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Abstract

The work presented in this thesis is focused on the of design, synthesis and
structural modeling studies of phthalocyanines, to obtain new potential probes for
cancer diagnosis by molecular imaging, using Positron Emission Tomography (PET) and
Fluorescence Optical Imaging (Fl) techniques. Furthermore, studies involving the
synthesis of small molecules based on the indole and chalcone scaffolds, namely
B-indolylketones were also carried out, with the purpose of developing new probes for
the diagnosis of brain pathologies, using the PET technique.

In Chapter 1 the state of the art literature is revised, focusing on the main
subjects developed throughout the experimental work, namely on the synthetic
methods and structural modulation of phthalocyanines. Furthermore, a literature
review on the application of phthalocyanines in PET and Fl is also presented, as well as
on the application of chalcone and indole derivatives as probes for brain pathologies
using PET technique.

Chapter 2 describes the synthetic methodologies for symmetrical
tetra-substituted phthalocyanines in peripheral positions and their metal complexes
preparation, aiming at the preparation of potential probes labelled with copper-64 for
cancer diagnosis using PET imaging. In a first subtopic, the studies involving the
synthesis and structural modeling of phthalonitrile precursors were carried out,
involving different substituents — galactose, choline and polyethylene glycol derivatives
— whose further cyclotetramerization into phthalocyanines were intended to provide
the desired biocompatibility and/or the specificity and selectivity for tumor cells. The
second subtopic describes the synthetic methodology that led to the synthesis of the
corresponding metal-free phthalocyanines, the precursors for the copper-64 labelling.
This methodology was based on the preparation of the corresponding zinc(ll) (or
alternatively magnesium(ll) complexes) from the cyclotetramerization reaction of the
previously synthesized phthalonitriles, followed by demetallation with acidic
conditions, which yielded the desired metal-free phthalocyanines in isolated yields of
79-85%. The third subtopic present the studies on the development of a synthetic

methodology that allowed to obtain the non-radioactive copper(ll) phthalocyanine


https://www.google.com/search?q=PEG+polyethylene+glycol&spell=1&sa=X&ved=2ahUKEwj-4JjR-pnnAhXRyYUKHWtZA-QQBSgAegQIEhAp

complexes, with isolated product yields between 86-94%. This methodology was
implemented for labelling processes with copper-64, developed at the Institute of
Nuclear Sciences Applied to Health (ICNAS), yielding phthalocyanines labelled with
copper-64 in moderate to high radiochemical yields (37-98%) and high degree of
radiochemical purity (>98%). Furthermore, in vitro stability studies of the radioactive
phthalocyanine complexes in physiological conditions were carried out, and these
studies showed the high stability of copper-64 phthalocyanine complexes.
Biodistribution studies in BALB/c mice were performed with one selected
phthalocyanine, the tetra-substituted one with choline groups and labelled with
copper-64 (2.14e), which revealed a high accumulation in the spleen and liver and the
hepatobiliary route as its main excretion pathway.

Chapter 3 describes the optimization of microwave-assisted synthesis of a
family of B-indolylketones and their subsequent radiolabelling with carbon-11 aiming
at the preparation of new potential PET probes for brain imaging. The B-indolylketones
and the corresponding methylated standard compounds were synthesized in 82-91%
isolated vyields. The lipophilic nature of standard compounds was studied and
theoretical values of the octan-1-ol/water partition coefficient (ClogP) between 2.73 e
3.13 were obtained. The development and optimization of analytical and
semi-preparative  HPLC methods was performed, which allowed an efficient
separation/purification of the B-indolylketone 1-(4-fluorophenyl)-3-(1H-indol-3-yl)-3-
(4-methoxyphenyl)propan-1-one (3.2c) and the corresponding standard methylated
B-indolylketone 1-(4-fluorophenyl)-3-(4-methoxyphenyl)-3-(1-methyl-1H-indol-3-
yl)propan-1-one (3.3c). Then, the study involving the labelling of compound 3.2 via
methylation reaction with [*!Cliodomethane, in an automated radiosynthesis module
of ICNAS was carried out, providing the compound 1-(4-fluorophenyl)-3-(4-
methoxyphenyl)-3-(1-[**C]methyl-1H-indol-3-yl)propan-1-one (3.4c), analogous to
non-radioactive standard 3.3, in >98% radiochemical purity and chemical purity of
=90%. Preliminary biodistribution studies in BALB/c mice with several carbon-11
labelled B-indolylketones were performed, and the compound 3-(4-bromophenyl)-1-
(4-methoxyphenyl)-3-(1-[*!C]methyl-1H-indol-3-yl)propan-1-one (3.4b) was shown to
display the highest brain uptake.



In Chapter 4 optimization studies involving the synthesis and structural
modeling of symmetrical phthalocyanines were described, aiming at the preparation of
new fluorophores for potential application in cancer diagnosis using Fl. In order to
provide the suitable structural characteristics that could induce an optimal absorption
in the near-infrared region of the electromagnetic spectrum, phthalocyanines
incorporating eight galactose units in non-peripheral positions were synthesized. The
photophysical characterization of the metal-free, zinc(ll) and magnesium(ll)
phthalocyanines was also carried out, which showed promising characteristics for
further potential use as fluorophores in Fl, such as selective fluorescence emission in
the near-infrared region (753-812 nm), large Stokes shifts (17-30 nm) and
fluorescence quantum yields between 0.02 and 0.17.

In Chapter 5, all experimental procedures and full characterization of all

synthesized compounds are described.

Keywords: Molecular imaging, Positron Emission Tomography (PET), Fluorescence

Optical Imaging (FI), Phthalocyanines, Chalcones.



Resumo

O trabalho apresentado nesta tese centra-se nos estudos de design, sintese e
modelacdo estrutural de ftalocianinas, com vista ao desenvolvimento de potenciais
marcadores para diagndstico de cancro por imagiologia molecular, usando as técnicas
de Tomografia por Emissdo de Positrées (PET) ou Imagiologia Otica de Fluorescéncia
(FI). Adicionalmente, procedeu-se a estudos envolvendo a sintese de pequenas
moléculas tendo como estrutura base derivados indole e chalcona, nomeadamente as
cetonas B-indolilo, com o objetivo de desenvolver marcadores para o diagndstico de
patologias a nivel cerebral, usando a técnica de PET.

No Capitulo 1 apresenta-se uma revisdo da literatura sobre as principais
temadticas desenvolvidas no decorrer do trabalho experimental, nomeadamente nos
métodos de sintese de ftalocianinas. Neste capitulo apresenta-se também uma revisdo
da literatura da aplicagao de ftalocianinas como marcadores em imagiologia por PET e
FI, e ainda de derivados de chalconas e indole como marcadores de patologias
cerebrais usando a técnica de PET.

No Capitulo 2 s3o descritos os métodos utilizados para a sintese de
ftalocianinas simétricas tetra-substituidas nas posi¢des periféricas e seus complexos
metalicos, com vista a posterior preparacdo de potenciais marcadores com cobre-64,
para aplicacdo em diagndstico de cancro usando imagiologia por PET. Num primeiro
subtdpico, procedeu-se aos estudos envolvendo a sintese e modelagao estrutural dos
precursores ftalonitrilo, contendo diferentes grupos substituintes — derivados da
galactose, colina e polietileno glicol — com o objetivo de obter as correspondentes
ftalocianinas com acrescida biocompatibilidade e/ou especificidade para as células
tumorais. No segundo subtdpico sdo abordadas as reagdes de ciclotetramerizagcdao que
conduziram a sintese das correspondentes ftalocianinas de base livre, precursoras da
reacdao de marcacdao com cobre-64. Esta metodologia baseou-se na preparacdao dos
respetivos complexos de zinco(ll) (ou alternativamente de magnésio(ll)) a partir dos
ftalonitrilos convenientemente substituidos, seguido de remog¢do do metal em meio
acido. Com esta metodologia, obtiveram-se as ftalocianinas de base livre pretendidas

com rendimentos isolados de 79-85%. No terceiro subtdpico apresentam-se os



estudos do método de sintese que permitiu a obtencdo dos complexos de cobre(ll) de
ftalocianinas ndao radioativos em rendimentos de produto isolado de 86-94%. A
metodologia foi transposta para processos de marca¢cdo com cobre-64 desenvolvidos
no Instituto de Ciéncias Nucleares Aplicadas a Saude da Universidade de Coimbra
(ICNAS), tendo-se obtido ftalocianinas marcadas com cobre-64 em rendimentos
radioquimicos moderados a elevados (37-98%) e com elevado grau de pureza
radioquimica (>98%). Adicionalmente, foram efetuados estudos in vitro de estabilidade
dos complexos de ftalocianina radioativos em condi¢des fisiolégicas, tendo-se
verificado a elevada estabilidade destes. Foram ainda efetuados estudos de
biodistribuicdo em ratinhos BALB/c, realizados com uma das ftalocianinas
selecionadas, a ftalocianina tetra-substituida com grupos colina marcada com cobre-64
(2.14e), que revelaram uma elevada acumulagao no bago e figado, tendo-se
constatado que a principal via de excrecdo é a via hepatobiliar.

No Capitulo 3 apresentam-se estudos de otimizacdo da sintese de uma familia
de cetonas B-indolilo usando irradiagcdo de micro-ondas e sua posterior marca¢gdao com
carbono-11, com vista a obten¢ao de marcadores com potencial aplicagdo em
imagiologia a nivel cerebral por PET. As cetonas B-indolilo e os correspondentes
compostos padrao metilados foram sintetizados com rendimentos entre 82 e 91%. O
caracter lipofilico dos compostos padrao foi também estudado e foram obtidos
coeficientes de particdo octan-1-ol/dgua tedricos entre 2,73 e 3,13. Foram ainda
otimizadas condicdes de separacdo/purificacdo, por HPLC analitico e semi-preparativo,
para o composto 1-(4-fluorofenil)-3-(1H-indol-3-il)-3-(4-metoxifenil)propan-1-ona
(3.2c) e do respetivo composto padrdao 1-(4-fluorofenil)-3-(1-metil-1H-indol-3-il)-3-(4-
metoxifenil)propan-1-ona (3.3c). Apds esta otimizacdo, procedeu-se entdo ao estudo
de marcacdo do composto 3.2c com [*!Cliodometano, via metilagdo, num mddulo
automatico de radiosintese do laboratério do ICNAS, obtendo-se o composto 1-(4-
fluorofenil)-3-(1-[**C]metil-1H-indol-3-il)-3-(4-methoxifenil)propan-1-ona (3.4c¢),
andlogo do composto padrao ndo-radioativo 3.3c, com um grau de pureza
radioquimica >98% e uma pureza quimica de =90%. Estudos preliminares de
biodistribuicdo em ratinhos BALB/c com varias cetonas B-indolilo marcadas com

carbono-11 foram efetuados, tendo-se observado que o composto 3-(4-bromofenil)-3-



(1-[*1C]metil-1H-indol-3-il)-1-(4-metoxifenil)propan-1-ona (3.4b) revelou uma maior
captacao cerebral.

No Capitulo 4, descrevem-se os estudos de otimizacdo da sintese e modelacao
estrutural de derivados simétricos de ftalocianinas e seus complexos metdlicos, com
vista a preparacdo de novos fluordforos para potencial aplicacdo em diagndstico de
cancro por Fl. Por forma a conferir a estas as caracteristicas estruturais que
permitissem absorver luz na regido do infravermelho, ftalocianinas contendo oito
unidades galactose nas posicdes ndo periféricas foram sintetizadas. Procedeu-se
também a caracterizagdo fotofisica dos complexos de base livre, zinco(ll) e
magnésio(ll), que revelaram possuir caracteristicas promissoras para aplicagdo como
fluoréforos em Fl, devido a seletiva emissdao de fluorescéncia na regido do
infravermelho (753—-812 nm), elevados desvios de Stokes (17-30 nm) e rendimentos
quanticos de fluorescéncia entre 0.02 e 0.17.

No Capitulo 5, apresentam-se os procedimentos experimentais e a completa

caracteriza¢do quimica de todos os compostos sintetizados.

Palavras-chave: Imagiologia molecular, Tomografia por Emissdo de Positrées (PET),

Imagiologia Otica de Fluorescéncia (Fl), Ftalocianinas, Chalconas.
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Bq
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H-NMR
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AcOH
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Ci

cosy
CuPc
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chemical shifts

wavelength

molar extinction coefficient

gamma

microcurie

micromolar

positron

beta emission
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fluorescence quantum yield
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triplet
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proton nuclear magnetic resonance spectroscopy
carbon 13 nuclear magnetic resonance spectroscopy
mouse embryo fibroblasts

acetic acid
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Blood-Brain Barrier
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correlation spectroscopy in nuclear magnetic resonance
copper(ll) phthalocyanine complex
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DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene

DCTB Trans-2-[3-(4-tert-buthylphenyl)-2-methyl-2-propenylidene]malonitrile
DEAD diethyl azodicarboxylate

DMAE N,N-dimethylaminoethanol

DMEM Dulbecco’s modified eagle medium

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

D7.4 octanol-1-ol/water partition coefficient at physiological pH
EC electron capture

EDTA ethylenediaminetetraacetic acid

EMA European Medicines Agency

ESI Electrospray ionization

EtOH ethanol

FDA Food and Drug Administration

FI Fluorescence Imaging

FT-IR Fourier-transform infrared spectroscopy

GC gas chromatography

GC-MS gas chromatography coupled with mass spectrometry

h hours

H2Pc metal-free phthalocyanine

HMBC heteronuclear multiple-bond correlation

HMQC heteronuclear multiple-quantum correlation

HOMO highest occupied molecular orbital

HPLC high performance liquid chromatography

HITIC 1,1',3,3,3',3'-hexamethylindotricarbocyanine iodide

ICG Indocyanine Green

ICNAS Institute of Nuclear Sciences Applied to Health (Instituto de Ciéncias

Nucleares Aplicadas a Saude)

ICso half-maximal inhibitory concentration
iPrOH isopropanol

LiOPe lithium pentanolate

LOR line of response

viii


https://en.wikipedia.org/wiki/1,8-Diazabicyclo(5.4.0)undec-7-ene
https://en.wikipedia.org/wiki/1,8-Diazabicyclo(5.4.0)undec-7-ene

LUMO lowest unoccupied molecular orbital

MALDI-TOF  matrix assisted laser desorption/ionization

MB Methylene Blue

mCi milicurie

mg miligrams

MgPc magnesium(ll) phthalocyanine complex
Mi molecular imaging

min minutes

mL mililiter

MPc metallophthalocyanine

MS mass spectrometry

m/z mass/charge relation

NIR near-infrared

nm nanometer

OcOH octan-1-ol

P octan-1-ol/water partition coefficient
PBS phosphate-buffered saline

Pc phthalocyanine

PDT photodynamic therapy

PEG polyethylene glycol

PET Positron Emission Tomography

PeOH pentan-1-ol

Ph. Eur. European Pharmacopoeia

ppm parts per million

p-TsOH para-toluenesulfonic acid

RCC radiochemical conversion

RCY radiochemical yield

Rf retention factor (for thin layer chromatography)
RT room temperature

SPE Solid Phase Extraction

TFA trifluoroacetic acid

THF tetrahydrofuran



TLC
TMS
tr

ti2

uv
UV-Vis
ZnPc

thin-layer chromatography
tetramethylsilane
retention time

half-life

Ultraviolet
Ultraviolet—visible

zinc(ll) phthalocyanine complex



Nomenclature

In this thesis, the IUPAC recommendations were followed to number and name
all compounds, with some exceptions. The numbering and nomenclature of each family
of compounds synthesized is presented below.

Concerning the synthesized phthalocyanine precursors, trivial names
(phthalonitriles)' were used instead of IUPAC nomenclature (1,2-dicyanobenzene). The
numbering system used for the phthalonitriles is in agreement with the IUPAC
nomenclature for aromatic rings,” as shown in Figure | for exemplifying 4-

nitrophthalonitrile.

6
NC L5

4
NC72 NO,

Figure I. 4-nitrophthalonitrile.

The adopted nomenclature for phthalocyanines was based on the IUPAC

regulations (Figure Il)."

Figure Il. IUPAC nomenclature of phthalocyanines.

All carbon and nitrogen atoms of phthalocyanine are numbered, with the exception of
carbon atoms that correspond to the fusion of pyrrole ring and benzene ring. The
numbering is initiated on a carbon of the vicinal benzene ring to a fusion carbon between
the pyrrole ring and the benzene ring. After the numbering of the atoms that constitute

the external carbons of the macrocycle (1-28), the numbering of the four inside pyrrolic

Xi



nitrogen is performed (29-32). For simplicity, the inner and outer positions of the
benzene ring are often referred to as a and B positions, respectively, as shown in Figure
Il

In this thesis, all the synthesized B-tetra-substituted phthalocyanines are mixture
of four positional isomers. So, the alternative positions of the substituent groups
occupied in each isomer are indicated in parentheses. As example, the compound shown
in Figure Il is named [2(3),9(10),16(17),23(24)-tetrakis-(methyl)phthalocyaninato]

zinc(ll).

Figure Illl. Structure of [2(3),9(10),16(17),23(24)-tetrakis-(methyl)phthalocyaninato]
zinc(Il).

The numbering system used for the synthesized B-indolylketone derivatives
follows the IUPAC regulations,” as shown in Figure IV for 3-(1H-indol-3-yl)-1,3-
diphenylpropan-1-one. The numbering system used for the A and B rings follow the

IUPAC nomenclature for aromatic rings, as well the indole ring (C ring).

Figure IV. 3-(1H-indol-3-yl)-1,3-diphenylpropan-1-one.
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CHAPTER 1

Introduction

Cancer is currently one of the major causes of death worldwide, constituting a
large group of heterogeneous diseases characterized by uncontrolled growth and
spread of abnormal cells and aberrant cell behavior.! It is the most inexorable affliction
of our era! Such concern is much evidenced by the vast number of scientific and
academic publications, as well as by the numerous initiatives directly sponsored by
international entities such as the World Health Organization (WHO). According to WHO,
the global burden is expected to grow to 21.4 million new cancer cases and 13.2 million
cancer deaths by 2030. In 2018 alone, 18.1 million new cancer cases and 9.6 million
cancer deaths have been reported worldwide.?

In this respect, it is well accepted in the medical and scientific community that
probably the most effective solution to diminish the number of deaths by cancer is based
on its early detection. When cancer is diagnosed at an early stage, the more effective
the treatment is likely to be, resulting in greater surviving probabilities, as well as less
distressful and expensive treatments.> Consequently, there is a huge incentive for the
development of technologies capable of cancer detection at its earliest stage possible.
Among these technologies, Molecular Imaging (MI), a non-invasive technique, has
experienced an exponential growth over the last few decades, becoming currently part
of standard care in the clinical oncology. Bluntly, Ml allows to see, characterize and
measure many in vivo biological processes at molecular and cellular levels.*® Therefore,
the highest advantage of in vivo Ml is its ability to characterize cancer tissues without
invasive biopsies or surgical procedures, allowing a more personalized treatment
planning. Additionally, this technology can provide important predictive relevant

information regarding therapy response or even disease recurrence monitoring.®’
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Such early-stage cancer diagnostic techniques generally require patient
intravenous administration of a MI probe, used to allow the visualization and
guantification of the biological processes inside the human body, leading to more
precise diagnostics. Therefore, the full potential of Ml techniques strongly depends on
the availability and/or design of proper highly specific and sensitive imaging probes for
cellular and molecular processes related to cancer.®?

In this context, the elucidation and development of novel chemical entities with
tunable properties for potential application as probes in cancer Ml is one of the most
important subjects in medicinal chemistry area. Therefore, the main goal of this thesis is to
go beyond the state of art regarding the molecular design of ideal Ml probes for cancer
diagnosis. Our studies started with the selection of promising molecular platforms, whose
choice relied on a deep understanding of the structure-property relationships, in order
to fine-tune their specific features for the target Ml technique. Thus, the work described in
this thesis aims the design, synthesis and the study of new: i) macrocyclic compounds such
as phthalocyanines and ii) small molecules, based on indole and chalcone scaffolds, as
molecular platforms for the development of potential Ml probes for Positron Emission

Tomography (PET) and/or Fluorescence Imaging (Fl) targeting cancer or brain disorders.

1.1 Phthalocyanines

Phthalocyanines (Pcs) belong to the broad class of macrocyclic tetrapyrrole
compounds, being characterized by having a set of four isoindole rings linked through
their 1,3-positions by aza-bridges. Pcs possess a set of conjugated double bonds that
form an aromatic ring with eighteen n electrons, delocalized over 32 carbon and 8
nitrogen atoms (Figure 1.1, a).1° Although phthalocyanine structure are related to the
naturally occurring porphyrins, such as hemoglobin, (Figure 1.1, b) vitamin Bi; or

chlorophyll, those cannot be found in nature.
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HOOC )
Phthalocyanine Hemoglobin Iron(Il) phthalocyanine

(a) (b)

Figure 1.1 (a) electronic delocalization over the Pc’s aromatic ring; (b) structural
relationship between hemoglobin and a phthalocyanine.

These macrocycles exist both as free bases (metal-free), with two of the four
central ring nitrogen atoms covalently bonded to two hydrogen atoms, and in the form
of metal complexes, resulting from the coordination of different metal atoms with the

central nitrogen atoms (Figure 1.2).

Subshtu?nk']cs ml Variations of the metal
non-periphera Axial substituents
positions
p

B
X N\ N o
\ NH N=
N\ /N
I\\l HN
\S A
N
H,Pc Substituents in MPc

peripheral positions

Figure 1.2. Structure of metal-free phthalocyanine (left side, H.Pc) and metal
phthalocyanine complex (right side, MPc), with schematic representation of possible
structural modulation sites.

Some of these metal atoms also allow the structural modulation via
functionalization with axial ligands (Figure 1.2). Furthermore, a substantial variety of
substituents can be incorporated into the phthalocyanine core at positions designated
as a (non-peripheral) and as B (peripheral) (Figure 1.2).}! This remarkable structural
flexibility plays a critical role in the design, solubility and physicochemical and electronic

properties of phthalocyanines.!?
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Pcs are intensely blue-green colored aromatic macrocyclic compounds with a
typical absorption spectrum. Their electronic absorption spectrum is characterized by
two absorption bands in the ultraviolet-visible (UV-Vis) region both attributed to m->mn*
orbital transitions.!® The first of these bands, named Soret or B-band, is found in the
ultraviolet region (around 350 nm), often appearing as a broad band. The second band,
called Q-band, is more intense and narrow, appearing in the visible region, around 670—
700 nm, also possessing satellite bands between 600-650 nm. While
metallophthalocyanines exhibit only a single Q-band, metal-free Pcs have their Q-band
split into double bands, due to the lower symmetry of metal-free Pcs (D2n symmetry),
when compared to metallophthalocyanines (Dan symmetry).}41> Nevertheless, these
electronic features can be affected by parameters such as presence and nature of the
central metal atom (concomitantly with the presence of axial ligands), type and number
of peripheral (B) or non-peripheral (a) substituents, macrocyclic aggregation and

solvents used, besides the symmetry of the phthalocyanine n-conjugated system.6-18

1.0
— (a)
0.8- (b)

0.6+

S

Absorbance (a.u.)

0 - . :
300 400 500 600 700 800
Wavelength (nm)

Figure 1.3. Typical UV-Vis spectrum for phthalocyanine as (a) metal-free and (b) metal
complex.’

As for most of non-substituted aromatic compounds, the major disadvantage of
unsubstituted Pcs is their sparing solubility both in water and common organic solvents.
This is due to the intrinsic hydrophobicity of the aromatic nucleus and its planarity,
displaying natural tendency to form molecule stacking (m-mt stacking) in the form of
highly organized aggregates, and it can depend on the concentration, nature of solvent
and macrocycle’s substitution pattern. Solubility modulation on phthalocyanines mainly

focuses on the type of substituents (a and B), that can be introduced into the Pc core.

4
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Two different methodologies are classically applied: the first, involving the modification
of the already existing Pc using aromatic electrophilic and nucleophilic substitution
reactions, holds as main drawback, the proneness to form mixtures with several degrees
of substitution, favouring cumbersome purification and low yields. This is due to the
chemical stability owned by phthalocyanines, which are quite stable against
post-modulation;® the second approach involves the cyclotetramerization of
substituted phthalocyanine precursors (see Scheme 1.1 in the following section),
leading to an awaited number of substituents on the desired target phthalocyanine
(metallated or metal-free). Expectedly, prior modulation of phthalocyanine precursors
is the commonly chosen methodology when attempting to introduce significant changes
at the phthalocyanine core,'?° and will be the approach used in this work.

The most exhaustively investigated soluble substituted phthalocyanines are the
symmetrical tetra-substituted and octa-substituted, being the latter of two types

depending on the position of the substituents on the isoindole ring (Figure 1.4).

metallophthalocyanine metallophthalocyanine metallophthalocyanine
2(3),9(10),16(17),23(24)-tetra- 1,4,8,11,15,18,22,25-octa- 2,3,9,10,16,17,23,24-octa-
substituted substituted substituted
B-tetra-substituted a-octa-substituted B-octa-substituted

Figure 1.4. Common substitution pattern in phthalocyanines.

Generally, the solubility of tetra-substituted phthalocyanines is higher, when compared
to octa-substituted ones, because tetra-substituted phthalocyanines consist of an
isomeric mixture (Figure 1.5), which leads to a lower degree of order in the solid state,
when compared to octa-substituted phthalocyanines. It is worth mentioning that the
first separation of the four structural isomers of tetra-substituted phthalocyanines was

accomplished by Hanack’s research group,?! using preparative HPLC. Notwithstanding
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the isomers possible separation, phthalocyanines are commonly used as mixtures of all

four isomers in the great majority of their applications.

Figure 1.5. Constitutional isomers of B-tetra-substituted phthalocyanines.

Since their discovery, phthalocyanines have been a target of intense
investigation, particularly considering their properties as dyes. In recent decades,
improved synthetic methods demonstrated phthalocyanines remarkable structural
flexibility, leading to an expansion of phthalocyanines’ potential applications in many
fields such as in catalysis,?> as chemical sensors,?®> as semiconductors,?* as
light-harvesting modules for dye-sensitized solar cells/organic photovoltaics® and in
nonlinear optics.?® Furthermore, Pcs also found applications in the medicinal area,
including as photosensitizers for Photodynamic Therapy (PDT) of cancer.?’-30

On the other hand, the application of Pcs in Ml has been researched to a much
lesser extent, with reports on the utilization of phthalocyanine as potential probes for
Magnetic Resonance Imaging (MRI), PET and FI.3! Since most of the chapters in this
thesis deal with the design, synthesis and evaluation of phthalocyanines regarding their
potential application in cancer diagnosis as Ml probes, a more detailed revision of the
prominent literature regarding PET imaging will be given in section 1.2. Furthermore, in
section 1.3 a detailed discussion on the phthalocyanines’ application in cancer diagnosis

as potential Fl probes will be also presented.
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1.1.1 Synthetic methods of phthalocyanines

Phthalocyanines are synthesized by the cyclotetramerization reaction of several
aromatic phthalic precursors, as depicted in Scheme 1.1, usually using high boiling point

solvents.

NH
CN
@E NH, NH
CN
NaOH/MeOH NH
Phthalonitrile 1,3-Diiminoisoindoline
i) Li/ROH
0 i) H*(aq.)
Metal salt A

(:f‘\NHz Metal salt | A
Metal salt
CN
T

o-cyanobenzamide

A
A N\ N
LNH =
Metal salt N N

\ /
\H Metal salt I\\l HN
2
NH, A N AN
0}
Metallophthalocyanine Metal-free phthalocyanine
Phthalamide
Metal salt,\
urea, A | ‘
0] 0 o]
NH 0 OH
OH
(0] (6] 0
Phthalimide Phthalic anhydride Phthalic acid

Scheme 1.1 Precursors and common synthetic pathways for phthalocyanine synthesis.

The typical precursors are phthalonitriles, 1,3-diiminoisoindolines, phthalic
acids, phthalic anhydrides, phthalimides, phthalamides and o-cyanobenzamides
(Scheme 1.1).32 Among the different precursors available, phthalonitriles are the most
frequently used, due to the amenability regarding both the cyclotetramerization
reaction, which requires lower temperatures for the phthalocyanine synthesis, and also
the presence of cyano groups in ortho positions, which are able to participate in the in
situ formation of isoindol rings and aza-bridges in the template reaction.33 Occasionally,

less reactive phthalonitriles can be further transformed into 1,3-diiminoisoindolines, by
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using gaseous ammonia bubbling into a methanolic concentrated sodium hydroxide
solution.'12032 This strategy may increase the formation yield of phthalocyanines;
however is mostly avoided, given the troublesome reaction conditions required.

Conversely, other aromatic phthalic precursors, like phthalic acid, phthalic
anhydride, phthalimide and phthalamide require the presence of an additional source
of nitrogen (commonly carried out in melted urea), besides temperatures above 200 °C
to provide the desired phthalocyanines, which in turn only allows the presence of a very
limited number of possible substituents at the benzene ring.3

The amenability in phthalonitriles structural modulation is the main reason why
the vast majority of researchers use phthalonitrile precursors, which open the possibility
to introduce a vast array of substituents,'>?% including biocompatible and biologically
active groups.>-37

The direct synthesis of symmetric metal-free phthalocyanines can be achieved in
low vyields from phthalonitrile precursors. A more effective precursor would be
1,3-diiminoisoindoline but, as mentioned above, the difficulties in preparing this
precursor conveniently, hampers its common use. The alternative strategy involves the
demetallation of labile metallophthalocyanine complexes using acidic work-up.3® Of
particular synthetic value is the Linstead method,3? in which the phthalonitrile is added
to a solution of lithium alkoxide in a primary alcohol, resulting a dilithium
phthalocyanine derivative. This complex can be easily demetallated by the addition of
diluted aqueous acid, to afford the corresponding metal-free phthalocyanine in
reasonable yields (Scheme 1.1).%° More recently, other synthetic approaches, in which
magnesium alkoxides*! or zinc(ll) metal salts*? are first used as templates, with
subsequent demetallation have been reported to provide the corresponding metal-free
Pcs in higher yields.

As also depicted in Scheme 1.1, the synthesis of symmetric
metallophthalocyanine complexes generally follows two accepted synthetic methods.
One involves the insertion the metal into the metal-free phthalocyanine using an
appropriate metal salt.** This methodology naturally requires the previous synthesis of
the metal-free Pc form which, as described above, is quite demanding to obtain. Hence,
this strategy is only useful for the insertion of some specific metals that cannot

withstand the somewhat harsher template conditions.** The other method, the most

8
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widely used and the one followed in this work, is based on the cyclotetramerization of
phthalonitriles (or other precursors) in the presence of a metal salt.}%?° That said, it is
important to state that the conditions used therein for metallophthalocyanine synthesis
highly depend on the desired, since the metal acts as template in the
cyclotetramerization reaction. For instance, zinc(ll) metallophathalocyanine complexes
usually require mild reaction conditions when compared to other metals, such as
indium(lll), aluminum(lll), gallium(Il1),*> whose phthalocyanine complexes are prepared
in much higher boiling solvents.

The cyclotetramerization reactions are usually performed in high boiling point
alcohols, such as pentan-1-ol, hexan-1-ol, heptan-1-ol and octan-1-ol or the more basic
solvent N,N-dimethylaminoethanol (DMAE).1% 2046 |n addition, the presence of catalytic
amounts of high sterically hindered bases, such as 1,8-diazabicyclo-[5.4.0]-undec-7-ene
(DBU) or 1,5-diazabicyclo (4.3.0) non-5-ene (DBN) in combination with a metal salt and
the protic solvent contributes significantly for improving the cyclotetramerization
yields.32 Nevertheless, solvents such as quinoline, DMF, 1-methylpyrrolidone and
1-chloronaphthalene can also be employed.

The cyclotetramerization reaction mechanism is not yet fully elucidated and
understood. Nevertheless, two distinct mechanisms have been proposed in literature.
One suggests the wide possibility that metal ions may work as templates in
phthalocyanine synthesis, by promoting a concerted mechanism where four
phthalonitrile molecules coordinate with the metal ion to facilitate the cyclization,
independently of the solvent used or base, if any.3%#’ The other mechanistic proposal is
based on the use of high boiling point alcohols and non-nucleophilic bases, which take

part in the mechanistic pathway, as depicted in Scheme 1.2.48
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é%%

Scheme 1.2. Proposed mechanism for the synthesis of MPcs by cyclotetramerization of

phthalonitriles in the presence of a metal salt and an alkoxide anion.*®

In this case, the mechanism of phthalocyanine formation involves a stepwise
dimerization of the precursors, followed by coordination of the central metal ion and
ring closure yielding the macrocycle molecule (Scheme 1.2). The first step comprises the
nucleophilic attack of the alkoxide formed by the alcohol in a basic medium to the
carbon of one of the  nitrile groups producing the intermediate
1-imido-3-alkoxyisoindoline A. Then, the intermediate A attacks the nitrile group from
other phthalonitrile molecule, forming intermediate B, composed of two isoindole units.
At this point, the reaction can evolve in two ways: i) via condensation of two
intermediates B or ii) via consecutive reaction of intermediate B with two phthalonitrile

molecules, concomitantly with the coordination with metal salt, affording the

10
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intermediate C, composed by four isoindole units. The loss of the alkoxide group in its
oxidized form, the aldehyde, together with transfer of two electrons promotes then the

ring closure reaction, producing the metallophthalocyanine D (Scheme 1.2).

1.1.2 Biocompatible phthalocyanines

Solubility in physiological media (e.g. water) is a crucial issue to consider when
designing phthalocyanines for medicinal applications, including Ml. In order to confer
water solubility to Pcs two major strategies can be applied: i) their functionalization with
ionic substituents, namely cationic or anionic charged groups or (ii) the introduction of
non-ionic but highly hydrophilic substituents, such as the polyethylene glycol (PEG) and
carbohydrates.3®

This section elucidates on the strategies used so far for the synthesis of
water-soluble phthalocyanines. Regarding anionic substituents, the most commonly
used groups to increase phthalocyanine’s aqueous solubility are carboxylic acids,*
sulfonic acids®® and phosphonic acids,” either directly linked to the Pc macrocycle, or
through spacers. The solubility of this type of phthalocyanines is usually quite dependent
on the pH value, since the conjugated acid forms are not necessarily water-soluble.
Among them, the anionic water soluble sulfonated Pcs has been extensively studied due
particularly to their application as photosensitizers for PDT. For instance, Photosens®, a
clinical-approved photosensitizer in Russia, is a mixture of tetra-, tri-, di- and
mono-sulfonated aluminum(lll) chloride Pc derivatives (Figure 1.6), which has shown to

be effective in the treatment of breast, skin, gastrointestinal tract and lung cancers.>?

HO,S

R=H or SO3H

Photosens®

Figure 1.6. Selected example of anionic charged functionalized Pc.>?
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Another approach to promote the solubilization of Pcs in aqueous media involves
the cationization of their substituents at the periphery of the ring structure. Cationic
phthalocyanines are classically obtained by quaternization of aliphatic or aromatic
nitrogen atoms substituents. This process generally occurs at the end of the synthetic
sequence, at the formed phthalocyanine. Commonly used cationic substituents are
ammonium,®®  pyridinium,”* imidazolium,>> quinolinium,’® piperidinium>’ and
morpholinium>® groups. Furthermore, cationic moieties have been attached as axial
ligands to the central metal atom silicon(IV).>>° As a selected example, Wohrle’s group®!
synthesized a set of B-tetra-cationic Pcs with variations in the aliphatic chain’s size at the
quaternary nitrogen of amino groups (Figure 1.7). The compounds with larger aliphatic
side chains (Figure 1.7, b-c) exhibited higher in vitro photodynamic activity, superior to

Photofrin Il, a clinically approved PDT photosensitizer.®!

Figure 1.7. Selected example of cationic charged functionalized Pc.5*

As reviewed in literature, a variety of cancer cells overexpress the choline transport
receptors on their cell membranes. Subsequently, cancer cell have increased levels of
choline uptake in order to provide sufficient metabolic energy to sustain their
proliferation.®>%3 Thus, the inclusion of choline moieties into Pcs structures (Figure 1.7,
a) could attract considerable interest, with the aim of enhancing their cellular uptake
and consequently the diagnosis efficacy. This is also one of the main goals of the Pc
compounds developed in this work, whose studies are presented in Chapter 2.

Another common strategy to improve the biocompatibility of phthalocyanines is
the attachment of polyethylene glycol (PEG) units to the macrocycle’s periphery. PEG is
a hydrophilic polymer that has been often used in pharmaceutical applications®* as an

effective drug vehicle (e.g. nanoparticles and polymeric micelles) or covalently attached

12



Chapter 1

for drug delivery to target tissues. Besides improving drug’s water solubility, the
incorporation of PEG increases drug’s blood circulating lifetime, allowing the
minimization of non-specific uptake, which in turn results in a higher concentration of
the drug at the targeted cancer cells.®®

Several works using this type of substituents either at the Pc ring’s peripheral
positions®® or in axial position of the central metal atoms®’ have been recently reported.
For instance, Lv's group® reported a water-soluble B-tetra-substituted zinc(ll)
phthalocyanine containing PEG chains with MW = 800 g.mol* (Figure 1.8). The authors
described its photophysical properties and investigated its in vivo biodistribution in

normal mice using Fl.

o Lo
s NS OJI/\O]l i

\N \

W*C’é:l Ab A,

ZnPc-B-PEG,

Figure 1.8. Selected example of PEG functionalized Pc.%®

The incorporation of carbohydrate moieties is another possible strategy to
provide water solubility to phthalocyanines. This, together with the fact that cancer cells
overexpress carbohydrate transport receptors on their cell membranes in order to
maintain their highly increased glycolysis activity and sustain their high proliferation
rate,®® has attracted the interest of several research groups. Several examples in
literature show the incorporation of carbohydrates directly linked or linked by a spacer
to Pc macrocycle through peripheral substitution.”%’! Pcs axially substituted with
carbohydrates have also been described.”>’* For instance, Lv's group’® reported the
preparation of water-soluble zinc(ll) Pc bearing four D-galactose units linked by the
hydroxyl group located in carbon C-6 (Figure 1.9, a) and the in vivo studies in

tumor-bearing mice revealed its potential use as in vivo Fl probe for liver cancer imaging.
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Figure 1.9. Selected example of carbohydrate functionalized Pc.”>7®

More recently, Kimani et al.”® reported that water-soluble ZnPc-B-Gals (Figure
1.9, a) shows negligible in vitro uptake in MCF-7 cells (human breast cancer cell line),
100-fold less than the isopropylidene protected corresponding Pc (ZnPc-B-GalPros;
Figure 1.9, b). The ZnPc-B-GalPros also demonstrated a high in vitro photodynamic

cytotoxicity make it attractive photosensitizer for PDT.

1.2 Positron Emission Tomography

Positron emission tomography (PET) is a nuclear-medicine-based molecular
imaging technique that produces a three-dimensional image of functional processes
(e.g. cellular metabolism, receptor/enzyme function) by the direct detection and
quantification of positron-emitting probes’ (radiopharmaceuticals) distribution pattern
in the human body. A radiopharmaceutical is prepared by the linking of biological
molecules able to target a specific physiological process, organ or tissue to
positron-emitting radioisotopes.””’8

The clinical PET imaging is mainly used in the area of oncology, both in the
identification/localization of cancer tissues and in monitoring therapy’s progress,’”® but
also in the detection and evaluation of various neurodegenerative diseases (such as
Alzheimer's and Parkinson's diseases),®® as well as in psychiatric disorders.® It is also
used in cardiology,?! and it has been applied to measure other organs function such as

thyroid, kidneys, liver and lungs. Furthermore, the PET imaging has shown potential at

various stages along the drug development pipeline as means to monitor in vivo drug
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pharmacokinetics.®? Additionally, pre-clinical PET imaging could also be used to image
small animals and obtain real-time information.®3

PET technique is characterized by a high level of sensitivity (101! to 10"*2 mol/L),
therefore allowing accurate quantification and precise disease diagnostics.
Radiopharmaceuticals can be detected in nano to picomolar ranges, generally avoiding
unwanted pharmacological side effects caused by the radiopharmaceutical and
interferences with the physiological processes under study.?* Briefly, the principle of PET

imaging is depicted in Figure 1.10.

.
.
- .
.« et
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Figure 1.10. The principle behind of PET imaging.®>

The PET exam begins with the administration of a positron-emitting
radiopharmaceutical to the patient (Figure 1.10, a). After its administration, an
induction period occurs, to allow the radiopharmaceutical to concentrate in the target
tissues. Then, the radioisotope atom in the radiopharmaceutical will decay to its most
stable form with emission of a positron (antiparticle of the electron), that travels for a
short distance and interacts with an electron. Then, the two particles are annihilated by
each other, producing a pair of 511 keV gamma rays that travel in the opposite direction
(180 degrees) to each other (Figure 1.10, b). A circular array of detectors that surround
the patient allows to locate the source of the annihilation process by drawing a set of
straight lines, called lines of response (LORs).2%8” Nevertheless, the emitted pair of
gamma rays on the annihilation process needs to be detected simultaneously

(coincidence) by the circular array of detectors, to be considered valid in the PET imaging
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equipment. Thus, based on the generated LORs and by mathematical equations and
computing, a three-dimensional image containing information about the distribution of
the radiopharmaceutical in the patient (Figure 1.10, c) is generated.8 Nevertheless, PET
technology can be combined with computed tomography (CT) techniques, thus
obtaining images that allow the attenuation correction of PET data and the anatomical

location of detected pathologies.

1.2.1 Radiopharmaceuticals in Positron Emission Tomography

As stated before, PET technique relies, from a chemical point of view, on the use
and preparation of positron-emitting radiopharmaceuticals. This process starts with the
production of the positron-emitting radioisotope of interest (typically in a cyclotron
using nuclear reactions in the targets of stable isotopes),?° followed by its incorporation
in targeted biologically active molecules using specific radiolabelling procedures carried
out in a radiochemistry laboratory. The next step involves the purification, formulation
and quality control analysis (to assure the safety of the formulated product prior to in
vivo injection) of the radiopharmaceutical, and its delivery to the clinical PET facility.°
Indeed, the production of the radiopharmaceuticals is usually one of the most difficult
steps in PET imaging. Since the amount of the radiopharmaceutical required for the
evaluation of the functional processes in human body is reduced, the
radiopharmaceutical does not interfere with the physiological systems under study.
However, its handling requires special attention both in pre- and post-synthesis,
following rigorous rules on radiation protection as well as protocols for working under
sterile conditions with Good Manufacturing Practice (GMP), which are regulated by the
competent authorities.”?

