268 1.185
H (mm-) 0.090 0.817 0.099
F(000) 656.0 1432.0 2606.0
Crystal size (mm?) 043x0.15x0.11 0.23x 0.1 x 0.09 0'4440_"08'1102 X
Radiation (A) Mo Ka (A =0.71073) Cu Ka (A =1.54178) Mo Ka (A =0.71073)
Reflections collected 31398 22286 4774
8178 3381 arra
Independent reflections Rint = 0.0838, Rint = 0.0622, Rint = 0.0768
Rsigma = 0.0689 Rsigma = 0.0393 Rsigma = 0.0519
Data/restraints/parameters 8178/4/431 3381/0/237 4774/451/390
Goodness-of-fit on F? 1.026 1.033 1.078
FralR e 201 B00RE L0 R0
Final R indexes [all data] vsézzzooogésg Vséjzooofng) WRR12::0(.).122§f2
Largest ?eif;\_g)eak’m'e 0.24/-0.22 0.57/-0.36 0.34/-0.31
Flack parameter -1.1(12)

R1 = Z||Fo| = [Fe|l/Z|Fo|, WR2 = [EW(Fo? — F2)2Zw(Fo?)2] 2.
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Table 5.4. Crystal data and structure refinement for A€(DIPY)3:3, A€(DIPY):4 and

AL(DIPY)36.
Identification code Ag(DIPY)33 Ag(DIPY)34 Ag(DIPY)36
Empirical formula C47.25H35.25AIBrsNs Cus.oH27.1AIF15N6 CasH39AIN6O3
Formula weight 953.77 1010.64 774.83
Temperature (K) 100(2) 100(2) 100(2)
Crystal system triclinic monoclinic monoclinic
Space group P-1 C2/c P2i/n
a (A) 9.5017(3) 18.5194(7) 12.8307(5)
b (A) 11.8656(4) 20.4712(7) 9.9624(4)
c (A) 19.5844(7) 14.1052(5) 29.7795(10)
a(®) 100.3242(18) 90 90
B (°) 91.6719(17) 120.6321(13) 97.1375(12)
v (°) 102.4851(17) 90 90
Volume (A3) 2115.58(12) 4601.3(3) 3777.1(2)
Z 2 4 4
Pealc (g/cmd) 1.497 1.459 1.363
g (mm-d) 4.058 1.316 0.108
F(000) 958.0 2042.0 1624.0
Crystal size (mm?) 0.37 x 0.05 x 0.04 0.24 x 0.11 x 0.06 0'2780134221 X
Radiation (A) Cu Ka (A=1.54178) CuKa (A =1.54178) Mo Ka (A = 0.71073)
Reflections collected 33339 39351 66464
7924 4331 8395
Independent reflections Rint = 0.0632 Rint = 0.0685 Rint = 0.0626
Rsigma = 0.0566 Rsigma = 0.0348 Rsigma = 0.0322]
Data/restraints/parameters 7924/0/524 4331/156/391 8395/0/527
Goodness-of-fit on F? 1.032 1.056 1.025
Final R* indexes [1220 (1)] WRF:::O(':_);?:S WRF;ZO(':_);:?ZG Ra = 00508, WRa =
Final R indexes [all datal] R1 = 0.0556 R1 =0.0543 R1=0.0619
wR2 =0.1321 wR2 = 0.1525 wR2 = 0.0983
Largest diff. peak/hole 1.14/-1.48 0.59/-0.35 0.28/-0.28

(e A9)

Flack parameter

R1 = Z||Fo| = [Fell/Z|Fo|, WR2 = [EW(Fo? — F2)2/Zw(Fo?)2]Y2.

215



Table 5.5. Crystal data and structure refinement for A¢(DIPY)38, A¢(DIPY)s9 and
A¢(DIPY)s10.

Identification code Ag(DIPY)s8 Ag(DIPY)39 Ag(DIPY)310
Empirical formula Ce0.75H66.75AIN6Og Cs7H39AIN6 C72.58H52.83AICI3.16N6
Formula weight 1051.93 834.92 1147.99
Temperature (K) 100(2) 100(2) 100(2)
Crystal system triclinic trigonal triclinic
Space group P-1 R-3 P-1
a (A) 12.1521(5) 47.0719(11) 14.8501(4)
b (A) 15.1353(7) 47.0719(11) 15.1267(5)
c (A 15.6212(7) 10.2208(3) 15.3138(4)
a(®) 84.640(3) 90 97.488(2)
B (°) 85.663(3) 90 117.4200(10)
v (°) 82.793(3) 120 99.915(2)
Volume (A3) 2832.0(2) 19612.8(11) 2920.20(15)
4 2 18 2
Pealc (g/cm?3) 1.234 1.272 1.306
H (mm-) 0.812 0.772 2.023
F(000) 1116.0 7848.0 1194.0

Crystal size (mm3)
Radiation (A)
Reflections collected 48784
10708
Rint = 0.0754
Rsigma = 0.1011

Independent reflections

Data/restraints/parameters  10708/1291/1066

Goodness-of-fit on F? 1.046
. . Ri1=0.1011
Final R* indexes [I1=20 (1)]
wR2 = 0.2820
. . R1=0.1411
Final R indexes [all data]
WR2 = 0.3294
Largest diff. peak/hole
(e A9 0.66/-0.47

Flack parameter

0.11 x 0.1 x 0.08
Cu Ka (A = 1.54178)

0.313 x 0.067 x 0.038
Cu Ka (A = 1.54178)

80794

8133
Rint = 0.1080,
Rsigma = 0.0658

8133/971/745
1.031

R1=0.0792,
wWR2 =0.2187

R1=0.1105,
WR2 = 0.2445

0.72/-0.44

0.32 x 0.05 x 0.04

Cu Ka (A = 1.54178)

54629

10956
Rint = 0.0569,
Rsigma = 0.0412

10956/330/901
1.040

R1=0.0715,
WR2 = 0.2045

R1=0.0809,
WR2 = 0.2127

0.65/-0.49

"Ry = X |[Fo| = |Fe|l/Z|Fo|, WRz = [EW(Fo? — F2)2/Zw(Fo?)Z22.
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Table 5.6. Crystal data and structure refinement for A€(DIPY)s11, Ag(DIPY)3;12 and
AL(DIPY)s315.

Identification code A€(DIPY)s11 A€(DIPY)312 A(DIPY)315
Empirical formula Cs1H39AIN6Os Ca9.8H39.2AIN6O7 CooHssAIB3FsN12
Formula weight 858.86 860.65 1482.91
Temperature (K) 100(2) 100(2) 100(2)
Crystal system monoclinic orthorhombic monoclinic
Space group P21/n Ibca P2/n
a (A) 14.7975(9) 13.4554(3) 23.2627(16)
b (A) 9.7051(6) 16.2673(4) 11.8862(8)
c (A 28.6373(18) 40.1809(10) 42.842(3)
a () 90 90 90
B (°) 92.1360(16) 90 94.584(4)
y () 90 90 90
Volume (A3) 4109.8(4) 8794.9(4) 11808.0(13)
Z 4 8 4
Pealc (g/cm3) 1.388 1.300 0.834
H (mm-L) 0.112 0.899 0.526
F(000) 1792.0 3592.0 3064.0
Crystal size (mm?2) 0.24 x 0.16 x 0.05 0.311 x0.224 x 0.042 0.16 x 0.08 x 0.08
Radiation (A) Mo Ka (A =0.71073) Cu Ka (A =1.54178) CuKa (A = 1.54178)
Reflections collected 54340 38465 72031
7857 4139 13222
Independent reflections Rint = 0.1595, Rint = 0.0602, Rint = 0.1815,
Rsigma = 0.0900 Rsigma = 0.0324 Rsigma = 0.1285
Data/restraints/parameters 7857/0/580 4139/165/392 13222/2125/1287
Goodness-of-fit on F? 1.018 0.990 1.145
I ks SR e S e )
R [IONE RIS meoz
Largest ?;ﬁA_E)ea”ho'e 0.30/-0.31 0.72/-0.39 0.34/-0.30

Flack parameter
"R1 = Z||Fo| = |Fe|l/Z|Fo|, WR2 = [EW(Fo? = FA)YEZw(Fo?)?Y2.
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5.3 Procedures for the Photophysical Measurements

5.3.1 UV-Visible absorption spectra

The absorption spectra were recorded in DCM, EtOH, MeOH, toluene or THF at
room temperature and molecular absorption coefficients were calculated from
Beer Lambert’s law A = gexcxl, where A the absorbance of the molecule at specific
wavelength; € the molar extinction coefficient; ¢ the concentration of the sample

in the cuvette; | the length of the light path (the width of the cuvette was 1 cm).

5.3.2 Fluorescence emission and quantum yields

The respective compounds were dissolved in methanol, ethanol, toluene, DCM,
THF, or DMF and their absorbance in the UV-Vis spectrum was adjusted to ca.
0.10 at the wavelength of excitation. Steady-state fluorescence emission spectra

were obtained upon excitation at the indicated wavelength:

+ at 558/561 nm for Zn1 and Zn2.

+ at 500/640 nm for FB1 and FB2.

+ at 550 — 560 nm for 3.6, 3.14 — 3.16 and 3.18 — 3.21.
+ at 445 — 500 nm for A@(DIPY)3 complexes.

Depending on the absorption profile, different standard references were selected
for the determination of the fluorescence quantum yield (&). For the chlorins,
dyads and porphyrins, cresyl violet®12513 (¢ = 0.54 in MeOH, & = 0.56 in
EtOH) or H2TPPB4 (¢ = 0.11 in toluene) were used as reference compounds.
For the A€(DIPY)z chelates the fluorescence quantum yields (&) were calculated
with rhodamine 6G (&¢ = 0.94 in EtOH), or coumarine 153 (&r= 0.38 in EtOH) as
standard references.’3l The fluorescence quantum vyield was determined by
equation 5.1/51%1 (1 s integration time; 3 nm excitation slit; 3 nm emission slit).

Ar I n 2 D
_ (Ar) (Ar) X ( X)
D, = P. X X X | —]X|— . 5.
) ' <A > (Rm) <nr2> D, =451

% (Ax)

where @ is the quantum yield; A¢) is the absorbance of the solution at the
excitation wavelength Z; | is the relative intensity of the exciting light at

wavelength 4; n is the refractive index of the solvent and D is the integrated area
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under the corrected emission spectrum. Subscripts x and r refer to the unknown

and reference solutions, respectively.
5.3.3 Time-correlated single photon counting — TCSPC

The respective chlorins, dyads and A{(DIPY)s complexes were dissolved in
methanol, ethanol, toluene or THF and their absorbance in the UV-Vis spectrum
was adjusted to ca. 0.10 at the wavelength of excitation. TCSPC was performed

and the spectra were obtained upon excitation:

+ at 400 nm for the chlorins both in MeOH and EtOH of spectroscopy grade.
The detection wavelength for Znl and Zn2 was set to 610 nm whilst for
FB1 and FB2 was 637 nm.

+ at 425 nm for all dyads both in ethanol and toluene. The detection
wavelength was set to 610 nm.

+ at 450 nm for all A@(DIPY)s complexes in toluene and THF. The detection
wavelength was set to 580 nm.

Fluorescence lifetimes for all the compounds were calculated at picosecond

scale.
5.3.4 Nanosecond transient absorption spectroscopy

The respective compounds were dissolved in ethanol, methanol, toluene or DCM
and their absorbance in the UV-Vis spectrum was adjusted to ca. 0.50 at the
wavelength of excitation. Transient absorption (TA) spectroscopy on nanosecond
time scale was recorded upon excitation at the indicated wavelength and they

were probed from 400 to 800 nm.

+ at 604 nm for Zn1 and Zn?2.
+ at 635/637 nm for FB1 and FB2.

Triplet state transient absorption decays AA (t) were analysed and triplet state
lifetimes were calculated by monoexponential fitting. Stimulated emission spectra
which appeared at early delay times were not taken into consideration for the
triplet lifetime calculation. Nevertheless, the latter spectra supported the
calculation of the triplet state quantum yields by comparing the first TA spectrum,
which consists of singlet state features in early delay times (20 ns), with the TA
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at long time (40 ns) which refers to the T1 excited state (triplet-triplet absorption
features). The measurement was performed both at ambient conditions (gate
width 5 ns) and in oxygen- free conditions by purging with argon for 1 — 2 h (gate

width 10 ns) in MeOH and EtOH of spectroscopy grade.
+ at 604 or 550/560 nm for dyads.

The measurement was performed at ambient conditions (gate width 20 ns).
Triplet state transient absorption decays AA (t) were analysed and triplet state

lifetimes were calculated by monoexponential fitting.
% at 450 nm for A@(DIPY)s complexes.

The measurement was performed both at ambient conditions (gate width 20 ns)
and in oxygen-free conditions after five pump-freeze-thaw cycles (gate width 50
ns) in toluene, or EtOH of spectroscopy grade. Triplet state transient absorption
decays AA (t) were analysed and triplet state lifetimes were calculated by

monoexponential fitting (unless stated otherwise).

5.3.5 Singlet oxygen determination and quantum yields

The respective compounds were dissolved in methanol, ethanol, toluene or THF
and their absorbance in the UV-Vis spectrum was adjusted to ca. 0.10 — 0.20 at
the wavelength of excitation. Direct detection of the luminescence emission of
102 at 1275 nm was achieved upon excitation:

+ at 558/561 nm for Zn1 and Zn2.

+ at 500/640 nm for FB1 and FB2.

+ at 500 or 550 nm for dyads.

+ at 500 or 508 nm for A&(DIPY)s complexes.

Singlet oxygen quantum vyields (®a) were calculated by equation 5.1,5%] with
Rose Bengal (@a = 0.80 in MeOH, @a = 0.86 in EtOH) as standard for Zn1 and
Zn2,516.517 and temoporfin (®a = 0.43 in MeOH, &a = 0.65 in EtOH) for FB1 and
FB2.[45:388] For the dyads Rose Bengal in ethanol (#a = 0.86 in EtOH) or H2TPP
in toluene with @, = 0.68 (for the ratio) were used. For the A€(DIPY)s complexes
erythrocin B in ethanol with @, = 0.69,18 or 5,10,15,20-tetraphenylporphyrin

(H2TPP) in toluene with @, = 0.68 were used as reference compounds. 8! The
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wavelength range of the emission was recorded from 1150 nm to 1350 nm; 10 or
15 s integration time; 14 nm excitation slit; 40 nm emission slit. D was calculated
from the area under the curve between 1220 — 1340 nm. Note, that for singlet
oxygen quantum vyield calculations, the reference and unknown compound

should be diluted and measured in the same solvent.

5.3.6 Density functional theory (DFT) calculations

DFT calculations were performed in Gaussian 16;58 on the Dutch national e-
infrastructure with the support of SURF Cooperative (lisa.surfsara.nl).
Avogadro®®® and Gabetid®2% were used for the molecular editing and the MOs
visualisation. Density functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were performed to investigate the ground-state and the excited-state
properties of the respective dyads and five representative A{(DIPY)s complexes.

Details for the chlorins can be found in section 2.3.2.4.