As mentioned earlier, only positron-emitting radioisotopes can be used on PET
imaging, with the most common being fluorine-18 (*F), nitrogen-13 (*3N), carbon-11
(}C) and oxygen-15 (*°0) (Table 1.1), all showing high percentage of decay by positron
emission (B*) and a short half-life. Naturally, this places limitations about the synthesis
time, purification and clinical use. Conversely, there are other positron-emitting
radioisotopes, such as copper-64 (4*Cu), which displays long half-life (768 minutes), but
only 17.8% decay by positron emission.*?
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Table 1.1 Production and characteristics of common positron-emitting
radioisotopes.®>®3 [B*: positron emission; B": beta emission; EC: electron capture]

Radioisotope Half-life Mode of decay (%) Common production Product

(min) method decay
150 2 B* (100) Cyclotron, *N(p,n)*>0? S\
BN 10 B* (100) Cyclotron, **0(p,a)*3N? 13C
11c 20.4 B*(99.8); EC(0.2) Cyclotron, ¥N(p,a)C? )
18 109.8 B*(97); EC (3) Cyclotron, 20(p,n)*8F2 80
58Ga 68.3 B*(89); EC (11) Cyclotron, 8Zn(p,n)®Ga? %87Zn
64Cu 768 B*(17.8); B~ (39.4); Cyclotron, ®*Ni(p,n)®*Cu? 64N
EC (43.8)

2 The nuclear reaction is written as: target atom (bombarding particle, emitted particle)
radioisotope product.

Since one of the objectives of the work developed in this thesis is the
development of carbon-11 and copper-64 labelled radiopharmaceuticals as potential
PET probes, this literature review is more focused on these two radioisotopes.

Carbon-11 is one of the most commonly used PET radioisotopes, since it can be
incorporated into nearly any organic molecule without significant affect its chemical
properties and biological activity. This characteristic is especially important in
compounds for brain imaging studies, as the preservation of physicochemical
characteristics is essential for Blood-Brain Barrier (BBB) permeability and for the affinity
to specific molecular targets in the brain. Moreover, its short half-life (20.4 minutes),
reduces patient’s radioisotope exposure to a minimum, even allowing hypothetical
exam repetition. Nevertheless, its short half-life restricts PET imaging studies to
radiopharmaceuticals of fast pharmacokinetics, and limits the clinical exams to PET
facilities with on-site cyclotrons.®*®> Furthermore, its short half-life confines the
1C-radiochemistry to simple and rapid reactions such as methylation of alcohols or
amines. As preparation times of two to three half-lives are acceptable to obtain
sufficient amounts of radiopharmaceutical for clinical studies,®>°® one of the major
challenges in the use of carbon-11 is the development of increasingly fast, reliable,

versatile and automated radiosynthesis procedures.
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Copper-64 is one of the most promising PET radioisotopes, due to its suitable
half-life (768 minutes; 12.7 h) and decay properties (B*, 17.8%; B, 38.4 %; 43.9% is
electron capture) which provide an adequate time for synthetic and imaging of
functional processes (as well for radiotherapy), allowing its application as
radiopharmaceutical outside of the production facility. Its long half-life makes it versatile
for both radiopharmaceuticals with rapid pharmacokinetics such as small molecules, as
well as slow pharmacokinetic agents such as monoclonal antibodies, peptides and
nanoparticles.’” Moreover, the advantageous and versatile coordination chemistry of
copper allows its reaction with a wide variety of macrocycle chelating systems, with

formation of stable complexes.?®1%

1.2.2 Radiopharmaceuticals for cancer Positron Emission Tomography

imaging

The most widely used PET radiopharmaceutical in oncology is the
fluorine-18-fluorodeoxyglucose ([*8F]FDG), due to the ubiquitous use of glucose by the

human body (Figure 1.11).

0
O IO
: OH
aa\
S 8Ga ] 0 : 0
HO S : H H
HO N't' N X N R
18 H \i—/ \/U\N \:/U\N N \
18 & H oo & H 0 \NH
['8FIFDG g S HN

N3
1S COOH \"1CH, HO \ﬂ/\ﬂ
HyC V\r Ho ™~ HO ° ho

NH, ®\
[*'cIMET [XC]Choline [68Ga]Ga-DOTA-NOC

Figure 1.11 Selected clinical-approved PET radiopharmaceuticals (listed in European
Pharmacopoeia Monograph) for oncology.

[*8F]FDG clinical application includes many types of cancers, such as lung, esophageal,
breast, head, neck, colorectal cancers, malignant lymphoma and melanoma, among

others.19%102 However, it is important to recognize that, being a glucose metabolism
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tracer, ['8F]FDG is not a specific radiopharmaceutical, since many benign and malignant
conditions lead to increased uptake of this radiopharmaceutical. Currently, other
radiopharmaceuticals  for cancer diagnosis include the  ®Ga-labelled
[1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid]-1-Nals-octreotide ([*8Ga]Ga-
DOTA-NOC) for neuroendocrine tumors, the L-[methyl-11C]Methionine ([*!C]MET) for
the diagnosis of brain, urinary, liver and lung cancer!® and the [!C]Choline for prostate,
brain, lung and bladder cancer (Figure 1.11).194

The success of PET imaging upholds in the continued development and
application of novel and biologically relevant radiopharmaceuticals. As such, the
properties of Pcs presented above, evoke the interest in developing synthetic and
labelling methodologies for phthalocyanines with radioisotopes for potential application
in cancer diagnosis as PET probes. To the best of our knowledge, there are only few
examplesin the literature reporting PET probes incorporating Pcs, as shown in Table 1.2,
where three of them consist of 8Cu-labelled phthalocyanines (entries 3 and 4, Table

1.2).

Table 1.2. Radiolabelled phthalocyanines with positron-emitting radioisotopes reported

in literature.
Entry Radiolabelled phthalocyanines Studies/application

1 Synthesis and
evaluation (in vitro) as
potential PET probe for
assessment of its
photodynamic
activity!0

2 Synthesis and

evaluation (in vivo) as
potential probe for PET
image-guided
photodynamic therapy
response to tumors'©®

[55Zn][zn(Pc)]; R=H or F
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NaO,S

[¢4Cul[Cu(PcS, 4)]

R,=R,=R3=H or SO;Na

[®*Cu][Cu(PcS,)]  R,=R,=R;=SO;Na
[¢*Cul[Cu(PcS;)]  R,=R,=SO;Na; Ry =H
[*Cul[Cu(PcS,)]  R,= SO;Na; R,=Ry=H

[6*Cu][Cu(PcS;C¢)] R,=R,=SO;Na; Ry=C¢H,4

Synthesis and
evaluation (in vivo) as
potential probe for PET

image-guided
photodynamic therapy
response to

tumors107,108

OBu BuO

\\ N\ N
- OBu
BuO N\ ,N
N N

64(:{j

N\ N 4
BuO N OBu
S N Y

OBu BuO

encapsulated in PEG-coated nanoparticle

Only synthesis was
reported!®

Na0,S

SO;Na

[¢*Cu][Cu(NOTA-C ;-ZnPcS,)]
[*Cu][Cu(NOTA-C ;-ZnPcS,)]
[®*Cu][Cu(NOTA-C 3-ZnPcS,)]

n=1

n

[*8Ga][Cu(DOTA-C4-ZnPcS;)] n
[8Ga][Cu(DOTA-C ;-ZnPcS;)] n

[8Ga][Cu(DOTA-C4-ZnPcS;)]

2

Synthesis and
evaluation (in vivo; only
[64Cu][Cu(NOTA-
C4-ZnPcS3)]) as
potential probe for
bimodal FI/PET
image-guided tumor
diagnosis!®?

CyHot

tC,4Hg

18F

Only synthesis was
reported!!!

20



Chapter 1

One of the studies reported the radiolabelling reaction of a metal-free Pc
substituted with several degrees of sulfonic acid groups, in the form of a mixture, with
[64Cu]CuCl; to yield [6*Cu][Cu(PcS1-4)], which was employed for biodistribution studies in
tumor-bearing rats using PET imaging (Scheme 1.3).1°” The comparison of the
pharmacokinetics of the [6*Cu][Cu(PcS1-4)] with free [®*Cu]CuCl, suggested no in vivo Pc
demetallation. The biodistribution patterns showed low tumor uptake and most
[64Cu][Cu(PcS1-4)] was taken up by the kidneys and liver. The authors attributed these

poor results to the complexity of the radiolabelled mixture.1%’

NaO5S NaO0,S
[®4Cu]Cucl,
0.1 M NH,OAc (pH 5.5)
H,0/DMF (1:19)
100°C, 1 h

H,PcS,, R=Hor SO3Na [*cu][Cu(PcS, ,)]

Scheme 1.3 Synthesis methodology of ®*Cu-labelled Pc.'’
Later, the same research group reported an optimization of the synthetic
methodology of the sulfonated metal-free Pc mixture, achieving the pure isolated

metal-free sulfonated bearing two (H2PcS;), three (H2PcSs) or four (H2PcSs) sulfonate

groups (Scheme 1.4).1%8

NaO,S NaO;S
[54Cu]cucl,
0.1M NH,OAc (pH 5.5)
DMF
HN P Microwave irradiation
N 150 °C, 1 min

H,PcS,  R,=R,=R,=SO;Na [*Cu][Cu(PcS,)]
H,PcS;  R,=R,=SO;Na; R, =H [**Cul[Cu(PcS;)]
H,PcS,  R;=SO;Na; R,=Ry=H [**cu][Cu(PcS,)]
H,PcS3Cg R;=R,=SO;Na; R;=C¢H,; [**Cul[Cu(PcS;C4)]

Scheme 1.4. Synthesis methodology of ®*Cu-labelled Pcs.1%®
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Additionally, to further evaluate the amphiphilic character, the H2PcS3Cs derivative was
also synthesized, and its in vivo biodistribution studies were also described (Scheme
1.4). The above mentioned metal-free phthalocyanines were radiolabelled with
[64Cu]CuCl;, under microwave irradiation, producing the desired ®*Cu-labelled Pcs
([6*Cu][Cu(PcSn)]) in 40-50% isolated yields and >98% radiochemical purities (Scheme
1.4). The in vivo biodistribution studies in tumor-bearing rats using PET imaging showed
that the most hydrophilic derivatives [®*Cu][Cu(PcSa4)] and [**Cu][Cu(PcSs)] exhibited a
significant bladder and kidney uptake; however no tumor uptake was observed. On the
other hand, the more lipophilic derivatives [®*Cu][Cu(PcS2)] and [®*Cu][CuPc(S3Cs)]
exhibited a good tumor and liver uptake, with best PET image being obtained for the
amphiphilic derivative [64Cu][Cu(PcS3Cg)]. 102

Another significant report describes the synthesis of a ®*Cu-labelled Pc
encapsulated on PEG coated nanoparticle, affording a PET-active nanoparticle (Scheme
1.5). The nanoparticle loaded with the Pc was incubated with [®*Cu]CuCl; in acetate
buffer (pH 5.5) at 37 °C. After 3 hours of incubation, the desired radiolabelled

nanoparticle was obtained in 98% isolated labelling yield.!0?

O [®*cu]cucl,

acetate buffer (pH 5.5),37°C,3 h

PET-active nanoparticle

OBu BuO

| Buo‘ é\ N; i é
64c
? / \ ;
OBu BuO

Scheme 1.5. Synthesis methodology of ®*Cu-labelled Pc encapsulated in PEG-coated

nanoparticle.1®®
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In conclusion, Pcs form stable copper-64 complexes with the in vivo
biodistribution studies showing that their stability prevents the in vivo release of the
metal ion. These relevant properties prompted us to select copper-64 as the
radioisotope of choice for further radiolabelling studies, using Pcs as chelating agents.
However, it should be emphasized that none of the reported studies have never
exploited the targeting ability in the synthesis of phthalocyanine as PET probes, with the
aim of improving tumor uptake and enhancing PET image quality. The synthesis of
64Cu-labelled phthalocyanines suitably functionalized with biocompatible and/or

cancer-targeting groups is described in Chapter 2 of this thesis.

1.2.3 Radiopharmaceuticals for brain Positron Emission Tomography

imaging

The brain PET imaging field has grown exponentially in recent years. The
advances in drug development for the treatment and/or diagnosis of several human
brain disorders such as Alzheimer's disease, Parkinson's disease, depression, brain
cancer, epilepsy, brain inflammation and infections, among others, resulted strongly
from the improvement of small PET radiopharmaceuticals targeting diverse receptors,
transporters, enzymes, and other molecular targets within the human brain.*'? Since the
radiolabelling of molecules of interest with carbon-11 normally provides
radiopharmaceuticals with unchanged pharmacokinetics and pharmacodynamics,**3
when compared with the parent compound, the *!C-labelled radiopharmaceuticals are
usually preferred as probes for brain PET imaging. Currently, there are several
radiopharmaceuticals bearing carbon-11 (Figure 1.12), such as
2- (4-N-[**C]methylaminophenyl)-6-hydroxybenzothiazole ([*'C]PIB) for the diagnosis of
Alzheimer’s disease, [*!C]Raclopride for the assessment of Parkinson’s disease,
Huntington’s disease, Wilson’s disease and schizophrenia, and [*C]Flumazenil
([*1C]FMZ), which is widely used for the assessment of epilepsy, schizophrenia,

post-traumatic stress disorder and Alzheimer’s disease.!*
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o =
OH O I/ O O N/\/
cl N N "CH
11 N 7 3
N LCH, H/\L)
) N\ o Cl
H '
HO Cl "CH, O
[*c]piB [**c]Raclopride [*cIFmz

Figure 1.12. Selected clinical-approved '!C-labelled PET radiopharmaceuticals (listed in
European Pharmacopoeia Monograph) for brain disorders/pathologies.

Furthermore, the radiopharmaceuticals [*!CIMET and [*®F]FDG (Figure 1.11),
along with ¥F-fluoroethyltyrosine ([*8F]FET), ®F-labelled 3'-deoxy-3'-fluorothymidine
([*8F]FLT) and BF-fluorodihydroxyphenylalanine ([*F]DOPA; fluorodopa) are also
currently used for brain cancer imaging.t!®

Regardless of the advances in this field, the ability to image fundamental aspects of
neurological diseases is still a great challenge. To penetrate into the brain, a PET
radiopharmaceutical must possess suitable physicochemical properties to cross the BBB
by passive diffusion. This is the most common obstacle to the development of in vivo
brain PET radiopharmaceuticals, alluring many research groups to define the optimal
physicochemical properties for brain-penetrating PET radiopharmaceuticals,'® using
these criteria to filter the number of compounds further evaluated in vitro or in vivo.*'’
There are several radiopharmaceuticals physicochemical properties that might govern
its passive diffusion across the BBB. Generally, such compounds have low molecular
weights (< 500 g.mol?), low number of hydrogen bond donor and acceptors (< 3 H-bond
donors and < 7 H-bond acceptors) and lack of charge.!'® Additionally, lipophilicity is
probably, the most important physicochemical property. The commonly used index of
lipophilicity is the LogP, where P is the octan-1-ol/water partition coefficient of the
non-ionized species. The corresponding partition coefficient at physiological pH is
named LogD74. Passive diffusion across the BBB might be expected to increase with
radiopharmaceutical lipophilicity, since entry first requires partitioning of the
radiopharmaceutical from plasma into the lipid bilayer of the BBB. However, a
radiopharmaceutical showing high lipophilicity may also become extensively bound to
blood proteins, thereby reducing its ability to permeate the BBB. Bluntly, it is accepted
that LogD7.4 values of 2—3.5 show optimal passive diffusion across the BBB with high

brain uptake and non-specific binding.'*°
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In the search of novel small-molecule PET probes, we highlighted those which
include in their structure two aromatic groups joined by an a,B-unsaturated ketone of
the chalcone-type, as well as, molecules based on indole nucleus, to function as new
scaffolds for the development of potential Ml probes for brain PET imaging.

Chalcones are aromatic ketones, where two aromatic rings are linked by a highly
electrophilic three carbon a, B-unsaturated carbonyl system. The presence of two
electrophilic reactive centers in these compounds, due to delocalization of electron
density in the a, B-unsaturated carbonyl system, allows them to participate in addition
reactions via attack to the carbonyl group (1,2-addition) or involving the B-carbon
(1,4-addition), leading to the synthesis of novel bioactive heterocyclic compounds.1?°
Chalcones have been reported to possess a broad spectrum of biological and
pharmacological activities, depending on the substitution made on the aromatic rings,*?!
and also, even by a-position substitution of the double bond of the a,B-unsaturated
carbonyl system.!??

Besides the therapeutic potential of chalcones, a literature survey revealed that the
chalcone backbone has been explored for the diagnosis of human brain disorders
through PET imaging technique, aiming, mainly, the detection of B-amyloid plaques in
Alzheimer’s disease (AD). Chalcone derivatives radiolabelled with fluorine-18, carbon-11
and gallium-68, as depicted in Table 1.3, have been reported in literature and, in
general, they displayed favorable characteristics as B-amyloid imaging probes, showing
high affinity for f-amyloid plaques and both high uptake into and good clearance from

the brain.
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Table 1.3. Radiolabelled chalcones with positron-emitting radioisotopes for targets

within brain reported in literature.

Radiolabelled chalcones

Log Studies/application
D74

Synthesis and
evaluation (in vitro and
in vivo) as potential PET

probes for B-amyloid
plagues imaging in
AD123

Synthesis and
evaluation (in vitro and
1.58 invivo) as potential PET
probe for B-amyloid
plagues imaging in
AD124

Synthesis and
evaluation (in vitro and
in vivo) as potential PET

probes for B-amyloid
plagues imaging in
i AD125

2.25 Synthesis and
- evaluation (in vitro an
2.64 invivo) as potential PET
probes for B-amyloid
plaques imaging in
AD126

Additionally, indole is a fused six-membered benzene with five-membered

pyrrole rings, being an aromatic heterocyclic system containing 10 1t electrons. Indole is

a quite important scaffold in medicinal chemistry, since it can be ubiquitously found in

living organisms including the essential amino acid tryptophan, the neurotransmitter

26



Chapter 1

serotonin, and the mammalian hormone melatonin, suggesting a proper
biocompatibility for the indole nucleus (Figure 1.13, a).1?” This, combined with the well
described nucleus electrophilicity (which leads to synthetic manipulation of various
indoles derivatives), a wide variety of drugs bearing indole motif were synthesized up to
now, and are currently used in clinical for human brain disorders, such as Pysostigmine
(Alzheimer's disease), Metralindole (depression) and Sumatripan (migraine) (Figure

1.13, b).2?’

a) Y

NH NH
H OH 2
NH, 0 HO o
N N N
H H

H

Tryptophan Serotonin Melatonin

b) \
o N
N/
H

—N (0} H o
N~ \ﬂ/ N /N\g N\

0 N i
S N N
N "

Metralindole Pysostigmine Sumatripan

Figure 1.13. Examples of molecules containing indole nucleus: a) natural compounds

and b) synthetic marketed drugs.'?’

Moreover, a number of indole derivatives have also been explored as potential
PET probes for different targets within brain, such as, the serotonine receptors!?812° the
cannabinoid receptors,’3%132 the dopamine receptors'3? and the B-amyloid plaques in
Alzheimer’s disease.’®* Selected examples of the application of indoles derivatives
radiolabelled with the common positron-emitting radioisotopes, fluorine-18 and
carbon-11, for brain PET imaging based on publications from the last decade are shown

in Table 1.4.
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Table 1.4. Radiolabelled indoles with positron-emitting radioisotopes for targets within

brain reported in literature.

Radiolabelled indoles LogD7.4 Studies/application
o ’L)"e Only synthesis was
Me reported. Potential PET
/N\N,@ 1.86 probe for TSPO (peripheral
\ benzodiazepine) receptor
al N 0 imaging®3®
ey
— = Synthesis and evaluation (in
,L:CN \ 7 NH vivo) as potential PET probe
ne’ N for nicotinic acetylcholine
receptors imaging!3®
c 0 . Synthesis and evaluation (in
d NJLN/@/R 1.51- vitro) as potential PET
' ' o (- R2 2.56° probes for
H N-methyl-D-aspartate
Ogs (NMDA) receptor imaging3’
R1=0(CH,),'8F; R?=H; R®=C,H;
R=H; R?=0(CH,),"8F;R3=C,H
R1=0'CH,; R%=H; R3=C,H,
R1=0(CH,),8F; R?=H; R3=H
R1=0'CH,; R%=H; R3=H.
R2 Synthesis and evaluation (in
0 = vitro an in vivo) as potential
oA 1.94- PET probes for cytosolic
R1©/ ﬂg—oH 2.43 phospholipase A2a enzyme
R!= PhO; R?= COPr imaging**
R= 4-CF,PhO; R%= COMe
R!= PhO; R?= 3-Me-1,2,4-oxadiazole
Rl= n-CgH,5; R%= 3-Me-1,2,4-oxadiazole
N Synthesi§ an.d evaluation (in
_ N\/\/\N/\ 113 vnF“)ré)Tan in vivo) as pote.ntlal
K/N . probe for dopamine
receptors imaging!3?
H311CO]©
al
ey, Synthesis and evaluation (in
vitro an in vivo) as potential
2.79° PET probe for serotonin
Ny _ B NH receptors imaging!*°
l Z g 0
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N//\N,Me [\ -OcH, Only synthesis was
g N N__J 2.59- reported. Potential PET
’ N Me A 3.83 probes for serotonin
N o N o receptors imaging'#
N Se
= (0} — e
\\/ \\/
Rl Rl

R1= 2-Br or H or 4-iPr or 4-F

Synthesis and evaluation (in

N / vitro an in vivo) as potential
N\_\ 3.61 PET probe for B-amyloid

H 18f plaques imaging in AD4?

2 LogDy.4 values for the corresponding non-radioactive standard reference compounds.

Considering the privileged biological properties of chalcone and indole scaffolds
in brain imaging (Tables 1.3 and 1.4), we turned our attention to a new indole core based
on conjugate addition reaction of indoles to chalcones, the B-indolylketone (Figure
1.14). B-indolylketones (Figure 1.14), generally accessed by Michael addition reaction of
indoles to chalcones using an acid catalyst,'* may represent a valuable, yet unexplored,
scaffold for medicinal/synthetic organic chemists, as only a few examples on their

antibacterial,** antimicrobial'*> and anticancer activity4®

as well acetylcholinesterase
inhibitory effect in AD'#’ have been reported in literature. So far to the best of our
knowledge, their use as potential PET probe for human brain disorders/pathologies
imaging has never been reported. Thus, the simple and synthetically produced
B-indolylketone could represent a new challenge for the medicinal chemistry field with
the possibility of extending the scientific importance of these compounds. In Chapter 3

of this thesis we describe the synthesis and C-labelling methodologies of

B-indolylketones as potential PET probes for brain imaging.

L
C

Figure 1.14. Structure of a B-indolylketone.

&

=/
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1.3 Fluorescence Imaging

Fluorescence Imaging (Fl) involves the use of fluorescence-emitting probes
(fluorophores) that accumulates in the target tissues and is further detected and
qguantified by a specialized imaging system, providing a simple and direct visualization
of specific molecular targets or biological pathways in vitro and in vivo.}*14° The
fluorescence quantum yield (®f) is representative property of the fluorophore molecule
and can be defined as the ratio of the number of photons emitted through fluorescence,
to the number of photons absorbed by the fluorophore.**°

The FI technique has an high sensitivity (10 to 1012 mol/L) and it is a relatively
low cost technique.?* Nevertheless, the poor depth tissue penetration properties of
light, especially in the UV-Vis range of spectrum (300—-650 nm), limits Fl application to
study surface malignancies (limited types of cancers). In the UV-Vis range, the light in
tissues it is absorbed and scattered by the endogenous biological chromophores (such
as hemoglobin, vitamins and bilirubin) (Figure 1.15). In addition, the endogenous
chromophores may also contribute to auto-fluorescence, which significantly hinders the
discrimination between diseased and healthy tissue. One way to overcome these
limitations is to use light in the near-infrared (NIR) window, the so called

“phototherapeutic window”, which appears around 700-900 nm in the electromagnetic

spectrum (Figure 1.15).14814°

Absorbance
o
™

0 T Y T T - - —
0 300 400 500 600 700 800 900 1000
/.[nm]

Figure 1.15. “Phototherapeutic window”.*>!

In the “phototherapeutic window”, the tissues have a minimal light absorption

and scattering, and therefore enable deepest tissue penetration by light and minimum
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background auto-fluorescence, when compared with UV-Vis light wavelengths. All these
factors make the NIR light the most suitable for in vivo FI.1>%153

The NIR Fl has not yet been in standard clinical practice as a tool for cancer
diagnostics. Nonetheless, it is widely used for in vitro and in vivo preclinical studies and
it has been clinically useful in intraoperative fluorescence-guided oncologic surgery
when combined with corresponding fluorophores.*>*%>> This imaging technology allows
real-time visualization of tumors and, potentially, lymph nodes and metastatic lesions,
allowing surgeons to perform complete tumor resections without affecting the
surrounding healthy organs. The successful implementation of deep-tissue Fl with high
resolution and sensitivity into standard clinical settings depends on of two key issues: (i)
the development of NIR fluorescence imaging systems and (ii) the design of new

sensitive and specific NIR fluorophores with improved photophysical properties.t>6157

1.3.1 Near-infrared fluorophores for fluorescence cancer imaging

An ideal NIR fluorophore for fluorescence cancer imaging must possess the
following features: 1) biocompatibility; 2) enhanced selectivity to cancer cells, which
would improve the fluorescent signal-to-background ratio, allowing for sharper contrast
between diseased and healthy tissue; 3) strong absorption (molar extinction coefficients
~10°M~tcm™) in the “phototherapeutic window”; 4) large fluorescence quantum yields
to increase the sensitivity; 5) large Stokes shift, with both absorption and fluorescence
in the “phototherapeutic window”, 6) photostability and 7) low toxicity.'>®

Currently, methylene blue (MB) and indocyanine green (ICG) are the only two
NIR fluorophores available in clinical use for cancer detection (Table 1.5). Both NIR
fluorophores are not specific-targeted for any cancer tissue®>® but, because they are the
only clinically approved NIR fluorophores, significant research and clinical studies have
been completed with both fluorophores and many intraoperative fluorescence-guided
oncologic surgery uses have been found (Table 1.5).1%° Furthermore, MB use is limited
because it lacks the favorable photophysical properties of NIR fluorophores, it is rapidly
eliminated from the body and its rapid inactivation due to the enzymatic reduction leads

to fluorescence quenching.'®! Additionally, ICG clinical application is also hampered by
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its low stability in an aqueous medium and by its high binding affinity to non-specific

blood proteins (98%), inducing rapid body clearance (half-life of 2-4 min).162.163

Table 1.5. Clinically approved NIR fluorophores for cancer detection.64166 [A,p:
wavelength of maximum absorption; Aem: wavelength of maximum fluorescence

emission; €: molar extinction coefficient; ®Or: fluorescence quantum yield]

NIR fluorophores

Photophysical

properties?

Cancer indication®

Aabs: 670 nm
Aem: 690 nm

- Sentinel lymph
nodes mapping

I ®C|@ | Stokes shift: 20 nm  (breast cancer and
€:7.12x10* M melanoma);
MB 1

cm-

- Neuroendocrine,

Or: 0.038 thyroid and

parathyroid tumors.
Aabs: 807 nm - Sentinel lymph
Aem: 822 nm nodes mapping

Stokes shift: 15 nm
€:1.21 x10° M™?
cm™?

Or: 0.093

(breast cancer and
melanoma);

- Hepatocellular
carcinoma;

- Liver metastases;
- Ovarian and

ICG

pancreatic cancers.

2 In Fetal Bovine Serum (pH 7.4).
® Cancers in which intraoperative fluorescence-guided surgery has been performed with these
fluorophores.

Although MB and ICG have found clinical use due to their FDA and EMA approval
(Table 1.5), their features are far from the ideal NIR fluorophore as they cannot be easily
conjugated to other molecules, an essential part for the development of novel
cancer-targeted NIR fluorophores. Thus, there is clearly a clinical need to design and
synthesize new NIR fluorophores with ideal photophysical properties, optimal
pharmacokinetics, and with improved cancer-targeting capability.

To this respect, Pcs exhibit singular properties that have prompted their study as
potential NIR fluorophores for the detection of cancer. Their strong Q-band absorption

close to NIR region (“phototherapeutic window”) and their high molar extinction
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coefficients (g) of typically 10> M~lcm™ are of extreme relevance for Fl application. As
stated before, one of the key advantages of these compounds is their easy structural
modaulation to achieve suitable biocompatibility and tumor selectivity by introducing the
desired substituents. Selected examples of phthalocyanines application as NIR
fluorophores for in vivo fluorescence cancer imaging based on publications from the last

fifteen years are shown in Table 1.6.

Table 1.6. Pcs as potential NIR fluorophores for in vivo fluorescence cancer imaging
reported in literature. [Aabs: wavelength of maximum absorption; Aem: wavelength of
maximum fluorescence emission; €: molar extinction coefficient; ®f: fluorescence
guantum yield]

Entry Phthalocyanines Photophysical properties/cancer
indication
1 }\abs: 671-675 nm, Aem: 688-691 nm;

Stokes shift: 15-20 nm; e
0.53-1.08x10°> Mt cm™; Of: 0.29-
0.33. (in DMF)

- Potential NIR fluorophores for in
vivo melanoma cancer imaging,
ZnPc-B-PyMe, R= E_ with ZnPc-B-PyHes demonstrating

ile 167
Znpe-p-PyHe, R=M the best tumor uptake profile.

ZnPc-B-PyDo, R= Y\M’
10

Aabs: 674-682 nm; Aem: 680-700 nm;
e: 1.07-1.77x10° M1 cm™; O
0.22-0.27. (in DMSO)

- Potential NIR fluorophores for in
vivo liver cancer imaging, with

ZnPc-B-Gal, R,=R; R,=R;=R,=H ZnPc-B-Gals4 demonstrating the
ZnPc-B-Gal, R,=R,=R; Ry=R,=H best tumor uptake profile.”
ZnPc-B-Gal, R =R,=R,=R; R,=H

ZnPc-B-Gal, R,=R,=R,=R,=R
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R

OH

H
0 OH >7"'
OH
ZnPc-B-Lac, R=&4{ OH o
(0]
HO
oHHO OH >

ZnPc-B-Glucs
Aabs: 682 nm; Aem: 690 nm; Stokes

shift: 8 nm; ®r: 0.48. (in DMSO)

- Potential NIR fluorophore for in
vivo liver cancer imaging.16®

ZnPc-B-Laca
Aabs: 682 nmM; Aem: 690 nm; Stokes

shift: 8 nm; ®f: 0.27. (in DMSO)

- Potential NIR fluorophore for in
vivo liver cancer imaging'®® and
sentinel lymph node imaging.'”°

Aabs: 675 nm; Aem: 680 nm; Stokes
shift: 5 nm; €: 2.2x10° M1 cm™; Or:
0.35. (in DMF)

- Potential NIR fluorophore for in
vivo cervical cancer imaging.'’*

o],

o = GE11 peptide

ZnPc-a-GE11

Aabs: 691 nm; Aem: 708 nm; Stokes
shift: 17 nm; €: 2.2x10° Mt cm™;
@¢: 0.10. (in DMF)

- Potential NIR fluorophore for in

vivo EGFR-overexpressing tumors

imaging.1’?

SiPc-a-OBug

Aabs: 743 nm; Aem: 759 nm; Stokes
shift: 16 nm; &: 1.07x10° Mt cm™%;
®r: 0.22. (in THF)

- Potential NIR fluorophore for in

vivo breast cancer imaging.31¢

34



Chapter 1

Zinc(ll) complexes of B-tetra-substituted Pcs, suitably functionalized with
carbohydrate targeting moieties have been widely explored as fluorophores, due to
acceptable fluorescent efficiency, mainly for liver cancer diagnosis (entries 2-3, Table
1.6). However, even if these zinc(ll) Pc derivatives proved to show good tumor
localization by FI, their photophysical properties were not ideal, as the Q-band
absorptions appeared at 674-682 nm, displaying small Stokes shifts (entries 2-3, Table
1.6). These shortcomings were also observed for the B-tetra-substituted pyridinium Pcs
(entry 1, Table 1.6) and the SiPc-Biotin (entry 4, Table 1.6). The desired red-shift of the
Q-band absorption, into NIR region, can be optimized by the number, position (a or B)
and electronic nature of the introduced substituents, along with central moiety
exchange.”173174 previous reports suggest that tetra- or octa-substitution in the o
position with electron-donor substituents (e.g. thioalkyl and alkoxy groups) result in a
large red-shift of Pc Q-band absorption into NIR region, when compared with the
equivalent substitution in the B position.}”17>177 particularly, many researchers have
reported remarkable red-shift of the Q-band absorption up to 820 nm, as well large
Stokes shifts (up to 35 nm), for the a-octa-substitution pattern with electron-donor
moieties.®177-180 |n this respect, we highlight the Arnaut and collaborators3!¢ work, who
synthesized a silicon(IV) a-octa-substituted Pc bearing eight butoxy groups SiPc-a-OBug
(entry 6, Table 1.6). This SiPc-a-OBug showed relevant photophysical properties for NIR
fluorescence imaging and in vivo imaging studies in tumor breast-bearing nude mice
reveals its intrinsic ability to accumulate in the tumor. However, SiPc-a-OBus is relatively
hydrophobic requiring additional structural modification to enhance its biocompatibility
for Fl application. Still, this specific structural modification in Pc core open interesting
perspectives for the use of Pcs as NIR fluorophores for Fl, and our results regarding this

subject are presented in Chapter 4.

1.4 Aim of this thesis

Scheme 1.6 shows the design of the compounds that were the subject of the
studies in this thesis, as suitable tunable molecular platforms for potential application as
MI probes for PET and Fl techniques.
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MI PROBES

Phthalocyanines< CANCERIMAGING | | [ BRAIN IMAGING >B-indo|y|ketones

Penetration

in BBB
"
metals/metal-free X
O MW < 500 Da
oy !
N
|
C

NIR
abspaortion
i 11
X=non-charged, lipophilic
' groups

Y = Biocompatible/cancer-targeting
groups

M= diamagnetic

Scheme 1.6. Design of the molecular platforms as potential Ml probes for PET or Fl

techniques.

Regarding the use of Pc as molecular platform, two main strategies were
followed for its structural modulation, taking into account the target Ml technique. In
the case of the potential application in PET technique, our aim was to synthesize a new
family of copper-64 labelled tetra-substituted phthalocyanines incorporating, through
one-step approach, biocompatible and/or cancer-targeting groups at B positions of the
macrocycle. In order to provide them with the suitable photophysical properties for
potential application in FI, namely deviation of the spectral absorption range to NIR
window and large Stokes shifts, we also aimed to develop a new family of
phthalocyanines with octa-substitution pattern, incorporating biocompatible and/or
cancer-targeting electron-donor substituents in the a-positions.

At last, in an effort to discover more effective small molecules radiolabelled with
short-lived positron-emitting radioisotopes as potential probes for in vivo brain PET
imaging, a family of B-indolylketones was synthesized, taking into account the common
structural requirements described in literature related to their ability to successfully
penetrate the BBB (non-charged, lipophilic and low molecular weight compounds).

Further functionalization of the B-indolylketones with short-lived PET radioisotope
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carbon-11 could possibly led to a new generation of in vivo Ml probes for brain PET

imaging.
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CHAPTER 2

Development of *Cu-labelled phthalocyanines as potential

probes for application in cancer PET imaging

2.1 Introduction

The main goal of the studies described in this chapter is centered on the synthesis
and characterization of a family of biocompatible metal-free phthalocyanines, suitably
functionalized with selected cancer-targeting moieties, for the development of
64Cu-labelled phthalocyanines as potential PET probes for early cancer diagnosis
(Scheme 2.1).

As previously mentioned in Chapter 1, phthalocyanines are excellent
coordination scaffolds for radiolabelling with copper-64 (%*Cu), due to the
straightforward formation of highly stable copper(ll) metal complexes.! In addition,
phthalocyanines are macrocycles that can be easily prepared and structurally modulated
to provide the desired biological and targeting properties.?®

Thus, aiming the development of new PET imaging probes with increased
specificity for cancer cells, we envisaged the synthesis of biocompatible
tetra-substituted phthalocyanine derivatives bearing choline or carbohydrate moieties
at B-positions, since it is known that cancer cells have increased levels of carbohydrates
(e.g. glucose and galactose)’® and choline®!? uptake (Scheme 2.1). In addition, to
modulate the PET imaging probes’ amphiphilicity and prolong blood circulating lifetime,
we also prepared PEGylated phthalocyanines (PEG = polyethylene glycol).t%1?

Particularly, the azido-polyethylene glycol phthalocyanines are potential synthons for
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development of in vitro/in vivo PET imaging click-chemistry with valuable target

molecules as specific cancer reporters (Scheme 2.1).13-16
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Scheme 2.1. Design of ®Cu-labelled phthalocyanines suitably functionalized with

biocompatible and/or cancer-targeting groups as potential PET probes.

As said before, since structural post-modulation of phthalocyanines is a
challenging task, we started these studies by appropriately modulating phthalonitrile’s
structures. Then, we describe the reactions leading to the synthesis of the corresponding
metal-free phthalocyanines, followed by the synthesis of the non-radioactive copper(ll)
phthalocyanine complexes reference standards. Finally, the studies were extended to
the ®Cu-labelling experiments, along with the in vivo PET imaging and biodistribution

studies of selected compounds.

2.2 Synthesis and structural modulation of phthalonitriles

As previously stated, aiming the preparation of tetra-substituted
phthalocyanines containing the desired targeting groups at peripheral (B) positions,

these studies started with the synthesis of the corresponding mono-substituted
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phthalonitriles. We selected 4-nitrophthalonitrile 2.1 as starting material due to its
commercial availability and reactivity for the type of reaction chosen to structurally
modulate the phthalonitriles (aromatic nucleophilic substitution). Four different
alcohols have been used as O-nucleophiles, in order to obtain the desired 4-substituted
phthalonitriles:  N,N-dimethylaminoethanol 2.2a, 1,2:3,4-di-O-isopropylidene-a-
D-galactopyranose 2.2b, polydisperse polyethylene glycol group 2.2c (average
molecular weight of 200 g.mol%; 3.1 average repeating ethylene oxide subunits) and
tetraethylene glycol 2.2d (4 repeating ethylene oxide subunits) (Table 2.1).

In a typical experiment, 4-nitrophthalonitrile 2.1 was dissolved in
N,N-dimethylformamide (DMF) and, after addition of an excess of potassium carbonate
(K2CO3) and the selected nucleophiles 2.2a-d, the reaction was kept at room
temperature with magnetic stirring (Table 2.1). In each case, the reaction’s progress was
followed by TLC analysis of samples taken from the reaction mixture. After complete
conversion of 4-nitrophthalonitrile 2.1 into to the corresponding 4-substituted
phthalonitriles 2.3a-d (lower Rsvalues), the reaction was stopped. In order to isolate and
characterize the products obtained, the reaction mixtures were subjected to work-up
by standard procedures, including purification through column chromatography, using
silica gel as stationary phase and mixtures of appropriated eluents (procedures
described in detail in Chapter 5, section 5.3.1). After isolated and purified, the 4-
substituted phthalonitriles 2.3a-d were suitably characterized by *H and *3C-NMR and
mass spectrometry or Gas Chromatography-Mass Spectrometry (GC-MS). Table 2.1
presents the reaction conditions and the isolated vyields for each of the synthesized

phthalonitriles.
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Table 2.1. Reaction conditions and isolated yields of product obtained for each of the

synthesized phthalonitrile 2.3a-d.
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D\ +  Nucleophile (Nu-OH) DMF, K,CO;
NC NO - NG

NC

1,

u

2.1 2.2ad 2.3ad
Entry Nucleophile Time (h) Product Yield (%)
A o,
- - NC O/\/ ~
2 8bd 81
2.3a
2.2a
3 OOH 72° NC 77
= )@
0 ~ NC 00
Va R
4 4bd 79
0 0
2.2b s
2.3b
5 24° NC 39
(0]
O]\ NCD\O'{,\/ ]\H
6 HO1\/ “H 10° " 59
2.3c
2.2c
7 104 61
8 24° 42
o NC
HO H
- n=4 - NC O+\/O]\H
9 10°¢ = 62
2.2d =
2.3d
10 1% 60

?|solated yield.

b Reaction conditions: 5.78 mmol of 4-nitrophthalonitrile 2.1, 1.2 equivalents of nucleophile, 5

equivalents of K,COs; and 30 mL of DMF.

¢Reaction conditions: 5.78 mmol of 4-nitrophthalonitrile 2.1, 10 equivalents of nucleophile and

5 equivalents of K,CO3 and 30 mL of DMF.

dReactions performed under ultrasound irradiation.
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At first, N,N-dimethylaminoethanol 2.2a and 1,2:3,4-di-O-isopropylidene-a-
D-galactopyranose 2.2b were used as nucleophiles for the synthesis of the
corresponding phthalonitriles. Reaction times of 96 h and 72 h were required to obtain
phthalonitriles 2.3a and 2.3b, in 83% and 77% isolated yields, respectively (entries 1 and
3, Table 2.1). Attempting to improve this classic phthalonitrile synthesis,’” namely
regarding the reaction time, we have replicated the reaction conditions for the
preparation of phthalonitriles 2.3a and 2.3b but using ultrasonic irradiation.® From the
results presented in Table 2.1 (entries 2 and 4), we observed a significant reduction on
the reactions times, shortened from more than 3 days to just hours, achieving similar
high isolated yields (= 80%, entries 1-4, Table 2.1).

The studies proceeded with the nucleophilic substitution reaction of
4-nitrophthalonitrile 2.1 using polyethylene glycol polydisperse group 2.2c or
tetraethylene glycol 2.2d as nucleophiles. Under the reaction conditions described
above, after 24 h, we obtained 39% and 42% isolated yields of the desired phthalonitriles
2.3cand 2.3d, respectively (entries 5 and 8, Table 2.1). These lower isolated yields, when
compared with the ones obtained in the synthesis of phthalonitriles 2.3a and 2.3b, may
be attributed to the formation of di-substituted product (dimer), since nucleophiles 2.2¢
and 2.2d have two reactive terminal hydroxyl groups. This was confirmed by 'H-NMR
spectroscopy, upon dimer isolation, by silica gel column chromatography.

Attempting to improve the yields of phthalonitriles 2.3c and 2.3d, we repeated the
nucleophilic substitution reactions under the same reactions conditions, but using a
large excess of nucleophiles 2.2¢ and 2.2d (10 equiv.). From Table 2.1 we observe that,
in both cases, reaction times decreased from 24 h to 10 h (followed by TLC),
concomitantly with an increase in isolated yields (59% for 2.3c and 62% for 2.3d; entries
6 and 9, Table 2.1). This yield improvement is attributed to a significant reduction on
the formation of the corresponding dimers, confirmed by TLC analysis against isolated
samples. Furthermore, we also performed the same nucleophilic substitutions reactions
under ultrasonic irradiation. As previously observed, a significant reduction of reaction
times concomitantly with similar isolated yields were obtained (= 60%, entries 6-7 and
9-10, Table 2.1). Given this results, we can conclude that this alternative sustainable

phthalonitrile synthetic approach using ultrasonic irradiation is the best methodology to
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prepare this type of mono-substituted phthalonitriles, allowing significant time saving
which is a very important issue for potential industrial translation.

Aiming the synthesis of peripherally tetra-substituted phthalocyanine with
azido-polyethylene glycol chains in their structure, the studies pursued with the
synthesis of phthalonitriles bearing azido-polyethylene glycol groups, using the
previously synthesized phthalonitrile 2.3d. Therefore, we delineated the synthetic
strategy presented in Scheme 2.2, encompassing two steps: a) introduction of a strong
leaving group, such as the mesylate group and b) nucleophilic substitution of the

mesylate group by sodium azide.

NC 1. CH,CIO,S NC
° , 0] T
NC O/ig\/ 4/\OH 2.RT, 16 h, N, NC O/{\/ 4/\0_?'_
n=3 3 i
2:3d 24d  n=77%
1. NaNs, DMF,
60°C, 6 h, N,
2.RT, 16 h, N,

1L
NC o’ig\/O%/\N3
n=3

2.5d  n=80%

Scheme 2.2 Synthetic procedure of phthalonitrile 2.5d.

Experimentally, phthalonitrile 2.3d was suspended in a mixture of dry
dichloromethane and triethylamine and the reaction vessel was introduced in anice cold
bath, followed by slow dropwise addition of methanesulfonyl chloride, dissolved in dry
dichloromethane. Once the addition was complete, the reaction mixture was allowed to
warm up to room temperature and stirred for 16 h. Work-up and purification procedures
were followed (described in detail in Chapter 5, section 5.3.1) and the desired compound
2.4d was obtained in 77% isolated yield (Scheme 2.2). The structure of this intermediate
was confirmed by 'H- and 3C-NMR spectroscopy (described in detail in Chapter 5,

section 5.3.1). Finally, phthalonitrile 2.4d was dissolved in dry DMF and sodium azide
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(NaNs) was added, and the reaction was kept under inert atmosphere at 60 °C for 6 h,
followed by room temperature for 16 h. After full conversion of the starting material
2.4d, evaluated by TLC, the desired phthalonitrile bearing an azide moiety (2.5d) was
purified by silica gel column chromatography, using dichloromethane first and then a
mixture of dichloromethane: ethanol (100/1) as eluent. The phthalonitrile 2.5d was
obtained in 80% isolated yield (Scheme 2.2), and its structure was confirmed by *H-, 13C-
NMR and FTIR-ATR spectroscopy and MS spectrometry (described in detail in Chapter 5,

section 5.3.1).

Phthalonitrile characterization

All the 4-substituted phthalonitriles 2.3a-d, 2.4d and 2.5d were fully
characterized by suitable spectroscopic techniques, described with detail in Chapter 5,
section 5.3.1. As an illustrative example, the spectroscopic characterization of
phthalonitrile 2.3b is presented and discussed. The 'H-NMR spectrum of phthalonitrile
2.3b, recorded in CDCls;, is presented in Figure 2.1. As expected, the three
phthalonitrile’s aromatic protons appear at a lower field, presenting their typical
coupling patterns: at 6 7.70 ppm one doublet having a large coupling constant (J = 8.8
Hz) appears, at 6 7.33 ppm there is a doublet with a smaller coupling constant (J = 2.6
Hz) and at 6 7.25 ppm a doublet of doublets (J = 8.8 and 2.6 Hz) appears. The signals at
6 7.70, 7.33 and 7.25 ppm are attributed to the resonances of H6, H3 and H5 protons,
respectively. Among the protons of the isopropylidene protected D-galactose unit, the
doublet at & 5.56 ppm (J = 5.0 Hz) is assigned to the resonance of the proton of the
anomeric carbon H1', since this proton is connected to a carbon bearing two oxygen
atoms. This signal is a doublet due to coupling to H2’, which in turn appears as a doublet
of doublets at § 4.37 ppm, as confirmed by its coupling constant (/ = 5.0 and 2.5 Hz). This
doublet of doublets shows two distinct coupling constants: one corresponds to the H1'—
H2’ coupling (J,» = 5.0 Hz), as previously assigned, and the other coupling constant is
attributed to H2’-H3’ coupling (J»3 = 2.5 Hz). Proton H3’, on the other hand, also
displays a doublet of doublets at 6 4.67 ppm (J = 7.9 and 2.5 Hz), since it couples with
the signal at 6 4.31 ppm, which was assigned to H4’ proton. The signal attributed to the

H4’ proton is a doublet of doublets (J = 7.9 and 1.4 Hz) and couples with the H3’ proton

56



Chapter 2

(/ = 7.9 Hz) and with the H5’ proton (J = 1.4 Hz). The multiplet at 6 4.25-4.16 ppm is
attributed to the resonances of H5' and H6' protons. Finally, the 'H-NMR spectrum
(Figure 2.1) shows three singlets at 6 1.54, 1.47 and 1.35 ppm, integrating for 3:3:6
protons, which correspond to the non-equivalent methyl groups of the two
isopropylidene groups. The *H-NMR spectrum of phthalonitrile 2.3b was in agreement

to that previously reported in the literature.®
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Figure 2.1 'H-NMR spectrum of phthalonitrile 2.3b in CDCl; (the residual signal marked
with * is due to the water in CDCls solvent). Inset: expansions of the *H-NMR spectrum
between 6 7.80 to 4.00 ppm.

The 3C-NMR spectrum of phthalonitrile 2.3b in CDCls is presented in Figure 2.2.
To perform the full assignment of its carbons, two-dimensional (2D) NMR experiments,
namely, 'H-13C HSQC (Heteronuclear Single Quantum Coherence) and *H-!3C HMBC
(Heteronuclear Single Quantum Coherence) NMR spectra were recorded and presented

in Figures 2.3 and 2.4, respectively.
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Figure 2.2 3C-NMR spectrum of phthalonitrile 2.3b in CDCls.
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Figure 2.3. Selected expansion of *H-13C HSQC NMR spectrum of phthalonitrile 2.3b in
CDCls (the residual signal marked with * is due to the water in CDCls solvent).
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Figure 2.4. Selected expansion of *H-13C HMBC NMR spectrum of phthalonitrile 2.3b in
CDCls (the residual signal marked with * is due to the water in CDClsz solvent). The most
relevant correlations for the assignment of the quaternary carbons are presented.

The 3C-NMR spectrum shows one signal at § 162.0 ppm which is characteristic
of an aromatic ether and thus can be assigned to the alkyloxy substituted aromatic
carbon in position C4 (also confirmed by the *H-3C HMBC NMR spectrum). The aromatic
carbons C6, C3 and C5 were assigned at 6 135.3,120.1 and 119.7 ppm, respectively, as
confirmed by the *H-13C HSQC spectrum (Figure 2.3). The peaks with no correlation in
the 33C-'H HSQC NMR spectrum at § 117.5, 109.9, 109.1 and 107.7 ppm correspond to
the quaternary carbons C1, C8’, C7’ and C2, respectively. These correlations were
confirmed by the 'H-13C HMBC NMR spectrum (Figure 2.4). The two close peaks at §
115.8 ppm and & 115.3 ppm were assigned to the carbon atoms of each nitrile group

(C1-CN and C2-CN, respectively). The C1’, C4’, C2’ and C3’ carbons belonging to the
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isopropylidene protected D-galactose unit are shown at § 96.4, 71.0, 70.8 and 70.5 ppm,
respectively, as observed in the *H-13C HSQC NMR spectrum. The C5’and C6’carbons can
be assigned to the signals at § 66.4 and 68.3 ppm, respectively. Finally, the four peaks
between & 26.2-24.5 ppm were assigned to the methyl carbons atoms of the
isopropylidene groups.

The structure of the phthalonitrile 2.3b was also confirmed by GC-MS
spectrometry and it was observed an ion peak at m/z 386.2, which corresponds to the

mass of the molecular ion [M]* of the phthalonitrile 2.3b.

2.3 Synthesis of B-tetra-substituted phthalocyanines

As mentioned before, one of the goals of this work was the synthesis of
biocompatible metal-free phthalocyanines as precursors for the desired copper(ll)
metallophthalocyanines, aiming further application as potential ®*Cu-labelled PET
probes. To this purpose, we based our studies in two literature described
methodologies: the first, based on the Luedtke method,? involves the demetallation of
a previously synthesized zinc(ll) phthalocyanine complex with pyridine hydrochloride;
the second one is based on the method developed by Calvete and Hanack,** and
comprises the demetallation of a previously synthesized magnesium(ll) phthalocyanine
complex using trifluoroacetic acid (TFA).

Thus, the synthesis of the B-tetra-substituted phthalocyanines was carried out
by cyclotetramerization reaction of the previously synthesized phthalonitriles 2.3a-c and
2.5d in high boiling point solvents, using zinc(ll) or magnesium(ll) metal salts as
templates (Table 2.2). The reaction conditions details and the isolated yields obtained
for each of the synthesized metallophthalocyanine complexes (2.6a-d and 2.7a-c) are

presented in Table 2.2.
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Table 2.2. Schematic reaction conditions and isolated yields for each of the synthesized

MPcs.[BUOH: butan-1-ol; PeOH: pentan-1-ol; OcOH: octan-1-ol]

Zn(ll), A NC Mg(l), A
2.3a-c or 2.5d NCD\R 2.3a-c l
2.3a-c or 2.5d R
Ay ; T
R N—Z:n—N§:©/ R@N_N!g_ |
' N
R
2.6a d 2.7a-c
a R= gio\/\,?/ c R= AO%\/O%H
b R= 00‘7‘\
%%%‘ d Re Ao by,
7°
Entr Reaction conditions® MPcs  Yield (%)  Yield (%)
y (isolated) (literature)
Zinc(ll) phthalocyanine complexes
1 Zn(OAc)2.2H,0, DMAE/BUOH, 120 °C, 24 h 2.6a 60 1422
2  Zn(OAc)..2H,0, DMAE/BuUOH, 120°C,24h  2.6b 63 4323; 3924b
3 Zn(OAc)2.2H,0, DMAE/BuUOH, 120 °C, 8 h 2.6¢ 65 -
4 Zn(OAc)2.2H,0, DMAE/BuUOH, 120 °C, 8 h 2.6d 52 n.a.>¢
Magnesium(ll) phthalocyanine complexes
5 1. Mg, PeOH, 150°C, 1h; 2.0cOH, 160 °C,4h  2.7a 4
6 1. Mg, PeOH, 150°C, 1h; 2.0cOH, 160°C,7h  2.7b 42
7 1. Mg, PeOH, 150°C, 1h; 2.0cOH, 160 °C, 4h  2.7c 37 -

2 All reaction were carried out under nitrogen atmosphere.

®The value of the isolated yield was recalculated due to an calculation error by the authors.
¢ The MPc was obtained as by-product in the synthesis of non-symmetric phthalocyanine
derivative through statistical condensation of two different 4-substituted phthalonitriles.
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Regarding the preparation of zinc(ll) metallophthalocyanine complexes 2.6a-d,
we adapted the synthetic strategy described in literature,?® by promoting the
cyclotetramerization reaction of the desired phthalonitriles 2.3a-c and 2.5d in presence
of zinc acetate dihydrate (Zn(OAc)2.2H,0), using N,N-dimethylaminoethanol/butan-1-ol
(DMAE/BuUOH; 2:1) mixture as solvent,?® under nitrogen atmosphere, at 120 °C, for the
corresponding optimized reaction times (entries 1-4, Table 2.2). After observing the
complete conversion of phthalonitriles into the corresponding zinc(ll)
metallophthalocyanines products by TLC analysis (lower R; values) and by the
appearance of the typical metallophthalocyanine Q-band at around = 681-683 nm in
UV-Vis spectrum, the reactions were stopped. The crude mixtures were cooled to room
temperature and, after subsequent work-up, the resulting residues were purified by
column chromatography using silica gel or alumina oxide, as stationary phases, with
mixtures of appropriated eluents (described in detail in Chapter 5, section 5.3.2.). Zinc(ll)
metallophthalocyanine complexes 2.6a, 2.6b, 2.6¢ and 2.6d were afforded in 60%, 63%,
65% and 52% isolated yields, respectively (Table 2.2). All compounds 2.6a-d were fully
characterized by *H-NMR, UV-Vis spectroscopy and mass spectrometry, and the details
are presented in Chapter 5, section 5.3.2.

This improved synthetic strategy allowed the preparation of zinc(ll) metal
complexes 2.6a and 2.6b in higher yields than those reported in literature (entries 1-2,
Table 2.2).2224 Such high yields may be attributed to the use of a DMAE/butan-1-ol
mixture as solvent, once DMAE improves reagent’s solubilization while butan-1-ol
induces the separation of the phthalocyanine directly from the reaction medium,
facilitating the cyclotetramerization reaction and avoiding partial decomposition of the
macrocycle.?®

Then, the studies proceeded with the preparation of magnesium(ll)
phthalocyanine complexes 2.7a-c (entries 5-7, Table 2.2). In a typical experiment, the
magnesium bispentanolate, formed in situ by reaction of pentan-1-ol (PeOH) with
magnesium turnings at 150 °C, was mixed with the desired phthalonitriles 2.3a-c, using
octan-1-ol (OcOH) as solvent, under nitrogen atmosphere, and heated at 160 °C (entries
5-7, Table 2.2). The reactions were conducted for the suitable time and, after observing
the complete transformation of phthalonitriles 2.3a-c into the corresponding

magnesium(ll) metallophthalocyanines complexes 2.7a-c by TLC analysis and by the
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appearance of the typical metallophthalocyanine Q-band at around = 680—-682 nm in
UV-Vis spectrum, the reactions were cooled to room temperature. In each experiment,
the products were isolated by precipitation with an optimized mixture of solvents. The
crude mixtures were then purified by column chromatography using silica gel or alumina
oxide, as stationary phases, and mixtures of appropriate eluents (exact purification
procedures are specified in Chapter 5, section 5.3.2.). The desired magnesium(ll)
phthalocyanine complexes 2.7a, 2.7b and 2.7c were isolated in 44%, 42% and 37%
yields, respectively (entries 5-7, Table 2.2), being fully characterized by *H-NMR, UV-Vis
spectroscopy and mass spectrometry (details are presented in Chapter 5, section 5.3.2.).

After the successful synthesis of the zinc(ll) and magnesium(ll) phthalocyanine
complexes, we proceeded with their demetallation procedures, as described above. The
zinc(ll) and magnesium(ll) phthalocyanines 2.6a and 2.7a, containing

N,N-dimethylaminoethoxy groups in B-positions, were selected as model substrates

(Scheme 2.4).
N~ I
_ SN ~nv
via A (2.6a) -
N= N/ N /\ NN A~N
! 0 i) N \
= ! | _— 0]
o <~/ NN 0 _NH AN |
v
_N§ N N N YN I
\ = il TN _
via B (2.7a)
2.6a, M= Zn(ll) !
2.7a, M= Mg(ll) 2.8a

Scheme 2.4 Demetallation procedures to obtain the metal-free phthalocyanine 2.8a.
Reaction conditions: via A: i) pyridine, pyridine.HCl, 110 °C, Ny, 17 h, 79%,; via B: ii) dry
THF, TFA, 50 °C, N2, 17 h, 45%.

Using the first synthetic route (via A, Scheme 2.4), the zinc(ll) phthalocyanine
complex 2.6a was dissolved in pyridine and pyridine hydrochloride was added. The

evolution of the reaction was controlled by UV-Vis spectroscopy and, after 17 hours at
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110 °C, the reaction was considered finished, after observing the appearance of the
typical bands of the demetallated phthalocyanines (Amax 671 and 703 nm),
concomitantly with the disappearance of the single Q-band at 681 nm, typical of
metallophthalocyanines. After purification procedures, the metal-free phthalocyanine
2.8a was obtained in 79% isolated yield. Using the second synthetic approach (via B,
Scheme 2.4), the magnesium(ll) phthalocyanine 2.7a was dissolved in dry THF, and TFA
was slowly added. The reaction was stirred for 17 h at 50 °C and controlled by UV-Vis
spectroscopy. After similar type of purification procedure as mentioned above, the
demetallation reaction afforded product 2.8a in 45% isolated yield.

The analysis of the two methods for the synthesis of metal-free phthalocyanine
2.8a shows us that via A provided this phthalocyanine in 47% overall isolated yield (from
the phthalonitrile), while via B only afforded 2.8a in 20% overall isolated yield (from the
phthalonitrile). Since the main goal of this work was the preparation of metal-free
phthalocyanines for further 84Cu-labelling, we chose the synthetic pathway denoted as
via A, which uses zinc metallation/demetallation route, given its suitability in obtaining
significantly higher yields of metal-free phthalocyanines.

The demetallation reaction was further extended to the other previously
synthesized zinc(ll) metallophthalocyanines 2.6a-d. So, in a typical experimental, zinc(ll)
phthalocyanine complexes 2.6a-d were dissolved in pyridine, followed by addition of
pyridine hydrochloride, and heated over a period of 17 h, at a temperature of 110 °C
(entries 1-4, Table 2.3). When the complete demetallation was observed by UV-Vis
spectroscopy, the UV-Vis spectrum showed a typical Q-band split into two intense bands
corresponding to the metal-free phthalocyanines (671 and 703 nm for 2.8a, 672 and 704
nm for 2.8b, 672 and 704 nm for 2.8c and 672 and 705 nm for 2.8d). Then, each reaction
mixture was subjected to the typical work-up, followed by purification through column
chromatography or dialysis (in the case of PEGylated phthalocyanine 2.8c), affording the
desired metal-free phthalocyanines 2.8a-d in isolated yields up to 85% (entries 1-4,
Table 2.3). All compounds were suitably characterized by *H-NMR, UV-Vis spectroscopy

and mass spectrometry (details are presented in Chapter 5, section 5.3.2)
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Table 2.3. Reactions conditions and isolated yield product for demetallation reactions
and their corresponding metal-free phthalocyanines.

R R
N= '}l Pyridine.HCl ':‘
= ! Pyridine
R — N—Zn——N
| 110 °C, 17 h, N,
N=-Ns
R R
2.6a-d 2.8a-d
i
a R= ~">\7 ¢ R—/\ ,{»\/Oi\
O oL,
b R=_ 0
)
= 0]
(SIS
70 n=3

Entry Metal-free phthalocyanine Isolated yield (%) Literature yield (%)

1 2.8a 79 1222
2 2.8b 8% e
3 2.8c <
4 2.8d 85 602

We can conclude that, independently of phthalocyanine’s substituents, the use
of pyridine hydrochloride method allowed us to obtain the target metal-free
phthalocyanines 2.8a-d in very high isolated yields (79-85%). Furthermore, it should be
noted that the phthalocyanine 2.8a was previously reported in 12% isolated yield (entry
1, Table 2.3), whose synthesis was accomplished by direct cyclotetramerization of
phthalonitrile 2.3a.?2 Our approach provided phthalocyanine 2.8a in 47% overall
isolated yield, in two steps (from phthalonitrile), representing a great improvement over

the literature reported yield.
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Phthalocyanines characterization

All zinc(ll) and magnesium(ll) metallophthalocyanine complexes and their
metal-free counterparts have been fully characterized by suitable spectroscopic
techniques, described with detail in Chapter 5, section 5.3.2. As an illustrative example,
the spectroscopic characterization of the new magnesium(Il) phthalocyanine complex
2.7b is presented and discussed. It is important to mention that the *H-NMR spectra of
the synthesized tetra-substituted phthalocyanines show, in general, complex patterns
due to the presence of different positional isomers, resulting from possible
combinations of the substituents on the B-positions of the four isoindole units of the
macrocycle. The *H-NMR spectrum of phthalocyanine 2.7b, recorded in DMSO-ds is

presented in Figure 2.5.
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Figure 2.5 'H-NMR spectrum of magnesium(ll) phthalocyanine complex 2.7b in DMSO-ds
(the signal at 6 3.34 ppm is due to the presence of water in DMSO-ds solvent).

The *H-NMR spectrum (Figure 2.5) shows three singlets at 6 1.35, 1.44 and 1.53
ppm, integrating in a total of forty-eight protons, attributed to the resonances of the
eight non-equivalent isopropylidene methyl groups (similarly to the *H-NMR signals
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observed in the corresponding phthalonitrile 2.3b — section 2.2 of this chapter). The set
of multiplets between 6 4.38 and 4.81 ppm can be attributed to H2'—6’ D-galactose unit
protons, integrating to twenty-four protons, while the broad signal at 6 5.68 ppm is
attributed to the resonance of proton H1’, integrating to four protons, due to the
deshielding effect of the two electronegative oxygen atoms. Finally, the typical
phthalocyanine aromatic protons appear at lower field, as broad signals at 6 7.71, 8.70—
8.83 and 9.19 ppm, attributed to the resonances of the four Pc-B protons, the four Pc-a
protons and the other four Pc-a protons, respectively.

Regarding the mass spectrometry characterization, the MALDI-TOF spectrum
obtained for the magnesium(ll) phthalocyanine complex 2.7b (Figure 2.6) shows an
excellent agreement between the theoretical isotopic standard and the experimentally
observed peak for the phthalocyanine’s molecular ion [M]*, with an isotopic distribution
between 1568-1574 m/z. The peaks of higher intensities, with the values of 1568.57701
and 1569.58872 m/z correspond to the mass of the molecular ion [M]* and [M+H]*,
respectively. The remaining peaks are related to the other isotopes. The MALDI-TOF
spectrum corroborates the proposed structure for magnesium(ll) phthalocyanine

complex 2.7b.
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Figure 2.6. Observed experimentally and theoretical molecular ion [M]*, obtained by
high resolution MALDI-TOF of magnesium(Il) phthalocyanine complex 2.7b.

67



Chapter 2

2.3.1 Synthesis of tetra-choline substituted phthalocyanine

As previously discussed, the presence of positively charged choline moieties is an
important structural feature to enhance the selectivity of phthalocyanine derivatives for
cancer cells.>! Therefore, we proceeded the studies with the cationization of the
N,N-dimethylaminoethoxy groups of phthalocyanine 2.8a with iodomethane.
Phthalocyanine 2.8a was dissolved in DMF and a large excess of CHsl was added in
portions to the reaction mixture, which remained at 30 °C for approximately 24 h, to
ensure that all tertiary amino groups were methylated (Scheme 2.5). After reaction
completion, the final product was isolated by precipitation from diethyl ether, to afford
phthalocyanine 2.9e in 86% isolated yield. The tetracationic phthalocyanine 2.9e were
fully characterized by spectroscopic means, described in experimental section (Chapter

5, section 5.3.2).
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Scheme 2.5. Synthesis of tetra-choline substituted phthalocyanine 2.9e.
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2.4 Radiolabelling of phthalocyanines with copper-64
2.4.1 Synthesis of copper(ll) metallophthalocyanines (non-radioactive

synthesis)

Aiming the preparation of ®4Cu-labelled phthalocyanines as potential probes for
application in cancer PET imaging, the previously synthesized B-tetra-substituted
metal-free phthalocyanines were complexated with non-radioactive copper(ll), to serve
as models for the ®*Cu-labelling studies and also to be further used as analytical HPLC
and/or Radioactive Thin Layer Chromatography (radio-TLC) non-radioactive reference
standards.

In a typical experiment, the metal-free phthalocyanines 2.8b, 2.8c, 2.8d and 2.9e
were dissolved in the appropriate solvent (DMF or water, according to the solubility of
each phthalocyanine), and copper(ll) chloride (CuCl,) was added (two-fold excess),
leaving the reaction mixture under stirring, at 75 °C (Table 2.4). The reaction’s progress
was followed by UV-Vis spectroscopy analysis of samples taken from the reaction
mixtures. After complete conversion of the metal-free phthalocyanines into to the
corresponding copper(ll) phthalocyanine complexes, corroborated by the appearance
of the typical metallophthalocyanine Q-band at around = 678—680 nm in UV-Vis
spectrum, the reactions were stopped. The reaction conditions and the isolated yield for

each synthesized copper(ll) phthalocyanine complexes are presented in Table 2.4.
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Table 2.4. Reaction conditions and isolated yields for metalation reaction and the

corresponding copper(ll) metallophthalocyanines.

R R
— 2.8b-d —
NZ=N\7 \ " ~DMF N\ NZ=Z N R
= A |
2 S water_~
— 2.8¢, 2.9e
R R
2.8b-d 2.10b-d
2.9e 2.11e
‘b R= SO IV
OO%>R ¢ R= AO/{\/O}\H
v % _~ n
© o
7° ®
e R= X{O\/\N/
~
d R= /io’{'\/oi\/\Na | ©
n=3 ;

Entry Metal-free Pc Reaction conditions Cu(ll) Pc Yield (%)?
1 2.8b CuCly®, DMF, 75 °C, 15 min 2.10b 92
2 2.8d CuCl,®, DMF, 75 °C, 15 min 2.10d 86
3 2.8c CuCl,®, water, 75 °C, 15 min 210c -
4 CuCly®, DMF, 75 °C, 15 min 87
5 2.9e CuCly®, water, 75 °C, 15 min 2.11e 94

2 |solated vyield.
® 2 equivalents of CuCl, were added to reaction mixture.

Regarding the preparation of copper(ll) metallophthalocyanines 2.10b and

2.10d, we promoted the metalation reaction in DMF (entries 1-2, Table 2.4). The

reactions were complete in just 15 min at 75 °C, as confirmed by UV-Vis spectroscopy.

The reaction mixtures were subjected to standard purification procedures (details

described in Chapter 5, section 5.3.2), affording the new copper(ll) phthalocyanine

complexes 2.10b and 2.10d in 92% and 86% isolated yields, respectively (entries 1-2,

Table 2.4).
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For copper(ll) phthalocyanine complexes 2.10c and 2.11e, we performed the metalation
reaction in water (entries 3 and 5, Table 2.4). After just 15 min of reaction at 75 °C, the
new phthalocyanine complex 2.11e was subjected to purification through dialysis, being
obtained in 94% isolated yield (entry 5, Table 2.4). However, the rate of metalation of
the metal-free phthalocyanine 2.8c, using water as solvent, was negligible after 15 min
(entry 3, Table 2.4). Using UV-Vis spectroscopy, we observed that the reaction
proceeded very slowly (Figure 2.6, A), being incomplete after 1h 30 min. Even after 3 h
of reaction, the presence of metal-free phthalocyanine could still be observed (Figure
2.6, A), reason why we stopped the reaction at this point. In view of this result, we then
chose to carry out the reaction in DMF (entry 4, Table 2.4). After 15 min at 75 °C, we
accomplished the desired copper(ll) metallophthalocyanine 2.10c (Figure 2.6, B) in 87%
isolated yield (entry 4, Table 2.4), after purification through dialysis.
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Figure 2.6 UV-Vis spectrum, in DMF, of evolution of metalation reaction of
phthalocyanine 2.8c with CuCl; at 75 °C in: A — water and B — DMF, as reaction solvent.

The copper(ll) phthalocyanine complexes 2.10b-d and 2.11e were suitably characterized
by mass spectrometry, elemental analysis and UV-Vis spectroscopy, with details
described in Chapter 5, section 5.3.2.

In conclusion, these results suggest that the metal-free phthalocyanines
developed in this work can be used as precursors for the formation of ®Cu-labelled
phthalocyanine complexes, for further use as probes in cancer diagnosis using PET

imaging.
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2.4.2 Labelling methodology

Among the multiple nuclear reactions to produce copper-64 in a cyclotron (e.g.
6Zn(p, 2pn)®*Cu, %Zn(d, a)®*Cu, %4Zn(d, 2p)®4Cu, %8Zn(p, an)®*Cu, ®*Ni(d, x)*Cu and **Ni(p,
n)®4Cu), the ®*Ni(p, n)®Cu nuclear reaction is the usually preferred route, due to its
higher production yield and easy synthesis in medical cyclotrons.?’ Therefore, the ®*Ni(p,
n)®*Cu was the selected method for copper-64 (°*Cu) production for further
64Cu-labelling of the previously synthesized metal-free phthalocyanines. The production
of copper-64 radioisotope was performed in collaboration with Radiochemistry and
Cyclotron Laboratory of the Institute for Nuclear Sciences Applied to Health (ICNAS) by
Dr. Vitor Alves (PhD), whose general production procedure is schematically represented

in Figure 2.7.
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%4Ni(p,n)®*Cu, 18 MeV, 5 h
Nuclear reaction
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Figure 2.7. Schematic diagram of [*Cu]CuCl, production.?’

Copper-64 production is initiated in an IBA Cyclone 18/9® cyclotron (IBA,

Louvain-la-Neuve, Belgium), where an electroplated enriched nickel-64 (®*Ni) target is
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irradiated with a beam of protons of 18 MeV for 5 h (Figure 2.7, a). After the
radioisotope production is finished, the ®*Cu is transferred from the cyclotron to a
so-called hot-cell (lead-shielded fume hood with thick glass windows) with remote
control, to be purified (Figure 2.7, b). The %4Cu is purified using an automated Synthera®
Extension module system (IBA, Louvain-la-Neuve, Belgium), housed inside the hot-cell,
and it is obtained in a small volume of [**Cu]CuCl, solution. Due to the high cost of
enriched ®4Ni, recycling of this target material is a key issue for lowering the cost of *Cu
production. So, in the first step of ®4Cu purification, the ®*Ni target solution is diluted and
loaded into a high selective copper resin to separate the 64Cu from #Ni. The ®Ni is eluted
from the resin with a 0.01 M nitric acid solution and collected for recycling (Figure 2.7,
b). Subsequently, in the second step, the ®*Cu is eluted from cooper resin, whit an 8 M
HCI solution and transferred onto a strong anion exchange resin (Figure 2.7, c). In the
last step, the anion exchange resin is eluted using a small volume of 0.1 M HCl solution
in order to achieve the final [**Cu]CuCl; solution (Figure 2.7, d). This purification process
takes about 1 h to complete. The final solution is then evaporated to dryness before
starting the further ®*Cu-labelling reaction with the desired metal-free phthalocyanines.

All labelling studies followed the required radiation protection rules and
proceeded through manual technique using laboratory lead castles, since these
64Cu-labelling studies using phthalocyanine chelate units were in initial optimization
phase and the produced [#*Cu]CuCl; solution was expected to display low activity. In the
64Cu-labelling studies, careful optimization of the pH, temperature and reaction time
parameters is essential to achieve high radiochemical yields (radiochemical vyield,
denoted as RCY, is defined as the amount of activity in the product expressed as the
percentage (%) of related starting activity used in the corresponding process;?® all RCYs
presented in this thesis are non-decay corrected). Regarding the pH, the ®*Cu-labelling
of phthalocyanines was performed under pH control, using ammonium acetate buffer
solutions with pH value of approximately 5.5,%° in order to avoid the formation of
insoluble radiochemical species such as [**Cu]Cu(OH).. Moreover, it should be noted
that the selection of this buffer solution is relevant since it is considered safe for further
in vivo injections.?®

In this context, the ®*Cu-labelling studies started with the optimization of

reaction conditions regarding temperature and reaction time, being the results
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presented and discussed in the following section. Nevertheless, is important to state
that this optimization of the reaction conditions had to be performed in radioactive
conditions, since the reaction kinetics differ between the radioactive labelling and the
conventional organic chemistry reactions (non-radioactive synthesis).3° Moreover, the
[®4Cu]CuCl; is only provided in picomolar quantities, whereas the chelate unit (i.e.
metal-free phthalocyanine) is generally provided in micromolar amounts. Thus, in the
64Cu-labelling reaction studies it was expected to have non-radiolabelled phthalocyanine
(i.e. metal-free phthalocyanine) in all the ®*Cu-labelled phthalocyanine complexes final

solution.

2.4.3 Labelling of phthalocyanines with [%*Cu]copper dichloride

(radioactive synthesis)

The ®4Cu-labelling studies were performed with selected B-tetra-substituted
metal-free phthalocyanines, namely the phthalocyanines containing isopropylidene
protected D-galactose (2.8b), polyethylene glycol (2.8c) and choline (2.9e) substituents.
The studies were initiated with the optimization of the reaction conditions (temperature
and reaction time) using the metal-free phthalocyanine 2.8b as model. In a typical
experiment, 1.8 nmol of phthalocyanine 2.8b was added to the [5*Cu]CuCl; in
ammonium acetate buffer (pH= 5.5) solution, followed by the addition of DMF to
prevent aggregation during the reaction, adjusting the phthalocyanine concentration in
all labelling reactions to 3.8 x 10> M. The evaluation of the temperature (between 25 °C
and 95 °C) and reaction time (5—-60 min) effect on the radiochemical conversion (i.e.
expressed as the percentage of the ®*Cu-incorporation into phthalocyanine; denoted as
RCC)3° was carried out and the results are presented in Table 2.5. The RCC was assessed
by radio-TLC standard method.3® At the different time points for each temperature,
aliquots taken from the reaction mixtures were mixed with ethylenediaminetetraacetic
acid (EDTA) solution and applied onto silica gel TLC plates (free [®*Cu]CuCl, was
complexed by supplementing with 10 mM EDTA for easier analysis). The TLC plates were
briefly dried and developed using the conventional 10% NH4sOAc/methanol (1:1) mixture

as eluent.3! In this chromatographic system, the ®*Cu-labelled phthalocyanine 2.12b
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shows a R¢= 0 (green colored), while the “free” [54Cu]CuCl; ([**Cu][Cu(EDTA)] complex)

displays Rs= 1 (pink colored), as shown in Figure 2.6.

Table 2.5. Optimization of reaction conditions for the radiosynthesis of complex

64Cu-labelled phthalocyanine 2.12b (phthalocyanine concentration = 3.8 x 10> M).

N N
_ ) R [®4culcucl, _ ; ) R
R NH  HN | R  Noeu—n_ |
/ 0.1M NH,OAc (pH 5.5), >
S N
! 00 :
R lA( o ! R
H,Pc 2.8b o ! [®*cu][Cu(Pc)] 2.12b
1 O :
1 jo:
Entry Temperature (°C) Time (min) RCC (%)?
1 25 5 4
10 5
15 6
30 6
60 6
2 50 5 62
10 76
15 86
30 90
60 90
3 75 5 90
10 93
15 93
4 95 5 >99

2 RCC: radiochemical conversion, estimated by radio-TLC analysis (was calculated by dividing the
activity of the product spots by the total activity deposited on the silica gel TLC plate).

Setting the temperature at 25 °C and varying the reaction time (5-60 min), the

reaction proceeded quite slowly, affording only 6% RCC, even after 60 min (entry 1,

Table 2.5 and Figure 2.6, A). Then, the temperature was raised up to 50 °C and, after 30

min 90% RCC was obtained. Attempting to obtain near-quantitative RCC the reaction

75



Chapter 2

was extended to 60 min, but no RCC increase was observed (entry 2, Table 2.5 and
Figure 2.6, B). Further temperature increase to 75 °C resulted in a significant
enhancement of RCC in shorter reaction times (reaching to 93% RCC after 10 min). Once
again, when the reaction time was extended to 15 min no RCC improvement was
observed (entry 3, Table 2.5 and Figure 2.6, C). Finally, the %4Cu-labelling reaction was
carried out at temperature of 95 °C, and in 5 min, a near-quantitative RCC was obtained

(>99%, entry 4, Table 2.5 and Figure 2.6, D).
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Figure 2.6. Radio-TLC chromatograms of the labelling reactions of phthalocyanine 2.8b
with [64Cu]CuCl; at (A) 25 °C in 60 min, (B) 50 °C in 60 min, (C) 75 °Cin 10 min e (D) 95°C
in 5 min. Vertical lines represent Rs values: R¢= 0 (left) and Ry = 1 (right). [®*Cu][Cu(Pc)]
2.12b displays a Rf = 0 (green colored) and “free” [®*Cu]CuCl; (i.e. [®*Cu][Cu(EDTA)])
displays a Ry = 1 (pink colored).

As shown in Table 2.5, it is observed that the ®*Cu-labelling reaction proceeded
at higher rates with increasing reaction temperatures. Thus, in order to achieve the
maximum (near-quantitative) RCC, higher temperature (95 °C) was required in the
64Cu-labelling phthalocyanine reaction. This could be attributed to the well known

rigidity of the phthalocyanine macrocycle, which could result in a slow kinetics
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complexation with [®4Cu]CuCl,, also in agreement with the results previously observed
for the non-radioactive synthesis conditions for the complexation of phthalocyanine
2.8b with CuCl; (section 2.4.1).

Regarding the purification procedure, the ®*Cu-labelled phthalocyanine 2.12b
was purified by solid phase extraction (SPE) using a reversed phase C18 cartridge. After
placing the reaction mixture on the top of the C18 SPE cartridge, the cartridge was
washed with water to remove the DMF solvent, followed by elution with methanol/THF
(1:1) mixture to collect the ®*Cu-labelled phthalocyanine 2.12b. The radiochemical yield
(i.e. the ratio of activity of the ®*Cu-labelled product after its purification and its activity
originally present in the corresponding purification process; non-decay corrected) was
37%. This evident difference between the RCC (>99%, entry 4, Table 2.4) and the
non-decay corrected RCY (37%) may be attributed to a significant loss of ®Cu-labelled
phthalocyanine 2.12b in the transfer process between the labelling reaction vessel and
C18 SPE cartridge, caused by a strong adsorption of the ®Cu-labelled phthalocyanine
2.12b to the reaction vessel.

Furthermore, the radiochemical purity of the resulting ©*Cu-labelled
phthalocyanine 2.12b was assessed by radio-TLC using the method described above
(Figure 2.7, A and B). In Figure 2.7, A) just one spot (Rf= 0), typical of ®Cu-labelled
phthalocyanine 2.12b, is shown, without evidence of the presence of “free” [¢*Cu]CuCl,
(Rf= 1), as shown in Figure 2.7, B). This is indicative of the high radiochemical purity in
which compound 2.12b was obtained (>98%), being on the range required for clinical
human transposition.??

To assign the radiochemical identity of ®4Cu-labelled phthalocyanine 2.12b we
used High-Performance Liquid Chromatography (HPLC), through comparison of the
non-radioactive copper(ll) reference standard (phthalocyanine 2.10b) with the
radioactive sample (2.12b). We observed that compound 2.12b revealed extremely high
affinity to the silica-based reverse-phase (RP) (C18) stationary phase (single available
analytical HPLC column) when using common HPLC solvents (acetonitrile, water (buffer)
and methanol). So it was not possible to elute the samples tested. Since this
methodology did not allow a qualitative radiochemical identity of %4Cu-labelled
phthalocyanine 2.12b we then compared, by radio-TLC, the R value of the

non-radioactive copper(ll) phthalocyanine reference standard 2.10b (Figure 2.7, C,
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right-2) with the corresponding ®4Cu-labelled phthalocyanine 2.12b (Figure 2.7, C,
left-1), and both chromatograms show an intense blue color in the baseline of the
radio-TLC (Rf = 0). This observation allowed us to indirectly assume the same
radiochemical identity for both “spots” on the radio-TLC and qualitatively confirm the

radiochemical identity of phthalocyanine 2.12b.

Re~ 0 Re~ 1
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| [**Cu][Cu(Pc)] 2.12b
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Figure 2.7. Radio-TLC chromatograms of A) ®*Cu-labelled phthalocyanine 2.12b (R¢= 0)
and B) “free” [®*Cu]CuCl; (i.e. [**Cu][Cu(EDTA)]; Rf = 1). Vertical lines represent Rs values:
Rf= 0 (left) and R¢= 1 (right). C) Radio-TLC plates showing 1) ®*Cu-labelled phthalocyanine
2.12b at R¢= 0 under white light and 2) non-radioactive copper(ll) phthalocyanine 2.10b
reference standard at Rf= 0 under white light. All radio-TLC plates were made of silica
gel and developed with 10% NH40Ac/MeOH (1:1).

Conclusively, we can assume that the optimal reaction conditions for preparing
64Cu-labelled phthalocyanine complexes from their corresponding metal-free
phthalocyanines, with [#4Cu]CuCl, in 0.1M ammonium acetate buffer (pH= 5.5) is using
a phthalocyanine concentration = 3.8 x 10> M, a temperature of 95 °C and 5 min of
reaction. Hence, these were the selected reaction conditions to proceed with the
remaining phthalocyanine ®4Cu-labelling reaction studies.

The studies proceeded with the ®4Cu-labelling of the remaining metal-free
phthalocyanines 2.8c and 2.9e, under the above optimized reaction conditions, in
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DMF/ammonium acetate buffer or water/ ammonium acetate buffer and the RCC
results are presented in Table 2.7. The ®*Cu-incorporation into phthalocyanine was again
assessed by radio-TLC, using the same chromatographic method described above for the

4Cu-labelled phthalocyanine 2.12b.