Hybrid B3LYP functional was used for all the compounds,87:388 and 6-31G*
basis set for the dyads whereas a LANL2DZ basis set for A{(DIPY)s complexes
to optimise the ground state (So) geometry in the gas phase.'>? The same
methods were applied and TD-DFT calculations were performed to calculate the
excited singlet (S1) and triplet (T1) states and visualise the respective molecular
orbitals (MOs). The S1 (*Eoo) and T1 (*Eoo) energies, the difference between the
first singlet excited and triplet energy state (AEs-t) are shown in Table 5.7 — Table
5.8 along with the energy difference between [HOMO - LUMO], [(HOMO-1) —
LUMO], [[HOMO-1) — (LUMO+1)] and [HOMO — (LUMO+1)].

Table 5.7. Energy differences between HOMO/LUMO molecular orbitals of the dyads
and singlet and triplet excited states from TD-DFT calculations.

LUMO LUMO (LUMO+1)  (LUMO+1)

Dyad - - - - 'Evo  *Eoo  AEst
HOMO (HOMO-1) (HOMO-1)  HOMO

3.18 2.54 2.78 2.88 2.64 231 153 0.79

3.20 2.57 2.64 2.73 2.66 227 153 074

3.21 2.61 2.63 2.73 2.71 226 153 0.73
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Table 5.8. Energy differences between HOMO/LUMO molecular orbitals and singlet of

the AY(DIPY); complexes and triplet excited states from TD-DFT calculations.

T T
Cﬁfﬁzllzz‘); :;_ll\\ﬂ/lz LUE/IO (LUM_O 1) (LUM_O 1) A
(HOMO-1)  (HOMO-1) HOMO
Ae(DIPY):1  2.20 2.69 3.16 2.67 215 176 0.39
AL(DIPY):4 1.98 2.50 3.03 2.52 197 160 0.38
Ae(DIPY):8  2.02 2.62 3.15 2.54 1.98 172 0.26
AL(DIPY)39 1.97 2.64 3.16 2.50 191 168 0.23
Ae(DIPY)313  2.02 2.54 3.04 2.52 1.99 1.61 0.38

5.4 Protocols for In Vitro Cytotoxicity Studies

5.4.1 Cell culture and preparation of stock solutions

The CT26 cell line (mouse colon carcinoma) was obtained from American Type
Culture Collection Cells. Cells were kept in DMEM (Dulbeccos’ modified Eagle’s
medium, Sigma) with 10% heat inactivated fetal bovine serum (Gibco, Life
Technologies) and 1% penicillin streptomycin (Sigma) in a humidified incubator
with 5% CO:2 at 37 °C. Cells were detached using trypsin-EDTA solution (Sigma),
counted, and seeded at the necessary concentration in plates of the appropriate
size. A stock solution of the respective compounds (ca. 1 mM) was prepared with
DMSO Hybri-Max™ (Sigma) and stored at - 20 °C. Before each experiment, the
stock solutions were diluted with the cell culture medium at the desired
concentration and then added to the cells. Owing to the inherent toxicity of
DMSO, the final concentration of DMSO never exceeded 1 — 2% after the dilution
in DMEM.

5.4.2 Dark toxicity studies using resazurin assay

CT26 (7000 cells/well) were seeded in 96-well plates to achieve a monolayer
configuration. After 24 hours of incubation, a volume of 200 pL of the indicated
concentration of the respective compounds was added into the appropriate
triplicate wells with the final concentrations of: 0.625, 1.25, 2.5, 5, 10, 20 uM for
the chlorins; 1.25, 2.5, 5, 10, 20 and 40 uM for the dyads; 0.625, 1.25, 2.5, 5,
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10, 20 puM for the A8(DIPY)s complexes. CT26 cells were incubated with the
compounds for 24 h, followed by cell washing with medium. To assess cell
viability, resazurin blue (Sigma, diluted in PBS, phosphate buffer solution) was
used (150 pL in each well, 0.1 mg mL™1). After ca. 1.5 h, the fluorescence of
resorufin, the metabolic product that results from resazurin reduction, was
recorded with a microplate reader (Biotek Synergy HT) using 528/20 nm
excitation and 590/35 nm emission filters. The experiment was repeated three
times and the final cell viability was accessed after merging the mean values of
all the independent experiments. The statistical significance analysis was applied
by using Graphpad software. Significance was evaluated with one-way ANOVA
in comparison to the untreated cells with the Dunnett’s Multiple Comparison Test
and it is displayed with stars in the respective figures; for the p-value: p < 0.001

for ***,
5.4.3 Phototoxicity studies using resazurin assay

CT26 (6000 cells/well) were plated in 96-well plates to achieve a monolayer
configuration. After 24 hours of incubation, a volume of 200 pL of the indicated
concentration of the compounds was added into the appropriate triplicate wells.
CT26 cells were incubated with the complexes with the indicated final

concentrations for 24 h:

+ For chlorins final concentrations from 0.04 to 5 uM were used when a
L.D. of 0.5 J cm2 was delivered; whereas concentrations from 0.01 to 1.25
UM were used for L.D. of 1 J cm™.

+ For dyads final concentrations from 1.25 to 40 uM were used for all
phototoxicity experiments.

+ For A@(DIPY)s complexes final concentrations from 0.625 to 20 uM when
aL.D. of 2.6 J cm~? was delivered except for A@(DIPY)313 (which exhibited
dark toxicity at 20 uM), where the final concentrations were: from 0.31 to
10 puM. The addition experiments with A¢(DIPY)38 included concentrations
from 0.04 to 5 uM (2.6 J cm™?) and 0.08 to 10 puM (1 J cm?).

After a washing step with medium to remove any non-internalised compound,
200 pL of a medium without red phenol were added (RPMI, culture media:

Roswell Park Memorial Institute) and the cells were irradiated with a LED
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broadband lamp (400 — 700 nm). The correction factor from the overlap of the
absorption spectra between the LED and each group of compounds was
calculated and applied in order to achieve accurate light doses.[3%] The cells were
irradiated with a light dose of 0.5 J cm2 (10 mW cm broadband lamp, 4 min), 1
J cm? (10 mW cm broadband lamp, 8 min), 2 J cm (10 mW cm broadband
lamp, 17 min), or 2.6 J cm™ (10 mW cm broadband lamp, 48 min). After an
additional incubation of 24 h, resazurin assay was applied to determine the cell
viability (150 pL in each well, 0.1 mg mL™1). In the case of chlorins and A{DIPY)3
the experiment was repeated two to four times and the final cell viability was
accessed after merging the mean values of the individual experiments. In the
case of dyads the experiment was performed one time for each L.D. A statistical
significance analysis was applied by using Graphpad software. Significance was
evaluated with one-way ANOVA in comparison to the untreated cells with the
Dunnett's Multiple Comparison Test and itis displayed with stars in the respective

figures; for the p-value: p < 0.05 for *, p < 0.01 for **, p < 0.001 for ***,

5.4.4 Cellular uptake studies

CT26 (40000 cells/well) were seeded in 24-well plates and led to adapt for 24 h.
A volume of 500 pL of the compound solutions in DMEM was added in duplicates
at final concentration: 1.25 and 2.5 uM for the chlorins; 5 and 10 uM for the dyads.
After 24 h of incubation, cells were washed three times with DMEM prior addition
of trypsin (200 uL). Next, cells were washed with PBS and analysed by flow
cytometry using a Novocyte® TM 2000 (ACEA). Fluorescence measurement was
carried out upon excitation with 405 nm laser followed by detection with 615/24
nm emission filter. For the chlorins two independent experiments were conducted
and the data were normalised against the signal of the untreated cells (mean

values); whereas for dyads only one experiment was performed.
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5.5 Synthetic Procedures and Characterisation

5.5.1 Chapter 2: gem-Dimethylchlorins as potential PSs in PDT

5.5.1.1 General synthetic procedures

General procedure A — dipyrromethane synthesis

Following literature procedures,34%-351 a mixture of the appropriate aldehyde (1
eq.), pyrrole (10 — 25 eq.), and DCM (15 — 20 mL) (in case of 2.26a, 2.26b, 2.26d
and 2.26e), were added to a dry round-bottomed flask and the solution was
degassed with argon for 20 min. TFA (0.1 eq.) or MgBrz (2 eq.) for 2.26¢c was
added and the reaction mixture was protected from light and stirred for 1 — 1.5 h
at rt. The reaction was quenched by the addition of agueous NaOH (100 — 200
mL, 0.1 M), stirred for 30 min, followed by extraction with DCM (3 x 100 mL). The
combined organic phase was washed with brine (3 x 50 mL), H20 (3 x 50 mL)
and dried over Na2SO4. The resulting solvent and unreacted pyrrole were
removed under reduced pressure and the resultant crude mixture was adsorbed

onto silica and purified by column chromatography.
General procedure B — DPM formylation

The Vilsmeier reagent was prepared following a literature procedure.[353:364 DMF
(7 eq.) was added to a dry round-bottom flask and cooled to 0 °C, then POCIs
(0.9 eq.) was added dropwise and stirred for 30 minutes under argon. In a
separate dry round-bottom flask the appropriate DPM (1 eq.) was dissolved in
DMF (10 — 20 mL) under argon and cooled to 0 °C. The Vilsmeier reagent was
added dropwise to the reaction mixture and stirred at 0 °C for 1 — 2 h whilst
shielded from light. A solution of EtOAc (100 mL) and saturated aq. NaOAc (100
mL) was added and stirred at room temperature for 2 — 4 h. The mixture was
extracted with EtOAc (3 x 50 mL). The combined organic extracts were washed
with brine (3 x 50 mL), NaHCO3 (3 x 50 mL), H20 (3 x 50 mL), dried over Naz2SO4
and evaporated in vacuo. The product was adsorbed onto silica and purified by

column chromatography.
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General procedure C — 1-formyl-DPM bromination

Following literature procedures!®>>3% 1 eq. of NBS was dried in vacuo, dissolved
in dry THF (5 — 10 mL) and degassed with argon. In a dry Schlenk tube the
appropriate 1-formyl-DPM (1 eq.) was added and dissolved in dry THF (5 — 10
mL). The mixture was protected from light and cooled to -78 °C under argon. NBS
was added dropwise to this solution and stirred for 1 h. A mixture of hexane and
H20 (1:1) were added, the cooling bath was removed. After the reaction mixture
reached r.t., extractions with EtOAc (3 x 50 mL) were carried out. The combined
organic layers were collected, dried over Na2SOs, filtered, and evaporated in
vacuo. (Caution: The water bath temperature should not exceed 25 °C). The

product was adsorbed onto silica and purified by column chromatography.
General procedure D — zinc chlorin synthesis

Following literature procedures,[353:3681 2 3 4 5-tetrahydro-1,3,3-trimethyldipyrrin
(2.14) (1 eq.) and the appropriate 9-bromo-1-formyl-DPM 2.15d,e (1 eq.) were
dissolved in dry DCM (dried prior to use). The mixture was treated with a solution
of p-TsOH-H20 (5 eq.) in anhydrous MeOH and the resulting dark red solution
was stirred at rt for 30 min. Then 2,2,6,6-tetramethylpiperidine (7.4 eq.) was
added and the mixture was concentrated. The resulting solid was dissolved in
dry CHsCN and 2,2,6,6-tetramethylpiperidine (25 eq.), anhydrous Zn(OAc)2 (15
ed.) and AgOTf (3 eq.) were added. The mixture was refluxed in the presence of
air for 20 h and then the excess of solvent was removed under reduced pressure,
followed by purification via column chromatography (SiO2, DCM:hexane, 1:1,

VIV).
General procedure E — zinc chlorin demetallation

Following literature procedures,3%* the appropriate zinc chlorin was dissolved in
DCM and TFA was added. The mixture was stirred at 20 °C for 1 h and then it
was quenched with the addition of sat. NaHCOs solution. The layers were
separated, and the organic phase was washed with sat. NaHCOs3 solution (1 x
25 mL), water (1 x 25 mL), brine (1 x 25 mL) and dried (MgSOa4). The resulting
solution was passed through a pad of silica (DCM) and excess solvent was

removed under reduced pressure to yield the desired product.

226



5.5.1.2 Synthetic details and characterisation

Dipyrromethane synthesis

Dipyrromethane (2.26a), 5-phenyl-dipyrromethane (2.26b), 5-mesityl-
dipyrromethane (2.26¢c), 5-(4'-bromophenyl)dipyrromethane (2.26d), 5-(1'-
naphthyl)dipyrromethane (2.26e), 1-formyl-dipyrromethane (2.27a), 1-formyl-5-
phenyl-dipyrromethane (2.27b), 1-formyl-5-mesityl-dipyrromethane (2.27c), 9-
bromo-1-formyl-dipyrromethane (2.15a), 9-bromo-1-formyl-5-phenyl-
dipyrromethane (2.15b), 9-bromo-1-formyl-5-mesityl-dipyrromethane (2.15c),
were synthesised and characterised in accordance with the literature and the

general procedures A, B and C.