Table 2.7. Synthesis of ®*Cu-labelled phthalocyanines 2.13c and 2.14e with a metal-free
phthalocyanine concentration of 3.8 x 10 M, at 95 °C.

R R
7 7
N=Ny n\l N=Ny Ql
_ R [®*cu]cucl, _ | R
64—
R NH HN | R _ NSfcu—nN_ |
/ 0.1M NH,OAc (pH 5.5), by
N 5 min, 95 °C N

DMF or Water

R R
H,Pc 2.8¢ [®4cul[Cu(Pc)] 2.13¢
H,Pc 2.9e [4Cu][Cu(Pc)] 2.14e
¢ R= ; :
: ‘ ;{o{/\/oi\H ' & R= “(O\/\N/@ :
: " o
Entry Metal-free Pc  Solvent Time (min) %Cu-labelled Pc RCC (%)°
1 2.8c DMF 5 2.13c 96
2 Water 5 2
10 3
15 30
3 2.9e Water 5 2.14e >99

2 RCC: radiochemical conversion, estimated by radio-TLC analysis (was calculated by dividing the
activity of the product spots by the total activity deposited on the TLC plate).

Regarding the %4Cu-labelling reaction of PEGylated phthalocyanine 2.8¢c, we first
carried out the reaction under optimized conditions, using DMF as reaction medium and
the ®*Cu-labelled phthalocyanine 2.13c¢ was obtained in a RCC of 96% (entry 1, Table
2.7). Given the great advantage in performing the radiolabelling reaction in water, which
allows simple water evaporation after labelling in case of near quantitative RCC, the

64Cu-labelling reaction of 2.8c was also performed, under the same reaction conditions,
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using water (buffer) as solvent (entry 2, Table 2.7). This was possible because PEG
substitution pattern usually confers water solubility to phthalocyanines3?® but, to our
dismay, only 30% RCC was achieved, after 15 min of reaction (entry 2, Table 2.7).
Nevertheless, these results are in agreement with the observations made for the
non-radioactive metalation of metal-free phthalocyanine 2.8c with CuCl, (see section
2.4.1), where the full copper(ll) complexation in water was not achieved, regardless of
longer reaction times.

Since the labelling reaction carried out in DMF showed a much higher RCC, in a
much shorter time, we chose to use the ®*Cu-labelled phthalocyanine 2.13c reaction
mixture to continue the purification steps. The ®*Cu-labelled phthalocyanine 2.13c was
then purified using a reversed phase C18 SPE cartridge. The column was washed with
water to remove the unreacted [**Cu]CuCl, and the DMF solvent, followed by elution
with methanol to collect the ®*Cu-labelled phthalocyanine 2.13c. The non-decay
corrected RCY was 50%. Once again, the noticeable difference between the RCC (96%,
entry 1, Table 2.5) and the non-decay-corrected RCY (50%) could be attributed to the
strong adsorption of the ®Cu-labelled phthalocyanine 2.13c to the radiolabelling
reaction vessel. Finally, the radiochemical purity of the resulting ®4Cu-labelled
phthalocyanine 2.13c was assessed by the radio-TLC method described above (Figure
2.8). From the results presented in Figure 2.8, the %4Cu-labelled compound 2.13c¢ was
obtained with radiochemical purity above 98%, again being in the acceptable range for

clinical human transposition.?
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Figure 2.8. Radio-TLC chromatograms of A) %4Cu-labelled phthalocyanine 2.13c (R¢= 0)
and B) “free” [®*Cu]CuCl; (i.e. [**Cu][Cu(EDTA)]; Rf = 1). Vertical lines represent Ry values:
Rs = 0 (left, green colored) and Ry = 1 (right). All radio-TLC plates were made of silica gel
and developed in 10% NH4OAc/MeOH (1:1).
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Once again, to qualitatively verify the radiochemical identity of ®*Cu-labelled
phthalocyanine 2.13c, the non-radioactive reference standard compound 2.10c was
analyzed using the radio-TLC method, following the similar methodology as above. The
same Ry was again observed for the non-radioactive reference standard and the
radioactive analogue, corroborating the structure of the ®Cu-labelled phthalocyanine
2.13c.

Given the previous indication of the non-radioactive copper(ll) complexation
reaction feasibility for metal-free phthalocyanine 2.9e in water (see section 2.4.1), and
again knowing the advantage in using water as solvent, the ®*Cu-labelling of the
metal-free phthalocyanine 2.9e using water as reaction medium was carried out. Full
64Cu-complexation (near-quantitative RCC - ca 99%) was achieved for ®*Cu-labelled
phthalocyanine 2.14e, at 95 °Cin 5 min (entry 3, Table 2.7). This high RCC value allowed
to simply evaporate the water-buffer solution used as reaction medium.

The non-decay corrected RCY was then calculated, reaching 98%. The
radiochemical purity of ®Cu-labelled phthalocyanine 2.14e was also assessed by

radio-TLC, using the method described above (Figure 2.9).

th 0 szl th 0 szl

Counts
Counts

I AP URPTTRR NIRRT DR _ "\w_“_
- - - - . —

R
[ e T m %

d/mm d/mem

Figure 2.9. Radio-TLC chromatogram of A) ®*Cu-labelled Pc 2.14e (Rf= 0) and B) “free”
[6*Cu]CuCl; (i.e. [**Cu][Cu(EDTA)]; R¢= 1). Vertical lines represent Rs values: R¢= 0 (left,

green colored) and Ry = 1 (right). All radio-TLC plates were made of silica gel and
developed in 10% NH4s0Ac/MeOH (1:1).

The ®*Cu-labelled compound 2.14e was obtained with a radiochemical purity
>98%, being in the acceptable range for clinical application.3? Once again, to qualitatively
attest the radiochemical identity of ®*Cu-labelled Pc 2.14e, the non-radioactive

reference standard compound 2.11e was analyzed using the same radio-TLC method, as
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previously described for the other ®*Cu-labelled phthalocyanines, again corroborating
the structure of the ®*Cu-labelled phthalocyanine 2.14e.

Summing up, ®*Cu-labelled phthalocyanines 2.12b, 2.13c and 2.14e were
synthesized in RCCs of 96-99%. The purified %4Cu-labelled were isolated in non-decay

corrected RCYs of 37-98%, all in excellent radiochemical purity (> 98%).

2.4.4 In vitro radiochemical stability studies of ®Cu-labelled

phthalocyanines

A crucial property for the development of new metal-based complexes as probes
with potential PET clinical application is their in vitro/in vivo radiochemical stability. This
is due to the possible formation of radiochemical impurities that may affect blood and
tissue/organ clearance, as well as, the biological distribution and excretion pathways of
the PET probe. Thus, we also performed in vitro radiochemical stability studies for the
64Cu-labelled phthalocyanine complexes 2.12b, 2.13c and 2.14e, in media mimicking
physiological conditions. First, each ©®Cu-labelled phthalocyanine complex was
incubated in NaCl 0.9%, PBS (0.1 M, pH 7.4), and cell medium (DMEM - Dulbecco's
Modified Eagle Medium), at 37 °C. In the order to evaluate the possible presence of
“free” [54Cu]CuCl; (i.e. [**Cu][Cu(EDTA)]) resulting from phthalocyanine decomplexation,
aliquots were taken at different time points (0, 1, 18 and 24 h) and analyzed by the

radio-TLC method described above, whose results are present in Figure 2.10.
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Figure 2.10. /n vitro radiochemical stability of *Cu-labelled phthalocyanines 2.12b, 2.13c
and 2.14e in the presence of: A) NaCl 0.9%, B) PBS (0.1M, pH 7.4) and C) DMEM cell

medium.

From the results presented in Figure 2.10, we can see that all radiolabelled
phthalocyanines display remarkable stability in all selected media, since no “free”

[®4Cu]CuCl; (i.e. [**Cu][Cu(EDTA)]) was observed in the corresponding radio-TLC

chromatogram till 24 hours.
Summing the available data, we have selected the ®*Cu-labelled tetra-choline

phthalocyanine 2.14e as the lead compound to pursue the in vivo PET imaging

biodistribution studies, particularly for its easier ®*Cu-labelling, purification and high

biocompatibility.
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2.5 In vivo PET imaging and biodistribution studies of tetra-choline

64Cu-labelled phthalocyanine

The studies described in this section was performed in collaboration with ICNAS
Pre-Clinical Imaging Facility, where Dr. José Sereno (PhD) executed the imaging
experiments described below, using normal BALB/c mice (C57BL6 mice). These studies
were expected to provide a first insight in the biodistribution profile of ®*Cu-labelled
tetra-choline phthalocyanine 2.14e, in terms of blood clearance and excretion
pathways. Each animal (n=3, males BALB/c) was injected in the tail vein with 100 pL of
tetra-choline %4Cu-labelled phthalocyanine 2.14e saline solution (21.8 + 0.2 uCi/g, n=3).
The mice were placed on a high resolution micro-PET imaging system and the PET images
were acquired during 1h 30 min post-injection time (p.i.). The MRI imaging was
performed after the PET acquisition, aiming the identification of the mice's organs in the
PET images, and therefore allowing the identification of phthalocyanine 2.14e

accumulation in each mice organ (Figure 2.11).

Liver _y “

> '

Spleen

25 mm

Figure 2.11. Micro-PET imaging studies of ®*Cu-labelled phthalocyanine 2.14e after 1h
30 min post-injection time. Color scale: counts per min/(mm?3*1.D./g).

The quantification of activity content in each organ are expressed as percentage of
injected dose per gram of organ (% 1.D./g), being the results presented in Table 2.8. After
3 h post-injection, the animals were sacrificed by cervical dislocation. Tissue samples of

the main organs were removed and weighed, and the activity was measured in a gamma
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counter corrected for background activity and copper-64 decay. The results of activity

content (% |.D./g) are also presented in Table 2.8.

Table 2.8. Biodistribution results (mean + SD, n=3; expressed as %l.D./g of organ) for
tetra-choline ®Cu-labelled phthalocyanine 2.14e after intravenous administration
post-injection (p.i.) in BALB/c mice.

Organ % 1.D./g

1h 30 min p.i. (in vivo) 3 h p.i. (ex vivo)

Lung 2.7+0.2 55+0.6
Liver 7.0+£1.9 2.5+0.5
Spleen 79+1.2 31.2+5.1
Kidney 3.4+0.5 4610.2
Bladder 0.38+0.03 0.24 +£0.02
Muscle 0.17+0.1 0.12 £0.02

Bone 0.2+0.1 0.5+0.02
Blood 3.6+0.5 22+0.2
Heart - 4.2+05
Intestine = - 0.6 £0.07
Stomach = - 0.5+0.1
Brain = - 0.05+0.01

At 1h 30 min p.i. the in vivo biodistribution profile of ©6*Cu-labelled
phthalocyanine 2.14e (Table 2.8) indicated a very fast uptake by the reticuloendothelial
system (RES) organs, as shown by the high uptake values of 7.0 + 1.9 and 7.9 + 2.7%
1.D./g, in the liver and spleen, respectively. There is also a significant accumulation of
compound 2.14e in the kidneys (3.4 + 0.5% 1.D./g), as well as in the blood stream (3.6 +
0.5% 1.D./g) after 1h 30 min p.i. Moreover, there is a negligible bladder, muscle and bone
uptake (0.38 £ 0.03,0.17 £ 0.1 and 0.2 £ 0.1% 1.D./g at 1h 30 min p.i., respectively).

After 3 h p.i.,, the ex vivo biodistribution results showed an increased
accumulation of tetra-choline ®*Cu-labelled phthalocyanine 2.14e when compared with

1h 30 min p.i., namely in the spleen (7.9 + 1.2% I.D./g and 31.2 + 5.1% |.D./g at 1h 30
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min and 3 h p.i., respectively), as well as in the lungs (2.7 + 0.2% I.D./g and 5.5 + 0.6%
I.D./g at 1h 30 min and 3 h p.i., respectively) and in the kidneys (3.4 + 0.5% 1.D./g and
4.6+0.2%1.D./g at 1h 30 min and 3 h p.i., respectively). A slightly accumulation decrease
of compound 2.14e in blood stream (3.6 £ 0.5% I.D./g and 2.2 £ 0.2% |.D./g at 1h 30 min
and 3 h p.i., respectively) was also observed. On the other hand, a considerable decrease
of compound 2.14e accumulation in liver (7.0 £ 1.9% 1.D./g and 2.5 + 0.5% I.D./g at 1h
30 min and 3 h p.i., respectively) was detected. Moreover, a negligible bladder, muscle,
bone, intestine, stomach and brain uptake, after 3 h p.i. was observed. Nevertheless, it
is noteworthy the increased heart uptake (4.2 £ 0.5% 1.D./g) after 3 h p.i.

The results presented in Table 2.8 reveal that the tetra-choline ®*Cu-labelled
phthalocyanine 2.14e manages to circulate inside the body for a long time period (i.e.
reduced blood clearance), before starting to be eliminated (3.6 £ 0.5% |.D./g and 2.2 +
0.2% 1.D./g at 1h 30 min and 3 h p.i., respectively). This indicates that, during circulation,
the organ/tissue distribution of phthalocyanine 2.14e is slow and the binding with
plasma proteins should be high. This is corroborated by the literature, since it is known
that the positively charged B-tetra substituted phthalocyanines have a tendency to bind
plasma blood proteins.3* Subsequently, the retention of activity in deeply irrigated
organs such as lungs, heart, kidneys and spleen (5.5+1.9,4.2+0.5,4.6 +0.2and 31.2 +
5.1% 1.D./g at 3 h p.i., respectively) could be a consequence of the reduced blood
clearance.

Despite of the tetra-choline ®*Cu-labelled phthalocyanine 2.14e kidneys uptake
(3.4 £ 0.5% I.D./g and 4.6 £ 0.2% 1.D./g at 1h 30 min and 3 h p.i., respectively), the
elimination process of compound 2.14e did not pass through the kidneys, as indicated
by the residual bladder uptake (0.38 + 0.03% I.D./g and 0.24 + 0.02% 1.D./g at 1h 30 min
and 3 h p.i., respectively). Thus, we can conclude that the elimination of compound
2.14e did not follow the renal excretion pathway. For compound 2.14e, excretion is
predominantly done through hepatobiliary pathway, as seen by the high liver uptake
(7.0+1.9%1.D./g and 2.5 + 0.5% I.D./g at 1h 30 min and 3 h p.i., respectively).
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2.6 Conclusion

The main goal of the work discussed in this chapter was to the design and
synthesis of a new family metal-free phthalocyanines suitably functionalized with
biocompatible and/or cancer-targeting groups for the development of potential
copper-64 labelled radiopharmaceuticals, as PET probes for cancer diagnosis. Hence,
four different topics were explored in this chapter:

i) the first topic involved the structural modulation of several phthalonitriles, as
precursors for the desired phthalocyanine synthesis. In this study, an environmentally
benign, time and cost effective approach was developed using the ultrasonic irradiation
for the phthalonitrile synthesis, via ipso substitution, achieving quite high isolated yields
(61-83%), comparable to those obtained in conventional heating;

ii) in the second topic, an efficient method for the synthesis of zinc(ll) and
magnesium(ll) metallophthalocyanine complexes was described, along with their
corresponding metal-free counterparts, incorporating choline, isopropylidene
protected D-galactose and also polyethylene glycol groups as substituents, all selected
for their biocompatibility and/or cancer cells specificity. It has been concluded that the
synthesis of the metal-free via zinc(ll) phthalocyanine complex (in alternative to
magnesium(ll)), followed by demetallation, is the most viable and reproducible method
to obtain the desired metal-free phthalocyanines, with very high isolated yields
(79-85%);

iii) the third topic discussed the optimization of ®4Cu-labelling procedure for the
previously synthesized phthalocyanines. Before radiolabelling, all copper(ll)
phthalocyanine reference standards were synthesized in excellent isolated vyields
(86-94%), allowing us to confirm the high potentiality of these compounds. #4Cu-labelled
phthalocyanines 2.12b, 2.13c and 2.14e were successfully synthesized in RCCs of
96-99%, using just 1.8 nmol of each B-tetra-substituted metal-free phthalocyanine.
Furthermore, the purified ®*Cu-labelled compounds were isolated in satisfactory
non-decay corrected RCYs (37-98%) and in excellent radiochemical purity (> 98%). The
in vitro radiochemical stability studies demonstrated that in all physiological media (e.g.
NaCl, PBS and cell culture medium) the %4Cu-labelled phthalocyanines 2.12b, 2.13c and
2.14e show an outstanding stability;
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iv) the fourth and last topic was focused on the evaluation of the biodistribution
profile of ®*Cu-labelled tetra-choline phthalocyanine 2.14e in BALB/c mice. These studies
allowed us to conclude that compound 2.14e accumulates in highly irrigated organs such
as liver, spleen, kidneys, heart and lungs, being the most activity retained in the spleen,
which could be attributed to its prolonged circulation time in blood. Moreover, the
compound 2.14e is eliminated by the hepatobiliary pathway.

Altogether, these preliminary results are encouraging for the development of
phthalocyanine-based probes labelled with copper-64 radioisotope for PET imaging. As
a future step it is crucial to determine their specific/molar activity (measurement of the
fraction of ®*Cu-labelled compound compared with non-radiolabelled compound), since
it is plausible to say that the mechanism of action of the synthesized 4Cu-labelled
phthalocyanines involves a specific receptor binding. This is very important because the
in vivo density of the receptors in cancer cells is very low, and subsequently the use of
64Cu-labelled phthalocyanines with low specific/molar activity can easily lead to
saturation of these receptors in cancer cells. It is also important to perform in vivo PET
imaging and biodistribution studies in tumor-bearing mice to infer the specificity of the
64Cu-labelled compound for cancer cells.

Furthermore, we also highlight the pB-tetra-substituted phthalocyanine
functionalized azido-polyethylene glycol chains groups 2.8c, which can open the way for
future in vivo PET click-chemistry approaches, giving a relevant contribution for in vivo
pre-targeting strategies purposing cancer diagnosis, or further SPAAC (strain-promoted
alkyne-azide cycloaddition) reactions for conjugation with valuable target molecules as

specific cancer reporters.1316

88



Chapter 2

2.7 References

L' Wwatt, G. W.; Dawes, J. W., Journal of Inorganic and Nuclear Chemistry 1960, 14 (1-2),
32-34.

2 (a) Okoth, E. A.; Zhou, Z.; Ongarora, B.; Stutes, A.; Mathis J. M.; Vicente, M. G. H.,
Journal of Porphyrins and Phthalocyanines 2019, 23, 125-135; (b) Li, K.; Dong, W.; Liu,
Q.; Lv, G.; Xie, M.; Sun, X.; Qiu, L.; Lin, J., Journal of Photochemistry and Photobiology B:
Biology 2019, 190, 1-7.

3 Matlou, G. G.; Oluwole, D. O.; Prinsloo, E.; Nyokong, T., Journal of Photochemistry and
Photobiology B: Biology 2018, 186, 216-224.

4 (a) Li, F.; Liu, Q.; Liang, Z.; Wang, J.; Pang, M.; Huang, W.; Wu, W.; Hong, Z., Organic &
Biomolecular Chemistry 2016, 14 (13), 3409-3422.

> Hanack, M.; Crucius, G.; Calvete, M. J. F.; Ziegler, T., Current Organic Synthesis 2014,
11 (1), 59-66.

6 Dumoulin, F.; Durmus, M.; Ahsen, V.; Nyokong, T., Coordination Chemistry Reviews
2010, 254 (23-24), 2792-2847.

7Barrona, C. C.; Bilan, P. J.; Tsakiridis, T.; Tsiani, E., Metabolism Clinical and Experimental
2016, 65, 124-139.

8 (a) Calvo, M. B.; Figueroa, A.; Pulido, E. G.; Campelo, R. G.; Aparicio, L. A., International
Journal of Endocrinology 2010, 205357; (b) Airley, R. E.; Mobasheri, A., Chemotherapy
2007, 53 (4), 233-256.

9 Cheng, M,; Bhujwalla, Z. M.; Glunde, K., Frontiers in Oncology 2016, 6, 266.

10 Glunde, K.; Penet, M. F.; Jiang, L.; Jacobs, M. A.; Bhujwalla, Z. M., Expert Review of
Molecular Diagnostics 2015, 15 (6), 735-747.

11 yvan Vlerken, L. E.; Vyas, T. K.; Amiji, M. M., Pharmaceutical Research 2007, 24 (8),
1405-1414

2 Lju, J.-Y.; Jiang, X.-J.; Fong, W.-P.; Ng, D. K. P., Organic & Biomolecular Chemistry 2008,
6 (24), 4560—-4566.

13 Kim, E.; Koo, H., Chemical Science, 2019, 10, 7835—-7851.

4 Mushtaq, S.; Yun, S. J.; Jeon, J., Molecules 2019, 24 (19), E3567.

15 Meyer, J. P.; Adumeau, P.; Lewis, J. S.; Zeglis, B. M., Bioconjugate Chemistry 2016, 27
(12), 2791-2807.

16 Zeng, D.; Zeglis, B. M.; Lewis, J. S.; Anderson, C. J., Journal of Nuclear Medicine 2013,
54 (6), 829-832.

7 Nemykin, V. N.; Luk’yanets, E. A., Reviews and Accounts 2010, 1, 136-208.

18 (3) Puri, S.; Kaur, B.; Parmar, A.; Kumar, H., Current Organic Chemistry 2013, 17 (16),
1790-1828; (b) Meciarovd, M.; Toma, S.; Magdolen, P., Ultrasonics Sonochemistry 2003,
10 (4-5), 265-270.

19 Choi, C. F.; Huang, J. D.; Lo, P. C.; Fong, W. P.; Ng, D. K., Organic & Biomolecular
Chemistry 2008, 6 (12), 2173-2181.

89


https://www.ncbi.nlm.nih.gov/pubmed/?term=Calvo%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=20706540
https://www.ncbi.nlm.nih.gov/pubmed/?term=Figueroa%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20706540
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pulido%20EG%5BAuthor%5D&cauthor=true&cauthor_uid=20706540
https://www.ncbi.nlm.nih.gov/pubmed/?term=Campelo%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=20706540
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aparicio%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=20706540
https://www.ncbi.nlm.nih.gov/pubmed/20706540
https://www.ncbi.nlm.nih.gov/pubmed/20706540
https://www.ncbi.nlm.nih.gov/pubmed/?term=Airley%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=17595539
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mobasheri%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17595539
https://www.ncbi.nlm.nih.gov/pubmed/?term=Glunde%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25921026
https://www.ncbi.nlm.nih.gov/pubmed/?term=Penet%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=25921026
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jiang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25921026
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jacobs%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=25921026
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhujwalla%20ZM%5BAuthor%5D&cauthor=true&cauthor_uid=25921026
https://www.ncbi.nlm.nih.gov/pubmed/25921026
https://www.ncbi.nlm.nih.gov/pubmed/25921026
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mushtaq%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31581645
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yun%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=31581645
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=31581645
https://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=18528579
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=18528579
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lo%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=18528579
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fong%20WP%5BAuthor%5D&cauthor=true&cauthor_uid=18528579
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ng%20DK%5BAuthor%5D&cauthor=true&cauthor_uid=18528579
https://www.ncbi.nlm.nih.gov/pubmed/18528579
https://www.ncbi.nlm.nih.gov/pubmed/18528579

Chapter 2

20 Alzeer, J.; Roth, P. J. C.; Luedtke, N. W., Chemical Communications 2009, 15, 1970-
1971.

21 Calvete, M. J. F.; Dini, D.; Flom, S. R.; Hanack, M.; Pong, R. G. S.; Shirk, J. S., European
Journal of Organic Chemistry 2005, 16, 3499—-3509.

227hang, L.; Huang, J.; Ren, L.; Bai, M.; Wu, L.; Zhai, B.; Zhou, X., Bioorganic & Medicinal
Chemistry 2008, 16 (1), 303—-312.

23 Spares, A. R. M.; Tomé, J. P. C.; Neves, M. G. P. M. S.; Tomé, A. C.; Cavaleiro J. A. S.,
Torres, T., Carbohydrate Research 2009, 344 (4), 507-510.

24 Kimani, S. G.; Shmigol, T. A.; Hammond, S.; Phillips, J. B.; Bruce, J. |.; MacRobert, A.
J.; Malakhov, M. V.; Golding, J. P., Photochemistry and Photobiology 2013, 89 (1), 139—
149.

% Kog, V.; Topal, S. Z.; Aydn Tekda, D.; Ate, O. D.; Onal, E.; Dumoulin, F.; Gurek, A. G.;
Ahsen, V., New Journal of Chemistry 2017, 41 (18), 10027-10036.

26 Alvarez-Mico, X.; Calvete, M. J. F.; Hanack, M.; Ziegler, T., Tetrahedron Letters 20086,
47 (19), 3283-3286.

27Alves, F.; Alves, V. H. P.; Do Carmo, S. J. C.; Neves, A. C. B.; Silva, M.; Abrunhosa, A. J.,
Modern Physics Letters A 2017, 32 (17), 1740013-1740021.

28 (3) de Blois, E.; de Zanger, R. M. S.; Chan, H. S.; Konijnenberg, M.; Breeman, W. A. P.,
EJNMMI Radiopharmacy and Chemistry 2019, 4 (3). DOI: 10.1186/s41181-018-0052-1;
(b) Coenen, H. H.; Gee, A. D.; Adam, M.; Antoni, G.; Cutler, C. S.; Fujibayashi, Y.; Jeong,
J. M.; Mach, R. H.; Mindt, T. L.; Pike, V. W.; Windhorst, A. D., Nuclear Medicine and
Biology 2017, 55, v—xi.

22 Mclnnes, L. E.; Rudd, S. E.; Donnelly, P. S., Chemistry Reviews 2017, 352, 499-516.

30 postigo, A., Late-Stage Fluorination of Bioactive Molecules and Biologically-Relevant
Substrates, Elsevier, 2019, Chapter 2, 29-103.

31 Torres Martin de Rosales, R.; Tavaré, R.; Paul, R. L.; Jauregui-Osoro, M.; Protti, A.;
Glaria, A.; Varma, G.; Szanda, |.; Blower, P. J., Angewandte Chemie International Edition
2011, 50 (24), 5509-5513.

32 (a) European Pharmacopoeia, Guide for the elaboration of monographs on
radiopharmaceutical preparations, Edition 2018, 2018; (b) European Pharmacopoeia, 9t
Edition, Vol. 1, 2017, Chapter 2.2.66 — Detection and measurement of radioactivity,
01/2017; (c) European Pharmacopoeia, 9™ Edition, Vol. 1, 2017, Chapter 5 —
Radiopharmaceutical preparations, 01/2017.

33 pinto, S. M. A.; Tomé, V. A.; Calvete, M. J. F.; Pereira, M. M.; Burrows, H. D.; Cardoso,
A. M. S.; Pallier, A.; Castro, M. M. C. A.; Téth, E. M.; Geraldes, C. F. G. C., Journal of
Inorganic Biochemistry 2016, 154, 50-59.

34 (a) Li, X.; Jeong, K.; Lee, Y.; Guo, T.; Lee, D.; Park, J.; Kwon, N.; Na, J. H.; Hong, S. K,;
Cha, S. S.; Huang, J. D.; Choi, S.; Kim, S.; Yoon, J., Theranostics 2019, 9 (22), 6412-6423;
(b) Colak, S.; Durmus, M.; Yildiz, S. Z., Polyhedron 2016, 113, 115-122; (c) Durmus, M.;
Yaman, H.; Gol, C.; Ahsen, V.; Nyokong, T., Dyes and Pigments 2011, 91 (2), 153-163.

90


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kimani%20SG%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shmigol%20TA%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hammond%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=Phillips%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bruce%20JI%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=MacRobert%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=MacRobert%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=Malakhov%20MV%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
https://www.ncbi.nlm.nih.gov/pubmed/?term=Golding%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=22803957
http://adsabs.harvard.edu/cgi-bin/author_form?author=Alves,+F&fullauthor=Alves,%20F.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Alves,+V&fullauthor=Alves,%20V.%20H.%20P.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Do+Carmo,+S&fullauthor=Do%20Carmo,%20S.%20J.%20C.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Neves,+A&fullauthor=Neves,%20A.%20C.%20B.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Silva,+M&fullauthor=Silva,%20M.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Abrunhosa,+A&fullauthor=Abrunhosa,%20A.%20J.&charset=UTF-8&db_key=PHY
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20X%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeong%20K%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guo%20T%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20D%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20J%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kwon%20N%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Na%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hong%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cha%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20S%5BAuthor%5D&cauthor=true&cauthor_uid=31588226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=31588226

Chapter 3

CHAPTER 3

Development of 11C-labelled 8-indolylketones as potential

probes for application in brain PET imaging

3.1 Introduction

Understanding the neurobiological basis of the human brain and to investigate
the pathophysiology underlying and treatment of human brain disorders have become
some of the great scientific challenges in recent decades. We consider that the
non-invasive in vivo PET imaging technique is a valuable tool to clarify such pertinent
issues and, subsequently, the development of new small molecules as potential PET
radiopharmaceuticals for in vivo brain imaging is a hot topic for chemistry and
radiochemistry scientific communities.?2

As previously described in Chapter 1 of this thesis, chalcone- and indole-type
radiolabelled derivatives (e.g. with 1C or 8F) possess relevant properties to be used as
potential brain PET imaging probes. Therefore, we hypothesized that the synthesis of a
new small molecules of the B-indolylketone-type (scaffold based on conjugate addition
reaction of indoles with chalcones), containing a structural moiety amenable for
11C-labelling and suitable physiochemical properties to successful penetrate the BBB
(structural modulation with non-charged and lipophilic groups taking into account the
low molecular weight pre-requisite),3> would allow the preparation of new promising

probes for potential application in brain PET imaging (Scheme 3.1).
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B-indolylketones

®= non-charged, lipophilic groups
(e.g. F, Br, H, OCH,)

MW < 500 g.mol!

Scheme 3.1. Design of 'C-labelled B-indolylketones as potential PET probes for brain

imaging.

In this chapter we describe the synthesis and structural modulation of a set of
B-indolylketones, and report the in vitro cytotoxicity and theoretical octan-1-ol/water
partition coefficient values (ClogP) of the resulting N-methylated B-indolylketone
products. Moreover, in this chapter the optimization of HPLC purification and control
quality method for the further *C-labelled B-indolylketones will be described, followed
by the pioneering synthesis of the corresponding *'C-labelled B-indolylketones, in fully
automated radiosynthesis module of Radiochemistry and Cyclotron Laboratory at
ICNAS. Finally, preliminary data regarding the in vivo biodistribution studies of these

new !C-labelled B-indolylketones, using PET imaging, is also presented and discussed.

3.2 Synthesis of B-indolylketones

Over the past few years, a variety of methods have been reported for the
preparation of B-indolylketones. A simple and direct one involves the Michael addition
reaction of indoles with chalcones through C-3 alkylation of indole, commonly in the
presence of Brgnsted (e.g. ionic liquids, silica sulfuric acid, TFA, p-toluenesulfonic acid,

polyvinylsulfonic acid, triflic acid, D-camphorsulfonic acid) or Lewis acid catalysts (e.qg.
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InBrs, Bi(OTf);, SbCls, Gals, GaCls, Zr(OTf)s;, NbCls Sml;) using either conventional
heating®!® or ultrasonic irradiation®?? or even microwave irradiation.?3-28

After a critical literature review and aiming the development of sustainable and
eco-friendly synthetic processes, we selected the microwave irradiation approach?® to
promote the synthesis of this class of compounds. So, studies initiated with the Michael
addition reaction between chalcone 3.1a and indole, which was selected as model
reaction. In a general experiment, chalcone 3.1a, indole and acid catalyst were dissolved
in an appropriated solvent, and the reaction was conducted under microwave
irradiation (200 W of power) for 5 min, upon stirring at the selected temperature (Table
3.1). The reaction’s evolution and product identification was performed by TLC analysis
of samples taken from the reaction mixture. The reaction mixture was then
concentrated and evaporated to dryness. After work-up procedures, the reaction
mixture were then purified by column chromatography, using silica gel as stationary
phase and dichloromethane as eluent. The optimization of the reaction conditions on

the final isolated yield of B-indolylketone 3.2a are presented in Table 3.1.

Table 3.1. Optimization of B-indolylketone 3.2a synthesis under microwave irradiation.?

Q@ /
i Qe
N
O O N \\ Solvent, catalyst O N\ O
~ N MW (200 W), 5 min N
o H H

3.1a 3.2a
Entry Solvent Catayst Temperature (°C) Yield (%)°
1 EtOH BF3.OEt; 90 N.R.°
2 EtOH InCl3 90 N.R.C
3 EtOH p-TSOH 90 66
4 iPrOH p-TSOH 90 84
5 iPrOH p-TSOH 110 88

@ Reaction conditions: chalcone (1 mmol), indole (1.2 mmol), solvent (1 mL), 10 mol% of
catalyst.

®lsolated yield.

¢N. R.: No product was obtained.
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First, we selected ethanol as solvent and studied the effect of several catalysts
such as BF3.0Et,, InCl; and para-toluenesulfonic acid (p-TSOH) at a temperature of 90 °C
(entries 1-3, Table 3.1). We conclude that the best reaction conditions to promote the
classic Michael addition reaction, between compound 3.1a and indole, involves the use
of p-TSOH as Brgnsted acid catalyst: the reaction using this catalyst produced the
desired product in 66% isolated yield (entry 3, Table 3.1), conversely to the use of Lewis
acid catalysts BF;.0Et, and InCl; (entries 1-2, Table 3.1), which did not produce the
desired B-indolylketone 3.2a (i.e., no conversion of starting materials 3.1a and indole
were observed after 5 min of reaction at 90 °C, checked by TLC). Based on these
optimized conditions, and keeping p-TSOH as acid catalyst, we then evaluated the effect
of solvent and temperature. Regarding the solvent, the substitution of ethanol (EtOH)
by isopropanol (iPrOH) was found to give the best results: 84% isolated yield of
B-indolylketone 3.2a, after 5 min at 90 °C (entry 4, Table 3.1). Furthermore, when the
temperature was raised to 110 °C, a slight increase in the isolated yield of 3.2a was
observed (88%), after 5 min (entry 5, Table 3.1). From a sustainability point of view, this
synthetic process denotes a significant enhancement, regarding energy and solvent
consumption (5 min; 1 mLiPrOH), when compared with previous results reported in the
literature using ultrasound irradiation (1.7 h; 2 mL of EtOH), while maintaining similar
isolated yields (88% vs. 93%).%°

Aiming to explore the effect of different substituents in the B-indolylketone
scaffold on the BBB penetration, we extended the scope of the Michael addition
reaction of indole or 1-methlyindole to a range of substituted chalcones (3.1a-c), bearing

different substituents in A or B rings (Figure 3.1; Table 3.2).

Figure 3.1. Structural modulation of B-indolylketone scaffold.
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Therefore, the work proceed with the use of previously optimized reaction
conditions for the synthesis of B-indolylketone 3.2a (isopropanol as solvent, p-TSOH as
catalyst, 5 min MW irradiation at 110 °C). In order to isolate and characterize the
obtained products, reaction mixtures were subjected to work-up and purification
standard procedures (exact procedures for each compound are specified in Chapter 5,
section 5.4.1), and the B-indolylketones 3.2a-c and 3.3a-c were suitably characterized
by H- and 3C-NMR and GC-MS, with Table 3.2 showing the yields of isolated product

for each of the synthesized B-indolylketones.

Table 3.2. B-indolylketones microwave-assisted synthesis at optimized conditions.?

RZ

I &
NS .
. @ p-TSOH, iPrOH O N\ O
R2 R1 N MW (200 W) N

3.1a-c R®  5min, 110 °C R3 320c
3.3a-c
Entry Chalcone Indole B-Indolylketone Yield (%)°
R R? R?

1 3.1a OMe H H 3.2a 88
2 3.1b OMe Br H 3.2b 90
3 3.1c F OMe H 3.2c 87
4 3.1a OMe H Me 3.3a 90
5 3.1b OMe Br Me 3.3b 88
6 3.1c F OMe Me 3.3c 85

2Reaction conditions: chalcone (1 mmol), indole (1.2 mmol), 1 mL iPrOH, 10 mol% of p-TSOH.
®lsolated yield.

The analysis of the results presented in Table 3.2 led us to conclude that, under
the optimized conditions described above, the yield of the Michael addition reaction

between indole and chalcones 3.1a-c (entries 1-3, Table 3.2) was not significantly
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affected by the presence of different substituents on the para position of A or B
chalcone ring (e.g. H, F, Br or OCHj5) (isolated yields up to 90%).

In addition, we also evaluated the Michael addition reaction between chalcones
3.1a-c with 1-methyl indole (entries 4-6, Table 3.2). From the data in Table 3.2 we
observed that the substitution of indole (entries 1-3, Table 3.2) by 1-methyl indole
(entries 4-6, Table 3.2) did not substantially influence the overall yield of the Michael
addition reaction, being the isolated yields of B-indolylketones 3.3a-c, once again, up to
90%. It is worth mentioning that, the resulting non-radioactive N-methylated
B-indolylketone reference standards 3.3a-c were synthesized for the dual purpose of
confirming the radiochemical identity of their further 11C-labelled radioactive congeners
(via analytical column HPLC analysis) and determining the in vitro cytotoxicity in healthy
cell lines, whose results are presented in the following section.

In sum, the use of microwave irradiation in the synthesis of B-indolylketones
3.2a-c and 3.3a-c revealed to be an efficient and energy-cost-saving method, opening
the way for future B-indolylketone preparation with a broad range of substituents.

A mechanism for the conjugate addition of indole to chalcones is proposed in
Scheme 3.2. The acid catalysis promoted by the addition of p-TSOH results in the
activation of the chalcone’s ketone group by protonation of the oxygen atom and
consequent formation of intermediate A. This intermediate is composed by three main
resonance structures, which show two possible electrophilic carbon centers that can
bond with the indole ring. Thus, the nucleophilic attack to an a,B-unsaturated ketone
can be performed through a 1,4-addition (Michael addition) or a 1,2-addition (direct
attack to the carbonyl group) and selectivity is dependent on the hardness of softness
of the nucleophile. Indeed, due to the fact that the indole ring is a soft nucleophilic,
addition to the softer electrophilic center (i.e. B-carbon of the ketone group) is
favored.3° Due to a higher electronic density, this attack will proceed through the
3-position of the 1H-indole ring, yielding intermediate B, which then undergoes the
thermodynamically favored regeneration of the aromaticity of the indole ring, yielding
B-indolylketone C. Due to the keto-enol tautomerism favoring the conversion of the enol
group into the more stable ketone group, the equilibrium is shifted towards the

formation of the B-indolylketone D.
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______________________________________________________________________________________________

_____________________________________________________________________________________________
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Scheme 3.2. Proposed mechanism for p-TSOH acid catalyzed Michael addition reaction

of indoles to chalcones.

B-indolylketones characterization

As mentioned in this chapter, all the B-indolylketones have been fully
characterized by suitable spectroscopic techniques, described with detail in Chapter 5,
section 5.4.1. As an illustrative example, the new B-indolylketone 3.3c was selected for
its spectroscopic characterization, resulting from the Michael addition between
chalcone 3.1c and 1-methylindole.

The Figures 3.2 and 3.3 show the 'H- and 3C-NMR spectra of N-methylated
B-indolylketone 3.3c, both recorded in CDCls. Additionally, to elucidate the structure of
this compound, the full assignment of its proton and carbon signals was performed
based on two-dimensional (2D) NMR experiments, namely, *H-'H COSY (Correlated

spectroscopy), H-13C HSQC (Heteronuclear Single Quantum Coherence) and 'H-13C
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HMBC (Heteronuclear Single Quantum Coherence), whose spectra are presented in

Figures 3.4, 3.5 and 3.6, respectively.
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Figure 3.2. a) Total *H-NMR spectrum of B-indolylketone 3.3c in CDCl; (the residual signal
marked with * is due to the water in CDCl; deuterated solvent); b) Selected expansion
of the 'H-NMR spectrum of 3.3c in CDCls.

98



Chapter 3

)
£
£
S
8=
< 40000
=]
=
o
g

35000
30000
+ 25000
+ 20000

r 15000

r 10000

5000

l|l‘|‘ HhH J ‘ |

T T T T
220 210 200 190 180 170 160 150 140 130 120 ‘ 110 ; 100 90 80 70 60 50 40 30 20 10 0
1 (ppm

Figure 3.3. 13C-NMR spectrum of B-indolylketone 3.3c in CDCls. Inset: expansion of
13C-NMR spectrum between & 138 to 108 ppm.

In the *H-NMR spectrum of B-indolylketone 3.3c (Figure 3.2), the protons of the
ortho position of the aromatic ring A show their resonance as multiplet at 6 7.97-7.92
ppm, integrating a total of 2 protons. Since these protons are ortho located to the
electron-withdrawing carbonyl group, the corresponding resonance appears as the
most deshielded among the signals assighed to compound 3.3c. In the *H-'H COSY NMR
spectrum (Figure 3.4) a correlation was observed between this signal with the multiplet
at 6 7.11-7.06 ppm, which can be attributed to the resonances of the protons of the

meta position of the aromatic ring A.
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Figure 3.4. Selected expansion of *H-'H COSY NMR spectrum of B-indolylketone 3.3c,
recorded in CDCls. The relevant correlations are presented.

Once identified these signals of the *H-NMR spectrum of 3.3c, it was possible to assign
the signals of the 3C-NMR spectrum by *H-13C HSQC NMR spectroscopy (Figure 3.5). The
13C-NMR spectrum shows one splitting signal at 6§ 130.9/130.8 ppm, assighed to the
carbons in ortho position, and the other split signal at § 115.9/115.6 ppm was assigned
to the carbons in meta position, both belonging to aromatic ring A. The remaining
carbon atoms belonging to aromatic ring A system that show no correlation in the *H-13C
HSQC NMR spectrum were assigned by the observed correlations in *H-'3C HMBC NMR
spectrum (Figure 3.6). From the *H-3C HMBC spectrum, it is possible to confirm that the
splitting signals relative to the resonances of the quaternary carbons Cy’ and C-F appear
at 6 133.8/133.7 and 167.1/164.5 ppm, respectively. The observed signal splitting is due

to the fact the fluorine-19 possessed a % nuclear spin, which makes it NMR active and
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therefore can couple with *H and '3C nuclei. This translates into an increased multiplicity
of the observed 'H-NMR signals in ring A system and the appearance of doublets in the
13C-NMR signals with decreasing coupling constants as the number of bonds between
BF and 3C nuclei increases, as would be expected. Indeed, the 1J constant for C-F is
254.6 Hz, the 2J constant for the carbons in the meta position is 21.8 Hz, the 3/ constant
for the carbons in ortho position is 9.3 Hz, and the #J constant for carbon Cy’ is 2.9 Hz,
which clearly illustrates this effect. Also evident in the 3C-NMR spectrum is the signal at
6 = 197.3 ppm, which is characteristic of an aromatic ketone and thus can be safely

assigned to the carbonyl carbon atom (C=0).
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Figure 3.5. Selected expansion of *H-13C HSQC NMR spectrum of B-indolylketone 3.3c,
recorded in CDCls.
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Figure 3.6. Selected expansion of *H-13C HMBC NMR spectrum of B-indolylketone 3.3c,
recorded in CDCls. The most relevant correlations for the assignment of the quaternary
carbons are presented.

Analyzing the aliphatic region of the 'H-NMR spectrum of B-indolylketone 3.3c
(Figure 3.2), the triplet at 6 4.98 ppm (J = 7.2 Hz) was assigned to the CH proton (Ha).
The remaining resonances of the aliphatic protons were assigned to the region of 6
3.77-3.64 ppm. In this region, two singlets are superimposed with one pair of double
doublets. Despite the superimposed signals, the two close singlets at 6 3.72 and 3.75
ppm were attributed to the resonances of nitrogen-bonded methyl proton atoms
(-NCHs) and oxygen-bonded methyl protons atoms (-OCHs), respectively, being the
latter in a lower field due to the close proximity to the more electronegative oxygen
atom. Thus, the two superimposed double doublets in the region of § 3.77-3.64 ppm

were assigned to the CH, protons (HB). Given their close proximity to a chiral center,
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these diastereotopic protons are expected to have different chemical shifts and possess
a geminal and a vicinal coupling. In the 3C-NMR spectrum of B-indolylketone 3.3c
(Figure 3.3) the signals at 6 55.3, 45.5, 37.6 and 32.8 ppm were assigned to
oxygen-bonded methyl carbon atom (-OCHs), secondary carbon atom CpB, tertiary
carbon atom Ca and nitrogen-bonded methyl carbon atom (-NCHs), respectively. These
correlations were confirmed by *H-'H COSY and 'H-13C HSQC NMR spectra (Figure 3.4
and Figure 3.5).

Based on the *H-'H COSY and H-13C HMBC NMR studies, it was possible to assign
all the remaining signals corresponding to the dihydrochalcone moiety. The protons of
the ortho and meta position of the aromatic ring B show their proton resonances as
multiplets (due to superimposition with resonances from the indole ring) at 6 7.26-7.24
and 6.81-6.78 ppm, respectively. In the 3C-NMR spectrum of B-indolylketone 3.3c, the
signals at 6 158.1, 136.5, 128.8 and 114.0 ppm were assigned to carbons atoms para
position, Cy, ortho and meta position of the aromatic ring B, respectively, as deduced by
1H-13C HMBC and *H-13C HSQC NMR spectra (Figure 3.5 and Figure 3.6).

Among the signals of the indole unit in the 'H-NMR spectrum (Figure 3.2), the
H-5 appears as a triplet at 6 7.01 ppm (J = 7.9 Hz). This resonance (later confirmed by
'H-13C HMBC NMR spectrum) can be easily attributed because it is well-known that the
electronic density in this position of the benzene portion of the indole ring is higher.
Based on the coupling patterns observed in the *H-'H COSY NMR spectrum (Figure 3.4),
we can only identify two correlations with H5, which corresponding to the two protons
in ortho positions: i) a doublet at 6 7.43 ppm (J = 8 Hz), which corresponds to H4 and ii)
a triplet at 6 7.18 ppm (J = 8 Hz), which can only be attributed to H6, due to its coupling
with protons H5 and H7. The proton H7 appears as a doublet overlapped in the multiplet
at & 7.26-7.24 ppm (due to superimposition with the deuterated solvent and the
resonances from aromatic ring B). As deduced by the *H-3C HSQC spectrum (Figure 3.5),
the carbons atoms C4, C5, C6 and C7 were assigned to the signals at 6 119.7, 119.0,
121.9 and 109.4 ppm. The remaining proton H2 appears as singlet overlapped in the
multiplet (due to superimposition with the resonances from aromatic ring B) at 6 6.81—
6.78 ppm, and its corresponding carbon was assigned to the signal at 6 126.3 ppm. From

the *H-13C HMBC spectrum (Figure 3.6) it is possible to assign the signals relative to the

103



Chapter 3

resonances of the quaternary carbons C3, C3a and C7a, which appear at 6 118.2, 127.1
and 137.5 ppm, respectively.

The structure of the B-indolylketone 3.3c was also confirmed by GC-MS
spectrometry, and it was observed an ion peak at m/z 387.2, which corresponds to the

mass of the molecular ion [M]* of the B-indolylketone 3.3c.

3.3 In vitro cytotoxicity studies and computational determination of
octan-1-ol/water partition coefficient values of N-methylated

B-indolylketones

The studies described in this section were performed in collaboration with
Photonics and Reactivity Laboratory of Coimbra Chemistry Center, where MSc Hélder
Soares executed the experiments described below.

The absence of toxicity in healthy cells, at suitable in vivo PET imaging
concentrations, is one of the main requirements in the development of new potential
PET radiopharmaceuticals. In this context, the in vitro cytotoxicity of the synthesized
N-methylated B-indolylketones 3.3a-c against 3T3 (mouse embryo fibroblasts) cell line
was carried out. The compounds 3.3a-c were dissolved in a small amount of DMSO (<2
% v/v DMSO of total final solution volume) in cell culture medium (DMEM - Dulbecco's
modified Eagle's medium), and the 3T3 cells were incubated with a solution containing
various concentrations of each B-indolylketone compound (ranging 10 uM to 400 uM)
in PBS medium for a period of 20 h. Control cells, without addition of B-indolylketone
compounds, were incubated under the same conditions. After the incubation period,
the 3T3 cells were washed with PBS (phosphate buffered saline) and the resazurin
reduction assay was used to quantify the cell viability. This assay is based on the
conversion of the resazurin dye (blue non-fluorescent dye) into pink-colored, highly
fluorescent resorufin, by mitochondrial and other enzymes in viable cells. Essentially,
the viable cells convert continuously resazurin to resorufin, increasing the overall
fluorescence and color of the cell culture medium. Thus, the amount of produced

resorufin is proportional to the number of viable cells, which is quantified by using a
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microplate reader fluorometer. The half-maximal inhibitory concentration (ICso) values
were achieved by nonlinear regression of dose response curves and the values are

present in Table 3.3.

Table 3.3. Cytotoxicity (ICsg) against healthy cell line and the calculated LogP (ClogP)
values of N-methylated B-indolylketones 3.3a-c.

Entry B-indolylketones IC50 (LM) ClogP

1 L
e
96.5 2.73

o)
O N 121.8 3.13

i 658.1 2.80

From data presented in Table 3.3, the B-indolylketones 3.3a, 3.3b and 3.3c
presented an ICsq values of 96.5, 121.8 and 658.1 uM, respectively. These results point
out that there are significant influences of the substituents on B-indolylketone scaffold
in the in vitro cytotoxicity, being the fluorinated B-indolylketone 3.3c the less cytotoxic
compound (ICso=658.1 uM) (entry 3, Table 3.3) and the B-indolylketone 3.3a, bearing a
methoxy group, the one with highest cytotoxicity (ICso=96.5 uM) (entry 1, Table 3.3).
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Nevertheless, it is important to recall that PET is an exquisitely sensitive
technique, able to measure in vivo radiopharmaceutical concentration in the nanomolar
to picomolar range and, consequently, the radiopharmaceutical is not expected to have
any pharmacological effect.3! Therefore, these in vitro studies in 3T3 cells indicated that
the compounds 3.3a-c show no cell toxicity in the concentration range used for the in
vivo PET imaging, allowing for the safe administration of these compounds.

Furthermore, the determination of LogP values is also key parameter to infer the
BBB permeability, and subsequently the radiopharmaceutical’s brain uptake. In this
context, we also evaluated the relative lipophilicity of each PB-indolylketone via
theoretical determination of octan-1-ol/water partition coefficient values (ClogP), using
a computational approach (program Marvin Sketch 14.10.6.0). The results are
summarized in Table 3.3. The B-indolylketones have a CLogP values ranging 2.73 to 3.13,
which fulfill the LogD;4 recommendations for the development of ideal
radiopharmaceutical to successfully penetrate in BBB (2—3.5).3%° However, in this work,
we only determined the ClogP values, not the experimental LogD; 4 values. This is worth
mentioning, since computational approaches have been frequently employed by several
authors to predict the LogD;.4, where a report by Wagner et al.3? states that the mean
value for CLogP for 119 marketed central nervous system (CNS) drugs is 2.8. In this work,
the CLogP mean value for the N-methylated B-indolylketones 3.3a-c is 2.9, a value that
is in good agreement with the suitable range. The trend observed for CLogP values is:
3.3a < 3.3c < 3.3b; where the most lipophilic compound (higher CLogP) is bromine
B-indolylketone 3.3b (entry 2, Table 3.3) and the less lipophilic compound (lower CLogP)
is the B-indolylketone substituted bearing a methoxy group 3.3a (entry 1, Table 3.3).

We can conclude that the N-methylated B-indolylketones 3.3a-c, synthesized in
this work, combine an interesting low in vitro cytotoxicity with suitable CLogP values,
encouraging us to pursue the *!C-labelling studies of this B-indolylketones as potential
brain PET imaging probes. Due to time constraints, we only performed the ''C-labelling
studies of one B-indolylketone compound. We selected the fluorinated B-indolylketone
3.3c to proceed to the further !C-labelling reaction, considering its good balance

between low cellular cytotoxicity (ICso= 658.1 uM) and suitable CLogP value (2.80).
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3.4 Radiolabelling of B-indolylketones with carbon-11
3.4.1 Labelling methodology

One of the most commonly used strategies for the production of *'C-labelled
compounds involves the use of [!1Cliodomethane ([*1C]CHsl), as 11C-methylating agent
to promote the labelling of non-methylated compounds with N-, O- and S-heteroatoms,
through a simple nucleophilic substitution reaction.33 As an example, the routinely used
11C-labelled PET radiopharmaceuticals, [*'C]PiB, [*'C]Flumazenil and ['C]Choline are
prepared via N-''C-methylation (Figure 3.7).3* These standard reactions are usually
carried out in solvents such as DMF, DMSO, acetone or acetonitrile depending on the
temperature and/or polarity required for reaction. Essentially, [11C]CHjsl is directly driven
into the solution which contains the non-methylated precursor (typically in large excess)
and usually a base (such as sodium hydroxide, sodium hydride, potassium carbonate or
tetrabutylammonium hydroxide), which is used to deprotonate the functional group
(amines, hydroxyl and thiol groups). These methylation reactions, occurs within a short
period of time (1-10 minutes) and reaction temperatures vary in a range from room

temperature to 100 °C.%°
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Figure 3.7. lllustrative 'C-labelled radiopharmaceuticals by N-*'C-methylation.3

Since ['C]CHsl is a volatile intermediate and larger quantities of activity is
expected in the carbon-11 radiochemistry process due to the short carbon-11 half-life,
the traditional manual manipulation using lead castles for radiochemist’s radiation
protection are not feasible. Therefore, to minimize the radiation exposure, the
production of !C-labelled radiopharmaceuticals is carried out in semi-automated or
fully automated radiosynthesis modules, housed inside the so called hot-cells.3®3” These

automated modules are a unit remotely controlled by computers with software
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programs, which allows sequentially carrying out the different steps of the carbon-11
synthesis and its labelling reaction with a strict control of the flow, pressure,
temperature and activity. Obviously, these computer-controlled automation modules
are desirable for the routine commercial production of PET radiopharmaceuticals. The
Figure 3.8 shows the carbon-11 automated radiosynthesis module housed inside the
hot-cell in the Radiochemistry and Cyclotron Laboratory at ICNAS, where the

11C-labelling experiments were performed.

Carbon-11 automated
radiosynthesis module

Hot-cell

Figure 3.8. Carbon-11 automated radiosynthesis module housed inside the hot-cell in
the Radiochemistry and Cyclotron Laboratory at ICNAS.

To better understand the operation settings of the above pictured carbon-11
automated radiosynthesis module a schematics is displayed in Figure 3.9. All the parts
of the automated module are connected via tubes and externally controllable valves,

being all gaseous or liquids, precursors, intermediates, and products transferred with a

helium flow.
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[*1C]CH;l production system

Part 1 Part 2

Cyclotron production

[1ic]co,

[1C]CH,l

A 4

Mobile phase

Water

NacCl 0.9%
~ Ethanol

[
L

Semi-preparative
HPLC column

detector J

Water

Figure 3.9. Schematic diagram of the carbon-11 automated radiosynthesis module used
in this work at ICNAS (captive solvent “loop” method for '*C-methylation).

The first part of the automated radiosynthesis module is the [**C]CH3l production
system, aiming the production of the *!C-methylating agent [*!C]CH3l (Part 1, Figure 3.9).
Carbon-11 can be produced by several nuclear reactions in the cyclotron.3® Among
them, *N(p,a)*'C reaction is by far the most commonly used in the radiochemistry
field,?*° being also the one used for this work. The *N(p,a)'C reaction uses nitrogen
gas with 0.5% of oxygen as a target material, which is irradiated with a 16.5 MeV proton
beam yielding [*1C]carbon dioxide ([*1C]CO,). Starting from [1C]CO,, the synthesis of the
radioactive precursor [*C]CHsl is accomplished by the so called “gas method”.3>4°

Essentially, the [*'C]CO, produced is further converted in ['!Clmethane ([*!C]CH,)
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through a hydrogen reduction in presence of a nickel catalyst, at 425 °C. In a second
step, the ['!C]CH,4 reacts with iodine vapor, at *720-740 °C, to produce the desired
[*1C]CHsl. The product [*'C]CHsl is trapped on a Porapack® cartridge and, upon heat
induced releasing, is transferred by a helium stream to the 'C-methylation system (Part
2, Figure 3.9). In this system, based on the captive solvent “loop” method,** the
1C-methylation labelling reaction takes place in a HPLC loop previously prepared. Thus,
before the synthesis, the precursor solution, in the presence of base, is slowly injected
into the stainless steel loop (100 pl). Then, the produced [*1C]CH3l is led into the loop
with the precursor solution and it becomes efficiently trapped. Therein, the
1C-methylation labelling of the precursor occurs, yielding the desired radiolabelled
product, which is directly injected into a semi-preparative HPLC column for purification.
The separation of different chemical and radiochemical species (e.g. precursor
separation from the radiolabelled product and possible by-products) is achieved by an
UV and radioactivity detector, which are positioned at the end of the semi-preparative
HPLC column. After collect the desired radiolabelled product and aiming the
reformulation of the radiolabelled product from the HPLC mobile phase into a suitable
intravenous injection, the collected radiolabelled product is diluted with water, and then
trapped into a reversed phase C18 solid-phase extraction (SPE) cartridge (Part 3, Figure
3.9). The C18 SPE cartridge is rinsed with sufficient water to effectively remove any
residual organic solvents from HPLC mobile phase. The product is eluted of the C18 SPE
cartridge to the final product vial with small volume of ethanol (<10 % v/v ethanol of
total final product volume) and diluted with a sodium chloride (NaCl) solution (0.9%
w/v). Additionally, this automated synthesis module also includes a solvent delivery
module, which controls the introduction of cleaning solvents and the nitrogen gas into
the systems, as well as a waste recovery module, which is the recipient of the waste gas
and solvents during the synthesis and cleaning processes.

The considerably short half-live of carbon-11 (20.4 min) requires that the
synthesis time for any 'C-labelled radiopharmaceuticals should be performed as quickly
as possible. It should be noticed that the synthesis, purification, reformulation and
quality control of PET radiopharmaceuticals and its delivery to the clinical PET facility
should not exceed two to three half-lives of the radioisotope in use, which for carbon-11

this is about 40 to 60 minutes.3642
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3.4.2 Optimization of HPLC conditions

As mentioned before, the total production time for !!C-labelled
radiopharmaceuticals must be kept as short as possible. Besides short methylation
reaction times, the main approach to accomplish this purpose is to ensure the selection
of the best chromatographic system since a long separation time, either during the
purification or during quality parameters checking previous to in vivo administration,
will obviously limit the total activity of the final !C-labelled product. Keeping this in
mind, after the selection of N-methylated B-indolylketone 3.3c as lead compound, we
proceeded to the optimization of the HPLC conditions , which was equipped with: i) a
semi-preparative column, for further !C-labelled product purification and ii) an
analytical column, for radiolabelled compound purity check and radiochemical identity
confirmation. Since the 'C-labelling experiments were carried out in the ICNAS facility,
the optimization process was carried out using the therein available equipment, namely
the semi-preparative and analytical reversed phase C18 HPLC columns, ensuring exactly
the same chromatographic conditions.

So, we began the studies with the optimization of the separation conditions of
the precursor B-indolylketone 3.2c and N-methylated product 3.3cin the analytical HPLC
column, by injecting 20 puL of the respective B-indolylketone dissolved in acetonitrile. In
this study, mixtures of ammonium formate buffer solution (0.1M, pH = 7.2) and

acetonitrile were used as mobile phase and the results are presented in Table 3.4.
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Table 3.4 Optimization of separation conditions in analytical HPLC column of the
previously isolated pure products. Buffer: 0.1 M Ammonium Format (pH=7.2).

Entry Mobile phase (v/v)  Flow (mL.min) Product tz (min)

1 1 3.2c 12.78
3.3‘: 23.17

2 50% z:cetonitrile 2 3.2¢ 6.26
50% buffer 3.3¢ 11.68

3 3 3.2c 4,28
3.3c 8.08

4 1 3.2¢ 3.34
5 65% icetonitrile 2 3.2¢ 1.51
35% buffer 3.3c 2.42

6 3 3.2¢ 1.20
3.3¢c 1.55

We started these studies by using an eluent mixture with 50% acetonitrile: 50%
ammonium formate buffer, in a 1 mL.min* flow rate (entry 1, Table 3.4). Under these
conditions, the B-indolylketone 3.2c showed a retention time (tg) 12.78 minutes, while
the N-methylated product 3.3c had a retention time of 23.17 minutes. Since our goal
was the synthesis of 11C-labelled compounds, these retention times were considered too
long, and therefore we needed to increase the flow rate for 2 and 3 mL.min! (entries
2-3, Table 3.4). Even with 3 mL.min? flow rate, the B-indolylketone 3.2c showed a
retention time of 4.28 minutes, while the N-methylated product 3.3c had a retention
time of 8.08 minutes. These reduced retention times, although improved, were not
considered optimal. In order to reduce the affinity of the products 3.2c and 3.3c for the
stationary phase, we then increased the polarity of the mobile phase, by increasing the
acetonitrile fraction to 65%, again changing the flow rates (entries 4-6, Table 3.4). With
a 1 mL.min! flow, the B-indolylketone 3.2c showed a retention time of 3.34 minutes,
while the N-methylated product 3.3c had a retention time of 5.21 minutes. Using a 2
mL.min! flow, the retention times for both compounds decreased to half, while in case
of a 3 mL.min™! flow rate the retention times for both products were very similar, which

could compromise the efficient separation of compounds 3.2c and 3.3c.
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In conclusion, we selected as best chromatographic conditions the mixture 65%
acetonitrile:35% buffer (0.1M ammonium formate; pH = 7.2) at a 2 mL.min! flow rate.
Under these conditions, the precursor B-indolylketone 3.2c exhibits a retention of 1.51
minutes and the N-methylated product 3.3c a retention time of 2.42 minutes (Figure
3.9), where the isolated peaks shown in the chromatograms (A and B, Figure 3.9) were

assigned by injection of the pure products, previously isolated and characterized.
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Figure 3.9. Analytical HPLC chromatograms with the mobile phase acetonitrile/buffer
(65:35, v:v) at a flow of 2 mL.min? of: A — B-indolylketone 3.2¢ (tg = 1.51 min); B —
N-methylated B-indolylketone 3.3c (tg = 2.42 min) and C — co-injection of both
B-indolylketones 3.2c and 3.3c. (UV detector = 254 nm).

After optimization of the HPLC conditions for the analytical control of the final
11C-labelled product, we needed to similarly proceed for the semi-preparative system.
In this step, it is crucial to have an adequate HPLC resolution between the peak
corresponding to *C-labelled product from the peak corresponding to the precursor. In
the radiosynthesis process the precursor is generally used in large excess, thus it will be
expected a considerable amount of this precursor at the final crude mixture. Therefore,
in order to prevent an expectable tailing effect of precursor’s peak in the HPLC
chromatogram, capable to contaminate or even mask the peak corresponding to
C-labelled product, which is intended to separate and collect, it is fundamental to
ensure a satisfactory difference between each peak to ensure the chemical purity of the

final product.
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To accomplish this purpose, we began our studies in the semi-preparative HPLC system
by injecting 100 pL of the respective B-indolylketone dissolved in DMF, and the results

are presented in Table 3.5.

Table 3.5. Optimization of the separation conditions in semi-preparative HPLC column
of the previously isolated pure products. Buffer: 0.1 M Ammonium Format (pH = 7.2)

Entry Mobile phase (v/v) Flow (mL.min) Product tr (min)
3.2¢c 9-10
6 3.3c 13-14
1 65% acetonitrile 3.2c 8-9
35% buffer 7 3.3c 11.3-12.3
3.2c 6.5-7.5
9 3.3c 9.5-10.7
2 70% acetonitrile 9 3.2¢ 4.5-6
30% buffer 3.3c 6.3-7.3
4 3.2c 5.7-6.7
3 80% acetonitrile 3.3¢c 7.3-8.7
20% buffer
5 3.2¢c 4.7-5.3
3.3c 6-7

Based on previous results for the analytical HPLC column, we initiated the studies
using the mixture 65% acetonitrile: 35% ammonium formate buffer (0.1 M, pH =7.2), as
mobile phase, at a 6 mL.min* flow rate (entry 1, Table 3.5). Under these conditions, a
good separation was obtained; however, retention times were much too high for our
needs (9-10 min and 13-14 min for 3.2c and 3.3c, respectively). Maintaining the eluent
ratio and increasing the flow to 7 mL.min!, we observed a decrease in retention times,
but still not sufficient for our purposes (=8-9 min and =11-12 min for 3.2c and 3.3c,
respectively). We could only find more adequate retention times when a 9 mL.min™* flow
rate was used (entry 1, Table 3.5). We then carried on additional chromatographic test
runs, using eluents with higher acetonitrile fractions at several flow rates (entries 2-3,

Table 3.5). However, the retention times for 3.2c and 3.3c were very similar in all
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experiments, which could compromise the efficient separation of the 'C-labelled
product from the precursor 3.2c.

In conclusion, the best conditions available were when a 9 mL.min? flow rate
with 65% acetonitrile: 35% ammonium formate buffer (0.1 M, pH = 7.2) as mobile phase
were used. Under these conditions, the B-indolylketone 3.2c showed a retention time
between =6.5-7.5 minutes (390-450 seconds) and N-methylated product 3.3c between
=9.7-10.7 minutes (580-640 seconds) (Figure 3.10).
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Figure 3.10. Semi-preparative HPLC chromatogram of co-injection of 3.2c (tg = 390-450
seconds) and product 3.3c (tg = 580-640 seconds) with eluent acetonitrile/buffer (65:35,
v:v) at flow of 9 mL.min. The first peak corresponds to DMF solvent. (UV: 1 = 254 nm)

Summarizing, the best and used chromatographic conditions during all
purification and quality control processes were an isocratic acetonitrile/ammonium
formate buffer (0.1 M, pH = 7.2) (65:35, v:v) mobile phase with a flow rate of 9 ml.min?,
for the semi-preparative HPLC system, and with flow rate of 2 ml.min, for the analytical
HPLC system. Additionally, in order to determine the concentration of the final
11C-labelled product solution for the in vivo administration, an additional experiment
was performed in the analytical HPLC system. By injecting 3 replicates of 5 different
known concentrations of the N-methylated B-indolylketone reference standard 3.3c in

the analytical HPLC column we constructed a reference calibration curve, which allowed
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us to precisely estimate the concentration of compound 3.3c using UV-Vis spectroscopy

(Figure 3.11).
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Figure 3.11. Reference curve for the calculation of B-indolylketone 3.3c concentration.

3.4.3 Labelling of B-indolylketones with [*!Cliodomethane

After optimization of the HPLC conditions, we proceeded with the radiolabelling
of B-indolylketone 3.2c in the carbon-11 automated radiosynthesis module, following
the procedure described above. As DMF is a commonly used solvent in methylation
reactions using [*'C]CH3l,*3 and possesses the ability to dissolve the precursor 3.2¢, we
selected it as the reaction solvent. The process started with the production of the
carbon-11 in the cyclotron in the form of [*C]CO,. The produced ['C]CO, was then
converted to [''C]CH; which, by reaction with gaseous iodine, giving the desired
[*1C]CH3l methylation agent. In parallel, the non-methylated B-indolylketone 3.2¢c was
stirred in DMF in presence of KOH (for deprotonation). This solution was injected into
the HPLC stainless loop of the carbon-11 automated radiosynthesis module. Then, the
produced [*'C]CHsl was driven through the loop, pre-filled with the solution of the
non-methylated precursor 3.2c, and allowed to react for 5 min, at room temperature

(Scheme 3.3).
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Scheme 3.3. Radiosynthesis of 1C-labelled B-indolylketone 3.4c.

After 5 min reaction in the loop, the final crude mixture was immediately injected
into the semi-preparative HPLC column of the carbon-11 automated radiosynthesis
modaule for purification, where the analysis was performed through the UV (254 nm) and

radioactivity detectors. The semi-preparative HPLC chromatogram obtained is shown in

Figure 3.12.
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Figure 3.12. Control of the reaction by UV at 254 nm (black line) and radioactivity (red
line) associated with semi-preparative HPLC apparatus. Conditions: acetonitrile/0.1M
ammonium formate buffer (65:35, v:v) and 9 mL.min? flow rate. Consider time 0
seconds after 419 seconds for HPLC chromatogram analysis purposes (identified as C
point).
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From the HPLC chromatogram analysis (Figure 3.12), two distinctive peaks,
related to UV absorption, were observed. The first one, identified as peak |, located at
100-190 seconds, was attributed to the DMF solvent, while the second (peak Il), with a
retention time of = 390-450 seconds, was assigned to the precursor B-indolylketone
3.2c¢, as expected, given the large excess used in the reaction. Another peak (identified
as peak lll), between = 580-640 seconds, was also observed, corresponding to the
desired 1C-labelled product 3.4c. A slight overlap of peaks Il and lll in the chromatogram
was observed, an aspect that can compromise the purity of the final !C-labelled
product. Then, the compound related to peak Il was collected from the
semi-preparative HPLC system and subsequently driven into the SEP system for
reformulation, as follows: the collected HPLC fraction was first diluted in a vial (by adding
ca 5-10 mL of water), and then slowly passed through a C18 SPE cartridge. As the
11C-labelled product 3.4c was retained in the C18 SPE cartridge, elution with additional
15 mL of water followed, to ensure complete removal of the acetonitrile:buffer solution.
Finally, 1C-labelled product 3.4c was recovered by elution with additional 1 mL of
ethanol, and again diluted by addition of 9 mL of 0.9% NaCl (also passed through the
C18 SPE cartridge), affording the reformulated !!C-labelled product 3.4c. The
radiochemical yield (i.e. the ratio of the activity of the 'C-labelled product after its
reformulation and the starting [**C]CO, activity obtained from the cyclotron; non-decay
corrected) was 21.2 £ 0.90% (n=3).

The reformulated product 3.4c was subsequently submitted to quality control
using the analytical HPLC system, using an UV (254 nm) and radioactivity detectors

(Figure 3.13), under the previously optimized conditions.
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Figure 3.13. Radio-chromatogram of *!C-labelled product 3.4c (tg = 2.42 min). A: UV (254
nm) and B: y-detection, recorded simultaneously. Conditions: acetonitrile/0.1 M
ammonium format buffer solution (65:35, v:v) as a mobile phase with flow of 2 mL.min,

Both UV (A) and radioactivity detection (B) chromatograms in Figure 3.13
displayed a peak with a retention time at 2.42 minutes, attributed to !'C-labelled
product 3.4c, corroborating its efficient synthesis. Additionally, using the UV (A)
detector, a peak at around 1.51 minutes, attributed to the unreacted precursor 3.2c,
was also observed. Figure 3.3 demonstrates that the labelling of 3.2c with radioactive
[*1C]CH3l was successfully accomplished, and 'C-labelled B-indolylketone 3.4c was
obtained in a radiochemical purity of > 98%. However, the chemical purity was obtained
in just = 50%, which can be attributed to the tailing effect of the precursor’s peak in the
semi-preparative HPLC chromatogram (peak Il, Figure 3.12), which partially overlaps
with the peak related to the target compound (peak Ill, Figure 3.12). This issue is
attributed to the use of a large excess (increased concentration) of the precursor (peak
Il, Figure 3.12). Nevertheless, we are able to determinate the concentration of the final
11C-labelled product 3.4c solution for potential in vivo administration, according to
Figure 3.11, which was found to be 3.13 £ 0.12 uM (n=3), a value much lower than its
ICsovalue (658.1 uM).

Aiming to accomplish the maximum chemical purity possible, a new 'C-labelling
experiment was performed, with some adjustments in the conditions used in the
semi-preparative HPLC system. So, an isocratic acetonitrile/0.1M ammonium formate
buffer (0.1 M, pH = 7.2) (65:35, v:v) mobile phase with a flow rate of 6 ml.min™ (entry 1,
Table 3.5) was used in the semi-preparative purification, performed after the

radiolabelling process, using the same reaction conditions described above (Scheme
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3.3). Again, the semi-preparative HPLC chromatogram analysis was performed using the

UV (254 nm) and radioactivity detectors (Figure 3.14).
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Figure 3.14. Control of the reaction by UV at 254 nm (black line) and radioactivity (red
line) associated with semi-preparative HPLC apparatus. Conditions: acetonitrile/ 0.1M
ammonium formate buffer (65:35, v:v) and 6 mL.min! flow rate. Considering time 0
seconds after 419 seconds for HPLC chromatogram analysis purposes (identified as C
point).

Figure 3.14 displays, once again, two distinctive peaks in the chromatogram
related to UV absorption. The first, identified as peak I, was attributed to DMF solvent,
while the second peak, identified as peak Il, with a retention time of = 540-600 seconds,
was assigned to the precursor B-indolylketone 3.2c. In the chromatogram related to
radioactivity, the 1'C-labelled product 3.4c, identified as peak lll, was collected, showing
activity between =780-840 seconds. According to Figure 3.14, negligible or no overlap
of peak Il (precursor) and peak Il (}C-labelled product 3.4c) was found, as desired. As
described before, the compound related to peak lll was collected, the solvent was
removed by the SPE system, after which the product was reformulated in 0.9% NaCl/

EtOH (9:1, v/v), to produce an intravenous injection solution. The non-decay corrected
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radiochemical yield was 9.5 + 0.8% (n=3). The reformulated !C-labelled product 3.4c
was subsequently re-submitted to previously optimized quality control using the

analytical HPLC system, as depicted in Figure 3.15.
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Figure 3.15. Radio-chromatogram of *!C-labelled product 3.4c (tg = 2.42 min). A: UV (254
nm) and B: y-detection, recorded simultaneously. Conditions: acetonitrile/0.1 M
ammonium format buffer solution (65:35, v:v) as a mobile phase with flow of 2 mL.min™.
(*a “blank” was previous carried out in HPLC apparatus before the *!C-labelled product
3.4c solution injection).

From the analysis of Figure 3.15, a peak at 2.42 min could be observed both in
UV (A) and radioactivity (B) detection, as previously observed in the non-radioactive
conditions (Figure 3.9). This corroborates, once again, the efficient synthesis of
11C-labelled product 3.4c. As observed before for the UV (A) detector, a peak at =1.51
minutes, attributed to the unreacted precursor 3.2c was also found. The substantially
lower quantity observed (< 10%), when compared to the previous ''C-labelling reaction
(50%, Figure 3.13), allowed us to nearly accomplish the maximum chemical purity (>
95%). Therefore, it should be emphasized that both labelling of B-indolylketone 3.2c
with carbon-11 and its purification processes were quite successfully accomplished,
since the 1C-labelled B-indolylketone 3.4c was obtained in a radiochemical purity > 98%
and with a chemical purity = 90%.

To unequivocally confirm the radiochemical identity of the 'C-labelled product
3.4c, we further performed the co-injection and co-elution on HPLC of both
radiolabelled product 3.4c and the corresponding non-radioactive reference standard

3.3c (Figure 3.16). This allowed us to corroborate the radiochemical identity of
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11C-labelled product 3.4c as, both by UV (A) and radioactivity detection (B), just one peak

with a retention time between 2.42 min was found.
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Figure 3.16. Radio-chromatogram of co-injection of !!C-labelled product 3.4c and
non-radioactive reference standard 3.3c. A: UV (254 nm) and B: y-detection, recorded
simultaneously. Conditions: acetonitrile/0.1 M ammonium format buffer solution
(65:35, v:v) as a mobile phase with flow of 2 mL.min™.

From Figures 3.15 and 3.11, we determined that the concentration of the final
11C-labelled product 3.4c solution for the in vivo administration was 1.2 + 0.3 pM (n=3)
which is much below its ICsq value (658.1 uM). To ensure the safety of the reformulated
11C-labelled compound 3.4c for in vivo experiments, some parameters were quantified
using analytical techniques according to the general radiopharmaceutical preparations
monograph prescribed by the European Pharmacopoeia (Ph. Eur.).** Levels of residual
solvents in final injection solution were quantified by GC/FID (see Figure 3.17). Since the
11C-labelled compound 3.4c injection solution was a solution 0.9% NaCl/EtOH (9:1, v/v)
and acetonitrile belongs of the mobile phase, these were the two possible organic
volatile impurities that could be present in the final injection solution within the limits
described at Ph. Eur. (acetonitrile < 4.1 mg/10 mL and ethanol < 2500 mg/10 mL).444>
Both acetonitrile and ethanol amounts detected — 2.9 + 0.8 (n=3) and 445.2 + 51.6 (n=3),
respectively — in the reformulated !!C-labelled product 3.4c were below the limit

allowed for in vivo intravenous administration.
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Figure 3.17. Gas chromatography of the 'C-labelled product 3.4c injection solution. tg
(ethanol): 04’41” min and tg (acetonitrile): 0514 min.

Concerning the pH testing, the value obtained was 5.8 £ 0.7 (n=3) which is in
agreement with the Ph. Eur. referenced range for radiopharmaceutical injection
solutions (pH = 4.5-8.5).%4

Other relevant parameter concern the radioisotope purity and its identity, and
both were assessed by the radioisotope half-life (t;,). We obtained a half-life value of
20.4 + 0.1 (n=3) for the 'C-labelled compound 3.4c, clearly indicating the absence of
other radioisotopes, which may be present when a deviation of more than 5% of the
expected value (20.4 minutes for carbon-11) occurs.*

Regarding the time necessary to obtain the 'C-labelled compound 3.4c, the total
preparation time, including radiosynthesis, HPLC purification, product reformulation
and quality control (analytical HPLC analysis, pH, GC and half-life) was 53 minutes, which
is within the acceptable time frame for radiopharmaceutical viability (less than 60

minutes for carbon-11).

3.5 Exploratory in vivo PET imaging and biodistribution studies of

11C-labelled B-indolylketones

The studies described in this section were performed in collaboration with ICNAS

Pre-Clinical Imaging Facility, where Dr. José Sereno (PhD) executed the imaging
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experiments described below. Due to time constraints, we only performed the
radiosynthesis of the 1!C-labelled B-indolylketone 3.4c (Figure 3.18). However, aiming
the in vivo biodistribution evaluation of all synthesized B-indolylketones as potential
brain PET probes, the remaining 'C-labelled B-indolylketones 3.4a-b (Figure 3.18) were
kindly provided by Prof. Gilberto L. B. Aquino (Faculty of Pharmacy, State University of

Goias, Brazil), as part of a post-Doc project developed in Coimbra Chemistry Centre.

Synthesized in this work

N N

\
HcH, LeH,
3.4a 3.4b

Figure 3.18 Structures of !C-labelled B-indolylketones 3.4a-c subjected to in vivo

biodistribution PET studies.

In vivo biodistribution studies were carried out using normal BALB/c mice. The
animals were injected in the tail vein with 100 pL of each '*C-labelled B-indolylketone in
0.9% NaCl/EtOH (9:1, v/v) solution. Then, the mice were placed on a high resolution
micro-PET imaging system. For compounds 3.4a-b evaluation, the PET acquisition lasted
for 73 min post injection (p.i.) in total, but was acquired in three parts, since one mouse
body cannot fit completely in the PET scanner’s field of view (FOV). Thus, in the first
section, from 0 to 20 min, the mouse's head was placed in the center of the FOV; in the
second, from 21 to 41 min, the liver was placed in the center of the FOV; and in the third,
from 42 to 73 min, the bladder was placed in the center of the FOV. The results are
expressed as percentage of injected dose per gram of organ (% 1.D./g) after p.i. and are

presented in Table 3.6.
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Table 3.6. Biodistribution results (n=1; expressed as % 1.D./g of organ) for 'C-labelled
B-indolylketones 3.4a and 3.4b after intravenous administration (p.i) in BALB/c mice.

% 1.D./g

Organ 20 min 41 min 73 min

3.4a 3.4b 3.4a 3.4b 3.4a 3.4b
Brain 5.7 7.9 - - - -
Liver - - 40.5 25.1 - -
Spleen - - 9.1 8.6 10.2 -2
Bladder - - 7.1 10.9 13.6 27.2
Kidneys - - 15.6 20.5 36.8 -2
Muscle - - 8.0 6.3 16.5 5.5
Heart - - 11.0 8.8 - -

2 Due to an instrumentation problem in the micro-PET imaging system, it was not possible to
calculate the % 1.D./g of the organ.

Aiming to achieve a proof of concept regarding the suitability of the
B-indolylketones scaffold to successfully penetrate the BBB, the in vivo biodistribution
profile of 'C-labelled B-indolylketone 3.4a (Table 3.6) indicated a quite good brain
uptake (5.7% 1.D./g at 20 min p.i.) and also a significant liver (40.5% |.D./g at 40 min p.i.),
as well as, kidney uptake (15.6% 1.D./g and 36.8% |.D./g at 41 min and 73 min p.i.,
respectively). The liver uptake was clearly visible, demonstrating that this is the main
pathway for excretion of the B-indolylketone 3.4a.

Regarding the !!C-labelled B-indolylketone 3.4b (Table 3.6), the in vivo
biodistribution profile shows a very good brain uptake (7.9% 1.D./g at 20 min p.i.), which
is slightly higher than that of compound 3.4a. At 41 min p.i., the liver uptake of
11C-labelled B-indolylketone 3.4b (25.1% 1.D./g at 41 min p.i.), is significantly lower than
that showed by B-indolylketone 3.4a (40.5% I.D./g at 41 min p.i.). On the other hand,
there is a more significant renal excretion component for the compound 3.4b, as
evidenced by its highest kidneys uptake (20.5% 1.D./g at 41 min p.i) and moderate
bladder uptake (10.5% 1.D./g and 27.2% 1.D./g at 41 and 73 min p.i., respectively). The
data demonstrated that the main pathway for excretion of the B-indolylketone 3.4b was

through the liver and kidneys.
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In the case of compound 3.4c, the PET acquisition lasted for 60 minutes p.i. in
total, but only the mouse's head was placed in the center of the FOV. Subsequently, we
only obtained information about the brain’s uptake, which is the main purpose of this
work. Unfortunately, the in vivo PET images of 1C-labelled B-indolylketone 3.4c¢ showed
a quite low uptake into the brain (0.958 + 0.074% ID/g at 20 min p.i.), being insufficient
for a clear brain PET image acquisition.

We can conclude that the B-indolylketones 3.4a and 3.4b show high uptake into
the brain, while compound 3.4c displays insufficient brain uptake. A plausible
explanation for the differences could be related to the B-indolylketone structure, where
the presence of methoxy group in A ring of B-indolylketones may play an important role,
while the substitution pattern in B ring may not be as important in the brain uptake
process. Apparently, the presence of methoxy group at para position of A ring of
B-indolylketones 3.4a-b allows successful C-labelled B-indolylketones 3.4a-b uptake
into the brain. On the other hand, the para-methoxy group’s replacement on A ring by
a fluorine atom in 3.4c may have caused a significant decrease in brain uptake.
Furthermore, it seems that having a methoxy group (3.4c) or a bromine (3.4a) or even
its absence (3.4b) on the para-position on B ring in B-indolylketone structure does not
improve the brain uptake capacity of the 'C-labelled B-indolylketone.

Based on these assumptions, we may establish a preliminary structure—activity
correlation for the development of new in vivo brain PET probes based on
B-indolylketone molecular platform. However, more studies are required to
unequivocally infer a structure—activity correlation, pursuing a superior understanding
of the structural requirements for the B-indolylketone scaffold, aiming successful BBB
penetration. Nevertheless, these preliminary results of the present in vivo
biodistribution study may pave the way to new horizons for the B-indolylketone
molecular platform, as potential brain PET probe, extending the scientific importance of
these compounds. Driven by the idea that the substitution pattern on A ring of
B-indolylketones could be a key point to BBB penetration, we decided to preliminary

extend our synthetic studies to a series of other B-indolylketones (Table 3.7).
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RZ

Q

o

0
. @ p-TSOH, iPrOH O N\ &

R2 R! N MW (200 W) N
3.1d-e R®  5min, 110°C R3 320
3.3d-e

Entry Chalcone Indole B-Indolylketone Yield (%)°
R R? R?