1-Formyl-5-(4-bromophenyl)dipyrromethane (2.27d)

General procedure B was followed by using DMF (11.5 mL, 151 mmol) and POCIs
(1.8 mL, 19.3 mmol) for the preparation of the Vilsmeier reagent and 5-(4'-
bromophenyl)dipyrromethane 2.26d (6.5 g, 21.5 mmol) was dissolved in DMF
(20 mL). The product was purified via column chromatography (SiOz,
hexane:EtOAc, 85:15, v/v) and collected as the second fraction. Removal of the
solvents under reduced pressure resulted in a light brown solid (2.75 g, 8.5 mmol,
39%); M.p.: dec. >150 °C; Ri= 0.57 (SiO2, hexane:EtOAc, 3:2, v/v); tH NMR (400
MHz, CDCl3): 6 =5.46 (s, 1H, meso-H), 5.92 — 5.94 (m, 1H, B-H), 6.05 — 6.06 (m,
1H, B-H), 6.16 (g, J = 2.8 Hz, 1H, B-H), 6.72 — 6.74 (m, 1H, B-H), 6.88 — 6.90 (m,
1H, B-H), 7.05 (d, J = 8 Hz, 2H, Ar-H), 7.44 (d, J = 8 Hz, 2H, Ar-H), 7.98 (br s,
1H, -NH), 9.17 (br s, 1H, -NH), 9.37 ppm (s, 1H, -CHO); 3C NMR (101 MHz,
CDCls): 6 =435, 108.1, 108.8, 110.8, 118.2, 121.4, 122.0, 129.7, 129.9, 131.9,
132.4, 139.4, 141.6, 178.7 ppm; DIP-MS m/z calcd. for Ci6H13BrN2O [M]*:
329.1970, found: 329.0401.
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1-Formyl-5-(1"-naphthyl)dipyrromethane (2.27e)

General procedure B was followed by using DMF (6 mL, 77.4 mmol) and POCIs
(0.9 mL, 7.2 mmol) for the preparation of the Vilsmeier reagent and 5-(1'-
naphthyl)dipyrromethane 2.26e (3 g, 11 mmol) was dissolved in DMF (14 mL).
The product was purified via column chromatography (SiOz, hexane:EtOAc,
85:15, v/v) and collected as the second fraction. Removal of the solvents under
reduced pressure resulted in a beige solid (1.40 g, 4.6 mmol, 42%); M.p.: dec.
>100 °C; Rf = 0.63 (SiO2, hexane:EtOAc, 3:2, v/v); *H NMR (400 MHz, CDCl3): 6
=5.99 (br, 1H, B-H), 6.10 - 6.11 (m, 1H, B-H), 6.18 (q, J = 2.7 Hz, 1H, B-H), 6.28
(s, 1H, meso-H), 6.69 — 6.70 (m, 1H, B-H), 6.90 — 6.92 (m, 1H, B-H), 7.11 (d, J =
7.1 Hz, 1H, Ar-H), 7.40 (t, J = 7.6 Hz, 1H, Ar-H), 7.43 — 7.50 (m, 2H, Ar-H), 7.81
(d, J=8.3 Hz, 1H, Ar-H), 7.85 - 7.89 (m, 2H, Ar-H, -NH), 7.95 (d, J = 9.2 Hz, 1H,
Ar-H), 9.00 (br s, 1H, -NH), 9.39 ppm (s, 1H, -CHO); 13C NMR (101 MHz, CDCls):
6 =40.4,108.2, 108.8, 110.9, 117.8, 121.9, 123.1, 125.5, 125.9, 126.2, 126.7,
128.5, 128.9, 129.9, 131.2, 132.2, 134.0, 136.1, 141.9, 178.5 ppm; DIP-MS m/z
calcd. for C20H16N20 [M]*: 300.1263, found: 300.1386.
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9-Bromo-5-(4'-bromophenyl)-1-formyl-dipyrromethane (2.15d)

General procedure B was followed by dissolving NBS (216 mg, 1.2 mmol, 1 eq.)
in anhydrous THF (5 mL) and 1-formyl-5-(4'-bromophenyl)dipyrromethane 2.27d
(400 mg, 1.2 mmol, 1 eq.) in THF (10 mL). The product was purified via column
chromatography (SiO2, hexane:EtOAc, 85:15, v/v) and collected as the first
fraction. The solvents were removed in vacuo to yield a light brown solid (350
mg, 0.85 mmol, 70%); M.p.: dec. >100 °C; Rt = 0.65 (SiO2, hexane:EtOAc, 3:2,
v/v); 'H NMR (400 MHz, THF-ds): & = 5.44 (s, 1H, meso-H), 5.63 — 5.64 (m, 1H,
B-H), 5.90 - 5.91 (m, 1H, B-H), 5.97 (dd, J = 3.4, 2.4 Hz, 1H, B-H), 6.84 (dd, J =
3.7, 2.4 Hz, 1H, B-H), 7.13 — 7.16 (m, 2H, Ar-H), 7.46 — 7.50 (m, 2H, Ar-H), 9.44
(s, 1H, -CHO), 10.55 (br s, 1H, -NH), 11.26 ppm (br s, 1H, -NH); 13C NMR (101
MHz, THF-ds): 6 = 43.5, 97.2, 109.1, 109.3, 109.9, 120.4, 130.3, 131.2, 133.0,
133.5, 140.7, 141.2, 177.6 ppm; DIP-MS m/z calcd. for CieHi12Br2N20 [M]*:
408.0930, found: 408.9592.
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9-Bromo-5-(1'-naphthyl)-1-formyl dipyrromethane (2.15e)

General procedure C was followed by dissolving NBS (622 mg, 3.5 mmol, 1 eq.)
in THF (12 mL) and 1-formyl-5-(1'-naphthyl)dipyrromethane 2.27e (1.050 g, 3.5
mmol, 1 eq) in THF (12 mL). The product was purified via column
chromatography (SiO2, hexane:EtOAc, 9:1 — 4:1, v/v) and collected as the first
fraction. Removal of the solvents under reduced pressure resulted in a light
brown solid (730 mg, 1.92 mmol, 55%); M.p.: dec. >100 °C; Rs = 0.68 (SiOz,
hexane : EtOAc, 3:2, v/v); TH NMR (400 MHz, THF-ds): & = 5.55 (t, J = 3.0 Hz,
1H, B-H), 5.79 - 5.8 (m, 1H, 8-H), 5.93 (t, J = 2.9 Hz, 1H, B-H), 6.20 (s, 1H, meso-
H), 6.77 — 6.79 (m, 1H, B-H), 7.09 (d, J = 7.1 Hz, 1H, Ar-H), 7.40 (t, J = 7.7 Hz,
1H, Ar-H), 7.42 — 7.44 (m, 2H, Ar-H), 7.78 (d, J = 8.2 Hz, 1H, Ar-H), 7.85 — 7.87
(m, 1H, Ar-H), 8.01 — 8.03 (m, 1H, Ar-H), 9.41 (s, 1H, -CHO), 10.56 (br s, 1H, -
NH), 11.28 ppm (br s, 1H, -NH); 3C NMR (101 MHz, THF-ds): 6 = 41.1, 97.7,
110.2, 110.4, 111.5, 124.1, 126.0, 126.1, 126.7, 128.3, 129.3, 132.5, 134.1,
134.3, 134.8, 138.1, 142.4, 178.4 ppm; DIP-MS m/z calcd. for C20H15BrN20 [M]*:
379.2570, found: 379.0666.
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[10-(4'-Bromophenyl)-17,18-dihydro-18,18-dimethylporphyrinato]zinc(ll)
(Zn1)

W

General procedure D was followed by using 2.14 (90 mg, 0.473 mmol), 2.15d
(206 mg, 0.505 mmol), anhydrous DCM (10.8 mL), p-TsOH-H20 (472 mg, 2.48
mmol, 5 eq.), anhydrous MeOH (6.25 mL), 2,2,6,6-tetramethylpiperidine (0.63
mL, 3.71 mmol, 7.5 eq.), anhydrous MeCN (50 mL), further 2,2,6,6-
tetramethylpiperidne (2.10 mL, 12.40 mmol, 25 eq.), anhydrous Zn(OAc)2 (1.370
g, 7.50 mmol, 25 eq.), and AgOTf (0.387 g, 1.508 mmol, 3 eq.). The product was
purified via column chromatography (SiO2, DCM:hexane, 1:1, v/v) and collected
as the second fraction. The solvents were removed in vacuo to yield a blue solid
(97 mg, 173.6 yumol, 37%). M.p.: >220 °C; Rs = 0.78 (SiO2, DCM:hexane, 1:1,
v/v); IH NMR (400 MHz, CDClz): 6 = 2.04 (s, 6 H, C(CHs)2), 4.54 (s, 2H, -CH2-),
7.83 (d, J =8.4 Hz, 2H, Ar-H), 7.95 (d, J = 8.4 Hz, 2H, Ar-H), 8.50 (d, J = 4.4 Hz,
1H, B-H), 8.64 (s, 1H, meso-H), 8.66 (s, 2H, B-H), 8.73 (s, 1H, meso-H), 8.80 (d,
J=4.4Hz, 1H, B-H), 8.89 (d, J = 4.4 Hz, 1H, B-H), 9.12 (d, J = 4.4 Hz, 1H, B-H),
9.65 ppm (s, 1H, meso-H); ¥C NMR (101 MHz, CDClz): 6 = 31.6, 45.4, 50.3,
94.4,97.1, 109.5, 121.9, 127.0, 127.5, 128.3, 128.8, 129.8, 132.8, 133.1, 135.0,
141.4, 145.6, 146.1, 146.6, 146.8, 153.2, 154.2, 159.5, 171.2 ppm; UV-Vis
(EtOH): Aabs (log €) = 405 (5.40), 506 (3.40), 559 (3.59), 604 (4.61) nm; HRMS
(MALDI) m/z calcd. for C2sH21BrNazZn [M]*: 556.0241, found: 556.0256.
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[17,18-Dihydro-18,18-dimethyl-10-(naphthalen-1"-yl)porphyrinato]zinc(ll)
(Zn2)

General procedure D was followed by using 2.14 (33.6 mg, 176.6 umol), 2.15e
(57.8 mg, 152.4 pmol), anhydrous DCM (4 mL), p-TsOH-H20 (111 mg, 0.583
mmol), anhydrous MeOH (1 mL), 2,2,6,6-tetramethylpiperidine (0.16 mL, 0.948
mmol), anhydrous MeCN (20 mL), further 2,2,6,6-tetramethylpiperidine (0.55 mL,
3.26 mmol), anhydrous Zn(OAc)2 (358 mg, 1.95 mmol) and AgOTf (100 mg,
0.390 mmol). The product was purified via column chromatography (SiO2,
DCM:hexane, 1:1, v/v) and collected as the second fraction. The solvents were
removed in vacuo to yield a dark green-blue solid (29.0 mg, 54.7 umol, 36%).
M.p.: >250 °C; R = 0.46 (SiO2, DCM:hexane, 1:1, v/v); 'H NMR (400 MHz,
CDCls): 6 = 2.08 (s, 3H, -CHs3), 2.09 (s, 3H, -CHs), 4.58 (s, 2H, -CH2-), 7.06 —
7.10 (m, 1H, Ar-H), 7.19 — 7.21 (m, 1H, Ar-H), 7.46 — 7.50 (m, 1H, Ar-H), 7.82 —
7.86 (m, 1H, Ar-H), 8.10 (d, J = 8 Hz, 1H, Ar-H), 8.18 — 8.19 (m, 1H, 8-H), 8.20 —
8.28 (m, 2H, Ar-H), 8.48 (d, J = 4.4 Hz, 1H, B-H), 8.59 (d, 1H, J = 4.4 Hz, B-H),
8.69 (s, 1H, meso-H), 8.74 (s, 1H, meso-H), 8.81 (d, J = 4.4 Hz, 1H, -H), 8.84
(d, J=4.4 Hz, 1H, B-H), 9.15 (d, J = 4 Hz, 1H, B-H), 9.67 ppm (s, 1H, meso-H);
13C NMR (101 MHz, CDCls): 6 = 31.0, 45.3, 50.3, 94.4, 97.0, 109.5, 124.2, 125.5,
125.8, 127.0, 127.3, 127.8, 128.2, 128.4, 129.0, 131.5, 132.9, 132.9, 133.1,
136.3, 139.7, 146.0, 146.4, 147.9, 146.6, 153.2, 154.0, 159.4, 171.0 ppm; UV-
Vis (EtOH): Aabs (log €) = 405 (5.54), 506 (3.73), 561 (3.83), 605 nm (4.76); HRMS
(MALDI) m/z calcd. for Cs2H24N4Zn [M]*: 528.1292, found: 528.1301.
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10-(4'-Bromophenyl)-17,18-dihydro-18,18-dimethylporphyrin (FB1)

W

General procedure E was followed by using Zn1 (54.0 mg, 96.6 umol), DCM (10
mL) and TFA (0.50 mL, 6.54 mmol) to yield a dark green solid (22.0 mg, 44.4
umol, 46%). M.p.: dec. > 250 °C, Ry =0.71 (SiO2, DCM:hexane, 1:1, v/v); 'H NMR
(600 MHz, CDCls): & = -2.32 (s, 1H, N21-H), -1.94 (br, 1H, N%3-H), 2.08 (s, 6H,
C(CHa3)2), 4.62 (s, 2H, -CH2-), 7.90 (d, J = 7.8 Hz, 2H, Ar-H), 8.05 (d, J = 8.4 Hz,
2H, Ar-H), 8.66 (d, J = 4.2 Hz, 1H, 8-H), 8.80 (d, J = 4.2 Hz, 1H, 8-H), 8.84 (d, J
= 4.8 Hz, 1H, B-H), 8.96 (s, 1H, meso-H), 8.98 (d, J = 4.2 Hz, 1H, B-H), 9.01 (d,
J =4.2 Hz, 1H, B-H), 9.03 (s, 1H, meso-H), 9.24 (d, J = 4.2 Hz, 1H, B-H), 9.88
ppm (s, 1H, meso-H); 13C NMR (151 MHz, CDClz): & = 31.3, 46.6, 52.1, 94.5,
97.1,107.4,119.9, 122.4,123.9, 128.0, 128.5, 130.1, 131.9, 132.7, 134.4, 135.0,
135.6, 139.6, 140.9, 141.1, 151.1, 152.2, 163.1, 175.6 ppm; **N/*H-HSQC
(CDCls): 134.06 (N21), 134.12 (N23) ppm. UV-Vis (DCM): Xabs (log €) = 395 (5.00),
407 (5.08), 491 (3.90), 503 (4.00), 586 (3.56), 638 (4.43) nm; APCI m/z calcd. for
[M+H]*: 495.1179, found: 495.1181.
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17,18-Dihydro-18,18-dimethyl-10-(naphthalen-1"-yl)porphyrin (FB2)

General procedure E was followed by using Zn2 (36.0 mg, 67.9 umol), DCM (7
mL) and TFA (0.20 mL, 2.62 mmol) to yield a dark green solid (13.0 mg, 27.9
umol, 41%). M.p.: >300 °C, Rt =0.66 (SiO2, DCM:hexane, 1:1, v/v); *H NMR (600
MHz, CDCl3): 6 = -2.19 (s, 1H, N?1-H), -1.81 (s, 1H, N23-H), 2.09 (s, 3H, -CH3),
2.10 (s, 3H, -CH3), 4.66 (s, 2H, -CHz-), 7.08 — 7.10 (m, 1H, Ar-H), 7.24 (d, J = 8.4
Hz, 1H, Ar-H), 7.48 — 7.51 (m, 1H, Ar-H), 7.84 — 7.87 (m, 1H, Ar-H), 8.14 (d, J =
9 Hz, 1H, Ar-H), 8.24 (d, J = 6.6 Hz, 1H, Ar-H), 8.27 (d, J = 8.4 Hz, 1H, Ar-H),
8.38 (d, J = 4.2 Hz, 1H, B-H), 8.58 (d, J = 4.8 Hz, 1H, B-H), 8.75 (d, J = 4.8 Hz,
1H, B-H), 8.89 (d, J = 4.2 Hz, 1H, B-H), 8.96 (s, 1H, meso-H), 8.98 (d, J = 4.2 Hz,
1H, B-H), 9.03 (s, 1H, meso-H), 9.25 (d, J = 4.2 Hz, 1H, B-H), 9.87 (s, 1H, meso-
H) ppm. 3C NMR (151 MHz, CDCls): 6 =31.3, 31.3, 46.6, 52.2, 94.6, 97.0, 107.4,
107.4, 118.9, 123.3, 123.8, 124.4, 125.8, 126.1, 128.0, 128.3, 128.4, 128.5,
128.6, 132.1, 132.2, 132.7, 133.1, 134.4, 136.0, 136.6, 139.1, 139.7, 140.9,
151.1, 153.5, 163.2, 175.3 ppm. 5N/*H-HSQC (CDCls): 134.5 (N21), 133.5 (N%)
ppm; UV-Vis (DCM): Aabs (log €) = 394 (5.15), 407 (5.24), 494 (4.11), 501 (4.17),
587 (3.70), 639 nm (4.64); APCI m/z calcd. for [M+H]*: 467.2230, found:
467.2235.
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5.5.2 Chapter 3: Synthesis and photophysical studies of 1,4-
Phenylene-linked Porphyrin-Chlorin Arrays

5.5.2.1 Synthetic procedures and characterisation

General procedure A

Suzuki coupling for the synthesis of 1,4-phenylene linked dyads and triad.
Following literature procedures,*?7428 an oven dried Schlenk tube was charged
with chlorin 3.6 (1 eq.), appropriate porphyrin (1 eq.), Cs2COs (10 eq.) and
Pd(PPh3)s (0.2 eq.) and dried under high vacuum for 1 h. Then dry solvents
toluene:DMF (2:1) were added and the mixture was subjected to three freeze-
pump-thaw cycles before releasing to argon. The reaction mixture was covered
with foil and stirred at 85 °C. The reaction was followed by TLC. Once the reaction
was completed, DCM was added and the mixture was washed with NaHCOz3 (3
x 50 mL), brine (3 x 50 mL), H20 (3 x 50 mL) and dried over Na2SOa4. The organic
extracts were evaporated under reduced pressure and the resulting product was
purified by silica gel column chromatography or preparative TLC.