1 3.1d H H H 3.2d 82
2 3.1e H OMe H 3.2e 85
3 3.1d H H Me 3.3d 91
4 3.1e H OMe Me 3.3e 86

2 Reaction conditions: chalcone (1 mmol), indole (1.2 mmol), 1 mL iPrOH, 10 mol% of p-TSOH.

blsolated yield.

Using the optimal reaction conditions described above, we enlarged the reaction

scope by reacting indole or 1-methyl indole with a range of substituted chalcones

(3.1d-e) to obtain the corresponding B-indolylketones 3.2d-e and 3.3d-e (Table 3.7).

After work-up and purification procedures through column chromatography (silica gel),

B-indolylketones 3.2d-e and 3.3d-e were isolated in good to excellent yields (up to 91

%). All B-indolylketones were characterized by 'H-, 13C-NMR spectroscopy and GC-MS

spectrometry, and their structures confirmed (characterization for each compound are

specified in Chapter 5, section 5.4.1).

3.6 Conclusion

In this chapter,

a family of B-indolylketones and their corresponding

N-methylated compounds have been efficiently synthetized via a Michael addition
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reaction, using microwave irradiation as an eco-friendly and sustainable approach,
which provided the B-indolylketones in high to excellent isolated yields (up to 91%).

In vitro cytotoxicity (3T3 cell line) and computational determination of CLogP
studies were carried out for all synthesized N-methylated B-indolylketones, showing a
low in vitro cytotoxicity (ICso=96.5-658.1 uM) with suitable CLogP values (2.73-3.13) for
potential application as brain PET imaging probes. Since the fluorinated B-indolylketone
3.3c showed a good balance between low cellular cytotoxicity (ICso = 658.1 uM) and
suitable CLogP value (2.80), this compound was selected to proceed to the further
11C-labelling reaction.

After optimization of the chromatographic separation conditions in the
semi-preparative and analytical HPLC systems, for the purification and checking the
quality control parameters, respectively, the 'C-labelling reaction was performed using
a carbon-11 automated radiosynthesis module in the Radiochemistry and Cyclotron
Laboratory at ICNAS. Through the automated module, it was possible to accomplish a
nearly efficient and reproducible process for the radiolabelling, further purification and
reformulation of !C-labelled B-indolylketone 3.4c into a suitable physiological solution
for in vivo studies. The 1C-labelled B-indolylketone 3.4c was obtained in a satisfactory
radiochemical yield (9.5 £ 0.8%, non decay-corrected RCY), radiochemical purity greater
than 98% and a chemical purity = 90% (calculated by analytical HPLC system). Moreover,
the 1'C-labelled B-indolylketone 3.4c injection solution complied with the parameters of
quality assurance (pH, radioisotope identity and levels of residual solvents in the final
solution) to ensure the safe intravenous administration in further in vivo studies.

The !!C-labelled B-indolylketone 3.4c and the kindly provided !!C-labelled
B-indolylketones 3.4a-b were used in in vivo PET imaging biodistribution studies. An high
brain uptake for 'C-labelled B-indolylketones 3.4a-b were observed, namely for 3.4b
(7.9% 1.D./g at 20 min p.i.), while the B-indolylketone 3.4c revealed an insufficient brain
uptake (0.958 + 0.074% ID/g at 20 min p.i.). These differences could be associated to the
different B-indolylketone structure, in particular, to the substitution pattern on A ring of
the B-indolylketone scaffold. Nevertheless, these in vivo results are very promising but
additional studies are needed to confirm unequivocally a structure—activity correlation

in B-indolylketone scaffold aiming the successful BBB penetration and subsequently
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brain uptake. This theme is ongoing in a collaboration project between ICNAS and the

Catalysis & Fine Chemistry group of the Department of Chemistry of Coimbra University.
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CHAPTER 4

Structural modulation of glycophthalocyanines for the
development of potential fluorophores for Fluorescence

Imaging

4.1 Introduction

As previously mentioned in Chapter 1, the progress in Fluorescence Imaging (Fl)
technique as a diagnostic tool depends on the availability of biocompatible NIR
fluorophores with optimized properties. An ideal fluorophore should have the following
properties: i) absorb light in the “phototherapeutic window” (700-900 nm), as well
exhibit high molar extinction coefficients; ii) have high fluorescence quantum yields and
large Stokes shifts between absorption and fluorescence and iii) have capability of
accumulating in tumors.?

It is well established that the absorption of phthalocyanines bearing electron
donating substituents at the non-peripheral (a) positions of the macrocycle causes a
strong shift in light absorption into NIR region, when compared to the corresponding
peripheral (B) substituted ones.>3 Particularly, strong shifts have been found for a-octa-
substituted phthalocyanines bearing eight alkoxy groups with typical Q-bands
absorption values beyond 730 nm and Stokes shifts up to 35 nm.*> Therefore, we
hypothesized that the synthesis of a-octa-substituted phthalocyanines with
1,2:3,4-di-O-isopropylidene-a-D-galactopyranose biocompatible groups, as electron
donor moieties, would give rise to non-planar phthalocyanines with intense absorption

in the “phototherapeutic window” and large Stokes shifts (Scheme 4.1). The
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incorporation of these isopropylidene protected D-galactose biocompatible moieties is
expected to play a major role in improving tumor selectivity, which is an useful feature
for the potential application of such compounds as NIR fluorophores for cancer

diagnosis using Fl technique.

OR
— NIR
OR = i
N= N/ N N N absorption
RO — |\|—|\"/| N |\:/| —N * Stokes
S ! E shift
Nx-"§—N OR M = Zn(ll),
OR .
B-tetra-substituted Pcs A( a-octa-substituted Pcs
S nthesrzedl apter 2

Biocompatible
Cancer-targeting

Scheme 4.1. Design of phthalocyanines as potential NIR fluorophores.

Since Hanack and co-workers® pioneering work regarding the synthesis of a
zinc(ll) phthalocyanine complex, a B-octa-functionalized with D-galactose units, other
examples of glycosylated octa-funcionalized have been described in the literature’?
but, so far to the best of our knowledge, there are no examples of the corresponding a-
octa-substituted ones. Therefore, pursuing our goal regarding the development of
potential NIR fluorophores, in this chapter we describe the synthesis of new a-octa-
substituted phthalocyanines containing isopropylidene protected D-galactose units.

In the first part of this chapter, we will describe the optimization of the reaction
conditions for the synthesis of the desired a-octa-substituted phthalocyanine and its
corresponding zinc(ll) and magnesium(ll) metal complexes. In the second part, in order
to evaluate the application of these phthalocyanines as potential NIR fluorophores, the
UV-Vis absorption and fluorescence emission properties for both B-tetra-substituted

(synthesized in Chapter 2) and a-octa-substituted phthalocyanines sets incorporating

isopropylidene protected D-galactose moieties are presented and discussed.
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4.2 Synthesis of a-octa-substituted phthalocyanines

The a-octa-substituted phthalocyanines were synthesized from the appropriate
3,6-disubstituted phthalonitrile bearing isopropylidene protected D-galactose groups.
Therefore, this study started with the synthesis of the desired 3,6-disubstituted

phthalonitrile 4.3 using the synthetic approaches presented in Scheme 4.2.

%

________________________________________________________________________________

Scheme 4.2. Synthesis of 3,6-disubstituted phthalonitrile 4.3. Reaction conditions: Via
A —i) Pyridine, room temperature, 1 h, N2 and then 0-5 °C, 16 h, 80%; ii) K,CO3, DMF, N3,
25-50 °C, 120 h; Via B — DEAD, PPhs, toluene, 110 °C, N>, 24 h, 39%.

The first synthetic approach adopted to prepare 3,6-disubstituted phthalonitrile
4.3 comprises a two-step process (via A, Scheme 4.2). First, p-toluenesulfonyl chloride
and 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose 4.1 were stirred, in dry pyridine at
room temperature, under nitrogen atmosphere, for 1 h. Subsequently, the mixture was
cooled down to 0-5 °C and stirred for 16 h. After work-up and purification procedures,
the desired compound 4.2 was obtained in 80% isolated yield (via A, Scheme 4.2). The
structure of this intermediate was confirmed by *H- and 3C-NMR and the data is in
agreement with those previously reported in literature.'? In the second step, compound
4.2, 2,3-dicyanohydroquinone and potassium carbonate (K,COs), were dissolved in dry

DMF and stirred, under nitrogen atmosphere, at room temperature. The evolution of
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the reaction was followed by TLC and no conversion of the starting material
2,3-dicyanohydroquinone was observed, after 24 h of reaction. The reaction
temperature was then increased to 50 °C, and further portions of K,CO3 were added to
the reaction mixture over a period of 96 h. Nevertheless, besides the starting material
2,3-dicyanohydroquinone and decomposed material, no products were detected even
after such long reaction time. Other experimental conditions, such as using sodium
hydride (NaH) as base was also studied. However, once again, no product was detected.
Unfortunately, the 3,6-disubsituted phthalonitrile 4.3 was not obtained using these
reaction conditions, probably due to the fact that the alkoxide ion originated from
2,3-dicyanohydroquinone, maybe less reactive for the studied nucleophilic substitution
reaction.

After this unsuccessful attempt to achieve the 3,6-disubstituted phthalonitrile
4.3, we turned then our attention to the use of the Mitsunobu reaction method (via B,
Scheme 4.2). In a typical reaction, to a stirring solution of 2,3-dicyanohydroquinone and
triphenylphosphine (PPhs) in dry toluene, diethyl azodicarboxylate (DEAD) was slowly
added dropwise, at room temperature. Once the addition was complete, the
1,2:3,4-di-O-isopropylidene-a-D-galactopyranose alcohol was added in dry toluene, and
the reaction mixture was allowed to heat up to 110 °C, under nitrogen atmosphere, with
magnetic stirring. The reaction’s progress was controlled by TLC analysis of samples
taken from the reaction mixture. After 24 h, the complete conversion of reactants into
product was observed, and the reaction was subsequently treated by standard work-up
procedures. The target phthalonitrile 4.3 was then purified by column chromatography
on silica gel, using a mixture of CH,Cl,/methanol (200:1, respectively) as eluent, and it
was obtained in 39% isolated yield (via B, Scheme 4.2). The spectroscopic data are in
agreement with the literature®? and are presented in the experimental section (Chapter
5, section 5.5).

Afterwards, we proceeded with the synthesis of the desired a-octa-substituted
phthalocyanines. The studies were initiated with the optimization of the
cyclotetramerization reaction of the previous synthesized phthalonitrile 4.3 using high
boiling point solvents and zinc(Il) or magnesium(ll) metal salts, as templates (Table 4.1).
The synthetic approaches details and the isolated yields for each of the synthesized

phthalocyanines are presented in Table 4.1.
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Table 4.1. Reactions conditions and isolated vyields for the cyclotetramerization
reactions and respective a-octa-metallophthalocyanine complexes 4.4 and 4.5. [PeOH:
pentan-1-ol; BUOH: butan-1-ol; OcOH: octan-1-ol]

Mg, A

| Zn, A
\ Via D

Via A Via B Via C

RO OR
4.4
Entry Via Reaction conditions MPc Yield?
A Zn(OAc),.2H20, DMAE/BuUOH®, 120 °C, 24 h, N> 4.4 0

Zn(OACc)2.2H20, DMAE/BUOHP, MW¥¢, 120 °C, 2-32 min

B Zn(OAc);.2H,0, DMAE/BuOHP, MW¢, 160 °C, 2-32 min 4.4 0

Zn(OAc),.2H20, DMAE/BUOH®, MW¥¢, 200 °C, 2-32 min

C  Zn(OAc);.2H,0, PeOH, DBU (10 mol%),150 °C, 6 h, N, 4.4 25

N V| A W N R

D 1.Mg, PeOH,150°C, 1 h;2.4.3,0cOH, 160 °C,3 h,N> 4.5 15

?|solated yield.
bDMAE/BUOH (2:1).
¢ Microwave-assisted synthesis (200 W of power).

Regarding the synthesis of a-octa-substituted zinc(ll) phthalocyanine complex
4.4, the studies started with the cyclotetramerization reaction of the phthalonitrile 4.3
in the presence of zinc(ll) acetate dihydrate (Zn(OAc)..2H;0), using DMAE/butan-1-ol
(2:1) mixture as solvent, under nitrogen atmosphere, at 120 °C (entry 1, via A, Table 4.1).
The reaction’s progress was followed by TLC analysis and UV-Vis spectroscopy, and after
24 h no product was observed. Knowing the benefits of using microwave irradiation in

a great number of chemical processes,'**> we then attempted the microwave-assisted
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synthesis of phthalocyanine 4.4 (via B, Table 4.1). In a typical experiment, the
phthalonitrile 4.3 and zinc(ll) acetate dihydrate were dissolved in a mixture of
DMAE/butan-1-ol (2:1, respectively). This solution was submitted to microwave
irradiation (200 W), at 120 °C, for 2 min (entry 2, via B, Table 4.1). After 2 min, the TLC
revealed absence of reaction. The reaction time was further increased to 10 and 20
additional min; however, TLC analysis revealed the presence the starting material 4.3,
some degradation products and the absence of phthalocyanine, as confirmed by UV-Vis
spectroscopy. Several attemps to optimize this microwave-assisted synthesis were
carried out by varying the temperature (160-200 °C) and time (2—32 min), but only
starting material 4.3 and degradation products were observed on TLC (entries 3—4, via
B, Table 4.1).

These results led us to choose another synthetic approach which uses pentan-1-ol, as
solvent, and 1,8-diazabicyclo[5.4.0]Jundec-7-e (DBU), as hindered non-nucleophilic
strong base (entry 5, via C, Table 4.1). It should be noted that the amount of DBU
employed in the reaction must be strickly controled to avoid the formation of zinc(ll)
phthalocyanine-DBU complexes, as previously observed by Melle and collaborators.t®
Thus, the synthesis of the desired zinc(ll) phthalocyanine complex 4.4 was performed by
stirring the 3,6-disubstituted phthalonitrile 4.3 with zinc(ll) acetate dihydrate, in
pentan-1-ol and a catalytic amount of DBU (10% mol), under nitrogen atmosphere, at
150 °C. After 6 h, the complete disappearance of the starting material 4.3 was observed,
by TLC, and the reaction was subsequently treated by standard work-up procedures. The
crude product was then purified by column chromatography (silica gel), providing the
desired new phthalocyanine 4.4 in 25% isolated yield (entry 5, Table 4.1). Its structure
was confirmed by UV-Vis and *H-NMR spectroscopy, and mass spectrometry (described
in detail in Chapter 5, section 5.5).

Aiming the modulation of the photophysical properties of these compounds the
studies proceeded with the synthesis of the a-octa-substituted magnesium(ll)
phthalocyanine complex 4.5. The synthesis involved the in situ formation of magnesium
bis-pentanolate by reaction of pentan-1-ol with magnesium turnings, followed by
condensation of the phthalonitrile 4.3 with the previous synthesized magnesium
bis-pentanolate, using octan-1-ol as solvent, at temperature of 160 °C (entry 6, via D,

Table 4.1). The reaction’s progress was followed by TLC, and after the complete
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consumption of the starting material 4.3 in 3 h, the solvent was removed and the
resulting brown solid was suspended in dichloromethane/hexane (1:1). After work-up
standard procedures, the crude mixture was purified by silica gel column
chromatography and the desired new magnesium(ll) phthalocyanine complex 4.5 was
isolated in 15% yield (entry 6, via D, Table 4.1). The structure of magnesium(ll) complex
4.5 was characterized by suitable spectroscopic techniques, and the details are
presented in Chapter 5, section 5.5.

Moving forward, the studies proceeded with the optimization of the reaction
conditions for the synthesis of the a-octa-substituted metal-free phthalocyanine 4.6, as

depicted in Scheme 4.3.

PeOH, DBU (10 mol%)

OR %~ :
! QA OR |
CN 150 °C, N, 24 h | OR r>1 N =N |
T | | NH HN ARV

CN : 4 = i A<o R
4.3 - 120 °C, N,, 24 h % | — 5
. i RO OR i
: 5 46 1N=9%
! A
| ViaC| :
; ' THF, AcOH,
! — T]+ ! RT, 30 min
: RO OR :
5 OR N /N\ N OR |
5 LiOPe, PeOH Lo :
[ e ] > I N LI L N | F—

150°C, N,, 2 h / Y

orR NN =N OR
o]
Li (s) + PeOH & LiOPe RO OR
N, 1h L _

Scheme 4.3. Synthetic approaches for the synthesis of the a-octa-substituted metal-free

phthalocyanine 4.6. LiOPe: lithium pentanolate; PeOH: pentan-1-ol; BuOH: butan-1-ol.
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The studies of the synthesis of the a-octa-substituted metal-free phthalocyanine
4.6 were initiated with the conventional synthetic approaches based on the
cyclotetramerization reaction of phthalonitrile 4.3 in high-boiling point solvents, such as
the DMAE/butan-1-ol mixture (via A, Scheme 4.3) or pentan-1-ol in the presence of DBU
as base (via B, Scheme 4.3). However, both synthetic approaches did not allow the
formation of the desired phthalocyanine 4.6. These results may be attributed to the
steric hindrance caused by the presence of eight bulky substituents at a positions of the
macrocycle, which in the absence of a metal as template, hamper the
cyclotetramerization of its corresponding phthalonitrile.

Finally, we attempted the preparation of the a-octa-substituted metal-free
phthalocyanine 4.6 based on cyclotetramerization reaction of the 3,6-disubstituted
phthalonitrile 4.3, in the presence of lithium alcoholate, which acts as the metal
template, followed by demetallation with dilute acid (via C, Scheme 4.3).1” However, in
order to avoid the formation of metal-free triazaporphyrin by-product on the
cyclotetramerization reaction, phthalonitrile 4.3 must be added to a solution of
preformed lithium alcoholate in the appropriated alcohol, either at reflux or at room
temperature, followed by heating to reflux, as previously described by Cook and
collaborators.'®1° For this reason, we promoted, in the first step, the synthesis of the
lithium pentanolate (PeOH) by refluxing the lithium metal with pentan-1-ol for 1 h,
followed by the cyclotetramerization reaction of 3,6-disubstituted phthalonitrile 4.3 in
a solution of the preformed lithium pentanolate (LiOPe) in pentan-1-ol (PeOH), at reflux
temperature (via C, Scheme 4.3). The reaction’s progress was followed by TLC and
UV-Vis spectroscopy analysis of samples taken from the reaction mixture. After
complete conversion of phthalonitrile 4.3 into the product (=2 h), the reaction was
guenched by THF, and subsequent slow acetic acid (AcOH) addition, over 30 min, at
room temperature, provided the desired a-octa-substituted metal-free phthalocyanine
4.6. The crude mixture was then subjected to the usual work-up procedures and purified
by column chromatography (silica gel), providing the compound 4.6 in 9% isolated yield
(via C, Scheme 4.3). The characterization of this new metal-free phthalocyanine 4.6 was
performed by H-NMR and UV-Vis spectroscopy, as well as, mass spectrometry

(described in detail in Chapter 5, section 5.5).
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Summing up, the combination of theoretical synthetic knowledge with the
systematic experimental work, allowed us to obtain the a-octa-substituted zinc(ll),
magnesium(ll) and metal-free phthalocyanines in 25%, 15% and 9% isolated yields,

respectively, which can be potentially used as NIR fluorophores in Fl experiments.

Phthalocyanine characterization

As aforementioned in this chapter, all new a-octa-substituted metal and
metal-free phthalocyanines have been fully characterized by suitable spectroscopic
techniques, described with detail in Chapter 5, section 5.5. As an illustrative example,
the 'H-NMR spectrum of the new a-octa-substituted zinc(ll) phthalocyanine complex 4.4
is depicted in Figure 4.1. In order to minimize the typical aggregation of the macrocycle,

the *H-NMR spectrum of phthalocyanine 4.4 was recorded in a mixture of CDCl; and

pyridine-ds.
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Figure 4.1. 'H-NMR spectrum of zinc(ll) phthalocyanine complex 4.4 in CDCl3 and
pyridine-ds (pyridine-ds signals marked with *). Inset: expansion of the 'H-NMR
spectrum between 6 5.40 to 4.00 ppm. The large signal at 6 3.72 ppm is due to the water
in deuterated solvents.
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The well-defined 'H-NMR spectrum showed resonances that are attributed to
the isopropylidene methyl groups, appearing as several singlets at § 0.90-1.20 ppm and
integrating a total of 96 protons. The signals between & 4.00 and 5.40 ppm are
attributed to the resonances of the protons of the D-galactose unit. To assign the
protons of the D-galactose unit, a two-dimensional *H-'H COSY NMR was performed

(Figure 4.2).
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Figure 4.2. Selected expansion of *H-'H COSY NMR spectrum of zinc(ll) phthalocyanine
4.4, signals of the D-galactose unit, in CDClz and pyridine-ds.

Among the signals of the D-galactose unit, the resonance of the proton of the
anomeric carbon H1’ appears as the most deshielded signal at 6 5.37 ppm (J = 5.0 Hz),
since it is the only proton connected to a carbon bearing two oxygen atoms (Figure 4.1).
This signal is a doublet due to coupling to H2’, which appears as a double doublet at 6
4.04 ppm (J = 5.0 and 2.1 Hz), as deduced by 'H-'H COSY NMR spectrum (Figure 4.2).
This double doublet shows two distinct coupling constants. One corresponds to the H1'—
H2" coupling (Jr,2> = 5.0 Hz), as previously assigned. The other coupling constant is
attributed to H2'—H3’ coupling (J»,3 = 2.1 Hz), whose correlations were confirmed by the

'H-H COSY NMR spectrum (Figure 4.2). Proton H3’, on the other hand, displays also a
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double doublet at § 4.29 ppm (/= 8.0 and 2.1 Hz), since it has also a correlation with the
signal at & 4.47 ppm, which was assigned to H4’ proton. On the other hand, the signal
attributed to the H4’ proton signal is a doublet and only couples with the H3’ proton, as
confirmed by its coupling constant (J = 8.1 Hz) and the *H-'H COSY NMR spectrum (Figure
4.2). The lack of H4’-H5’ coupling could probably arise from their geometrical
disposition, as they could form a dihedral angle close to 90°, and therefore exhibiting a
very low Jx 5, according to the Karplus equation. Taking all this into consideration, the
remaining resonances of H5’ and H6’ protons were assigned by comparison of their
coupling constants. The two double doublets, one at § 4.85 ppm (J = 12.0 and 6.5 Hz)
and the other one at § 5.14 ppm (J = 12.0 and 5.4 Hz), integrating each one for eight
protons, have a typical coupling constant for geminal (%) diastereotopic protons (% n=
10-16 Hz). Thus, the two double doublets can be assigned to both H6’a and H6’b
protons, which are magnetically non-equivalent protons due to their proximity to a
chiral center, and thus they have different resonances in the *H-NMR spectrum (Figure
4.1). The correlations given by *H-'H COSY NMR allowed to confirm that the signal at &
4.34 ppm corresponded to H5’, integrating for eight protons. Finally, at a lower field, the
signal attributed to the phthalocyanine B-protons (Pc-HB), appears as a singlet at 6 7.55
ppm, integrating for 8 protons.

To corroborate the structure of a-octa-substituted zinc(ll) phthalocyanine 4.4,
we also performed mass spectroscopy measurements, as depicted in Figure 4.3. In the
MALDI-TOF spectrum, obtained for the zinc(ll) phthalocyanine 4.4 (Figure 4.3), an
intense molecular ion peak at m/z 2642.44 Da was obtained, which corresponds to the
mass of the molecular ion [M+2H]* of the phthalocyanine 4.4, corroborating the

structure of the expected metallophthalocyanine.
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Figure 4.3. Observed experimentally molecular ion [M+2H]*, obtained by MALDI-TOF of
zinc(Il) phthalocyanine complex 4.4.

4.3. UV-Visible absorption and fluorescence emission spectroscopy of

synthesized glycophthalocyanines

One of the main goals of this thesis is the development of new biocompatible
molecular targeted phthalocyanines as potential NIR fluorophores, for cancer diagnosis
using Fl technique. In order to evaluate the application of the synthesized
a-octa-substituted phthalocyanines 4.4, 4.5 and 4.6 (Figure 4.4) as potential NIR
fluorophores, some photophysical properties concerning the electronic absorption and
fluorescence emission are presented and discussed in this section. Also, since
isopropylidene protected D-galactose pB-tetra-substituted phthalocyanines related
compounds 2.6b, 2.7b and 2.8b (previously synthesized in Chapter 2; Figure 4.4) could

also exhibit promising characteristics as NIR fluorophores, a comparative study was
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performed in order to evaluate the effect of the number and position of the substituents

in the macrocycle on the photophysical features.

B-tetra-substituted Pcs (4p)

RO

RO

2.6b M= 2zn(ll)

2.7b M= Mg(ll)
2.8b M=H,

a-octa-substituted Pcs (8a.)

RO OR

OR N N OR

RO OR

4.4 M=zn(ll)
4.5 M= Mg(ll)
4.6 M=H,

Figure 4.4. Phthalocyanines for photophysical properties evaluation in this section.

For all the photophysical characterizations described in further sections, DMSO

was chosen as solvent to perform all the studies, since it is the only solvent able to confer

the required solubility for all the synthesized phthalocyanines. The UV-Vis spectra

obtained for the a-octa-substituted zinc(ll) and magnesium(ll) phthalocyanine

complexes 4.4 and 4.5 and their metal-free counterpart 4.6 are presented in Figure 4.5,

as well as, the spectra of the related B-tetra-substituted compounds 2.6b, 2.7b and 2.8b,

which are plotted on the same axis for comparation. The values of Q and Soret band

absportion maxima and molar extinction coefficients (g€), for both B-tetra and

a-octa-substituted phthalocyanines bearing isopropylidene protected D-galactose

groups are summarized in Table 4.2.
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Figure 4.5. UV-Vis spectra of the p-tetra-substituted phthalocyanines (4p) and
a-octa-substituted compounds (8a) in DMSO: (a) zinc(ll) Pc complexes 2.6b and 4.4; (b)

magnesium(ll) Pc complexes 2.7b and 4.5; (c) metal-free Pcs 2.8b and 4.6.

Table 4.2. UV-Vis absorption data for B-tetra-substituted (43) and a-octa-substituted
(8a) Pcs bearing isopropylidene protected D-galactose groups in DMSO.

Phthalocyanine

Soret band, A/nm Q-band, A/nm

(e/M?1em?) (e/M*cm?)

Zinc(ll) complex 2.6b

Magnesium(ll) complex 2.7b

Zinc(Il) complex 4.4

Magnesium(ll) complex 4.5

Metal-free 2.8b

Metal-free 4.6

B-tetra-substituted phthalocyanines

355 (7.4x10%) 682 (1.6x10°)
355 (9.3x10%) 682 (1.8x10°)
342 (6.3x10%) 672 (8.3x10%), 704 (8.5x10%)

a-octa-substituted phthalocyanines

326 (4.5x10%) 736 (1.1x10°)
327 (4.6x10%) 760 (9.7x10%)
332 (5.7x10%) 782 (9.4x10%)
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As shown in Figure 4.5, all B-tetra-substituted phthalocyanines showed typical
UV-Vis spectra for non-aggregated phthalocyanines, displaying an intense and narrow
Q-band in the red visible region of the spectrum. For p-tetra-substituted
metallophthalocyanine complexes 2.6b and 2.7b (Figure 4.5a-b; Table 4.2), the Q-bands
were observed at 682 nm, as typical of metallophthalocyanines with Dan symmetry,2°
and the Soret bands were observed at 355 nm. The UV-Vis spectrum of the metal-free
phthalocyanine 2.8b (Figure 4.5c; Table 4.2), exhibits a split Q-band at 672 and 704 nm,
typical of metal-free phthalocyanines with Dn symmetry,?® and a Soret band in the
ultraviolet region at 342 nm. Comparing the Q-band maximum absorption wavelengths
with those of the corresponding unsubstituted zinc(ll) (672 nm)?, magnesium(ll) (670
nm)?2 and metal-free (664 and 698 nm)?3 phthalocyanines in DMSO, the UV-Vis spectra
showed a Q-band bathochromic shift of 10 nm, 12 nm and 8 nm, respectively. This
bathochromic (red) shift can be ascribed to the introduction of electron-donating
B-substituents groups in the periphery of macrocycle, as the electron donor effect
decreases the energy level difference between the HOMO and the LUMO orbitals.

Regarding a-octa-substituted metallophthalocyanine complexes 4.4 and 4.5, the
UV-Vis spectra are also typical of non-aggregated phthalocyanines, exhibiting an intense
and sharp Q-band into NIR region at 736 nm and 760 nm, respectively. The Soret bands
were observed around = 326 nm (Figure 4.5a-b; Table 4.2). For the a-octa-substituted
metal-free phthalocyanine 4.6 a single broad Q-band was observed at 782 nm, when
compared to the parent B-substituted compound 2.8b, which exhibits a pair of sharp
Q-bands in the same region (672 and 704 nm, Figure 4.5c). This observation is in
agreement with previous reports in the literature. 2522425

From Figure 4.5 and Table 4.2 it is clearly observed that the absorption
wavelenght of the Q-band is strongly red-shifted, in 54—78 nm for the a-octa-substituted
phthalocyanines when compared to the B-tetra-substituted counterparts (682 nm vs.
736 nm for 2.6b vs. 4.4; 682 nm vs. 760 nm for 2.7b vs. 4.5; 704 nm vs. 782 nm for 2.8b
vs. 4.6). This observed bathochromic (red) shift is consistent with previous reports for
for this type of substituted phthalocyanines, and has been attributed to the respective
a-alkoxy substitution pattern. According to literature, the HOMO level is more
destabilized by the non-peripheral a-position than it is by the peripheral B-position,

resulting in a decrease of the HOMO-LUMO energy gap, thereby shifting the Q-band
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into NIR region.”®?6-28 |n all a-octa-substituted phthalocyanines, the Soret bands were
blue-shifted by 10-29 nm, when compared to the B-tetra-substituted counterparts (355
nm vs. 326 nm for 2.6b vs. 4.4; 355 nm vs. 327 nm for 2.7b vs. 4.5; 342 nm vs. 332 nm
for 2.8b vs. 4.6), being in agreement with the literature data.>?

Additionally, all synthesized B- and a-substituted phthalocyanines exhibit a €
value on the order or closely to 10° Mt cm for the Q-band, which is also in agreement
with the literature values for this type of substituted phthalocyanines.*2%:3°

Briefly, the red-shift absorbance with characteristic € values of = 10° M cm in
all a-octa-substituted phthalocyanines makes them attractive as potential NIR
fluorophores for FlI as the Q-band (736-782 nm) lies in the range of the
“phototherapeutic window” (700-900 nm). Hence, this may allow the use of light with
longer wavelengths that can penetrate further into the tissue, thereby enabling more
effective diagnosis of deep-seated tumor tissues.

After obtaining the UV-Vis absorption spectra, the studies proceeded by
measuring the fluorescence emission and excitation spectra of the synthesized
compounds, as well their fluorescence quantum yields (®¢). The excitation spectrum are
particularly relevant for the control of other fluorescent impurities. Thus, if there is only
one fluorophore in solution, the excitation spectrum will have a similar shape to its
corresponding UV-Vis absorption spectra.?!

Figure 4.6 shows the overlap of the UV-Vis absorption, fluorescence emission
and excitation spectra of B-tetra-substituted zinc(ll) phthalocyanine 2.6b (Figure 4.6a),
magnesium(ll) phthalocyanine 2.7b (Figure 4.6b), metal-free phthalocyanine 2.8b
(Figure 4.6¢c) and the a-octa-substituted zinc(ll) phthalocyanine 4.4 (Figure 4.6d),
magnesium(ll) phthalocyanine 4.5 (Figure 4.6e) and metal-free phthalocyanine 4.6

(Figure 4.6f).
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Figure 4.6. UV-Vis absorption (black line), fluorescence emission (red line) and excitation
(dashed line) spectra overlapping in DMSO of phthalocyanines (a) ZnPc 2.6b (483), (b)
MgPc 2.7b (4pB), (c) H2Pc 2.8b (4p), (d) ZnPc 4.4 (8a), (e) MgPc 4.5 (8a) and (f) H2Pc 4.6
(8ay).

From analysis of Figure 4.6 we can observe that the shape of the excitation
spectra is similar to the corresponding UV-Vis absorption spectra shape for all

B-tetra- and a-octa-substituted phthalocyanines, corroborating the presence of a single
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fluorophore. The fluorescence emission spectrum of these phthalocyanines is
characterized by intense bands with maxima at 694 nm for 2.6b, 696 nm for 2.7b, 714
nm for 2.8b, 753 nm for 4.4, 782 nm for 4.5 and 812 nm for 4.6. Furthermore, the
fluorescence emission spectra was found to be a good mirror image of the UV-Vis
absorption spectra, but shifted to longer wavelengths, which is characteristic of this type
of macrocycles.??

As previous described, the UV-Vis spectrum of B-tetra-substituted metal-free
phthalocyanine 2.8b showed a pair of Q-bands in the same region (Figure 4.6c).
However, the emission spectrum of the same compound in the same solvent shows a
single peak (not split; Figure 4.6c) at a slightly longer wavelength than the absorption
peak at 704 nm. This observation is in agreement with Kasha’s rule.3334

The fluorescence quantum yields (®r) were calculated based on the comparative

method, according to the following equation (1).3°

_ std FAstan?
Qp = Q7" — " (1)
Fsta AMstd

Where F and Fstg correspond to the fluorescence emission integral of the sample and
standard respectively; A and Asyq to the absorption at the wavelength used in the
excitation of the sample and standard, respectively; n and ns« correspond to the
refractive indices of solvents used for the sample and standard, respectively.
Unsubstituted zinc(ll) phthalocyanine (ZnPc) was used as the standard (®rstg (DMSO) =
0.18)%® to determine the fluorescence quantum vyield of B-tetra-substituted
phthalocyanines. Regarding a-octa-substituted phthalocyanines,
1,1,3,3,3',3'-hexamethylindotricarbocyanine iodide (HITIC) was used as standard (®rstd
(Ethanol) = 0.28).37

The maximum emission wavelengths and the fluorescence quantum yields for
each of synthesized B-tetra- and a-octa-substituted phthalocyanines are presented in

Table 4.3.
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Table 4.3. Fluorescence data obtained for each of synthesized phthalocyanines in
DMSO.

Phthalocyanine Amax emission (nm)  Stokes shift (nm) (OF

B-tetra-substituted phthalocyanines

Zinc(ll) complex 2.6b 694 12 0.192
Magnesium(ll) complex 2.7b 696 12 0.342
Metal-free 2.8b 714 10 0.22°

a-octa-substituted phthalocyanines

Zinc(ll) complex 4.4 753 17 0.17°
Magnesium(ll) complex 4.5 782 22 0.03b
Metal-free 4.6 812 30 0.02°

2 Ref. ®¢ (ZnPc) = 0.18 (DMSO)
bRef. Of (HITIC) = 0.28 (Ethanol)

Regarding B-tetra-substituted phthalocyanines 2.6b, 2.7b and 2.8b, we observed
a small Stokes shifts within the range = 10-12 nm (Table 4.3), being typical of
tetra-substituted phthalocyanines having peripheral B-substituents,?®3® due to the
macrocyclic ligand rigidity.

The fluorescence quantum yields values obtained for the B-tetra-substituted
phthalocyanines ranged from 0.19 to 0.34 (Table 4.3), which is in accordance to the
values reported in literature.3®4° Among them, the magnesium(ll) phthalocyanine 2.7b
showed an higher fluorescence quantum yield (Og= 0.34) than the metal-free 2.8b (D=
0.22) and zinc(ll) 2.6b (®r= 0.19) phthalocyanines, in a trend similar to previously
reported in literature.3®%° The zinc(ll) phthalocyanine complex 2.6b has the lowest
fluorescence quantum vyield, probably due to heavy atom effect of the central metal
atom,*! which leads to higher intersystem crossing quantum yield from the first excited
singlet (S1) state to the first excited triplet (T1) state, resulting in a decrease of its
fluorescence. The higher value of fluorescence quantum vyield of magnesium(ll)
phthalocyanine complex 2.7b has been ascribed by other authors to the the small size
of the magnesium(ll) central atom,*°®#2 which would result in less intersystem crossing

from the S1 to T1 state, when compared to zinc(ll) phthalocyanine complex 2.6b.
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Although magnesium(ll) phthalocyanine complex 2.7b exhibits promising
photophysical characteristics to be applied in Fl, as it displays a moderate to high
fluorescence quantum yield value (®r= 0.34) and an emission wavelength very closely
to NIR region of the electromagnetic spectrum (Amax = 696 nm), it possesses a small
Stokes shift (12 nm). This small Stokes shift could significantly limit its application in FI,
as it would result in reabsorption of the emitted photons leading to undesired
background interferences.

Regarding the a-octa-substituted phthalocyanines 4.4, 4.5 and 4.6, the observed
Stokes shifts were within the range = 17-30 nm (Table 4.3), being in agreement with the
values reported by other authors in literature.* These values are much higher in
comparison to the corresponding B-tetra substituted compounds (10-12 nm; Table 4.3),
and it could be attributed to the planarity distorsion of the macrocycle caused by the
steric repulsion between the eight a-substituents.?> Concerning the obtained
fluorescence quantum yields (Table 4.3), the zinc(ll) phthalocyanine 4.4 showed a higher
fluorescence quantum yield (Dr=0.17) than the magnesium(ll) 4.5 (Of= 0.03) and metal-
free 4.6 (Or= 0.02) phthalocyanines. The general trend observed in fluorescence
quantum vyields values (metal-free 4.6 < magnesium(ll) 4.5 < zinc(ll) 4.4
phthalocyanines), is opposite to what would be expected based on heavy atom effect,
where zinc(ll) is expected to show low O values, given its ability to induce intersystem
crossing from S; to T state. Nevertheless, this positive effect of zinc(ll) central metal
was also reported by other authors.***>2 A possible explanation for this phenomenon
could be based on the previous studies reported by Kobayashi and collaborators,>® who
found that (i) the phthalocyanines showing emission peaks at shorter wavelengths have
higher fluorescence quantum yields and (ii) the phthalocyanines showing an emission
maximum at wavelengths longer than 740 nm generally have fluorescence quantum
yields lower than 0.1. So, apparently, a decrease in ®r is complemented by an increase
in emission wavelengths, which is in agreement with the obtained values for the
a-octa-substituted phthalocyanines presented in Table 4.3.

Although a-octa-substituted magnesium(ll) and metal-free phthalocyanines may
find interesting applications in NIR FI, due to its large Stokes shifts (22—30 nm) and
fluorescence emission wavelength (782—812 nm), its Of is too low for Fl experiments

(Table 4.3). However, a good balance between intense absorption and emission in the
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“phototherapeutic window” (736 and 753 nm, respectively), reasonable Stokes shift (17
nm) and fluorescence (®r= 0.17) was found for the sterically distorted zinc(ll)
phthalocyanine complex 4.4. According to previous studies reported by Arnaut and
collaborators* regarding the use of a silicon(lV) a-octa-butoxy Pc as potential NIR
fluorophore, a Stokes shift of 16 nm was appropriate to separate incident and
fluorescent light in in vivo Fl experiments. Overall, the previous results of Arnaut’s study
and the satisfactory photophysical properties of a-octa-substituted zinc(ll)

phthalocyanine 4.4 enable it to be a promising NIR fluorophore for Fl application.

4.4 Conclusion

In summary, in this chapter, we describe the development of alternative
synthetic methods for a new family of non-planar octa-substituted
metallophthalocyanines and their metal-free counterparts, containing eight
isopropylidene protected D-galactose units with a a-substitution pattern, via
ciclotetramerization reaction of 3,6-disubstituted phthalonitrile precursor 4.3. We have
successful synthesized the corresponding zinc(ll), magnesium(ll) and metal-free
phthalocyanines in 25%, 15% and 9% isolated yields, respectively. All compounds have
been fully characterized by 'H-NMR, MS and UV-Vis techniques. Furthermore, we
present the photophysical characterization of the new a-octa-substituted
phthalocyanines family, along with the related B-tetra-substituted compounds (whose
synthesis is described in Chapter 2).

Concerning their potential application as NIR fluorophores, we concluded that
some of these new biocompatible compounds present a strong absorption, having high
molar absorption coefficients in the “phototherapeutic window” (700-900 nm).
Moreover, some of them present large fluorescence quantum vyields (®f) and large
Stokes shifts, which fulfill the main prerequisites for an ideal NIR fluorophore.

Among the PB-tetra-substituted phthalocyanines, the magnesium(ll) complex 2.7b
displays a high fluorescence quantum yield (®r= 0.34), concomitantly with a strong
absorption (682 nm) and emission (696 nm), close to the “phototherapeutic window”,

but shows a relatively small Stokes shift (12 nm).

153



Chapter 4

Regarding the a-octa-substituted phthalocyanines, the fine-tuning of NIR absorbance of
every synthesized metal and metal-free phthalocyanines is evident, as they all exibhit a
strong red-shift absorption (736—782 nm), lying in the “phototherapeutic window”.
Particularly, the a-octa-substituted zinc(ll) phthalocyanine complex 4.4 has a strong NIR
absorption and emission (736 and 753 nm, respectively), a moderate fluorescence
quantum vyield (Of = 0.17) and presents a Stokes shift of 17 nm. Overall, these
photophysical characteristics match with the required features for development of ideal
new NIR fluorophores. We further conclude that the zinc(ll) phthalocyanine complex 4.4
is the most promising NIR fluorophore and that the presence of eight isopropylidene
protected D-galactose substituent groups may contribute to the specific targeting of the
cancer cells, thereby enabling cancer early detection. However, future in vitro and in
vivo studies must be performed to demonstrate its suitability as an effective NIR

fluorophore for early cancer diagnosis, through Fl technique.
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CHAPTER 5

Experimental

In this section, general information is provided, regarding materials, reagents
and solvents, as well as the techniques and instruments used during the experimental
work of this thesis. Briefly, this chapter is divided into five experimental sections:

e Insection 5.1 is presented the instrumentation and methodology;

e Insection 5.2 is described the reagents and solvents;

e In sections 5.3, 54 and 5.5 are presented the synthesis and the full
characterization of the compounds previously synthesized in Chapter 2, Chapter

3 and Chapter 4, respectively.