Chlorin 3.6 and bromo- and borylated- porphyrins 3.9-3.15 were prepared

following literature procedures.[372:435,521,522]
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[5,15-Bis(1"-ethylpropyl)-10-phenyl-20-(4',4',5",5'-tetramethyl-1*,3",2’-
dioxaborolan-2*-yl)porphyrinato]zinc(ll) (3.16)

0
\
: )
@)

The borylated porphyrin was synthesised following literature procedure.21
Porphyrin [5-bromo-10,20-bis(1'-ethylpropyl)-15-phenylporphyrinato]zinc(ll) 3.12
(40 mg, 0.06 mmol, 1 eq.) and PdCI2(PPhs)2 (4.20 mg, 6 ymol, 0.1 eq.) were
placed in an oven-dried Schlenk tube and dried under high vacuum. Dry 1,2-
dichloroethane (5 mL) was added and the solution was subjected to three freeze-
pump-thaw cycles before releasing to argon. TEA (0.08 mL, 0.6 mmol, 10 eq.)
and pinacol boran (4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 0.09 mL, 0.6 mmaol,
10 eq.) were added via syringe under argon atmosphere. The reaction mixture
was allowed to stir for 30 min at 80 °C. DCM was added and the organic phase
was washed with brine (x2) and water (x2), dried over Na2SO4, and the resulting
solvent was removed in vacuo. The product was purified via column
chromatography (SiOz, hexane:CH2Cl2, 3:2, v/v) and the desired compound was
collected as the fourth fraction. Removal of the solvents in vacuo afforded the
titte compound as a pink solid (30 mg, 0.04 mmol, 70%); M.p.: > 300 °C; Rf =
0.32 (SiO2, DCM:hexane, 3:2, v/v); H NMR (400 MHz, CDCl3): 6=0.6 (t, J=7.4
Hz, 12H, -CH3), 1.93 (s, 12H, C(CHs)2), 2.85 (s, 4H, -CH2-), 3.02 (s, 4H, -CH2-),
5.18 (s, 2H, -CH-), 7.75 - 7.84 (m, 3H, Ar-H), 8.24 (d, J = 6.7 Hz, 2H, Ar-H), 8.98
(d, J=8.1 Hz, 2H, B-H), 9.73 (d, J = 12.8 Hz, 2H, B-H), 9.87 — 9.95 ppm (m, 4H,
B-H); 13C NMR (151 MHz, CDCl3): 6 = 14.1, 14.2, 25.4, 34.8, 50.5, 85.2, 123.6,
126.3, 127.4, 128.4, 128.5, 128.8, 130.9, 131.7, 132.0, 132.2, 132.3, 132.6,
134.2, 143.3, 149.1, 149.6, 151.9 ppm; UV-Vis (DCM): Amax (log €) = 419 (5.66),
550 (4.26), 593 nm (3.64); APCI m/z calcd. for C42H47BN4O2Zn [M]*: 714.3084;
found 714.3107.
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Porphyrin—chlorin dyad (3.18) and chlorin-porphyrin-chlorin triad (3.19).

General procedure A was adapted as follows: In a dry Schenk tube porphyrin [5,
15-diphenyl-10,20-bis(4',4',5",5'-tetramethyl-1',3',2'-dioxaborolan-2"-yl)-

porphinato zinc(ll)] 3.14 (100 mg, 129 pmol, 1.5 eq.), chlorin 3.6 (96 mg, 171
pmol, 2 eq.) and Cs2CO3 (280 mg, 857 ymol) were added and dried under high
vacuum. Then dry toluene (8 mL) and DMF (4 mL) were added and the mixture
was degassed with argon for 30 min followed by the addition of Pd(PPhz)4 (20
mg, 17 ymol, 0.2 eq.) while degassing the solution. The reaction mixture was
protected from light and stirred at 85 °C for 3 h. Once the reaction was completed,
DCM was added and the mixture was washed with NaHCO3 (3 x 50 mL), brine
(3 x 50 mL), H20 (3 x 50 mL) and dried over Na2SOa4. The organic extracts were
evaporated under reduced pressure and the resulting products 3.18 and 3.19
were purified by two consecutive preparative TLC (SiO2, DCM) and recrystallised

from DCM/hexane.

(5"-{4-[(17,18-Dihydro-18,18-dimethylporphyrinato)zinc(ll)-10-yl]phenyl}-
10’, 20'-diphenylporphyrinato)zinc(ll) (3.18)

The desired compound was isolated as a dark purple solid (17 mg, 17 pmol,
13%). M.p.: >250 °C; Ri= 0.64 (SiO2, DCM, v/v); *H NMR (600 MHz, CDClz): 6 =
2.11 (s, 6 H, C(CHs3)z2), 4.63 (s, 2H, -CH2-), 7.86 — 7.87 (m, 6 H, Ar-H), 8.35 - 8.36
(m, 4H, Ar-H), 8.50 (d, J = 7.4 Hz, 2H, Ar-Hinker), 8.60 (d, J = 7.5 Hz, 2H, Ar-
Hiinker), 8.71 (s, 1H, meso-H), 8.85 (s, 1H, meso-H), 8.86 (m, 2H, §-H), 9.02 (d, J
= 4.0 Hz, 1H, B-H), 9.08 (d, J = 4.0 Hz, 1H, B-H), 9.19 (m, 4H, B-H), 9.22 (m, 2H,
B-H), 9.45 — 9.47 (m, 4H, B-H), 9.76 (s, 1H, meso-H), 10.33 ppm (s, 1H, meso-
Hporphyrin); 3C NMR (151 MHz, CDCls): 6 = 31.0, 45.45, 50.4, 94.4, 97.2, 106.0,
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106.1, 109.6, 120.8, 120.8, 121.5, 123.5, 126.6, 127.0, 127.5, 127.6, 128.4,
129.3, 131.8, 131.8, 132.1, 132.1, 132.2, 132.2, 132.7, 132.8, 133.1, 133.3,
134.6, 141.7, 142.0, 142.7, 146.1, 146.1, 146.7, 147.5, 150.0, 150.1, 150.3,
150.3, 150.3, 153.3, 154.2, 159.4, 171.2 ppm; UV-Vis (DCM): Amax (log €) = 403
(4.89), 418 (5.40), 544 (3.87), 607 nm (4.06); HRMS (MALDI) m/z calcd. for
CsoH4oNsZn2 [M]*: 1000.1959, found: 1000.1971.

(5°,15'-di{4-[(17,18-Dihydro-18,18-dimethylporphyrinato)zinc(Il)-10-
yllphenyl}-10°, 20°-diphenylporphyrinato)zinc(ll) (3.19)

The desired compound was isolated as a dark green-purple solid (30 mg, 20
pumol, 16%). M.p.: >250 °C; R = 0.8 (SiO2, DCM:EtOAc, 10:0.1, v/v); *H NMR
(600 MHz, CDCls): 6 = 2.12 (s, 12H, C(CHs3)z2), 4.64 (s, 4H, -CH2-), 7.90 (s, 6H,
Ar-H), 8.42 (m, 4H, Ar-H), 8.54 — 8.56 (m, 4H, Ar-Hiinker), 8.64 — 8.65 (m, 4H, Ar-
Hiinker), 8.72 (S, 2H, meso-H), 8.87 — 8.89 (m, 6H, 2 x meso-H, 4 x 3-H), 9.05 (br
s, 2H, B-H), 9.12 (br s, 3H, B-H), 9.20 (br s, 3H, B-H), 9.24 (m, 5H, 8-H), 9.48 (m,
3H, B-H), 9.78 ppm (s, 2H, meso-H); 13C NMR (151 MHz, CDClz): = 31.0, 45.4,
50.4, 94.4, 97.2, 109.6, 121.2, 121.5, 123.6, 126.7, 127.1, 127.5, 127.6, 128.4,
129.3, 131.9, 132.3, 132.3, 132.3, 132.4, 132.8, 133.1, 133.4, 134.6, 141.7,
142.0, 142.9, 146.1, 146.2, 146.7, 147.5, 150.5, 150.5, 153.3, 154.2, 159.4,
171.2 ppm; UV/Vis (DCM): Amax (log €) = 401 (5.35), 4.27 (5.64), 504 (4.26), 552
(4.49), 607 nm (4.76); HRMS (MALDI) m/z calcd. for CssHeoN12Zn3 [M]*:
1476.2938, found: 1476.2936.
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(5'-{4-[(17,18-Dihydro-18,18-dimethylporphyrinato)zinc(ll)-10-yl]phenyl}-
10°,15°,20"-triphenylporphyrinato)zinc(ll) (3.20)

Compound 3.20 was synthesised according to general procedure A using
porphyrin [5,10,15-triphenyl-20-(4',4',5',5'-tetramethyl-1',3',2"-dioxaborolan-2"-yl)
porphyrinato]zinc(ll) 3.15 (33 mg, 45 umol, 1 eq.), chlorin 3.6 (25 mg, 45 pmol, 1
eq.), Pd(PPh3)s (10 mg, 9 umol, 0.2 eq.), Cs2COs3 (146 mg, 447 umol, 10 eq.),
dry toluene (3 mL) and DMF (1.5 mL). The product was purified via column
chromatography (SiO2, DCM:hexane 3:7 — 7:3, v/v) and the desired compound
was collected as the third fraction. The solvents were removed in vacuo to yield
a dark purple/green powder (26 mg, 24 umol, 54%). M.p.: >300 °C; Rf = 0.38
(SiO2, DCM:hexane, 4:1, v/v); *H NMR (400 MHz, CDCls): 6 = 2.11 (s, 6H,
C(CH3)2), 4.62 (s, 2H, -CH2-), 7.82 — 7.85 (m, 9H, Ar-H), 8.29 — 8.31 (m, 2H, Ar-
H), 8.32 — 8.35 (m, 4H, Ar-H), 8.52 (d, J = 7.7 Hz, 2H, Ar-Hiinker), 8.61 (d, J = 7.7
Hz, 2H, Ar-Hiinker), 8.71 (s, 1H, meso-H), 8.83 — 8.88 (m, 3H, 1 x meso-H, 2 x 3-
H), 9.02 — 9.09 (m, 6H, B-H), 9.16 — 9.22 (m, 4H, B-H), 9.45 (d, J = 4.6 Hz, 2H,
B-H), 9.74 ppm (s, 1H, meso-H); 3C NMR (151 MHz, CDClz): & = 31.0, 45.4,
50.3, 94.3, 97.8, 109.6, 121.1, 121.2, 121.3, 123.5, 126.6, 126.6, 127.0, 127.5,
127.5, 128.4, 129.3, 131.9, 132.1, 132.2, 132.2, 132.2, 132.3, 132.8, 133.1,
133.3, 134.4, 134.5, 141.7, 141.9, 142.8, 146.1, 146.1, 146.7, 147.5, 150.3,
150.4, 153.3, 154.2, 159.4, 171.2 ppm; UV-Vis (DCM): Amax (log €) = 402 (5.04),
423 (5.67), 551 (4.31), 608 nm (4.29); HRMS (MALDI) m/z calcd. for CesHaaNsZn2
[M]*: 1076.2272, 1076.2290 found.
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(5'-{4-[(17,18-Dihydro-18,18-dimethylporphyrinato)zinc(ll)-10-yl]phenyl}-
10, 20"-bis(1'-ethylpropyl)-15'-phenylporphyrinato)zinc(ll) (3.21)

Compound 3.21 was synthesised according to general procedure A using
porphyrin [5,15-bis(1'-ethylpropyl)-10-(4',4',5',5'-tetramethyl-1',3",2"-
dioxaborolan-2'-yl)-20-phenyl-porphyrinato]zinc(ll) 3.16 (32 mg, 45 ymol, 1 eq.),
chlorin 3.6 (25 mg, 45 ymol, 1 eq.), Pd(PPhz)4 (10 mg, 9 ymol, 0.2 eq.), Cs2CO3
(146 mg, 447 pmol, 10 eq.), dry toluene (3 mL) and DMF (1.5 mL). The product
was purified by preparative TLC (SiO2, THF:hexane, 1:4, v/v) to yield a deep
purple/blue solid (23 mg, 22 umol, 48%). M.p.: >300 °C; Rf = 0.4 (SiOg,
DCM:hexane, 4:1, v/v); *H NMR (400 MHz, CDCl3): 6 =1.02 (t, J = 7.3 Hz, 12H,
-CH3), 2.10 (s, 6H, C(CHs)2), 2.98 (d, J = 81.8 Hz, 8H, -CH2-porphyrin), 4.61 (s, 2H,
-CHa-chiorin), 5.23 (br s, 2H, -CH-), 7.77 — 7.83 (m, 3H, Ar-H), 8.27 (d, J = 7.6 Hz,
2H, Ar-H), 8.52 (d, J = 7.8 Hz, 2H, Ar-Hiinker), 8.59 (d, J = 7.8 Hz, 2H, Ar-Hiinker),
8.68 (s, 1H, meso-H), 8.82 (s, 1H, meso-H), 8.84 (d, J = 4.3 Hz, 1H, 3-H), 8.88
(d, J = 4.4 Hz, 1H, B-H), 9.00 (br s, 2H, B-H), 9.06 (d, J = 4.1 Hz, 1H, B-H), 9.10
(d, J=4.2 Hz, 1H, B-H), 9.16 (d, J = 4.3 Hz, 1H, B-H), 9.23 (d, J = 4.3 Hz, 1H, B-
H), 9.43 (br s, 2H, B-H), 9.74 (s, 2H, 1 x meso-H, 1 x 3-H), 9.80 (br s, 1H, B-H),
9.93 ppm (d, J = 22.9 Hz, 2H, 8-H); 3C NMR (101 MHz, CDCls): & = 14.4, 29.7,
31.0,34.9,50.4,50.6,94.1, 96.9, 109.4, 123.5, 124.0, 126.4, 127.0, 127.4, 128.3,
129.2, 131.8, 132.6, 133.0, 133.3, 134.3, 141.7, 142.5, 143.5, 146.1, 146.6,
147.5, 153.2, 154.1, 159.2, 171.1 ppm; UV-Vis (DCM): Amax (log €) = 402 (5.00),
426 (5.44), 554 (4.15), 607 nm (4.31); APCI m/z calcd. for CeaHssNsZn2 [M+H]*:
1065.3211; found 1065.327463.
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5.5.3 Chapter 4: Tris(dipyrrinato)aluminium(lll) complexes as
potential PSs in PDT

5.5.3.1 General synthetic procedures

General procedure A — dipyrromethane synthesis

The corresponding DPM synthesis has been described in section 5.5.1.1. DPMs
were synthesised following literature procedures by using the appropriate
aldehyde (1 eq.), pyrrole (10 — 25 eq.), TFA (0.1 eq.) or MgBr2 (2 eq.), and DCM
(15 — 20 mL)_[349—351] 12

General procedure B —dipyrrin synthesis

Dipyrrins were synthesised in accordance with literature procedures.[150.471.472]
The corresponding 5-substituted DPM (1 eq.) was dried under vacuum and
dissolved in DCM (HPLC grade). Then, DDQ (1.1 eq.) was added to the solution
and the reaction mixture was stirred for 1 h at r.t. The mixture was washed with
ag. solution of NaOH (x2), NaHCOs3 (x2), water (x2), and brine (x2), dried over
Na2S04 and filtered. The resulting DCM was evaporated to give a dark crude
mixture or an oily product in some cases. The product was adsorbed onto silica

and purified by column chromatography.
General procedure C —tris(dipyrrinato)Af(lll) complex synthesis

Synthesis of the tris(dipyrrinato)aluminium(lll) complexes followed adapted
literature procedures by using aluminium salt for the complexation.[228472 |n a dry
Schlenk tube the corresponding 5-substituted dipyrrin (3 eq.) and AlCIz (1.2 - 1.4
eq.) were added and dried under vacuum for 1 h. Then, chloroform was added
under argon atmosphere and the resulting slur/solution was degassed with argon
for 30 min. DIPEA (3 eq.) was added dropwise and the reaction mixture was
stirred overnight at 70 °C under reflux. Colour changed from dark yellow/brown
to dark red. Then the reaction mixture was allowed to reach r.t. and DCM was

added. Organic phase was washed with brine (x2), NaHCOz3 (x2) and water (x2),

2 Compound 4.48d was provided by Dr. Nitika Grover, compound 4.48e by Jessica O. Brien, compounds
4.48g and 4.48h by Dr. Asterios Charisiadis, compound 4.58k by Harry C. Sample; Senge group members,
TCD.
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dried over Na2SOy, filtered, and the resulting solution was evaporated in vacuo
to give a dark brown/red crude mixture. The product was purified via column

chromatography.

5.5.3.2 Starting materials

5-Phenyl-dipyrromethane (4.48a), 5-mesityldipyrromethane (4.48b), 5-(4'-
bromophenyl)dipyrromethane (4.48c), 5-(pentafluorophenyl)dipyrromethane
(4.48d), 5-(4'-trimethylsilylethynylphenyl)dipyrromethane  (4.48e), 5-(4'-
methoxycarbonylphenyl)dipyrromethane (4.48f), 5-(2'4',6'"-
trimethoxyphenyl)dipyrromethane (4.489), 5-(2',4',5"-
trimethoxyphenyl)dipyrromethane (4.48h), 5-(1"-naphthyl)dipyrromethane
(4.48i), 5-(anthracene-9'-yl)dipyrromethane (4.48)), 5-(4'-
methoxyphenyl)dipyrromethane  (4.48k), 5-phenyldipyrrin  (DIPY1), 5-
mesityldipyrrin (DIPY?2), 5-(4'-bromophenyl)dipyrrin (DIPY3), 5-
(pentafluorophenyl)dipyrrin (DIPY4), 5-(4'-methoxyphenyldipyrrin (DIPY6), 5-
(anthracene-9-yl)dipyrrin ~ (DIPY10),  5-(4-methoxycarbonylphenyl)dipyrrin
(DIPY11), were synthesised and characterised in accordance with literature
procedures and general procedures A and B. BODIPY compounds 4.49 and 4.52

were synthesised following literature procedures.[522:523]
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5.5.3.3 Synthetic details and characterisation
5-(4'-Trimethylsilylethynylphenyl)dipyrrin (DIPY5)

|

XN
\_NH N\\

General procedure B was followed by using 5-(4'-
trimethylsilylethynylphenyl)dipyrromethane (500 mg, 0.57 mmol) 4.48e, DCM
(150 mL), and DDQ (392 mg, 1.73 mmol) to give a dark brown oily mixture. The
product was purified via column chromatography (SiO2, EtOAc:hexane, 1.5:8.5,
v/v) and collected as the second fraction. Removal of the solvents under reduced
pressure resulted in a green/brown solid (420 mg, 1.33 mmol, 85%); M.p.: dec.
>100 °C; Rf = 0.46 (SiO2, DCM, v/v); *H NMR (400 MHz, CDCl3): 6 = 7.66 (s, 2H,
a-H), 7.55 (d, J = 8.2 Hz, 2H, Ar-H), 7.44 (d, J = 8.1 Hz, 2H, Ar-H), 6.57 (d, J =
4.1 Hz, 2H, B-H), 6.41 (dd, J = 4.2, 1.2 Hz, 2H, 8-H), 0.28 ppm (s, 9H, -CHa); 13C
NMR (101 MHz, CDCls): 6 = 143.9, 140.5, 137.5, 131.3, 130.8, 128.9, 124.0,
117.9, 104.5, 96.9, 0.08 ppm; UV-Vis (DCM): Aabs (log €) = 330 (4.06), 436 nm
(4.35); APCI m/z calcd. for C20H20N2Si [M+H]*: 317.1396; found 317.1467.
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5-(2",4',6"-Trimethoxyphenyl)dipyrrin (DIPY7)

OCH,

H4CO OCH;

\\\
\NHN\

General procedure B was followed by using 5-(2',4',6'-
trimethoxyphenyl)dipyrromethane (450 mg, 1.44 mmol) 4.48g, DCM (150 mL),
and DDQ (350 mg, 1.58 mmol) to give a dark brown oily mixture. The product
was purified via column chromatography (SiO2, DCM — 1% EA in DCM, v/v) and
collected as the third fraction. Removal of the solvents under reduced pressure
resulted in a dark orange solid (140 mg, 0.45 mmol, 31%); M.p.: dec. >110 °C;
Rt = 0.42 (SiO2, hexane:EtOAc, 3:2, v/v); *H NMR (600 MHz, CDCl3): 6 = 7.57
(d, J=0.9 Hz, 2H, a-H), 6.52 (d, J = 4.1 Hz, 2H, B-H), 6.32 (dd, J = 4.1, 1.3 Hz,
2H, B-H), 6.22 (s, 2H, Ar-H), 3.89 (s, 3H, p-OCHs), 3.66 ppm (s, 6H, 0-OCHz3);
13C NMR (151 MHz, CDCls): 6 = 161.8, 159.5, 143.1, 141.8, 135.7, 127.6, 117.3,
107.9, 90.8, 56.2, 55.5 ppm; UV-Vis (DCM): abs (log €) = 434 nm (4.37); APCI
m/z calcd. for C1s8H1sN203 [M+H]*: 311.1317; found 311.1383.
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5-(2",4",5'-Trimethoxyphenyl)dipyrrin (DIPY8)

OCHs
OCH,

H4,CO

\\\
\NHN\

Compound DIPY8 was synthesised by following general procedure B with minor
modifications. Using 5-(2',4",5'-trimethoxyphenyl)dipyrromethane (600 mg, 1.92
mmol) 4.48h, DCM (150 mL), and DDQ (480 mg, 2.11 mmol) gave a dark brown
viscous oil which was dissolved in toluene (3 — 4 mL). This solution was added
dropwise into a stirring solution of hexane (80 mL) resulting in a brown precipitate
which was removed by filtration. The solvent was removed in vacuo to yield a
viscous yellow oil, which after the addition of hexane (3 mL) and consequent
storage at —10 °C for 24 h yielded orange crystals (420 mg, 1.35 mmol, 70%);
M.p.: 110 — 120 °C; R = 0.4 (SiO2, DCM:MeOH, 9.5:0.5, v/v); *H NMR (400 MHz,
CDCls): 6 = 12.75 (br s, NH), 7.62 (d, J = 1.1 Hz, 2H, a-H), 6.84 (s, 1H, Ar-H),
6.63 (s, 1H, Ar-H), 6.57 — 6.55 (dd, J = 4.2, 0.9 Hz, 2H, B-H), 6.37 — 6.35 (dd, J
=4.2,1.5 Hz, 2H, B-H), 3.97 (s, 3H, p-OCHs), 3.82 (s, 3H, m-OCHzs), 3.69 ppm
(s, 3H, 0-OCHs); 13C NMR (151 MHz, CDCls): 6 = 152.1, 150.2, 143.4, 142.5,
141.1,128.6,117.7,117.5,115.5, 98.1, 57.2, 56.6, 56.2 ppm; UV-Vis (DCM): habs
(log €) =435 nm (4.31); APCI m/z calcd. for C1sH1sN203 [M+H]*: 311.1317; found
311.1392.
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5-(1"-Naphthyldipyrrin (DIPY9)

XN\
NH N=

General procedure B was followed by using 5-(1'-naphthyl)dipyrromethane (400
mg, 1.47 mmol) 4.48i, DCM (200 mL), and DDQ (366 mg, 1.62 mmol) to give a
dark red crude mixture. The product was purified as the third fraction via column
chromatography (SiO2, DCM:hexane, 1:1, v/v) resulting in a viscous dark yellow
oil which solidified overnight in fridge to yield a dark yellow solid (380 mg, 1.41
mmol, 95%); M.p.: 75 — 85 °C; Rt = 0.53 (SiOz, hexane:EtOAc, 5:1, v/v); tH NMR
(400 MHz, CDCls): 6 =12.5 (br s, 1H, N-H), 7.96 — 7.94 (m, 1H, Ar-H), 7.90 (d, J
= 8.2 Hz, 1H, Ar-H), 7.81 (d, J = 8.4 Hz, 1H, Ar-H), 7.67 (t, J = 1.2 Hz, 2H, a-H),
7.56 — 7.52 (m, 2H, Ar-H), 7.47 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H, Ar-H), 7.37 (ddd, J
= 8.2, 6.8, 1.3 Hz, 1H, Ar-H), 6.32 — 6.29 ppm (m, 4H, 8-H); 3C NMR (101 MHz,
CDCls): 6 =143.7,141.5, 140.0, 134.5, 133.1, 128.8, 128.6, 128.0, 127.9, 126.6,
126.3,126.0, 124.6,117.7 ppm; UV-Vis (DCM): Aabs (log €) =435 nm (4.41); APCI
m/z calcd. for [M+H]*: 271.1157; found 271.1227.
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Tris(5-phenyldipyrrinato)aluminium(lil) (A€(DIPY)s1)

Compound A€(DIPY)s1 was synthesised in accordance with general procedure
C using 5-phenyldipyrrin (50 mg, 0.23 mmol) DIPY1, AICI3 (10 mg, 0.076 mmol),
CHCI3 (8 mL), and DIPEA (0.04 mL, 0.23 mmol). The product was purified via
column chromatography (SiO2, DCM:hexane,1:1, v/v) and eluted as the first
fraction. The solvents were removed in vacuo yielding an orange solid (50mg,
0.07 mmol, 96%); M.p.: dec. >250 °C; Rs= 0.40 (SiO2, DCM:hexane, 1:2, v/v); H
NMR (400 MHz, CDCls): 6 = 7.48 — 7.43 (m, 15H, Ar-H), 6.79 (s, 6H, a-H), 6.64
(d, J = 3.6 Hz, 6H, B-H), 6.26 ppm (dd, J = 4.0, 1.2 Hz, 6H, B-H); *C NMR (101
MHz, CDCIs): 6 = 149.2, 147.4, 139.1, 138.4, 132.4, 130.2, 128.1, 126.9, 116.5
ppm; 2’Al NMR (104 MHz, CDClz): & = 6.64 ppm; UV-Vis (DCM): Aabs (log €) =
320 (4.21), 450 (4.80), 500 nm (4.74); APCI m/z calcd. for CasHs3AINe [M+H]*:
685.2582; found 685.2657.
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Tris(5-mesityldipyrrinato)aluminium(lll) (A€(DIPY)s2)

Compound A€(DIPY)32 was synthesised in accordance with general procedure
C using 5-mesityldipyrrin (380 mg, 1.45 mmol) DIPY2, AICI3 (90 mg, 0.68 mmol),
CHCIs (10 mL), and DIPEA (0.25 mL, 1.45 mmol). The product was purified via
column chromatography (dry loaded, SiO2, DCM:hexane, 1:4, v/v) and collected
as the first fraction. Removal of the solvents in vacuo resulted in an orange solid
(70 mg, 0.09 mmol, 18%); M.p.: > 300 °C; Rf = 0.53 (SiO2, DCM:hexane, 1:2,
v/v); *H NMR (400 MHz, CDCls): 6 = 6.90 (s, 6H), 6.81 (s, 6H, a-H), 6.50 (d, J =
3.3 Hz, 6H, B-H), 6.15 (d, J = 2.9 Hz, 6H, 8-H), 2.35 (s, 9H, p-CH3), 2.07 ppm (s,
18H, 0-CHs3); *C NMR (101 MHz, CDClz): 6 = 148.6, 138.4, 136.9, 136.3, 134.8,
130.7, 127.4, 116.5, 20.9, 19.9 ppm; Al NMR (104 MHz, CDCls): & = 6.74 ppm;
UV-Vis (DCM): abs (log €) = 350 (4.01), 454 (4.85), 500 nm (4.80); APCI m/z
calcd. for CsaHs1AINe [M+H]*: 811.3991; found 811.406662.
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Tris[5-(4"-bromophenyl)dipyrrinato]aluminium(lll) (A€(DIPY)33)

Br

Compound A€(DIPY)s3 was synthesised in accordance with general procedure
C using 5-(4'-bromophenyl)dipyrrin (400 mg, 1.34 mmol) DIPY3, AICIs (89 mg,
0.67 mmol), CHCIs (40 mL), and DIPEA (0.23 mL, 1.34 mmol). The product was
purified via column chromatography (dry loaded, SiO2, DCM:hexane,1:1, v/v) and
collected as the first fraction. Removal of the solvents under reduced pressure
resulted in an orange powder (310 mg, 0.34 mmol, 75%); M.p.: dec. >270 °C; Rs
= 0.48 (SiO2, DCM:hexane, 1:2, v/v); *H NMR (600 MHz, CDClz): 6 = 7.56 (d, J
= 8.3 Hz, 6H, Ar-H), 7.31 (d, J = 8.3 Hz, 6H, Ar-H), 6.73 (s, 6H, a-H), 6.59 (dd, J
= 4.1, 1.1 Hz, 6H, B-H), 6.25 ppm (dd, J = 4.1, 1.5 Hz, 6H, 8-H); 13C NMR (151
MHz, CDClIs): 6 = 149.7, 146.1, 138.9, 137.3, 132.5, 131.9, 130.4, 122.7, 117.1
ppm; 2’Al NMR (104 MHz, CDClz): 6 = 6.53 ppm; UV-Vis (DCM): Aabs (log €) =
329 (4.48), 451 (4.98), 501 nm (4.92); APCI m/z calcd. for CasH30AIBrsNe [M+H]*:
918.9897; found 918.9978.
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Tris[5-(pentafluorophenyl)dipyrrinato]aluminium(lil) (A€(DIPY)34)