5.1 Instrumentation and methodology

i) Organic chemistry

Thin Layer Chromatography (TLC)
The reaction control, when necessary, was performed using thin layer chromatography
(TLC) using aluminum plates coated with silica 60 (Sigma-Aldrich), with fluorescence

indicator UVas4, developed with appropriated mobile phases.

158



Chapter 5

Column Chromatography
The reaction products, when necessary, were purified by column chromatography using
silica gel 60 (particles of size 0.06-0.20 mm) or neutral aluminum oxide as stationary

phases and the appropriate eluents.

Dialysis
The reaction products, when necessary, were purified by dialysis using an Amicon®
stirred cells system (Milipore Corporation) with molecular weight cut—off membrane’s

of 1000 Da or a Pur-A-Lyzer™ Mega Dialysis Kit (Sigma-Aldrich Co. LLC, Portugal).

Ultrasound
To facilitate the dissolution of some of the compounds studied, a Bandelin Sonorex TK52
device was used as the ultrasound system. Moreover, some organic reactions were

performed using this system as an alternative source to conventional heating.

Microwave synthesis
The microwave-assisted reactions were performed using a CEM Discover® SP microwave

system. Appropriate glass tubes with a capacity of 10 mL were used.

Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were recorded on Bruker Advance 400 spectrometer (Department of
Chemistry, University of Coimbra), using the appropriated deuterated solvent. The *H
and 3C chemical shifts (5), expressed in ppm, are generally relative to a TMS internal
standard (6 =0.00 ppm). The data obtained are indicated in the following order: Nucleus
(apparatus, solvent): chemical shift (§, ppm) [multiplicity (s — singlet, sl — large singlet,
d - doublet, dd — double doublet, t —triplet, g — quartet, m —multiplet, br —broad signal),
coupling constant (J, in Hertz), relative intensity (nH as number of protons), assignment

in the structure].

Gas Chromatography coupled with Mass Spectrometry (GC-MS)
GC-MS analysis was performed using an Hewlett-Packard Agilent 6890 chromatographer

with HP-5 MS capillary column (30 m x 0.25 mm x 0.25 um) coupled to Hewlett-Packard
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5973 MSD spectrometer, belonging to Department of Chemistry of University of

Coimbra.

Mass Spectrometry (MS)

High-resolution mass spectrometry was carried out on a Bruker Microtof apparatus,
equipped with selective ESI or MALDI detector, belonging to Unidade de Masas e
Protedémica from the University of Santiago de Compostela (Spain) or on MALDi
Ultraflextreme Bruker Daltonics, belonging to Centro Analitico de Instrumentacao from

the University of Sdo Paulo (Brazil).

Infrared Spectroscopy (IR)
The FT-IR spectra were taken in a Thermo Scientific Nicolet 380 spectrometer, belonging

to Department of Chemistry from the University of Coimbra.

Elemental analysis
Elemental analysis for carbon, hydrogen and nitrogen were measured on LECO model
(CHNS 932) Instruments apparatus, belonging to Unidade de Masas e Proteémica from

University of Santiago de Compostela (Spain).

UV-Visible spectroscopy (UV-Vis)

UV-Vis absorption spectra were obtained in a Hitachi U-2010 and Shimadzu UV-1700
spectrophotometers with 1 cm double-stranded quartz cells with 1 cm optical path and
using the respective solvent as reference. The molar extinction coefficient (g) of
phthalocyanine compounds were determined according to Beer-Lambert’s law, A = €bc,
where A is the absorbance, € is the molar extinction coefficient, b is the light's path and
c is the concentration of the solution. For each compound, a minimum of 6 solutions (by
dilution of a stock solution) were prepared in concentrations ranging from 10 to 10
M in DMSO corresponding to absorbance values between 0.1 and 1.0. The absorption
for the maximum band’s considered as a function of the concentration of the different
solutions was represented graphically, obtaining a line whose slope value corresponds
to the value of the molar extinction coefficient. Figure 5.1 exemplifies this methodology

by showing the UV-Vis spectra obtained from the several dilutions in the case of the
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B-tetra-substituted zinc(ll) phthalocyanine 2.6b and its linear adjustment to the relation

between concentration and absorbance at their respective maximum absorption (682

nm).
a) b)
1,0 1.0 |Equation y=a+b'x
! Intercept 0 ]
Slope 15646564322 /
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Figure 5.1. Determination of the molar extinction coefficient of B-tetra-substituted
zinc(ll) phthalocyanine 2.6b: (a) UV-Vis spectra of all solutions in DMSO (b) Ratio
obtained between concentration and absorbance at 682 nm and its corresponding linear
adjustment.

Fluorescence spectroscopy

The fluorescence emission spectra were obtained in Horiba Jobin Yvon e Spex Fluorolog
3.22 spectrophotometer equipped with a Hamamatsu R5509-42 photomultiplier,
cooled to 193 K, and a fiber optic USB2000FL Ocean Optics fluorescence (350-1000 nm).
The fluorescence quantum yields (®r) of the phthalocyanines were determined in DMSO

using a comparative method, according to Equation (1).

_ std _FAsegn?
dp = Dy e anz (1)
Sstd ANstd

where F and Fstg are the integrals of the fluorescence emission curves of phthalocyanine
sample and the standard, respectively. A and Asiq are the respective absorbances of the
phthalocyanine sample and the standard at the excitation wavelength and n and nstq are
the refractive indices of the solvents used for the phthalocyanine sample and standard,
respectively. In case of B-tetra-substituted phthalocyanines, unsubstituted zinc(ll)
phthalocyanine (ZnPc) in DMSO (®¢= 0.18)? was used as standard. The absorbance of
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tested solutions at the excitation wavelength (610-630 nm) ranged between 0.04 and
0.06. In the case of a-octa-substituted phthalocyanines,
1,1',3,3,3',3'-hexamethylindotricarbocyanine iodide (HITIC) in ethanol (D= 0.28)% was
used as standard. The absorbance of tested solutions at the excitation wavelength

(640-670 nm) ranged between 0.04 and 0.08.

i) Radiochemistry

General considerations

All procedures were performed at Radiochemistry and Cyclotron Laboratory at ICNAS -
Producdo Unipessoal, Lda (ICNAS-P), following the required radiation protection rules.
Manipulations of radioactive solutions were done using a lead protection barrier with a
lead glass shield visor. The vials that contained radioactive solutions were placed inside
lead containers with adequate thickness. The radiochemical yield (RCY) is defined as the
amount of activity in the product expressed as the percentage (%) of starting activity
used in the corresponding process; all RCYs presented in this thesis are non-decay
corrected. The radiochemical purity is defined as the absence of other radiochemical

compounds/species.

Radio-Thin Layer Chromatography (Radio-TLC)

TLC analysis of ®4Cu-labelled phthalocyanine samples was done using an iTLC-SG (Instant
Thin Layer Chromatography Medium (iTLC) is a binderless, glass microfiber
chromatography paper impregnated with a silica gel (SG)) (Agilent Technologies). The
samples were quenched with EDTA (10 mM) prior to analysis to chelate free copper-64
ions for ease of analysis. 1 pul sample was spotted on a TLC strip and developed in mobile
phase mixture 10% NH40Ac/MeOH (1:1). Radioactive distribution on the radio-TLC strips
was detected using a miniGITA Star Gamma TLC Scanner with a V-BGO-Detector
(Elysia-Raytest, Germany). Radiochemical conversions (RCCs) and radiochemical purities
were calculated by dividing the radioactivity of the products spots by the total
radioactivity deposited on the radio-TLC strip. All ®*Cu-labelled phthalocyanines
displayed a R= 0 and the “free” copper-64 ([**Cu][Cu(EDTA)] complex) exhibited a Ri= 1.

162



Chapter 5

Solid Phase Extraction (SPE)

The !C- or ®*Cu-labelled products, when necessary, were purified by solid phase
extraction using a reversed-phase C18 cartridge (Sep-Pak® Light C18 cartridge, Waters,
Ireland). Previously to purification process, the C18 SEP cartridge was activated with 5

mL of ethanol and then 5 mL of water.

High Performance Liquid Chromatography (HPLC)

Analytical HPLC analysis was performed using Agilent 1260 Infinity Il LC System with a
Quaternary Pump G7111B coupled to an UV-Vis (variable wavelength detector G7114A)
and radioactivity (Raytest, model Gabi Star T1, 0A) detector and a Rheodyne (IDEX H&S,
Wertheim-Mondfeld, Germany) model 7125i syringe-loading sample injector valve with
a 20 ul loop. HPLC was performed using a mixture of ammonium format buffer (0.1 M,
pH=7.2) and acetonitrile as the eluent with the selected flow rate by means of analytical
reverse-phase Agilent Zorbax Eclipse XDB-C18 column (5 um, 4.5 x 150 mm, Agilent
Technologies, USA).

Radioactivity measure
The radioactivity of the solutions was measured using a dose calibrator (Ned Isomed
2010, version 5.4.66, MED Nuklear-Medizintechik Dresden GmbH, Dresden,

Deutschland).

Carbon-11 automated radiosynthesis module

[*1C]CO, was generated in an IBA Cyclone 18/9 cyclotron (IBA, Louvain-la-Neuve,
Belgium) via the nuclear reaction *N(p,a)''C. The target gas [N with 0.5% O] was
irradiated with 16.5 MeV protons and the beam current was maintained at 21 pAh
(pressure in the range 18-19 bar) during the bombardement to produce the [1C]CO,.
The [1C]CHsl was produced by the so called “gas method”# in a Synthra C-11 Choline
(Synthra GmbH, Hamburg, Germany) starting from [*!C]CO,. The !C-methylation
reaction occurred in a specially designed HPLC loop (Autoloop system, Bioscan Inc.,
Washington DC, USA). The 1C-labelled product were purified using a semi-preparative
HPLC system composed by a HPLC K-501 pump (Knauer, Berlin, Germany), a

Phenomenex Luna C18 reverse-phase (RP) HPLC column (5 um, 250 x 10 mm,
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Phenomenex, Le Pecq Cedex, France), a UV K-200 detector set at 254 nm (Knauer, Berlin,
Germany), and a radioactivity detector. On the last step of the synthesis, the desired
fraction was collected and reformulated using a C-11 reformulation kit Extension
(Fluidomica, Coimbra, Portugal) using the IBA Synthera® Extension automated module
(IBA, Louvain-la-Neuve, Belgium) and the flow of the solutions involved (water, ethanol
and 0.9% NaCl) were remotely controlled by pressurization and/or vacuum of the

desired compartments.

Quality control of carbon-11 labelled product

Quality control of *C-labelled product was performed to verify their purity and safety
for in vivo injection. An Agilent 1260 Infinity Il LC Series HPLC system with a UV (254 nm)
and radioactivity detector was used. The chromatographic separation was performed
using an analytical reverse-phase Agilent Zorbax Eclipse XDB-C18 column (5 um, 150x
4.5 mm) using a flow of 2 mLmin? and as eluent a mixture of acetonitrile and
ammonium format buffer (0.1 M, pH= 7.2) (65:35, respectively). The carbon-11
radioisotope identity was confirmed by measuring its half-life in a dose calibrator. To
monitor the residual solvents concentration in the final 11C-labelled product solution it
was used a gas chromatography (GC) system (GC Agilent 6850; RaytestGmbh,
Straubenhardt, Germany). The pH was measured using a pH meter (JENWAY 3510 pH;
Bibby Scientific Limited, Staffordshire, UK).

5.2 Solvents and reagents

All solvents and chemicals were commercially obtained from Merck (Portugal),
Sigma-Aldrich (Portugal) or FluoroChem (United Kingdom). The chalcone compounds
were kindly provided by Professor Gilberto Aquino (Faculty of Pharmacy, State
University of Goids, Brazil). Air and moisture sensitive reagents or solutions were
handled under nitrogen or argon atmosphere, in a vacuum system, using Schlenk

techniques.” All the glassware was dried by heating. The solvents were purified by simple
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distillation or, when necessary, properly dried and distilled by the standard procedures

reported by literature,® described below.

Dichloromethane, chloroform, ethyl acetate, hexane, acetone, ethanol

These solvents were purified by simple distillation. Each one was placed in a
round-bottom flask, with anhydrous calcium sulfate and pumice stone. The mixture was
kept under reflux, for two hours. After distillation, the solvent was collected and passed
through a column of basic alumina (grade 1) and stored in a flask containing activated

molecular sieves (3A).

Dichloromethane

For experiments, which were highly water sensitive, dichloromethane was dried with
calcium hydride, under reflux, for 5 h. After distillation, the solvent was collected and
stored, under nitrogen atmosphere, in a vessel containing activated molecular sieves

(3A).

Triethylamine, toluene and pyridine

The solvents were dried with sodium flakes and benzophenone. The mixture was kept
under reflux, at the boiling temperature for each solvent, until a strong blue color was
observed. After distillation, the solvent was collected and stored, under nitrogen

atmosphere, in a vessel containing activated molecular sieves (3A).

N,N-Dimethylformamide (DMF)

DMF was placed in a round-bottom flask for 24 h with calcium oxide, previously
activated in a muffle furnace at 500 °C. After this time NaOH pellets were added and the
mixture was stirred for 1 h. After distillation under reduced pressure, the solvent was

collected and stored in a vessel containing activated molecular sieves (3A).
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5.3 Experimental (referring to Chapter 2)

In this section, the synthetic procedures of 4-substituted phthalonitriles and
B-tetra-substituted phthalocyanines are provided, as well as, their full characterization.
Moreover, the ®*Cu-labelling protocol of B-tetra-substituted phthalocyanines were also
described. All ®*Cu-labelling experiments were performed in Radiochemistry and
Cyclotron Laboratory at ICNAS-P. The production and purification of [®*Cu]CuCl> was
carried out by Vitor Alves (PhD) from ICNAS-P. The in vivo PET imaging and
biodistribution studies in mice were performed by José Sereno (PhD) from ICNAS Pre-

Clinical Imaging Facility.

5.3.1 Synthesis of 4-substituted phthalonitriles

4-(dimethylaminoethyloxygenyl)phthalonitrile (2.3a)

In a round bottom flask, 1,2-(dimethylamino)-ethanol 2.2a (0.70 mL, 6.93 mmol, 1.2
equiv.) and anhydrous K>COs (4 g, 28.9 mmol, 5 equiv.) were mixed in anhydrous DMF
(30 mL). Then, 4-nitrophthalonitrile (2.1) (1 g, 5.78 mmol) was added and the mixture
was stirred for 96 h at room temperature (or 8 h in ultrasounds). The reaction mixture
was filtered off, then diluted with dichloromethane (100 mL) and washed with distilled
water (10x 50 mL). The organic phase was dried with anhydrous sodium sulfate, filtered
and solvent was evaporated under reduced pressure. After purification by column
chromatography on silica gel, using as eluent a mixture of dichloromethane/methanol
(20:1), the target compound 2.3a was obtained as a yellowish orange oil, in 83% isolated
yield (1.03 g, 4.79 mmol) (81% in the case of ultrasonic irradiation). Spectroscopic data

is in agreement with literature.”®

- 1H-NMR (400 MHz, CDCl3), §/ppm: 7.70 (d, J = 8.8 Hz, 1H,

NC.
j@i | H-6), 7.28 (d, J = 2.4 Hz, 1H, H-3), 7.21 (dd, J = 8.8, 2.4 Hz,

N
NC2Y 20" 11 Ho5), 4,13 (t, J= 5.5 Hz, 2H, OCH)), 2.76 (t, J = 5.4 Hz, 2H,
2.3a

OCH,CH,), 2.33 (s, 6H, N(CHs)2). 3C-NMR (100.1 MHz,

CDCl3), 8/ppm: 161.8 (Ca-0), 135.0 (Car), 119.5 (Car), 119.3 (Car), 117.2 (Car), 115.5 (CN),
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115.1 (CN), 107.2 (Car), 67.1 (OCH2), 57.6 (OCH2CH,), 45.7 (N(CHs)2). GC/MS (EI): m/z =
214.1 [M-H]*.

4-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-0-yl)phthalonitrile (2.3b)

In a round bottom flask, 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose 2.2b (1.80 g,
6.93 mmol, 1.2 equiv.) and anhydrous K,COs (4 g, 28.9 mmol, 5 equiv.) were mixed in
anhydrous DMF (30 mL). Then, 4-nitrophthalonitrile (2.1) (1 g, 5.78 mmol) was added
and the mixture was stirred for 72 h at room temperature (or 4 h in ultrasounds). The
reaction mixture was filtered off, and suspended in 250 mL of cold water. The resulting
precipitate was filtered, washed with water and dried under reduced pressure. After
purification by column chromatography on silica gel, using dichloromethane as eluent,
the target compound 2.3b was obtained as a white solid, in 77% isolated yield (1.72 g,
4.45 mmol) (79% in the case of ultrasonic irradiation), after being precipitated from
dichloromethane/petroleum ether. Spectroscopic data is in agreement with

literature.>11

- 1H-NMR (400 MHz, CDCls), 8/ppm: 7.70 (d, J = 8.8 Hz, 1H, H-6),

NCW
@Z 7.33 (d, J =2.6 Hz, 1H, H-3), 7.25 (dd, J = 8.8, 2.6 Hz, 1H, H-5),
NC"27X" O

P4

06.5| 5 5.56 (d, J = 5.0 Hz, 1H, H-1’), 4.67 (dd, J = 7.9, 2.5 Hz, 1H, H-3"),

%1- 4.37 (dd, J = 5.0, 2.5 Hz, 1H, H-2’), 4.31 (dd, J = 7.9, 1.4 Hz, 1H,
0

> 3 > H-4’), 4.25-4.16 (m, 3H, H-5',6), 1.54 (s, 3H, CHs), 1.47 (s, 3H,

CHs), 1.35 (s, 6H, 2 x CHs). 3C-NMR (100.1 MHz, CDCls),
&/ppm: 162.0 (C-4), 135.3 (C-6), 120.1 (C3), 119.7 (C5), 117.5 (C1), 115.8 (C1-CN), 115.3
(C2-CN), 109.9 (C8), 109.1 (C7’), 107.7 (C-2), 96.4 (C-1’), 71.0 (C-4’), 70.8 (C-2’), 70.5
(C-3’), 68.3 (C-6’), 66.4 (C-5’), 26.2 (CH3), 26.1 (CH3), 25.0 (CH3), 24.5 (CHs). GC/MS (EI):
m/z = 386.2 [M]*.

4-(Polyethyleneglycoxy) phthalonitrile (2.3c)

In a round bottom flask, 4-nitrophthalonitrile (2.1) (1 g, 5.78 mmol) and polyethylene
glycol (average molecular weight of 200 g.mol?, 11.56 g, 57.8 mmol, 10 equiv.) were
mixed in anhydrous DMF (30 mL), then anhydrous K>COs3 (4 g, 28.9 mmol, 5 equiv.) was
added portion wise over 2 h (30 min in case of ultrasounds). After 10 h mixing at room

temperature (or 1 h under ultrasounds), the reaction mixture was filtered off, then
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diluted with dichloromethane (100 mL) and washed with distilled water (6 x 50 mL). The
organic phase was dried with anhydrous sodium sulfate, filtered and solvent was
evaporated under reduced pressure. After purification by column chromatography on
silica gel, using ethyl acetate as eluent, the target compound 2.3c was obtained as a pale
yellow oil, in 59% isolated yield (1.1 g, 3.39 mmol) (61% in the case of ultrasonic

irradiation).

1H-NMR (400 MHz, CDCls), §/ppm: 7.73—7.68 (m, 1H, H-Ar),

NC
D\ 7.35-7.30 (m, 1H, H-Ar), 7.24-7.21 (m, 1H, H-Ar), 4.25-4.21
NC O’{'\/O]\H
n

(m, CH»-PEG), 3.91-3.86 (m, CH.-PEG), 3.79-3.58 (m,

2.3¢ CH»-PEG), 1.80 (s, 1H, OH). 3C-NMR (100.61 MHz, CDCl3),

8/ppm: 162.1 (Ca-0), 135.3 (Car), 120.0 (Car), 119.8 (Car), 117.5 (Car), 115.8 (CN), 115.4
(CN), 107.7 (Car), 72.6 (CH2), 71.0 (CH2), 70.8 (CH), 70.7 (CH.), 70.4 (CH2), 69.4 (CH),
69.3 (CH2), 68.7 (CH.), 61.8 (CH2). HRMS (ESI-TOF-INFUSION) (polydisperse
distribution): m/z calcd. for C12H13N203 [M+H]*: 233.0800, found: 233.0925 (n=2); m/z
caled. for CigH17N204 [M+H]*: 277.1100, found: 277.1181 (n=3); m/z calcd. for
Ci6H21N205 [M+H]*: 321.1400, found: 321.1444 (n=4); m/z calcd. for Ci1gH25N,06 [M+H]*:
365.1600, found: 365.1709 (n=5).

3-(2-{2-[2-(2-Hydroxyethoxy)ethoxy]ethoxy}-ethoxy)phthalonitrile (2.3d)

In a round bottom flask, 4-nitrophthalonitrile (2.1) (1 g, 5.78 mmol) and tetraethylene
glycol (11.23 g, 57.8 mmol, 10 equiv.) were mixed in anhydrous DMF (30 mL), then
anhydrous K>COs (4 g, 28.9 mmol, 5 equiv.) was added portion wise over 2 h (30 min in
case of ultrasounds). After 10 h mixing at room temperature (or 1 h under ultrasounds),
the reaction mixture was filtered off, then diluted with dichloromethane (100 mL) and
extracted with distilled water (10x 50 mL). The organic phase was dried with anhydrous
sodium sulfate, filtered and solvent was evaporated under reduced pressure. After
purification by column chromatography on silica gel, using ethyl acetate as eluent, the
target compound 2.3d was obtained as pale yellow oil, in 62% isolated yield (1.15 g, 3.6
mmol) (60% in the case of ultrasonic irradiation). Spectroscopic data is in agreement

with literature.12
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1H-NMR (400 MHz, CDCls), 8/ppm: 7.69 (d, J = 8.8 Hz, 1H,

6
NCW
:@i H-6), 7.31 (d, J = 2.6 Hz, 1H, H-3), 7.22 (dd, J = 8.8, 2.6 Hz,
NC 2 3 O/{'\/O]’H
4

1H, H-5), 4.24-4.20 (m, 2H, CH.), 3.88-3.84 (m, 2H, CH.),

2.3d 3.71-3.61 (m, 10H, CHa), 3.59-3.56 (m, 2H, CH,), 2.76 (s,

1H, OH). 3C-NMR (100.61 MHz, CDCl3), §/ppm: 161.8 (Car-0), 134.9 (Car), 119.6 (Car),
119.4 (Car), 117.0 (Car), 115.5 (CN), 115.0 (CN), 107.1 (Car), 72.3 (CH.), 70.6 (CH.), 70.3
(CH2), 70.2 (CHa), 69.9 (CH2), 68.9 (CH2), 68.3 (CH2), 61.4 (CH2). FT-IR [(ATR), Vmax/cm™]:
3428 (OH stretching vibration — broad band), 3073 (aromatic C-H stretching vibration),
2875 (aliphatic C-H stretching vibration), 2227 (CN stretching vibration), 1594 (C=C
stretching vibration), 1041-1130 (C-O-C stretching vibration).

3-(2-{2-[2-(2-Methylsulfanyl-ethoxy)ethoxy]ethoxy}-ethoxy)phthalonitrile (2.4d)

In a dried Schlenk flask, phthalonitrile 2.3d (400 mg, 1.23 mmol) was added to a stirring
solution of anhydrous dichloromethane (25 mL) and anhydrous trimethylamine (4 mL,
28.65 mmol) at 0 °C, under a nitrogen atmosphere. This solution was stirred for 10
minutes, and then a solution of methanesulfonyl chloride (2 mL, 25.84 mmol) in
anhydrous dichloromethane (15 mL) was added dropwise, approximately for 1h 30 min.
The mixture was allowed to warm up to room temperature and stirred for 16 h. The
reaction was poured in NaHCOs3 solution (20%) and extracted with dichloromethane (2x
50 mL). The organic phase was dried with anhydrous sodium sulfate and filtered. After
the removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel, using, firstly, dichloromethane as eluent, and then a
mixture of dichloromethane/ethanol (100:1) as eluent, which rendered the target
compound 2.4d as a colorless sticky oil, in 77% isolated yield (380 mg, 0.95 mmol).

Spectroscopic data is in agreement with literature.’3

1H-NMR (400 MHz, CDCl3), /ppm: 7.70 (d, J =

6
NCL R s
m . 0 8.8 Hz, 1H, H-6), 7.32 (d, J = 2.6 Hz, 1H, H-3), 7.23
(1}
NC"2 0 0-5—
[}
3 0

(dd, J = 8.8, 2.6 Hz, 1H, H-5), 4.39-4.34 (m, 2H,

2.4d CH,), 4.26—4.20 (m, 2H, CH>), 3.91-3.85 (m, 2H,

CH>), 3.80-3.74 (m, 2H, CHa), 3.71-3.62 (m, 8H, CH.), 3.06 (s, 3H, CHs). 13C-NMR (100.61
MHz, CDCls), §/ppm: 162.1 (Car-0), 135.3 (Car), 119.9 (Car), 119.8 (Car), 117.4 (Car), 115.8
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(CN), 115.4 (CN), 107.4 (Car), 71.0 (CH2), 70.7 (2 x CH2), 70.6 (CH2), 69.4 (CH,), 69.3 (CH2),
69.1 (CH2), 68.7 (CH2), 37.8 (CHs).

3-(2-{2-[2-(2-Azidoethoxy-ethoxy]ethoxy}-ethoxy)phthalonitrile (2.5d)

In a dried Schlenk flask, a mixture of the mesylated phthalonitrile 2.4d (180 mg, 0.45
mmol) and sodium azide (293 mg, 4.5 mmol) were stirred in anhydrous DMF (2.5 mL) at
60 °C for 6 h, under a nitrogen atmosphere. Then, reaction was stirred at room
temperature for 16 h. After quenching with water, the product was extracted with ethyl
acetate (3x 50 mL), and the organic layer was dried over anhydrous sodium sulfate,
filtered and solvent was evaporated under reduced pressure. After purification by
column chromatography on silica gel, using as eluent, firstly, dichloromethane, and then
a mixture of dichloromethane/ethanol (100:1), the target compound 2.5d was obtained
as white solid, in 80% isolated yield (124 mg, 0.36 mmol). Spectroscopic data is in

agreement with literature.’3

'H-NMR (400 MHz, CDCls), §/ppm: 7.69 (d, J = 8.8 Hz,

NC. 2
j@i 1H, H-6), 7.30 (d, J = 2.6 Hz, 1H, H-3), 7.22 (dd, J = 8.8,
0
NC72 o’{'\/ %/\N3
3

2.6 Hz, 1H, H-5), 4.21-4.18 (m, 2H, CH-), 3.90-3.84

2.5d (m, 2H, CH,), 3.71-3.63 (m, 10H, CH>), 3.36 (t, 2H,

N3CH>). 13C-NMR (100.61 MHz, CDCl3), §/ppm: 161.8 (Ca-O), 134.9 (Car), 119.6 (Car),
119.3 (Car), 117.1 (Car), 115.5 (CN), 115.0 (CN), 107.1 (Car), 70.7 (CH2), 70.4 (2x CH2), 70.3
(CH,), 69.8 (CH3), 69.0 (CH>), 68.4 (CH,), 50.4 (N3CH,). FT-IR [(ATR), Vmax/cm™]: 3080
(aromatic C-H stretching vibration), 2875 (aliphatic C-H stretching vibration), 2230 (CN
stretching vibration), 2099 (N3 stretching vibration), 1596 (C=C stretching vibration),
1046-1130 (C-O-C stretching vibration). HRMS (ESI-FIA-TOF): m/z calcd. for
Ci6H19Ns04Na [M+Na]*: 368.1300, found: 368.1332.

5.3.2 Synthesis of B-tetra-substituted phthalocyanines

General procedure for zinc(ll) phthalocyanine complexes

In a dried Schlenk flask, the mixture of the 4-subtituted phthalonitrile (1 equiv.) in
DMAE/butan-1-ol solution (2:1, respectively) and zinc(ll) acetate dihydrate (0.5 equiv.)
was heated to 120 °C and stirred for the given time, under nitrogen atmosphere. The
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reaction mixture was allowed to reach room temperature, and after the adequate
work-up and purification procedures by column chromatography, the corresponding

zinc(ll) phthalocyanines were obtained.

[2(3),9(10),16(17),23(24)-tetrakis-(2-Dimethylaminoethylethanol)phthalocyaninato]
zinc(ll) (2.6a)

Phthalonitrile 2.3a (500 mg, 2.32 mmol) was dissolved in a mixture of DMAE (0.7 mL)
and butan-1-ol (0.35 mL). The reaction was deaerated and zinc(ll) acetate dihydrate (254
mg, 1.16 mmol, 0.5 equiv.) was added. The reaction was stirred under nitrogen
atmosphere for 24 h at 120 °C. After cooling, the reaction mixture was precipitated with
hexane, the solid was filtered, washed with diethyl ether and dried under reduced
pressure. The residue was extracted several times with dichloromethane/water and the
organic phase was dried with anhydrous sodium sulfate, filtered and solvent was
evaporated. After purification by column chromatography in neutral aluminum oxide
(grade 2), using chloroform as eluent, the target compound 2.6a was obtained as dark
green waxy solid in 60% vyield (322 mg), after being washed with hot hexane.

Spectroscopic data is in agreement with literature.”?

'H-NMR (400 MHz, DMSO-ds),
6/ppm: 7.72 (br, 4H, Pc-a-H),
7.36-7.26 (br, 8H, Pc-a-H and Pc--H),
4.22 (t,J = 5.7 Hz, 8H, OCH>), 2.66 (t,
J=5.7 Hz, 8H, OCH,CH>), 2.22 (s, 24H,
C(CHs)2). HRMS (MALDI-TOF, DCTB):

m/z calcd. for CagHs3N1204Zn [M+H]*

925.3600, found: 925.3598. UV-Vis
(DMSO) Amax/nm: 350, 614, 681.

[2,9(10),16(17),23(24)-tetrakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-O-
yl)phthalocyaninato] zinc(ll) (2.6b)

Phthalonitrile 2.3b (600 mg, 1.63 mmol) was dissolved in a mixture of DMAE (3 mL) and
butan-1-ol (1.5 mL). The reaction was deaerated and zinc(ll) acetate dihydrate (180 mg,

0.82 mmol, 0.5 equiv.) was added. The reaction was stirred under nitrogen atmosphere
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for 24 h at 120 °C. After cooling, the reaction mixture was precipitated with
methanol/H,0 (1:3), the solid was filtered, washed with water and dried under reduced
pressure. After purification by column chromatography on silica gel, using a mixture
dichloromethane/ethyl acetate (5:1) as eluent, the target compound 2.6a was obtained
as dark blue solid, in 63% isolated yield (410 mg), after being washed with methanol.

Spectroscopic data is in agreement with literature.%1?

'H-NMR (400 MHz, CDCl3 + Py-ds),

0 6/ppm: 9.10-9.02 (m, 4H, Pc-a-H),
\éo Lo a_L OA&X 8.76-8.62 (M, 4H, Pc-a-H), 7.60-7.53
(0]
a N\\@/ 179 | (m, 4H, Pc-B-H), 5.63 (d, J = 3.5 Hz,
N, N :
v /\Z \ 4H, H-1), 4.69-451 (m, 16H,

H-Galactose), 4.46—4.33 (m, 8H,
H-Galactose), 1.63-1.51 (m, 24H,

CHs), 1.38 (s, 12H, CHs), 1.31 (s, 12H,

2.6b

CHs). MS (MALDI-TOF, Dithranol):
m/z calcd. for CsoHooNgO24Zn [M+2H]* 1610.5, found: 1610.4. UV-Vis (DMSO) Amax/nm
(e/M* em™): 355 (7.4x10%), 613 (3.1x10%), 682 (1.6x10%). ®f (DMSO): 0.19.

[2(3),9(10),16(17),23(24)-tetrakis-(Polyethyleneglycoxy)phthalocyaninato] zinc(Il)
(2.6¢)

Following the above procedure, the phthalonitrile 2.3c (1g, 3 mmol) was dissolved in a
mixture of DMAE (1 mL) and butan-1-ol (0.5 mL). The reaction was deaerated and zinc(ll)
acetate dihydrate (0.33 g, 1.5 mmol, 0.5 equiv.) was added. The reaction was stirred
under nitrogen atmosphere for 8 h at 120 °C. After cooling, the reaction mixture was
extracted several times with dichloromethane/water and the organic phase was dried
over anhydrous sodium sulfate, filtered and solvent was evaporated under reduced
pressure. After purification by column chromatography on silica gel, using as eluent,
firstly, a mixture chloroform/ethanol (10:1) and then chloroform/ethanol/triethylamine
(10:1:0.5), the target compound 2.6¢ was obtained as dark green oil, in 65% isolated
yield (671.3 mg).
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1H-NMR (400 MHz, CDCls), &/ppm:
7.68-7.59 (m, 4H, Pc-a-H), 7.24-7.20
(m, 4H, Pc-a-H), 7.15-7.09 (m, 4H,
Pc-B-H), 4.21-4.16 (m, CH»-PEG),
3.88-3.83 (m, CH,-PEG), 3.73-3.53
(m, CHa-PEG); HRMS

(ESI-TOF-INFUSION)  (polydisperse

n 2.6C n

distribution): m/z calcd. for
Cs6HesNsO16Zn [M+H]*: 1169.3700, found: 1169.3807 (n=3); m/z calcd. for CeaHg1NgO20Zn
[M+H]*: 1345.4800, found: 1345.4847 (n=4); m/z calcd. for C72Hg7Ng024Zn [M+H]*:
1521.5800 found: 1521.5942 (n=5). FT-IR [(ATR), Vmax/cm™?]: 3403 (OH stretching
vibration — broad band), 3060 (aromatic C-H stretching vibration), 2870 (aliphatic C-H
stretching vibration), 1604 (C=C stretching vibration), 1034-1118 (C-O-C stretching
vibration). UV-Vis (DMSO) Amax/nm (e/M* em?): 355 (5.1x10%), 613 (2.2x10%), 682
(1.1x10°). ®¢ (DMSO): 0.18.

[2,9(10),16(17),23(24)-tetrakis-[3-(2-{2-[2-(2-Azidoethoxy)-ethoxy]ethoxy}ethoxy)
phthalocyaninato] zinc(ll) (2.6d)

Phthalonitrile 2.5d (215 mg, 0.62 mmol) was dissolved in a mixture of DMAE (0.40 mL)
and butan-1-ol (0.2 mL). The reaction was deaerated and zinc(ll) acetate dihydrate (68
mg, 0.31 mmol, 0.5 equiv.) was added. The reaction was stirred under N, for 8 h at 120
°C. After cooling, the reaction mixture was precipitated with hexane, the solid was
filtered, washed with diethyl ether and dried under reduced pressure. The reaction
mixture was extracted several times with dichloromethane/water and the organic phase
was dried over anhydrous sodium sulfate, filtered and solvent was evaporated under
reduced pressure. After purification by column chromatography on silica gel, using as
eluent, firstly, dichloromethane and then a mixture of dichloromethane/ethanol (40:1),
the target compound 2.6d was obtained as dark green waxy oil, in 52% isolated yield

(114.0 mg). Spectroscopic data is in agreement with literature.'3
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'H-NMR (400 MHz,
CDCls), 6/ppm: 8.34 (br,
4H, Pc-a-H), 7.80 (br, 4H,
Pc-a-H), 7.11 (br, 4H,
Pc-B-H), 4.20 (br, 4H,
CH,), 4.01 (br, 4H, CH,),
3.88 (br, 4H, CH,), 3.77-

3.48 (m, 44H, CH,), 3.24

(br, 8H, CH2N3). HRMS
(ESI-FIA-TOF): m/z calcd. for CeaH77N20016Zn [M+H]*: 1445.5000, found: 1445.5111.
FT-IR [(ATR), Vmax/cm™]: 3077 (aromatic C—H stretching vibration), 2871 (aliphatic C—H
stretching vibration), 2098 (N3 stretching vibration), 1593 (C=C stretching vibration),
1041-1138 (C-O-C stretching vibration). UV-Vis (DMSO) Amax/nm (g/M* cm?): 355
(4.8x10%), 613 (1.9x10%), 683 (9.9x10%). ®¢ (DMSO): 0.16.

General procedure for magnesium(ll) phthalocyanine complexes

In a dried Schlenk flask, magnesium turnings (4 equiv.) were suspended in pentan-1-ol.
This suspension was heated to 150 °C (reflux) and maintained at that temperature until
a light grey amalgam (i.e. magnesium bispentanolate) was formed (near 1 h). Then,
octan-1-ol was added to this light grey amalgam, followed by 4-subtituted phthalonitrile
(1 equiv.). The reaction mixture was heated till 160 °C and stirred for the given time,
under nitrogen atmosphere. The reaction mixture was allowed to reach room
temperature, and after the adequate work-up and purification procedure by column

chromatography, the corresponding magnesium(ll) phthalocyanines were obtained.

[2,9(10),16(17),23(24)-tetrakis-(2-Dimethylaminoethylethanol)phthalocyaninato]
magnesium(ll) (2.7a)

Following the above procedure, 0.5 mL octan-1-ol and phthalonitrile 2.3a (111 mg, 0.52
mmol) were added to the reaction mixture containing the light grey amalgam. The
reaction mixture was heated till 160 °C and stirred for 4 h. After cooling, the reaction
mixture was precipitated with hexane, the resulting green solid was filtered, washed

with diethyl ether and dried under reduced pressure. After purification by column
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chromatography on neutral aluminum oxide (grade 2), using a mixture
chloroform/methanol (10:1) as eluent, the target compound 2.7a was obtained as dark
green waxy solid, in 44% isolated yield (50.6 mg), after being washed with hot hexane.

H-NMR (400 MHz, DMSO-ds), §/ppm:

9.37 (br, 4H, Pc-a-H), 9.01 (br, 4H,
Pc-a-H), 7.89 (br, 4H, Pc-B-H), 5.10 (br,
8H, OCH-), 4.11 (br, 8H, OCH,CH.),
3.40 (s, 24H, C(CHs)2). MS
(MALDI-TOF, DCTB): m/z calcd. for
CagHs3sN1;0aMg  [M+H]*  885.410,

found: 885.407. UV-Vis (DMSO)
Amax/nm (g/M* cm?): 355 (7.0 x10%), 613 (2.8x10%), 681 (1.3x105).

[2,9(10),16(17),23(24)-tetrakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-O-
yl)phthalocyaninato] magnesium(ll) (2.7b)

Following the above procedure, 2 mL octan-1-ol and phthalonitrile 2.3b (300 mg, 0.78
mmol) were added to the reaction mixture containing the light grey amalgam. The
reaction mixture was heated till 160 °C and stirred for 7 h. After cooling the crude
mixture was poured into a mixture of methanol/water (1:1), and the resulting green
solid was filtered washed with methanol and dried under reduced pressure. After
purification by column chromatography on silica gel, using as eluent, firstly, a mixture of
hexane/ethyl acetate (1:1), and then a mixture of hexane/ethyl acetate (1:3), the target

compound 2.7b was obtained as dark green solid, in 42% isolated yield (129.5 mg).

o IH-NMR (400 MHz, DMSO-de),
07 740 &/ppm: 9.19 (br, 4H, Pc-a-H), 8.70—

0 o B 8.83 (br, 4H, Pc-a-H), 7.71 (br, 4H,

\%O S o I 9/ ( ) (
a AN\ 170 | Pc-B-H), 5.68 (br, 4H, H-1'), 4.81—-
/ N /N \ 4.38 (m, 24H, H-Galactose), 1.53 (s,

24H, CHs), 1.44 (s, 12H, CHs), 1.35
(s, 12H, CHs). HRMS (MALDI-TOF,

Dithranol): m/z  caled. for

2.7b CsoHssNsO24Mg  [M]*  1568.5800,
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found: 1568.57701; m/z calcd. for CsoHsoNgO24Mg [M+H]* 1569.5800, found:
1569.58872. UV-Vis (DMSO) Amax/nm (g/M* cm™): 355 (9.3x10%), 614 (3.6x10%), 682
(1.8x10%). ®¢ (DMSO): 0.34.

[2(3),9(10),16(17),23(24)-tetrakis-(Polyethyleneglycoxy)phthalocyaninato]
magnesium(ll) (2.7c).

Following the above procedure, 1 mL octan-1-ol and phthalonitrile 2.3c (190 mg, 0.59
mmol) were added to the reaction mixture containing the light grey amalgam. The
reaction mixture was heated till 160 °C and stirred for 4 h. After cooling to room
temperature, the crude mixture was poured into diethyl ether. The resulting green
precipitate was washed with ethyl acetate, acetone and diethyl ether and dried under
reduced pressure. After purification by column chromatography on silica gel, using as
eluent a mixture of chloroform/ethanol/triethylamine (10:1:0.5), the target compound

2.7c was obtained as dark green waxy oil, in 37% isolated yield (73.1 mg).

H-NMR (400 MHz, DMSO-ds),
H
/O’»LO O)[/\ 6/ppm: 9.14 (br, 4H, Pc-a-H), 8.75 (br,
n O/H
n

4H, Pc-a-H), 7.71 (br, 4H, Pc-B-H),

4.73-4.49 (m, CH.-PEG), 4.03 (br,
CH.-PEG), 3.84-3.41 (m, CH,-PEG).

7[\/ HRMS (ESI-TOF-INFUSION)

6]

O/H (polydisperse distribution): m/z
n

n 2.7c
caled. for CseHesNgO16Mg [M+H]™:

1129.4300, found: 1129.4345 (n=3); m/z calcd. for CeaHg1NsO20Mg [M+H]*: 1305.5300,
found: 1305.5459 (n=4); m/z calcd. for C72H97Ng024Mg [M+H]*: 1481.6400, found:
1481.6465 (n=5). FT-IR [(ATR), vmax/cm™]: 3370 (OH stretching vibration - broad band),
3057 (aromatic C-H stretching vibration), 2867 (aliphatic C-H stretching vibration), 1603
(C=C stretching vibration), 1032-1122 (C-O-C stretching vibration). UV-Vis (DMSO)
Amax/nm (/M em™): 353 (6.7x10%), 615 (2.7x10%), 680 (1.2x10°). @ (DMSO): 0.29.