Compound A€(DIPY)s34 was synthesised in accordance with general procedure
C using 5-(pentafluorophenyl)dipyrrin (200 mg, 0.64 mmol) DIPY4, AICI3 (40 mg,
0.30 mmol), CHCIs (8 mL), and DIPEA (0.1 mL, 0.64 mmol). The product was
purified via column chromatography (SiO2, DCM:hexane, 1:4, v/v) and eluted as
the first fraction. The solvents were removed under reduced pressure yielding an
dark orange/red powder (120 mg, 0.13 mmol, 58%); M.p.: dec. >280 °C; Rf=0.45
(SiO2, DCM:hexane, 1:2, v/v); *H NMR (400 MHz, CDCl3): 6 = 6.89 (s, 6H, a-H),
6.60 (d, J = 3.8 Hz, 6H, B-H), 6.32 ppm (d, J = 3.9 Hz, 6H, B-H); 13C NMR (101
MHz, CDCIls): 6 = 151.5, 145.7, 144.1, 140.9, 138.4, 131.4, 129.8, 118.9, 113.0
ppm; 2’Al NMR (104 MHz, CDClz): 6 = 6.69 ppm; *®F NMR (377 MHz, CDCl3): &
=-161.18 (dt, J = 21.8, 10.9 Hz), -152.60 (t, J = 20.8 Hz), -139.06 ppm (dd, J =
22.3, 6.9 Hz); UV-Vis (DCM): labs (log €) = 461 (4.90), 512 nm (4.87); APCI m/z
calcd. for CasHi1sAlF15Ne [M+H]*: 955.1169; found 955.1233.
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Tris[5-(4"-trimethylsilylethynylphenyl)dipyrrinato]aluminium(lll)
(AL(DIPY)35)

|

Compound A€(DIPY)s5 was synthesised in accordance with general procedure
C using 5-(4'-trimethylsilylethynylphenyl)dipyrrin (300 mg, 0.95 mmol) DIPY5,
AICl3 (59 mg, 0.44 mmol), CHCIs (10 mL), and DIPEA (0.17 mL, 0.97 mmol). The
product was purified via column chromatography (SiO2, DCM:hexane, 1:1, v/v)
and eluted as the first fraction. The solvents were removed under reduced
pressure yielding an orange powder (230 mg, 0.24 mmol, 75%); M.p.: >300 °C;
Rr= 0.5 (SiO2, DCM:hexane, 1:2, v/v); 1H NMR (400 MHz, CDCl3): 6 = 7.52 (d, J
= 8.1 Hz, 6H, Ar-H), 7.38 (d, J = 8.1 Hz, 6H, Ar-H), 6.73 (s, 6H, a-H), 6.58 (d, J =
3.6 Hz, 6H, B-H), 6.24 (dd, J = 4.0, 1.3 Hz, 6H, B-H), 0.28 ppm (s, 27H, -CHs3);
13C NMR (101 MHz, CDCls): 6 = 150.0, 139.3, 139.1, 132.9, 131.2, 130.8, 123.7,
117.5, 105.0, 95.9, 0.4 ppm; 2’Al NMR (104 MHz, CDCls): 6 = 6.58 ppm; UV-Vis
(DCM): Xabs (log €) = 342 (4.50), 452 (4.88), 502 nm (4.82); APCI m/z calcd. for
CeoHs7AIN6Sis [M+H]*: 973.3768; found 973.3839.
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Tris[5-(4'-methoxyphenyl)dipyrrinato]aluminium(lll) (A€(DIPY)36)

H,CO

Compound A€(DIPY)36 was synthesised in accordance with general procedure
C using 5-(4-methoxyphenyl)dipyrrin (300 mg, 1.2 mmol) DIPY6, AICI3 (80 mg,
0.6 mmol), CHCIs (10 mL), and DIPEA (0.20 mL, 1.2 mmol). The product was
purified via column chromatography (SiO2, DCM) and collected as the first
fraction. Removal of the solvents under reduced pressure resulted in an orange
powder (230 mg, 0.30 mmol, 74%); M.p.: dec. >250 °C; Rt = 0.32 (SiOz,
DCM:hexane, 1:1, v/v); *H NMR (400 MHz, CDCls): 6 = 7.38 (d, J = 8.7 Hz, 6H,
Ar-H), 6.93 (d, J = 8.7 Hz, 6H, Ar-H), 6.73 (s, 6H, a-H), 6.66 (dd, J =4.0, 1.1 Hz,
6H, B-H), 6.22 (dd, J=4.1, 1.5 Hz, 6H, 8-H), 3.88 ppm (s, 9H, p-OCHz); 3C NMR
(151 MHz, CDCls): 6 = 159.8, 149.1, 147.6, 139.5, 132.5, 131.9, 131.1, 116.5,
112.5, 55.3 ppm; 2’AIl NMR (104 MHz, CDClz): & = 6.51 ppm; UV-Vis (DCM): Aabs
(log €) =357 (4.71), 450 (5.15), 499 nm (5.01); APCI m/z calcd. for C4sH39AIN6O3
[M+H]*: 775.2899, found 775.2971.
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Tris[5-(2",4",6"-trimethoxyphenyl)dipyrrinato]aluminium(lil) (A€(DIPY)s7)

OCHj

Compound A€(DIPY)s7 was synthesised in accordance with general procedure
C using 5-(2',4',6'-trimethoxyphenyl)dipyrrin (100 mg, 0.32 mmol) DIPY7, AICI3
(21 mg, 0.16 mmol), CHCIs (10 mL), and DIPEA (0.06 mL, 0.32 mmol). The crude
mixture was dry loaded in silica and purified via column chromatography [note:
this compound was difficult to solubilise and two columns were needed for its
purification, SiO2, CHCIs (1%!) and DCM:hexane 1:1 (2"Y), v/v]. The first fraction
was collected (from both columns) yielding in an orange solid after removal of the
solvents in vacuo (36 mg, 0.04 mmol, 35%); M.p.: >300 °C; R¢=0.49 (SiO2, DCM,
v/v); *H NMR (600 MHz, CD3CN): & = 6.65 (br s, 6H, a-H), 6.59 (d, J = 3.6 Hz,
6H, B-H), 6.35 (s, 6H, Ar-H), 6.23 (d, J = 2.9 Hz, 6H, 8-H), 3.90 (s, 9H, p-OCHj),
3.67 ppm (s, 18H, 0-OCHz); 13C NMR (151 MHz, CD3CN): § = 161.8, 158.9,
148.3, 139.9, 131.0, 108.8, 90.6, 55.7, 55.2 ppm; 2’Al NMR (104 MHz, DCM): &
= 6.21 ppm; UV-Vis (DCM): rabs (log €) = 357 (4.13), 457 (4.93), 502 nm (4.88);
APCI m/z calcd. for Cs4Hs1AINeéOg9 [M+H]*: 955.3611; found 955.3602.
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Tris[5-(2",4",5'-trimethoxyphenyl)dipyrrinato]aluminium(lll) (A€(DIPY)38)

OCH,
H,CO

OCH,

Compound A€(DIPY)38 was synthesised in accordance with general procedure
C using 5-(2',4',5'-trimethoxyphenyl)dipyrrin (300 mg, 0.97 mmol) DIPY8, AICIs
(60 mg, 0.45 mmol), CHCIs (10 mL), and DIPEA (0.17 mL, 0.97 mmol). The
product was purified via column chromatography (SiO2, DCM) and collected as
the first fraction. Removal of the solvents under reduced pressure resulted in an
orange solid (250 mg, 0.26 mmol, 80%); M.p.: dec. >270 °C; Rt = 0.29 (SiOz2,
EtOAc:hexane, 1:1, v/v); tH NMR (400 MHz, CDCl3): 6 = 6.89 — 6.79 (m, 9H,-H),
6.66 — 6.60 (m, 9H,-H), 6.22 (dd, J =4.0, 1.3 Hz, 3H, Ar-H), 6.19 (dd, J=4.0, 1.4
Hz, 3H, Ar-H), 3.96 (m, 9H, p-OCH3s), 3.84 — 3.83 (m, 9H, m-OCHzs), 3.63 — 3.59
ppm (m, 9H, 0-OCHs); 13C NMR (101 MHz, CDCls): 6 = 152.1, 142.5, 142.53,
120.0, 115.2, 98.8, 58.0, 56.7, 56.7, 56.2 ppm; 2’Al NMR (104 MHz, CDCl3): & =
6.62 ppm; UV-Vis (DCM): Labs (log €) = 362 (4.18), 454 (4.97), 502 nm (4.91);
APCI m/z calcd. for Cs4Hs1AINeéO9 [M+H]*: 955.3533; found 955.360873.
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Tris[5-(1"-naphthyl)dipyrrinato]aluminium(lil) (A€(DIPY)39)

Compound A€(DIPY)39 was synthesised in accordance with general procedure
C using 5-(1'-naphthyl)dipyrrin (300 mg, 1.10 mmol) DIPY9, AICIs (69 mg, 0.51
mmol), CHCIs (15 mL), and DIPEA (0.19 mL, 1.10 mmol). The product was dry
loaded in silica and purified via column chromatography (SiO2, DCM:hexane, 3:7,
v/v). The first fraction was collected yileding a dark orange powder after removal
of the solvents in vacuo (200 mg, 0.24 mmol, 65%); M.p.: dec. >290 °C; R¢=0.31
(SiO2, DCM:hexane, 1:2, v/v); *H NMR (400 MHz, CDCl3): 6 = 7.96 — 7.93 (m,
3H, Ar-H), 7.89 (d, J = 8.2 Hz, 3H, Ar-H), 7.74 — 7.68 (m, 3H, Ar-H), 7.56 — 7.54
(m, 6H), 7.47 — 7.43 (m, 3H, Ar-H), 7.35 — 7.27 (m, 3H, Ar-H), 7.01 — 6.91 (m,
6H, a-H), 6.50 — 6.43 (m, 6H, B-H), 6.31 — 6.28 (m, 3H, B-H), 6.23 — 6.21 ppm
(m, 3H, B-H); 13C NMR (101 MHz, CDCls): & = 149.7, 149.5, 149.4, 146.0, 140.2,
140.1, 139.9, 139.9, 135.9, 133.4, 132.9, 132.5, 128.5, 127.9, 127.8, 127.8,
127.7, 127.1, 127.0, 126.4, 125.8, 124.4, 117.0 ppm; %Al NMR (104 MHz,
CDCls): & = 6.91 ppm; UV-Vis (DCM): Aavs (log €) = 351 (4.24), 456 (4.94), 504
nm (4.90); APCI m/z calcd. for Cs7H39AINe [M+H]*: 835.3130; found 835.3123.
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Tris[5-(anthracene-9"-yl)dipyrrinato]aluminium(lll) (A€(DIPY)310)

Compound A€(DIPY)310 was synthesised in accordance with general procedure
C using 5-(9-anthracenyl)dipyrrin (100 mg, 0.31 mmol) DIPY10, AICIs (19 mg,
0.15 mmol), CHCI3 (10 mL), and DIPEA (0.05 mL, 0.31 mmol). The product was
purified via column chromatography (SiO2, CHCls:hexane, 2:1, v/v) and collected
as the first fraction. Removal of the solvents under reduced pressure resulted in
a dark orange powder (41 mg, 0.04 mmol, 40%); M.p.: dec. >290 °C; R = 0.37
(SiO2, DCM:hexane, 1:1, v/v); *H NMR (400 MHz, CDClz): 6 = 8.60 (s, 3H, Ar-H),
8.07 (d, J = 8.5 Hz, 6H, Ar-H), 7.93 - 7.91 (m, 6H, Ar-H), 7.47 — 7.44 (m, 6H, Ar-
H), 7.35-7.31 (m, 6H, Ar-H), 7.21 (br s, 6H, a-H), 6.32 — 6.31 (m, 6H, 8-H), 6.28
—6.27 ppm (m, 6H, B-H); 13C NMR (101 MHz, CDCls): & = 149.3, 145.0, 140.5,
132.4, 132.0, 130.9, 130.6, 127.9, 127.4, 127.0, 126.0, 125.0, 117.3 ppm; ?’Al
NMR (104 MHz, CDCls): 6 = 7.15 ppm; UV-Vis (DCM): Aabs (log €) = 351 (4.32),
369 (4.47), 390 (4.45), 460 (4.74), 508 nm (4.69); APCI m/z calcd. for CegHasAIN6
[M+H]*: 985.3521; found 985.3596.

256



Tris[5-(4'-methoxycarbonylphenyl)dipyrrinato]aluminium(lil) (A€(DIPY)s11)

COOCH,

Compound A€(DIPY)311 was synthesised in accordance with general procedure
C using 5-(4-methoxycarbonylphenyldipyrrin (450 mg, 1.62 mmol) DIPY11,
AICl3 (100 mg, 0.75 mmol), CHCIs (12 mL), and DIPEA (0.28 mL, 1.62 mmaol).
The product was dry loaded in silica and purified via column chromatography
(SiO2, DCM:hexane, 2:1, v/v). The first fraction was collected yielding an orange
solid after removal of the solvent in vacuo (350 mg, 0.41 mmol, 76%); M.p.: dec.
>280 °C; Rt = 0.30 (SiO2, CHCI3, v/v); *H NMR (400 MHz, CDCI3): 6 =8.10 (d, J
= 8.2 Hz, 6H, Ar-H), 7.52 (d, J = 8.1 Hz, 6H, Ar-H), 6.77 (s, 6H, a-H), 6.56 — 6.55
(m, 6H, B-H), 6.26 — 6.25 (m, 6H, B-H), 3.99 ppm (s, 9H, -CHz3); $3C NMR (101
MHz, CDCls): 6 = 166.9, 149.9, 146.3, 143.2, 138.9, 132.6, 130.6, 130.3, 128.6,
117.4, 52.4 ppm; 2’Al NMR (104 MHz, CDCIl3): 6 = 6.62 ppm; UV-Vis (DCM): Aabs
(log €) = 452 (4.93), 502 nm (4.87); APCI m/z calcd. for Cs1H39AIN6Oes [M+H]":
859.2825; found 859.2791.

257



Tris[5-(4'-carboxyphenyl)dipyrrinato]laluminium(lll) (A€(DIPY)312)

COOH

In a round bottom flask tris[5-(4"-methoxycarbonylphenyl)
dipyrrinato]aluminium(lil) (100 mg, 0.12 mmol, 1 eq) A€(DIPY)s11 was dissolved
in THF (20 mL) and MeOH (20 mL). An aq. solution (water 8 mL) of KOH (392
mg, 6.99 mmol, 60 eq) was added to the solution and the reaction mixture was
stirred overnight at 80 °C under reflux. Then solvent was removed under reduced
pressure and water was added. 1M HCI solution was added dropwise to reach
acidic pH 4-5 where the desired compound precipitated. The precipitate was
filtered and washed with water until dryness to yield a dark red powder (90 mg,
0.11 mmol, 95%); M.p.: dec. >250 °C; Rf = 0.15 (SiO2, DCM:MeOH, 3:1, v/v); tH
NMR (400 MHz, dTHF): 6 = 8.10 (d, J = 8.2 Hz, 6H, Ar-H), 7.53 (d, J = 8.3 Hz,
6H, Ar-H), 6.81 (s, 6H, a-H), 6.57 — 6.56 (m, 6H, B-H), 6.26 — 6.25 ppm (m, 6H,
B-H); 13C NMR (101 MHz, dTHF): § = 167.3, 150.5, 147.5, 143.6, 139.8, 133.3,
132.1, 131.2, 129.4, 117.9 ppm; Al NMR (104 MHz, dTHF): & = 6.64 ppm; UV-
Vis (THF): Aabs (log €) = 451 (4.79), 502 nm (4.71); APCIl m/z calcd. for
CasH33AINsOs [M+H]*: 817.2355; found 817.2352.
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Tris[5-(4'-hydroxy-2',3",5',6"-tetrafluorophenyl)dipyrrinato]aluminium(lll)
(A8(DIPY)313)

Compound A@(DIPY)313 was prepared following literature procedure.??8l In a
Schlenk tube under argon atmosphere tris[5-
(pentafluorophenyl)dipyrrinato]aluminium(lll) (30 mg, 0.03 mmol, 1 eq.)
Ag(DIPY)34 was added together with freshly powdered KOH (26 mg, 0.47 mmol,
15 eq.), propargyl alcohol (0.04 mL, 0.6 mmol, 20 eq.), and dry THF (10 mL) and
were stirred at r.t. overnight. The mixture was washed with brine (x2) and water
(x2), extracted with DCM, dried over Na:SOa, filtered, and solvent was
evaporated under vaccum to give a dark red crude mixture. The product was
purified via column chromatography (SiO2, EtOAc 10% in DCM — EtOAc 100%
— 2% MeOH in EA — 40% MeOH in EtOAc, v/v) and collected as the third
fraction. Removal of the solvents under reduced pressure resulted in a dark red
solid (25 mg, 0.026 mmol, 84%); M.p.: >300 °C; R = 0.46 (SiO2, DCM:MeOH,
9:1, v/v); H NMR (400 MHz, MeOD): 6 = 6.85 (s, 6H, a-H), 6.71 (d, J = 4.0 Hz,
6H, B-H), 6.31 ppm (dd, J = 4.1, 1.3 Hz, 6H, 8-H); *3C NMR (101 MHz, MeOD):
0 = 149.6, 146.1, 143.8, 140.5, 139.2, 138.3, 133.1, 131.2, 117.0, 101.4, 101.2,
101.0 ppm; 2’Al NMR (104 MHz, CDCI3): 6 = 6.79 ppm; UV-Vis (MeOH): Xabs (log
€ ) = 455 (4.62), 506 nm (4.59); APCI m/z calcd. for CasH21AIF12N6O3 [M+H]*:
949.1377; found 949.1372.
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Tris[5-(4'-phenylethynyl)dipyrrinato]aluminium(lll) (A€(DIPY)314)

Literature procedure was followed for TMS deprotection.[*’4 In a round bottom
flask tris[5-(4'-trimethylsilylethynylphenyl)dipyrrinato]aluminium(lll) (90 mg, 0.09
mmol, 1 eq) A€(DIPY)35 was added and dried for 30 min. Then dry DCM (15 mL)
and TBAF in THF (1M, 0.08 mL, 0.28 mmol, 3 eq) were added under argon
atmosphere and the reaction stirred at r.t. until TLC analyses indicated complete
consumption of starting material (40 min). Water was added and the compound
was extracted with DCM (x2), dried over Na2SQOa, filtered, and the remaining
solvent was removed in vacuo to yield an orange solid (65 mg, 0.09 mmol, 92%);
M.p.: dec >130 °C; Rf = 0.33 (SiO2, DCM:hexane, 1:2, v/v); *H NMR (400 MHz,
CDCls): 6 =7.57 (d, J =8.1 Hz, 6H, Ar-H), 7.43 (d, J = 8.2 Hz, 6H, Ar-H), 6.77 (s,
6H, a-H), 6.62 (d, J = 3.2 Hz, 6H, B-H), 6.27 (dd, J = 4.1, 1.4 Hz, 6H, 8-H), 3.19
ppm (s, 3H, -CH); 13C NMR (101 MHz, CDCls): 6 = 149.6, 146.5, 139.0, 138.9,
132.5, 130.9, 130.4, 122.2, 117.0, 83.2, 78.1 ppm; 2’Al NMR (104 MHz, CDClz3):
0 = 6.65 ppm; UV-Vis (DCM): Aabs (log €) = 333 (4.36), 452 (4.80), 502 nm (4.74);
APCI m/z calcd. for CsiHs3AINs [M+H]*: 757.2660; found 757.2668.
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Tris{5-[4"-(1,1"-biphenyl)-4-yl|-(4,4-difluoro-4-bora-3a,4a,diaza-s-indacene-
yD]dipyrrinato}aluminium(lll) (A€(DIPY)315)

R F

Using a Suzuki coupling reaction, tris[5-(4'-
bromophenyl)dipyrrinato]aluminium(lll) (25 mg, 0.027 mmol, 1 eq.) A€(DIPY)33,
borylated BODIPY 5.52 (42 mg, 0.11 mmol, 4 eq.), Cs2COs3 (52 mg, 0.27 mmol,
10 eq.), and Pd(PPhs)4 (7 mg, 0.005 mmol, 0.2 eq.) were added in a dry Schlenk
tube and dried for 2 h. Dry toluene and DMF (3mL:1.5mL) were added under
argon atmosphere and the solution was subjected to three freeze/pump-thaw
cycles and stirred for 1 h at 85 °C. TLC reaction monitoring showed that
aluminium complex was consumed. The reaction mixture was washed with brine
(x2) and water (x2), extracted with DCM, dried over MgSO4, filtered, and the
resulting solvent was evaporated under vacuum. The desired compound was
purified via column chromatography (SiO2, DCM:hexane, 4:1 — DCM, v/v) and
was eluted as the forth fraction. The solvents were removed under reduced
pressure to yield a dark red solid (12 mg, 8 umol, 72%); M.p.: >300 °C; R¢= 0.37
(SiO2, DCM, v/v); *H NMR (400 MHz, CDClz): 6 = 8.01 (s, 6H, a-Hgooiry), 7.88
(d, J = 8.3 Hz, 6H, Ar-H), 7.76 (dd, J = 13.5, 8.3 Hz, 12H, Ar-H), 7.65 (d, J = 8.2
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Hz, 6H, Ar-H), 7.07 (d, J = 4.1 Hz, 6H, B-Hgobiry), 6.88 (S, 6H, a-Hawipry), 6.77
(dd, J=4.1, 1.0 Hz, 6H, B-Hawiry), 6.62 (dd, J = 4.1, 1.5 Hz, 6H, B-Hgobiry), 6.35
ppm (dd, J = 4.1, 1.5 Hz, 6H, B-Hawiry); 13C NMR (101 MHz, CDCIs): 6 = 149.6,
147.0, 146.9, 144.1, 143.0, 139.8, 139.2, 138.5, 134.9, 133.1, 132.6, 131.5,
131.2, 127.1, 125.9, 118.6, 117.0 ppm; %Al NMR (104 MHz, CDCIs): 6 = 6.80
ppm; °F NMR (377 MHz, CDCls): § = -145.06 ppm (dd, J = 57.6, 29.0 Hz); 'B
NMR (128 MHz, CDCls): 6 = 0.32 ppm (t, J = 28.8 Hz); UV-Vis (DCM): Aabs (l0g
€) = 384 (4.95), 454 (5.07), 503 nm (5.41); HRMS MALDI m/z calcd. for
CooHeoAlB3FsN12 [M]+: 1482.5063; found 1482.5099.
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5.5.3.4 Radiochemistry procedures

A stock solution of the ligand DIPY8 was prepared in DMSO with the
concentration of 1 mg mL™L. For radiolabelling 14 pL of indium-111 chloride (210
pCi) and 14 pL of ammonium acetate (0.5 M, 5-6 pH) were added in an Eppendorf
tube and left to react at 37 °C for 30 min in order to increase the binding activity
of indium-111 while CI dissociates. Then 7 pL of DIPY8 and 2 pL of NaOH 2N
were added and the solution was heated at 70 °C for 40 min. There was a change
of colour from dark orange to yellow after addition of NaOH. On completion of the
reaction, 3 uL were removed via syringe, diluted with 30 — 40 uL of deuterated
water and analysed by HPLC (radio and UV detection). HPLC method was
performed with a gradient elution 0.1% formic acid in water as solvent A and
methanol as solvent B. A reverse gradient was applied starting with A at 95% for
2 min going up to 5% A at 12 minutes, isocratic level until 14 min and gradient
until 95% A at 16 min, then hold to 20 min. The reaction was repeated twice.

For the kinetic stability study, the stability of the complex was monitored at
different temperatures (4 °C, 24 °C and 37 °C) and with medium saline (pH 7.4),
at different time points post preparation (1 h, 3 h, and 24 h) and was assessed

through HPLC with a radio-gamma-detector. Specifically:

- 10 pL of aliquots of the [*!!In]In-labelled compound were incubated at 4
°C, 24 °C and 37 °C. After 1 h, 3 h and 24 h post preparation, 3 uL from
each vial were removed, diluted with 40 pyL of deuterated water and
injected in order to perform the HPLC measurement.

- 10 pL of aliquots of the [*!!In]In-labelled compound were incubated with
100 pL saline (1:10) at 37 °C. After 1 h, 3 h and 24 h post preparation, 30

ML were injected directly for the HPLC experiment.

For the kinetic stability study, HPLC method was modified to a shorter time. A
gradient elution 0.1% formic acid in water as solvent A and methanol as solvent
B. A reverse gradient was applied starting with A at 95% for 2 min going up to
5% A at 10 minutes, isocratic level until 12 min and gradient until 95% A at 15

min.
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Note: another effort to conduct a kinetic stability study using human plasma
(Sigma Aldrich) as medium was not successful: 10 pL of aliquots of the *In-
labelled compound were incubated with 100 yL human plasma (1:10). After 1 h,
3 h and 24 h post preparation, 60 uL of acetonitrile were added to 30 pL of the
incubated solution and centrifuged at 10000 rpm for 10 min. Then the
supernatant was removed and injected for the HPLC measurement. In this case
only the peak of indium-111 (radio. ~ 2.3 min) and dipyrrin (UV-Vis, ~ 8 min)
appeared. However, the indium-111 peak was very weak, indicating that the
extraction with acetonitrile was not successful to extract the radiolabelled

complex for detection.
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Appendix

Chapter 2

X-Ray crystal structure®®

Figure A 1. View of the asymmetric unit of FB1, with heteroatoms labelled and
displacement shown at 50% probability with hydrogen atoms invisible. Br3 and Br4 are

only 3% occupied.

13 Crystal structures were determined by Dr. Brendan Twamley, TCD.

286



Absorption and fluorescence emission spectra
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Figure A 2. Normalised UV-Visible absorption spectra of the chlorins in
dichloromethane (Zn1 red, Zn2 dashed blue, FB1 black, FB2 dashed green).

Normalised fluorescence intensity (a.u.)

T T T T T T T T T T 1
600 650 700 750 800 850
Wavelength [nm]

Figure A 3. Normalised fluorescence emission spectra of the chlorins in methanol
(Znlred, Zn2 dashed blue, FB1 black, FB2 dashed green).
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Fluorescence decays
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Figure A 4. Fluorescence lifetime decay profiles of Zn1 (A) and Zn2 (C) and
representative residuals of Zn1l in ethanol (B) and Zn2 in methanol (D); red line: Zn1 in
ethanol; dark cyan dashed line: Zn1 in methanol; blue line: Zn2 in ethanol, orange

dashed line: Zn2 in methanol); Aexc = 400 NM; Aget = 610 NM.
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Triplet-triplet transient absorption spectra (TA)

Transient absorption spectroscopy at ambient conditions (ethanol/methanol)
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Figure A 5. TA spectra of Zn1 (left) and time trace fitting with monoexponential decay

function for the range from 426 to 545 nm (right) in MeOH at ambient conditions; Aexc =

604 m; incremental time: 40 ns; 7= 190 = 5 ns.
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Figure A 6. TA spectra of Zn2 (left) and time trace fitting with monoexponential decay

function for the range from 421 to 520 nm (right) in MeOH at ambient conditions; Aexc =

604 m; incremental time: 40 ns; 77 = 210 + 11 ns.
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Figure A 7. TA spectra of Zn1 (left) and time trace fitting with monoexponential decay

function for the range from 425 to 519 nm (right) in EtOH at ambient conditions; Aexc =

604 nm; incremental time: 20 ns; 7+ = 190 ns + 10 ns.
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Figure A 8. TA spectra of Zn2 (left) and time trace fitting with monoexponential decay

function for the range from 423 to 527 nm (right) in EtOH at ambient conditions; Adexc =

604 nm; incremental time: 20 ns; T = 205 ns + 11 ns.
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Figure A 9. TA spectra of FB1 (left) and time trace fitting with monoexponential decay

function for the range from 424 to 475 nm (right) in MeOH at ambient conditions; Aexc =

637 nm; incremental time: 20 ns; 1 = 160 + 11 ns.
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Figure A 10. TA spectra of FB2 (right) and time trace fitting with monoexponential

decay function for the range from 425 to 473 nm (right) in MeOH at ambient conditions;

dexe = 637 nm; incremental time: 20 ns; 77 = 150 + 10 ns.
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Figure A 11. TA spectra of FB1 (left) and time trace fitting with monoexponential

decay function for the range from 430 to 474 nm (right) in EtOH at ambient conditions;

Jdexc = 635 nm; incremental time: 20 ns; 7t = 170 ns *+ 14 ns.

0.075 0104
005
000 *
005+
010

0.050 -
0.025 1
0.000 A

g —0.025 |
—0.050 1
—0.075 1

—0.100 4

—0.125 -

T T T T T T T 0 100 200 300 400
400 450 500 550 600 650 700 Time (ns)

Wavelength (nm)

Figure A 12. TA spectra of FB2 (left) and time trace fitting with monoexponential

decay function for the range from 424 to 473 nm (right) in EtOH at ambient conditions;

Jdexe = 635 nm; incremental time: 20 ns; T = 160 ns + 11 ns.
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Transient absorption spectra in oxygen free conditions (ethanol/methanol)
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Figure A 13. TA spectra of Zn1 (left) and time trace fitting with biexponential decay
function for the range from 420 to 526 nm (right) in MeOH in oxygen free conditions;
Aexc = 604 nm; incremental time: 4000; 71 =32 £ 6 us (76 %) and 9 * 3 ps (24 %).
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Figure A 14. TA spectra of Zn2 (left) and time trace fitting with biexponential decay
function for the range from 421 to 559 nm (right) in MeOH in oxygen free conditions;
Aexc = 604 nm; incremental time: 600; 7t = 32 + 2 ps (92 %) and 9 + 2 us (8%).
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Figure A 15. TA spectra of Zn1 (left) and time trace fitting with biexponential decay
function for the range from 430 to 524 nm (right) in EtOH in oxygen free conditions; Aexc
= 604 nm; incremental time: 600; =34 + 2 us (84 %) and 15 + 2 ps (16%).
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Figure A 16. TA spectra of Zn2 (left) and time trace fitting with monoexponential decay
function for the range from 455 to 553 nm (right) in EtOH in oxygen free conditions; Aexc

= 604 nm; incremental time: 4500 ns; 71 = 29 £ 4 ys.
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Figure A 17. TA spectra of FB1 (left) and time trace fitting with monoexponential
decay function for the range from 424 to 474 nm (right) in MeOH in oxygen free

conditions; Aexc = 637 nm; incremental time: 3000 ns; t1 = 47 + 2 pus.
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Figure A 18. TA spectra of FB2 (left) and time trace fitting with monoexponential
decay function for the range from 422 to 475 nm (right) in MeOH in oxygen free

conditions; Aexc = 637 nm; incremental time: 3000 ns; 7t = 50 % 4 ps.
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Figure A 19. TA spectra of FB1 (left) and time trace fitting with monoexponential
decay function for the range from 427 to 474 nm (right) in EtOH in oxygen free

conditions; Aexc = 635 nm; incremental time: 3500 ns; 7t = 70 + 3 ps.
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Figure A 20. TA spectra of FB2 (left) and time trace fitting with monoexponential
decay function for the range from 422 to 466 nm (right) in EtOH in oxygen free

conditions; Aexc = 635 nm; incremental time: 3000 ns; T = 64 £ 3 ps.
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Singlet oxygen emission spectra
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Figure A 21. Singlet oxygen emission spectra of Zn1, Zn2 and Rose Bengal in EtOH,
dexc = 558 nm; 15 s integration time; @A Znl = 0.88; &x Zn2 = 0.77.
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Figure A 22. Singlet oxygen emission spectra of FB1, FB2 and Foscan in MeOH, Aexc
=500 nm; 15 s integration time; ®AFB1 = 0.45; &, FB2 = 0.41.
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Figure A 23. Singlet oxygen emission spectra of FB1, FB2 and Foscan in EtOH, lexc =
500 nm; 15 s integration time; &, FB1 = 0.63; &»FB2 = 0.61.
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Chapter 3

Absorption and fluorescence emission spectra
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Figure A 24. Normalised absorption spectra of the benchmark chlorin 3.6 and
porphyrins 3.15 (A) and 3.16 (B) with the respective dyads 3.20 (A) and 3.21 (B) in

toluene.
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Figure A 25. Fluorescence emission spectrum of 62.1 in methanol (Aexc = 552 nm).
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Fluorescence decays
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Figure A 26. Fluorescence lifetime decays of dyads in toluene; Aexc = 425 Nm; Aget =
610 nm.
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Triplet-triplet transient absorption spectra at ambient

conditions
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Figure A 27. TA spectra of 3.18 (left) and time trace fitting with monoexponential

decay function (right) in ethanol; Aexc = 550 nm; 71 = 190 + 12 ns (A and B); Aexc = 604

nm; zt = 190 £ 12 ns (C and D); 80 ns tinc.
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Figure A 28. TA spectra of 3.18 (left) and time trace fitting with monoexponential

decay function (right) in methanol; Aexc = 604 nm; zt = 200 * 30 ns; 20 NS tinc.
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Figure A 29. TA spectra of 3.18 (left) and time trace fitting with monoexponential
decay function (right) in toluene; Aexc = 550 nm; zt = 230 + 13 ns (A and B); Aexc = 604
nm; zt = 230 £ 9 ns (C and D); 80 ns tinc.
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Figure A 30. TA spectra of 3.20 (left) and time trace fitting with monoexponential
decay function (right) in ethanol; Aexc = 560 nm; zt = 210 £ 7 ns (A and B); Aexc = 604
nm; T = 200 £ 5 ns (C and D); 80 ns tinc.
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Figure A 31. TA spectra of 3.20 (left) and time trace fitting with monoexponential
decay function (right) in toluene; Aexc = 560 nm; 7t = 210 + 5 ns (A and B); Aexc = 604
nm; 7zt = 230 £ 7 ns (C and D); 80 ns tinc.
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Figure A 32. TA spectra of 3.21 (left) and time trace fitting with monoexponential
decay function (right) in ethanol; Aexc = 560 nm; 7zt = 220 £ 10 ns (A and B); Adexc = 604
nm; z1 = 210 + 8 ns (C and D); 80 ns tinc.
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Figure A 33. TA spectra of 3.21 (left) and time trace fitting with monoexponential
decay function (right) in toluene; Aexc = 560 nm; zt = 220 £ 9 ns (A and B); Aexc = 604
nm; 7t = 260 £ 13 ns (C and D); 80 ns tinc.
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Singlet oxygen emission spectra
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Figure A 34. Singlet oxygen emission spectra of dyads in toluene, Aexe = 550 nm; 10 s

integration time.
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Chapter 4

X-Ray crystal structures!*

Figure A 35. Molecular structure (left) and packing diagram viewed normal to the a-
axis (right) with hydrogen bonding indicated by dotted lines of DIPY1 (thermal ellipsoid
plot), shown with atomic displacement at 50% probability.

Figure A 36. Molecular structure (left) and packing diagram viewed normal to the b-
axis (right) with hydrogen bonding indicated by dotted lines of DIPY6 (thermal ellipsoid

plot), shown with atomic displacement at 50% probability.*

14 Crystal structures were determined by Dr. Brendan Twamley, TCD unless stated otherwise.
15 Crystal structure DIPY6 was determined by Dr. Christopher J. Kingsbury, TCD.
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Figure A 37. Molecular structure (left) and packing diagram of one moiety viewed
normal to the c-axis (right) of DIPY7 (thermal ellipsoid plot), shown with atomic

displacement at 50% probability.
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Figure A 38. Molecular structure showing both independent molecules in the

asymmetric unit (left) and packing diagram viewed normal to the b-axis (right) of DIPY8

(thermal ellipsoid plot), shown with atomic displacement at 50% probability.
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Triplet-triplet transient absorption spectra (TA)

Transient absorption spectroscopy at ambient conditions (ethanol/toluene/DCM)
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Figure A 39. TA spectra of A8(DIPY)s1 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 40 NS tinc; Aexc

=450 nm; 7t =280 £ 5 ns.

20

x10”

FRUNT Y

LLIlll
.

0.1+

é -0.2

40 x10” 03

0.4 -
I I I I T T T T T T T
400 500 600 700 800 0 200 400 600 800 1000 1200 1400
Wavelength (nm}) Time (ns)

Figure A 40. TA spectra of A8(DIPY)s2 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 60 NS tinc; Aexc

=450 nm; 7t =380 £ 6 ns.
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Figure A 41. TA spectra of A@(DIPY)s3 (left) and time trace fitting with

monoexponential decay function (right) in ethanol at ambient conditions; 40 NS tinc; Aexc

=450 nm; 1 =250 = 17 ns.
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Figure A 42. TA spectra of A8(DIPY)s3 (left) and time trace fitting with
monoexponential decay function (right) in toluene at ambient conditions; 40 NS tinc; Aexc
=450 nm; r7 = 290 + 6 ns.
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Figure A 43. TA spectra of A@(DIPY)s4 (left) and time trace fitting with

monoexponential decay function (right) in ethanol at ambient conditions; 40 ns tinc; Aexc

=450 nm; 1 = 230 + 26 ns.
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Figure A 44. TA spectra of A€(DIPY)s4 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 40 ns tinc; Aexc

=450 nm; Tt =310+ 6 ns.
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Figure A 45. TA spectra of A8(DIPY)s5 (left) and time trace fitting with
monoexponential decay function (right) in ethanol at ambient conditions; 40 NS tinc; Aexc
=450 nm; T = 280 + 25 ns.
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Figure A 46. TA spectra of A@(DIPY)s5 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 60 NS tinc; Aexc

=450 nm; 7Tt =300 + 12 ns.

T T T T
400 500 600 700 800 0 200 400 500 800 1000 1200 1400
Wavelength {nm) Time (ns)

Figure A 47. TA spectra of A@(DIPY)s6 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 60 NS tinc; Aexc

=450 nm; T =300 + 11 ns.

308



«10°
Lo
Ll

-0.05

é—ﬂﬂ)f

-0.15 —

-0.20 —

T T T T T T T :
400 500 800 700 800 0 200 400 600 800
Wavelength (nm} Time {ns)

Figure A 48. TA spectra of A2(DIPY)38 (left) and time trace fitting with
monoexponential decay function (right) in ethanol at ambient conditions; 40 NS tinc; Aexc
=450 nm; zr = 300 + 25 ns.
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Figure A 49. TA spectra of A8(DIPY)38 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 40 ns tinc; Aexc

=450 nm; tt =370 £ 5 ns.
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Figure A 50. TA spectra of A2(DIPY)s8 (left) and time trace fitting with

monoexponential decay function (right) in DCM at ambient conditions; 80 NS tinc; Adexc =

450 nm; =1 = 650 + 40 ns.
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Figure A 51. TA spectra of A8(DIPY)39 (left) and time trace fitting with

monoexponential decay function (right) in ethanol at ambient conditions; 60 NS tinc; Aexc

=450 nm; 7t = 280 £ 8 ns.
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Figure A 52. TA spectra of A8(DIPY)39 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 60 NS tinc; Aexc

=450 nm; 7t =360 £ 7 ns.
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Figure A 53. TA spectra of A8(DIPY)39 (left) and time trace fitting with

monoexponential decay function (right) in DCM at ambient conditions; 60 NS tinc; Adexc =

450 nm; 71 = 870 + 39 ns.
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Figure A 54. TA spectra of A¢(DIPY)310 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 60 ns tinc; Aexc

=450 nm; r7 = 330 £ 9 ns.
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Figure A 55. TA spectra of A€(DIPY)310 (left) and time trace fitting with

monoexponential decay function (right) in DCM at ambient conditions; 200 NS tinc; dexc =

450 nm; 77 = 760 £ 34 ns.
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Figure A 56. TA spectra of A(DIPY)s11 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 60 ns tinc; Aexc

=450 nm; 771 =320 £ 7 ns.
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Figure A 57. TA spectra of A8(DIPY)s12 (left) and time trace fitting with
monoexponential decay function (right) in ethanol at ambient conditions; 40 NS tinc; Aexc

=450 nm; 7 = 300 = 50 ns.
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Figure A 58. TA spectra of A8(DIPY)s13 (left) and time trace fitting with

monoexponential decay function (right) in ethanol at ambient conditions; 40 NS tinc; Aexc

=450 nm; 1 = 250 + 30 ns.
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Figure A 59. TA spectra of A€(DIPY)315 (left) and time trace fitting with

monoexponential decay function (right) in toluene at ambient conditions; 60 NS tinc; Aexc

=450 nm; 7t =310 £ 9 ns.
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Transient absorption spectra in oxygen free conditions (ethanol/toluene)
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Figure A 60. TA spectra of A@(DIPY)s1 (left) and time trace fitting with
monoexponential decay function (right) in toluene in oxygen free conditions; 20 WS tinc;
Aexc =450 nm; 77 = 89 £ 4 ps.
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Figure A 61. TA spectra of A@(DIPY)s2 (left) and time trace fitting with bi-exponential

decay function (right) in toluene in oxygen free conditions; 45 us tinc; Aexc = 450 nm; 771

=202 + 22 ys, T2 = 39 £11 ps.
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Figure A 62. TA spectra of A2(DIPY)s3 (left) and time trace fitting with

monoexponential decay function (right) in toluene in oxygen free conditions; 25 s tinc;
Aexc =450 nm; 77 = 66 £ 5 ps.
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Figure A 63. TA spectra of A8(DIPY)s4 (left) and time trace fitting with
monoexponential decay function (right) in ethanol in oxygen free conditions; 15 s tinc;
Aexc = 450 nm; 77 = 34 + 3 ps.
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Figure A 64. TA spectra of A8(DIPY)s4 (left) and time trace fitting with
monoexponential decay function (right) in toluene in oxygen free conditions; 20 s tinc;
iexc = 450 I’lm, T = 67 + 4 HS
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Figure A 65. TA spectra of A8(DIPY)s5 (left) and time trace fitting with
monoexponential decay function (right) in toluene in oxygen free conditions; 45 s tinc;
Aexc = 450 nm; 7t = 150 + 12 ps.
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Figure A 66. TA spectra of A2(DIPY)36 (left) and time trace fitting with
monoexponential decay function (right) in toluene in oxygen free conditions; 20 ps tinc;
Aexc =450 nm; 77 = 86 £ 6 s.
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Figure A 67. TA spectra of A8(DIPY)38 (left) and time trace fitting with
monoexponential decay function (right) in toluene in oxygen free conditions; 45 ps tinc;
Aexc = 450 nm; 71 = 190 + 20 ps.
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Figure A 68. TA spectra of Ag(DIPY)39 (left) and time trace fitting with
monoexponential decay function (right) in toluene in oxygen free conditions; 20 s tinc;
Aexc =450 nm; 77 =74 £ 4 ps.
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Figure A 69. TA spectra of A¢(DIPY)s10 (left) and time trace fitting with

monoexponential decay function (right) in toluene in oxygen free conditions; 20 ps tinc;

Aexc = 450 nm; 77 = 86 £ 5 ys.
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Figure A 70. TA spectra of A@(DIPY)s11 (left) and time trace fitting with

monoexponential decay function (right) in toluene in oxygen free conditions; 20 ps tinc;

Aexc = 450 nm; 71 = 88 = 6 us.
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Figure A 71. TA spectra of A€(DIPY)312 (left) and time trace fitting with
monoexponential decay function (right) in ethanol in oxygen free conditions; 20 ps tinc;

Aexc = 450 nm; 7t = 100 £ 16 ps.
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Figure A 72. TA spectra of A8(DIPY)s13 (left) and time trace fitting with
monoexponential decay function (right) in ethanol in oxygen free conditions; 25 s tinc;
Aexc = 450 nm; 77 = 170 + 20 ps.

= T T T T
T T T T T
400 500 600 700 800 0 100 200 300 400
Wavelength tnm) Time (ps})

Figure A 73. TA spectra of A8(DIPY)315 (left) and time trace fitting with
monoexponential decay function (right) in toluene in oxygen free conditions; 20 ys tinc;
Aexc = 450 nm; r7 = 110 £ 6 ps.
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Figure A 74. Singlet oxygen emission spectra of A{(DIPY)s; complexes after excitation

at 508 nm in toluene (H.TPP as reference compound) and ethanol (*, erythrocin B as

reference compound).
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Figure A 75. . Singlet oxygen emission spectra of A€(DIPY)312 after excitation at 500

nm in THF (ratio of singlet oxygen quantum yield of A€(DIPY)312 in THF and reference

compound erythrocin B in ethanol was calculated = 0.65)
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