General procedure for metal-free phthalocyanines
The metal-free phthalocyanines were prepared by slight modification of a literature

procedure.'® In a dried Schlenk flask, a mixture of zinc(ll) phthalocyanine (1 equiv.),
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pyridine (450 equiv.) and pyridine-HCI (200 equiv.) was stirred at 110 °C for 17 h, under
nitrogen atmosphere. The reaction mixture was allowed to reach room temperature,
and after workup procedures, the corresponding metal-free phthalocyanines were
obtained. The formation of metal-free derivative was confirmed by the formation of split

Q-band in the UV-Vis spectrum of each compound.

2,9(10),16(17),23(24)-tetrakis-(2-Dimethylaminoethylethanol)phthalocyanine (2.8a)
Following the above procedure, zinc(ll) phthalocyanine 2.6a (82 mg, 0.087 mmol) was
used. Workup was as follows: an aqueous solution of 1M NaOH was added (100 mL) and
the resulting solution was left stirring for 30 min. The resulting dark green precipitate
was filtered, washed with distillated water followed by water:methanol (1:1) and dried
under reduced pressure. The target compound 2.8a was obtained as dark green waxy
solid, in 79% isolated yield (59.5 mg, 0.069 mmol), after being washed with hot pentane.

Spectroscopic data is in agreement with literature.”?

1H-NMR (400 MHz, CDCls), 6/ppm:

7.88 (br, 4H, Pc-a-H), 7.31 (br, 4H,
Pc-a-H), 7.01 (br, 4H, Pc-B-H), 4.23

(br, 8H, OCH2), 3.00 (br, 8H,

OCH,CH>), 2.60 (s, 24H, N(CHz)2). MS
(MALDI-TOF, DCTB): m/z calcd. for

CssHssN1204 [M+H]*: 863.440, found:

863.440. UV-Vis (DMSO) Amax/nm (g/M? cm?): 341 (4.7x10%), 671 (7.9x10%), 703
(8.1x10%).

2,9(10),16(17),23(24)-tetrakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-0-
yl)phthalocyanine (2.8b)

Following the above procedure, zinc(ll) phthalocyanine 2.6b (13.5 mg, 0.0084 mmol)
was used. Workup was as follows: dichloromethane (100 mL) was added to mixture and
extracted with water (5x50 mL). The organic phase was dried over anhydrous sodium
sulfate, filtered and solvent was evaporated under reduced pressure. After purification

by column chromatography on silica gel, using as eluent a mixture of
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dichloromethane/ethyl acetate (3:1), the target compound 2.8b was obtained as a dark

blue solid, in 85% isolated yield (11 mg, 0.0071 mmol).

o
\éo 0]

&
Ay

0

ﬁ&% Wy

2.8b

1H-NMR (400 MHz, CDCls), 5/ppm:
8.78 (br, 4H, Pc-a-H), 8.31 (br, 4H,
Pc-a-H), 7.53 (br, 4H, Pc-B-H), 5.82
(br, 4H, H-1’), 4.91-4.48 (m, 24H,
H-Galactose), 1.79-1.68 (m, 20H,
CHs), 1.65-1.52 (m, 18H, CH3), 1.47
(s, 10H, CHs), -3.11 (sl, NH, 2H).
HRMS (MALDI-TOF, Dithranol): m/z
caled. for

CgoHsoNgO24  [M]*:

1546.61000, found: 1546.61014; m/z calcd. for CsoHa1NgO24 [M+H]*: 1547.61000, found:

1547.61152. UV-Vis (DMSO) Amax/nm (g/M cm): 342 (6.3x10%), 672 (8.3x10%), 704

(8.5x10%).

®: (DMSO): 0.22.

2(3),9(10),16(17),23(24)-tetrakis-(Polyethyleneglycoxy)phthalocyanine (2.8c)

Following the above procedure, zinc(ll) phthalocyanine 2.6¢ (100 mg, 0.073 mmol) was

used. Workup was as follows: the solvent was removed under reduce pressure and the

reaction mixture was placed in a dialysis membrane and dialyzed for three days in

distilled water. After the dialysis, the mixture was concentrated and freeze-dried and

compound 2.8c was obtained as dark green waxy oil, in 81% yield (77.1 mg, 0.059 mmol).

2.8c n

1H-NMR (400 MHz, DMSO-ds, 100 °C),
6/ppm: 8.56 (br, 4H, Pc-a-H), 8.15 (br,
4H, Pc-a-H), 7.56 (br, 4H, Pc-B-H), 4.62
(br, CH>-PEG), 4.17 (br, CH,-PEG), 3.92
(br, CH»-PEG), 3.83 (br, CH,-PEG),
3.76-3.39 (m, CH2-PEG), -3.23 (sl, NH,
2H).

HRMS  (ESI-TOF-INFUSION)

(polydisperse distribution): m/z

calcd. for CsgHe7NgO16 [M+H]*: 1107.4600, found: 1107.4656 (n=3); m/z calcd. for

CoaHs3NgO20 [M+H]*: 1283.5600, found: 1283.5718 (n=4); m/z calcd. for C72H99NsO24

[M+H]*:

1459.6700, found: 1459.6743 (n=5).

FT-IR [(ATR), Vmax/cm™]: 3363 (OH
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stretching vibration — broad band), 3051 (aromatic C-H stretching vibration), 2876
(aliphatic C-H stretching vibration), 1610 (C=C stretching vibration), 1038-1127 (C-O-C
stretching vibration). UV-Vis (DMSO) Amax/nm (/M cm?): 341 (5.5x10%), 672 (7.2x10%),
704 (7.3x10%). ®F (DMSO): 0.22.

2,9(10),16(17),23(24)-tetrakis-[3-(2-{2-[2-(2-Azidoethoxy)-ethoxy]ethoxy}ethoxy)]
phthalocyanine (2.8d)

Following the above procedure, zinc(ll) phthalocyanine 2.6d (70 mg, 0.048 mmol) was
used. Workup was as follows: dichloromethane (100 mL) was added to mixture and
extracted with water (5x50 mL). The organic phase was then dried with anhydrous
sodium sulfate, filtered and solvent was evaporated under reduced pressure. After
purification by column chromatography on silica gel, using as eluent a mixture of
dichloromethane/ethanol (20:1), compound 2.8d was obtained as a dark green waxy

solid in 85% yield (57 mg, 0.041 mmol).

N 14-NMR (400 MHz,
3/>(
0’\/0 DMSO-ds, 100°C), §/ppm:
3 +/\ /]’\/Ns
8.50 (br, 4H, Pc-a-H), 8.03

(br, 4H, Pc-a-H), 7.53 (br,

s " 4H, Pc-B-H), 4.61 (br, 8H,
CH,), 4.17 (br, 8H, CHa),

/\/O 3.93 (br, 8H, CH,), 3.84

N\,

N3 (br, 8H, CH,), 3.79-3.66

(m, 24H, CHa), 3.43 (br, 8H, N3CH>), -3.36 (s, 2H, NH). MS (ESI, MeOH/ACN (1:1) + 0.1%
formic acid): m/z calcd. for CeaH79N20016 [M+H]*: 1383.59, found: 1383.44. FT-IR [(ATR),
Vmax/cm™]: 3293 (NH stretching vibration), 3074 (aromatic C—H stretching vibration),
2866 (aliphatic C—H stretching vibration), 2096 (N3 stretching vibration), 1607 (C=C
stretching vibration), 1039—1122 (C-O-C stretching vibration). UV-Vis (DMSO) Amax/nm
(e/Mcm™): 341 (6.5x10%), 672 (8.8x10%), 705 (8.8x10%). ®r (DMSO): 0.21.
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2,9(10),16(17),23(24)-tetrakis-(2-Trimethylaminoethylethanol)phthalocyanine
tetraiodide (2.9¢)

Tetra-choline phthalocyanine tetraiodide was prepared by slight modification of a
literature procedure.”® Compound 2.8a (60 mg, 0.070 mmol) was dissolved in 3.5 mL
DMF and methyliodide (3.97 g, 28 mmol, 400 equiv.) was added in small portions to this
solution. The mixture was stirred for 24 h at 30 °C with methyl iodide additions at the
beginning (100 equiv.), after 4 h (100 equiv.), after 8 h (100 equiv.) and after 12 h (100
equiv.). Then, the reaction mixture was precipitated by adding diethyl ether and kept in
the fridge (3—5 °C) for 24 h. The resulting precipitate was filtered off and washed with
acetone, ethyl acetate, dichloromethane and diethyl ether. The precipitate was
dissolved in mixture acetonitrile/methanol (1:1) and dried under vacuum to give the
corresponding cationic phthalocyanine 2.9e in 86% (85.8 mg, 0.060 mmol).

Spectroscopic data is in agreement with literature.”?

IH-NMR (400 MHz, DMSO-ds),
/N’\,o 8/ppm: 9.24 (br, 4H, Pc-a-H), 8.89

O\/\N
t >>:/ \/\f ) (br, 4H, Pc-a-H), 7.93 (br, 4H,
Pc-B-H), 5.12 (br, 8H, OCH,), 4.11 (br,
NH 8H, OCH,CH,), 3.45 (s, 36H, C(CHs)a).
&\ % HRMS (ESI-FIA-TOF): m/z calcd. for
\'e Cs2HesN1204K  [M-41+K]*  960.4900,

found: 960.3175; m/z calcd. for

CsoHeoN1204 [M-41-2CHs]* 891.4467, found: 891.4800; m/z calcd. for CagHs7N1204
[M-41-3CH3]* 877.4600, found: 877.4629. UV-Vis (DMSO) Amax/nm (e/M cm): 341
(6.2x10%), 670 (1.0x10°), 703 (1.1x10°). @ (DMSO): 0.24.

General procedure for copper(ll) phthalocyanine complexes

The mixture of the metal-free phthalocyanine (1 equiv.) in the given solvent (DMF or
water) and copper(ll) chloride (CuCly) (2 equiv.) was heated to 75 °C and stirred for 15
minutes. The crude reaction was cooled to room temperature, and after the
appropriated work-up and purification procedure, the corresponding copper(ll)
phthalocyanine complexes were obtained. The formation of copper(ll) phthalocyanine

was confirmed by the formation of one Q-band in the UV-Vis spectrum of this complex.
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[2,9(10),16(17),23(24)-tetrakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-0-
yl)phthalocyaninato] copper(ll) (2.10b)

Following the above procedure, phthalocyanine 2.8b (20 mg, 0.013 mmol) was dissolved
in 3 mL DMF and CuCl; (3.5 mg, 0.026 mmol) was added to this solution. The reaction
mixture was diluted in dichloromethane and washed with distilled water (3x 50 mL). The
organic phase was dried over anhydrous sodium sulfate, filtered and evaporated. The

target compound 2.10b was obtained as a blue solid, in 92% isolated yield (19.3 mg,

0.012 mmol).
HRMS (MALDI-TOF, Dithranol): m/z
00 calcd. for CsoHsoNgO2sCu [M+H]*:
\éo Y 0 1608.52000, found: 1608.51810.

Elem. Anal. calcd. for
[CaoHgsCuNgO24 x 2H,0]: C: 58.40, H:
5.64, N: 6.81; found C: 58.64, H:
5.70, N: 6.95. UV-Vis (DMSO)
Amax/nm (/M1 cm™): 347 (4.3x10%),

612 (2.5x10%), 680 (9.8x10%).

[2(3),9(10),16(17),23(24)-tetrakis-(Polyethyleneglycoxy)phthalocyaninato] copper(ll)
(2.10¢)

Following the above procedure, phthalocyanine 2.8c (20 mg, 0.015 mmol) was dissolved
in 3 mL DMF and CuCl; (4.0 mg, 0.030 mmol) was added to this solution. The reaction
mixture was precipitated with diethyl ether and filtered-off. The resulting precipitate
was dissolved in distilled water and placed in a dialysis membrane, being dialyzed for
two days in distilled water. After the dialysis the mixture was concentrated and
freeze-dried, affording compound 2.10c in 87% yield (17.8 mg, 0.013 mmol), as a dark

bluish green waxy oil.
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HRMS (ESI-TOF-INFUSION),
(polydisperse  distribution): m/z
caled. for CssHsiNgO20Cu  [M+H]*:
1344.4800, found: 1344.4859 (n=4);
m/z calcd. for C72H97Ng024Cu* [M+H]*:
1520.5800, found: 1520.5898 (n=5).

H\Q\/\O 07[\’% FT-IR [(ATR), Vmax/cm™]: 3390 (OH

n 2.10c n

stretching vibration — broad band),
3062 (aromatic C-H stretching vibration), 2869 (aliphatic C-H stretching vibration), 1606
(C=C stretching vibration), 1033-1122 (C-O-C stretching vibration). UV-Vis (DMSO)
Amax/Nm (g/M1 cm™): 348 (5.7x10%), 613 (3.6x10%), 680 (1.4x10%).

[2,9(10),16(17),23(24)-tetrakis-[3-(2-{2-[2-(2-Azidoethoxy)-ethoxy]ethoxy}ethoxy)
phthalocyaninato] copper(ll) (2.10d)
Following the above procedure, phthalocyanine 2.8d (20 mg, 0.014 mmol) was dissolved
in 3 mL DMF and CuCl; (3.8 mg, 0.028 mmol) was added to this solution. The reaction
mixture was diluted in dichloromethane and washed with distilled water (3x 50 mL). The
organic phase was dried over anhydrous sodium sulfate, filtered and evaporated. The
target compound 2.10d was obtained as a bluish green waxy oil, in 86% isolated yield
(17.3 mg, 0.012 mmol).

HRMS (ESI-FIA-TOF): m/z

calcd. for CesH77N20016Cu
[M+H]*: 1444.5100,
found: 1444.5112. FT-IR
[(ATR), Vmax/cm™]: 3070
(aromatic C—H stretching
vibration), 2866 (aliphatic

C—H stretching vibration),

2099 (N3  stretching
vibration), 1601 (C=C stretching vibration), 1047-1129 (C-O-C stretching vibration).
UV-Vis (DMSO) Amax/nm (/M em™): 348 (5.8x10%), 613 (3.3x10%), 680 (1.4x105).
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[2,9(10),16(17),23(24)-tetrakis-(2-Trimethylaminoethylethanol)phthalocyaninato]
copper(ll) tetraiodide (2.11e)

Following the above procedure, phthalocyanine 2.9e (24 mg, 0.017 mmol) was dissolved
in 3.5 mL water and CuCl; (4.6 mg, 0.034 mmol) was added to this solution. The reaction
mixture was placed in a dialysis membrane and dialyzed for two days in distilled water.
After the dialysis the mixture was concentrated and freeze-dried, affording compound
2.11ein 94% (23.9 mg, 0.016 mmol), as a blue solid.

HRMS (ESI-TOF-INFUSION): m/z

/N/\/O calcd. for  Cs2HesCulaN1204Na2
Qr O\/\N [M-21+2Na+2H]*: 1285.2500, found:
1285.1499; m/z calcd. for

CsoHsgCuN1204 [M-41-2CHs]*:

// 952.4000, found: 952.3814; m/z

\/}CE)E)/\O > 116 N calcd. for Ca9H57CuN1204

[M-41-3CHs+2H]*: 940.3900, found:
940.3451. Elem. Anal. calcd. for [CszHsaCulaN1204 x 2H,0]: C: 40.87, H: 4.48, N: 11.00;
found C: 41.03, H: 4.65, N: 11.24. UV-Vis (DMSO) Amax/nm (g/M* cm™): 350 (5.8x10%),
611 (3.1x10%), 678 (1.5x105).

5.3.3 Radiolabelling studies with copper-64

General ®*Cu-labelling protocol of the metal-free phthalocyanines

Copper-64 was produced in an IBA Cyclone 18/9 cyclotron (IBA, Louvain-la-Neuve,
Belgium) via the nuclear reaction ®*Ni(n,p)®*Cu. The obtained copper-64 was dissolved
in acidic medium and purified on an ion exchange column to produce [®*Cu]CuClz in 0.1
M HCI solution.® The resulting solution of [®*Cu]CuCl; in 0.1 M HCI (200-300 pCi) was
heated to dryness at 100 °C in a 3mL-borosilicate vial. To the dry %Cu-containing vial
was added 100 pl of ammonium acetate buffer (0.1 M, pH = 5.5), followed by the
addition of 20 ul of metal-free phthalocyanine in selected solvent (1.8 nmol; [stock
solution] = 9.0 x 10 M) and 350 pl of selected solvent. The final solutions (pH = 5.5;

[labelling reaction] = 3.8 x 10> M) were heated at 95 °C over a period of 5 minutes.
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[2,9(10),16(17),23(24)-tetrakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-0-
yl)phthalocyaninato] copper-64 (2.12b)
The ®*Cu-labelling of metal-free phthalocyanine 2.8b using DMF as selected solvent was

performed according to 5.3.3. For
o>< 74 P
0] purification of the ©*Cu-labelled

) . .
hthalocyanine 2.12b a solid phase
\go 0 d o* P y p

extraction (SPE) method was

carried out. The post-reaction, after

/ N be diluted with 300 pl of water, was
applied to Sep-Pack® C18 cartridge
ﬁ d o%/

column. The cartridge column was
2.12b

washed with 5 mL of water and the
64Cu-labelled phthalocyanine 2.12b was eluted with 1 mL mixture of methanol/THF
(1:1), being afforded in 37% radiochemical yield (non-decay corrected). The
radiochemical purity was >98%, as checked by radio-TLC. For in vitro radiochemical
stability studies, the solvents were removed by evaporation, and the resulting
compound 2.12b was taken up with 2% DMSOQ in physiological saline solution (NaCl 0.9%

w/v).

[2(3),9(10),16(17),23(24)-tetrakis-(Polyethyleneglycoxy)phthalocyaninato] copper-64
(2.13¢c)

The %4Cu-labelling of metal-free phthalocyanine 2.8c using DMF as selected solvent was

performed according to 5.3.3. For
purification of the ®Cu-labelled
phthalocyanine 2.13c a solid phase
extraction (SPE) method was carried
out. The post-reaction, after be
diluted with 300 pl of water, was

applied to Sep-Pack® C18 cartridge

column. The cartridge column was
washed with 5 mL of water and the %4Cu-labelled phthalocyanine 2.13c was eluted with

1 mL of methanol, being afforded in 50% radiochemical yield (non-decay corrected). The
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radiochemical purity was >98%, as checked by radio-TLC. For in vitro radiochemical
stability studies, the solvents were removed by evaporation, and the resulting

compound 2.13c was taken up in physiological saline solution (NaCl 0.9% w/v).

[2,9(10),16(17),23(24)-tetrakis-(2-Trimethylaminoethylethanol)phthalocyaninato]
copper-64 (2.14e)

The ®*Cu-labelling of metal-free phthalocyanine 2.9e using water as selected solvent was

performed according to 5.3.3. Due to

W
//N/\/O ® the almost guantitative
OV\N/ . . .
g I Ny N > radiochemical conversion (>99%),
N N 64 1_ H
y ;\Cu/ \ Cu-labelled phthalocyanine 2.14b
~ was further used in the in vitro
Z N\ g radiochemical stability and in vivo
\/}\,\/\o > 140 O/\/g\/ PET imaging biodistribution studies
@ without any purification. The solvent

(water/buffer) was removed by evaporation reaching a radiochemical yield of 98%
(non-decay corrected). The resulting compound 2.14e was taken up in physiological

saline solution (NaCl 0.9% w/v).

In vitro radiochemical stability studies of *Cu-labelled phthalocyanines

All the in vitro radiochemical stability studies described in this thesis were performed in
a similar manner in the presence of NaCl 0.9%, PBS 0.1 M (pH 7.4) and cell culture
medium (DMEM — Dulbecco’s Modified Eagle’s Medium). Briefly, 30 ulL aliquots of
aqueous solutions containing the ®*Cu-labelled phthalocyanines under study (2.12b,
2.13cand 2.14e) were added to 80 pL of each medium, and the mixtures were incubated
at 37 °C. Analyses of the solutions were performed at specific time points by radio-TLC

(incubation time: 1, 18 and 24 h).
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5.4 Experimental (referring to Chapter 3)

In this section, the synthetic procedures of B-indolylketones (described in
Chapter 3) are provided, as well as their full characterization. The chalcones 3.1a-e were
kindly provided by Professor Gilberto L. B. Aquino from Universidade Estadual de Goids
(Brazil). The in vitro cytotoxicity studies and ClogP determination of the compounds
3.3a-c were performed by Hélder Soares (MSc) from the Photonics and Reactivity
Laboratory of Coimbra Chemistry Center. The *1C-labelling experiments were performed
in Radiochemistry and Cyclotron Laboratory at ICNAS-P. The production of carbon-11
radioisotope was performed by Angela Neves (MSc) from ICNAS-P. The in vivo PET
imaging and biodistribution studies in mice were performed by José Sereno (PhD) from

ICNAS Pre-Clinical Imaging Facility.

5.4.1 Synthesis of B-indolylketones

General procedure for the synthesis of B-indolylketones (3.2a-e)

A mixture of chalcone 3.1a-e (1 mmol), indole (1.2 equiv.), p-TSOH (0.1 equiv.) and
isopropanol (1 mL) was microwave-irradiated (200 W of power) in a closed vessel at 110
°C over a period of 5 min. Then, the reaction mixture was cooled to room temperature,
and the solvent removed. After recrystallization with hot ethanol, the residue was
purified through column chromatography on silica gel to afford the pure products

3.2a-e.

3-(1H-indol-3-yl)-1-(4-methoxyphenyl)-3-phenylpropan-1-one (3.2a).

Following the above procedure, chalcone 3.1a (239 mg, 1 mmol), indole (141 mg, 1.2
mmol) and p-TSOH (18 mg, 0.1 mmol) were dissolved in 1 mL of isopropanol. The residue
was purified by column chromatography on silica gel using dichloromethane to obtain a
light yellow solid (3.2a) in 88% vyield (313 mg, 0.88 mmol). Spectroscopic data is in

agreement with literature.®
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1H-NMR (400.13 MHz, CDCls), §/ppm: 7.98 (s, 1H, NH),

L
C

7.94-7.91 (m, 2H), 7.44 (d, J = 7.9 Hz, 1H), 7.36-7.30 (m,
O 3H), 7.27-7.23 (m, 2H), 7.17-7.12 (m, 2H), 7.03-6.99 (m,
2H), 6.92-6.88 (m, 2H), 5.06 (t, J = 7.2 Hz, 1H, CH), 3.85 (s,

O—

w IZ o

7a 3H, -OCHs), 3.77 (dd, J = 16.4, 6.9 Hz, 1H, CH,), 3.67 (dd, J

= 16.4, 7.6 Hz, 1H, CH,). 3C-NMR (100.61 MHz, CDCls),
8/ppm: 196.9 (C=0), 163.2, 144.2, 136.5, 130.2, 130.1, 128.2, 127.7, 126.5, 126.1, 121.9,
121.2,119.4,119.3,119.2, 113.5, 110.9, 55.3, 44.7, 38.2. GC/MS (EI): m/z = 355.2 [M]*.

3-(4-bromophenyl)-3-(1H-indol-3-yl)-1-(4-methoxyphenyl)propan-1-one (3.2b).

Following the above procedure, chalcone 3.1b (318.0 mg, 1 mmol), indole (141 mg, 1.2
mmol) and p-TSOH (18 mg, 0.1 mmol) were mixed in 1 mL of isopropanol. The residue
was purified by column chromatography on silica gel using dichloromethane/hexane

(2:1) to obtain 3.2b as a white solid in 90% yield (391 mg, 0.90 mmol).

1H-NMR (400.13 MHz, CDCls), §/ppm: 7.98 (sl, 1H, NH),

i O | 793-7.80 (m, 2H), 7.41-7.32 (m, 4H), 722 0, J=8.4 e
O O| 2H),7.16 (t,J = 7.6 Hz, 1H), 7.05-6.99 (m, 2H), 6.92-6.89
O \ & (m, 2H), 5.02 (t, J = 7.2 Hz, 1H, CH), 3.86 (s, 3H, -OCHa),
N 3.74 (dd, J = 16.6, 6.4 Hz, 1H, CHa), 3.64 (dd, J = 16.6, 8.1

3.2b

Hz, 1H, CH.). 13C-NMR (100.61 MHz, DMSO-ds), 6/ppm:

196.5 (C=0), 163.1, 144.9, 136.4, 130.9, 130.4, 130.1, 129.8, 126.2, 122.0, 121.1, 118.7,
118.6,118.4,117.6,113.9, 111.4, 55.5, 43.6, 37.2. GC/MS (El): m/z = 435.1 [M+2H]*.

1-(4-fluorophenyl)-3-(1H-indol-3-yl)-3-(4-methoxyphenyl)propan-1-one (3.2c)

Following the above procedure, chalcone 3.1c (257 mg, 1 mmol), indole (141 mg, 1.2
mmol) and p-TSOH (18 mg, 0.1 mmol) were mixed in 1 mL of isopropanol. The residue
was purified by column chromatography on silica gel using dichloromethane to obtain
3.2c as a white solid in 87% isolated yield (325 mg, 0.87 mmol). Spectroscopic data is in

agreement with literature.’
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1H-NMR (400.13 MHz, CDCl3), 5/ppm: 7.99 (s, 1H, NH),

0/ 7.99-7.92 (m, 2H), 7.43 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 8.2
O O o| Hz 1H),7.27-7.24 (m, 2H), 7.17-7.13 (m, 1H), 7.12-7.06
(m, 2H), 7.05-7.01 (m, 1H), 6.97 (d, J = 1.7 Hz, 1H), 6.82—

O ,: © 6.78 (m, 2H), 5.00 (t, J = 7.2 Hz, 1H, CH), 3.78-3.73 (m,
H3,2c 4H, CH, and -OCHs), 3.67 (dd, J = 16.5, 7.9 Hz, 1H, CH,).

13C.NMR (100.61 MHz, CDCls), §/ppm: 197.0 (C=0),
166.7, 164.2, 157.8, 136.5, 136.0, 133.5, 133.4, 130.6, 130.5, 128.5, 126.4, 122.0, 121.1,
119.4, 119.2, 115.6, 115.3, 113.7, 111.0, 55.0, 45.1, 37.4. °F-NMR (376 MHz, CDCls),
8/ppm: -105.45 (s, 1F). GC/MS (El): m/z = 373.1 [M]*.

3-(1H-indol-3-yl)-1,3-diphenyl-propan-1-one (3.2d)

Following the above procedure, chalcone 3.1d (209 mg, 1 mmol), indole (141 mg, 1.2
mmol) and p-TSOH (18 mg, 0.1 mmol) were mixed in 1 mL of isopropanol. The residue
was purified by column chromatography on silica gel using dichloromethane/hexane
(1:1) to obtain a white solid (3.2d) in 82% yield (267 mg, 0.82 mmol). Spectroscopic data
is in agreement with literature.'®?

1H-NMR (400.13 MHz, CDCls), §/ppm: 7.99 (s, 1H, NH),

O 7.95-7.91 (m, 2H), 7.57-7.52 (m, 1H), 7.46-7.42 (m, 3H),
O 7.38-7.35 (m, 2H), 7.32 (d, J = 8.2 Hz, 1H), 7.28-7.25 (m, 2H),

O ,: ° 7.19-7.13 (m, 2H), 7.04-6.99 (m, 2H), 5.08 (t, J = 7.2 Hz, 1H,
H3_2d CH), 3.83 (dd, J = 16.7, 6.8 Hz, 1H, CHa), 3.74 (dd, J = 16.7, 7.6

Hz, 1H, CH,). 3C-NMR (100.61 MHz, CDCls), §/ppm: 198.7
(C=0), 144.4,137.3, 136.8, 133.1, 128.7, 128.6, 128.2, 128.0, 126.8, 126.4, 122.3, 121.6,
119.7,119.5,119.4, 111.3, 45.4, 38.4. GC/MS (EI): m/z = 325.1 [M]".

3-(1H-indol-3-yl)-3-(4-methoxyphenyl)-1-phenylpropan-1-one (3.2e)

Following the above procedure, chalcone 3.1e (239 mg, 1 mmol), indole (141 mg, 1.2
mmol) and p-TSOH (18 mg, 0.1 mmol) were dissolved in 1 mL of isopropanol. The residue
was purified by column chromatography on silica gel using dichloromethane to obtain a
light yellow solid (3.2e) in 85% vyield (302 mg, 0.85 mmol). Spectroscopic data is in

agreement with literature.®
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1H-NMR (400.13 MHz, CDCls), §/ppm: 7.95 (sl, 1H, NH),

—° O 7.94-7.92 (m, 2H), 7.56-7.52 (m, 1H), 7.45-7.41 (m, 3H),
O 7.32 (d, J = 8.1 Hz, 1H), 7.28-7.24 (m, 2H), 7.17-7.13 (m,

O \ ¢ 1H), 7.04-6.99 (m, 2H), 6.81-6.78 (m, 2H), 5.02 (t, J = 7.2

N Hz, 1H, CH), 3.79 (dd, J = 16.6, 6.6 Hz, 1H, CH2), 3.75 (s, 3H,

3.2¢ -OCHs), 3.69 (dd, J = 16.6, 7.9 Hz, 1H, CHx). 3C-NMR (100.61

MHz, CDCls), §/ppm: 198.9 (C=0), 158.1, 137.3, 136.8, 136.5, 133.1, 128.9, 128.7, 128.3,
126.8,122.3,121.4,119.9, 119.8, 119.5, 114.0, 111.2, 55.3, 45.5, 37.6. GC/MS (EI): m/z=
355.1 [M]".

General procedure for the synthesis of N-methylated B-indolylketones (3.3a-e)

A mixture of chalcone 3.1a-e (1 mmol), 1-methylindole (1.2 equiv.), p-TSOH (0.1 equiv.)
and isopropanol (1 mL) was microwave-irradiated (200 W of power) in a closed vessel at
110 °C over a period of 5 min. Then, the reaction mixture was cooled to room
temperature, and the solvent removed. After recrystallization with hot ethanol, the

residue was purified by silica gel to afford the pure products 3.3a-e.

1-(4-methoxyphenyl)-3-(1-methyl-1H-indol-3-yl)-3-phenylpropan-1-one (3.3a)

Following the above procedure, chalcone 3.1a (239 mg, 1 mmol), 1-methylindole (158
mg, 1.2 mmol) and p-TSOH (18 mg, 0.1 mmol) were dissolved in 1 mL of isopropanol.
The residue was purified by column chromatography on silica gel using
dichloromethane/hexane (1:1) to obtain a light yellow solid (3.3a) in 90% yield (333 mg,

0.9 mmol). Spectroscopic data is in agreement with literature.®

'H-NMR (400.13 MHz, CDCls), §/ppm: 7.95 (d, J = 8.8 Hz,

O O/ 2H), 7.47 (d, J = 7.9 Hz, 1H), 7.38 (d, J = 7.6 Hz, 2H), 7.29—
O 7.26 (m, 3H), 7.19 (q, J = 7.5 Hz, 2H), 7.03 (t, J = 7.4 Hz, 1H),
O ; © 6.92 (d, J = 8.8 Hz, 2H), 6.86 (s, 1H), 5.08 (t, J = 7.2 Hz, 1H,
\ 33, CH), 3.85 (s, 3H, -OCHs), 3.78 (dd, J = 16.6, 6.7, Hz, 1H, CHa),

3.73-3.67 (m, 4H, CH> and -NCHs). 3C-NMR (100.61 MHz,
CDCls), 8/ppm: 197.2 (C=0), 163.5, 144.7, 137.5, 130.5, 130.4, 128.5, 127.9, 127.2,
126.4, 126.3, 121.8, 119.8, 118.9, 118.1, 113.8, 109.3, 55.57, 45.1, 38.4, 32.8. GC/MS
(El): m/z=369.2 [M]*.
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3-(4-bromophenyl)-1-(4-methoxyphenyl)-3-(1-methyl-1H-indol-3-yl)propan-1-one
(3.3b)

Following the above procedure, chalcone 3.1b (318 mg, 1 mmol), 1-methylindole (158
mg, 1.2 mmol) and p-TSOH (18 mg, 0.1 mmol) were dissolved in 1 mL of isopropanol.
The residue was purified by column chromatography on silica gel using

dichloromethane/hexane (1:1) to obtain a white solid (3.3b) in 88% yield (395 mg, 0.88

mmol).
- 1H-NMR (400.13 MHz, CDCls), §/ppm: 7.93-7.90 (m, 2H),
O | 741734 (m, 3H), 7.27-7.25 (m, 1H), 7.24-7.17 (m, 3H)
O O| 7.04-7.00 (m, 1H), 6.92-6.89 (m, 2H), 6.82 (s, 1H), 5.01 (,
O \, 6 J=7.2 Hz, 1H, CH), 3.86 (s, 3H, -OCH), 3.75-3.70 (m, 4H,
\ - 'NCHs and CH.), 3.64 (dd, J = 16.7, 8.1 Hz, 1H, CHa).

13C-NMR (100.61 MHz, CDCls), §/ppm: 196.8 (C=0),
163.7, 143.7, 137.5, 131.6, 130.5, 130.2, 129.8, 127.0, 126.3, 122.0, 120.1, 119.7, 119.1,
117.6,113.9, 109.4, 55.6, 44.8, 37.8, 32.9. GC/MS (El): m/z = 449.1 [M+2H]".

1-(4-fluorophenyl)-3-(4-methoxyphenyl)-3-(1-methyl-1H-indol-3-yl)propan-1-one
(3.3¢c)

Following the above procedure, chalcone 3.1c (257 mg, 1 mmol), 1-methylindole (158
mg, 1.2 mmol) and p-TSOH (18 mg, 0.1 mmol) were dissolved in 1 mL of isopropanol.
The residue was purified by column chromatography on silica gel using
dichloromethane/hexane (2:1) to obtain a white solid (3.3c) in 85% vyield (330 mg, 0.85

mmol).

'H-NMR (400.13 MHz, CDCls), §/ppm: 7.97-7.92 (m, 2H,
Horto Ring A), 7.43 (d, J = 8.0 Hz, 1H, H4), 7.26-7.24 (m, 3H,
Horto Ring B and H7), 7.18 (t, /= 8.0 Hz, 1H, H6), 7.11-7.06
(m, 2H, Hmeta Ring A), 7.01 (t, J = 7.9 Hz, 1H, H5), 6.81-6.78
(m, 3H, Hmets Ring B and H2), 4.98 (t, J = 7.2 Hz, 1H, Ha),

3.77-3.72 (m, 7H, HPB, -OCHz and -ONH3z), 3.68 (dd, J =

16.5, 8.0 Hz, 1H, HP). 13C-NMR (100.61 MHz, CDCl3), §/ppm: 197.3 (C=0), 167.1 (C-F),
164.5 (C-F), 158.1 (Cpara Ring B), 137.5 (C7a), 136.5 (Cy), 133.8 (Cy’), 133.7 (Cy’), 130.9
(Corto Ring A), 130.8 (Corto Ring A), 128.8 (Corto Ring B), 127.1 (C3a), 126.3 (C2), 121.9 (C6),
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119.7 (C4), 119.0 (C5), 118.2 (C3), 115.9 (Crmeta Ring A), 115.6 (Cmeta Ring A), 114.0 (Cmeta
Ring B), 109.4 (C7), 55.3 (OCHs), 45.5 (CB), 37.6 (Ca), 32.8 (NCHs). °F-NMR (376 MHz,
CDCls), 8/ppm: & -105.49 (s, 1F). GC/MS (EI): m/z = 387.2 [M]".

3-(1-methyl-1H-indol-3-yl)-1,3-diphenylpropan-1-one (3.3d)

Following the above procedure, chalcone 3.1d (209 mg, 1 mmol), 1-methylindole (158
mg, 1.2 mmol) and p-TSOH (18 mg, 0.1 mmol) were dissolved in 1 mL of isopropanol.
The residue was purified by column chromatography on silica gel using
dichloromethane/hexane (1:2) to obtain a white solid (3.3d) in 91% yield (309 mg, 0.91

mmol). Spectroscopic data is in agreement with literature.!®

1H-NMR (400.13 MHz, CDCl3), §/ppm: 7.95-7.93 (m, 2H),
O 7.57-7.52 (m, 1H), 7.46-7.41 (m, 3H), 7.38-7.36 (m, 2H),
O 7.28-7.24 (m, 3H), 7.21-7.14 (m, 2H), 7.04-7.00 (m, 1H), 6.84

O ; ° (s, 1H), 5.07 (t, J = 7.2 Hz, 1H, CH), 3.82 (dd, J = 16.8, 6.7 Hz,
3.3d 1H, CH,), 3.78-3.72 (m, 4H, CH, and -NCHs). 13C-NMR (100.61

MHz, CDCl3), 6/ppm: 198.7 (C=0), 144.5, 137.5, 137.3, 133.1, 128.7, 128.6, 128.2, 128.0,
127.1,126.4,121.8,119.7,119.0, 118.0, 109.3, 45.5, 38.3, 32.8. GC/MS (El): m/z = 339.2
[M]*.

3-(4-methoxyphenyl)-3-(1-methyl-1H-indol-3-yl)-1-phenylpropan-1-one (3.3¢)

Following the above procedure, chalcone 3.1e (239 mg, 1 mmol), 1-methylindole (158
mg, 1.2 mmol) and p-TSOH (18 mg, 0.1 mmol) were dissolved in 1 mL of isopropanol.
The residue was purified by column chromatography on silica gel using
dichloromethane/hexane (1:1) to obtain a light yellow solid (3.3e) in 86% yield (318 mg,

0.86 mmol). Spectroscopic data is in agreement with literature.!®

1H-NMR (400.13 MHz, CDCls), §/ppm: 7.94-7.92 (m, 2H),

—0
O 7.56-7.50 (m, 1H), 7.45-7.41 (m, 3H), 7.27-7.24 (m, 3H),
O 7.20-7.16 (m, 1H), 7.03-6.99 (m, 1H), 6.86-6.78 (m, 3H),
Q \ ¢ 5.01 (t, J = 7.2 Hz, 1H, CH), 3.80-3.67 (m, 8H, CHa, -OCHs and
\ s _NCH). *C-NMR (100.61 MHz, CDCls), 5/ppm: 198.8 (C=0),

158.1, 137.5, 137.3, 136.6, 133.1, 128.9, 128.7, 128.3,
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127.1,126.3,121.8,119.8,119.0, 118.3,113.9, 109.3, 55.3, 45.6, 37.5, 32.8. GC/MS (El):
m/z = 369.1 [M]*.

5.4.2 Radiolabelling studies with carbon-11

General 1C-labelling protocol, purification and reformulation

In a sample flask, 3 mg (0.008 mmol) of compound 3.2c was dissolved in dry DMF (348
ul, 23 mM) and vortexed for 1 min. To this solution was added 9 mg of KOH (0.16 mmol,
20 equiv.) and vortexed for 5 min. 100 ul (0.86 mg of compound 3.2c) of the previous
mixture was introduced in the 2 mL stainless loop of the carbon-11 automated
radiosynthesis system. The [*!C]CHsl produced in Synthra radiosynthesis module is
driven to the loop and allowed to react with compound 3.2c for 5 min at room
temperature. The reaction product was isolated using a semi-preparative HPLC with
Phenomenex Luna Cig (10-15 pum, 10 x 250 mm) column and ACN/0.1 M ammonium
format buffer solution (65:35) as a mobile phase with flow of 9 mL.minL. Detection was
made by UV (254 nm) and radioactivity. The 'C-labelled product 3.4c was collected for
reformulation in a system installed at IBA Synthera® Extension automated module. The
11C-labelled product 3.4c was trapped in a SPE cartridge, and was washed with 10 mL of
water to remove the acetonitrile from the mobile phase leaving only !C-labelled
product 3.4c¢. The loaded cartridge was eluted with 1 mL of ethanol, followed by 9 mL of
NaCl 0.9% reaching the sterile final vial. The amount of radioactivity of the final vial was
measured in a dose calibrator and a sample of the 'C-labelled product 3.4c was subject

to quality control.

Quality control of !C-labelled compound 3.4c

The analytical HPLC was performed using a HPLC Agilent Technologies 1200 series with
using Zorbax Eclipse XDB-C18 (5 um, 4.6 x 150 mm) column using ACN/0.1 M ammonium
format buffer solution (65:35) as a mobile phase with flow of 2 mL.min, controlled by
UV (254 nm) and y-detector. Levels of organic volatile impurities were analyzed through
the injection of 2 pl of the final solution into a GC equipped with a FID and previously
calibrated for the residual solvents in analysis. Since injection !C-labelled product 3.4c
vehicle is 10% ethanol and 90% saline and acetonitrile belongs of the mobile phase, two
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possible peaks could be expected in the chromatogram and their concentration in the
final solution shall be, according to radiopharmaceutical preparations monograph of Ph.
Eur., less than 4.1 mg/10 mL for acetonitrile and 2500 mg/10 mL for ethanol.'® The pH
of reformulated *'C-labelled product 3.4c¢ solution was measured by potentiometry and
should be between 4.5 and 8.5, in accordance with the radiopharmaceutical

preparations monograph of Ph. Eur.1?

5.5 Experimental (referring to Chapter 4)

In this section, the synthetic procedures of phthalonitrile and the corresponding

a-octa-substituted phthalocyanines are provided, as well as, their full characterization.

1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-yl tosylate (4.2)
Toluene-azeotropically dried 1,2:3,4-di-O-iso-propylidene-D-galactopyranose 4.1 (1.30
g, 5 mmol) was placed in a dried Schlenk flask, under nitrogen atmosphere, and
dissolved in dry pyridine (10 mL). The solution was kept at room temperature and tosyl
chloride (1.0 g, 5.25 mmol) was added, under nitrogen atmosphere. After stirring 1 h at
room temperature, the reaction mixture was cooled to 0-5 °C and further stirred for 16
h. The final reaction mixture was filtered and the resulting filtrate was poured into
distilled water and extracted with diethyl ether (4x 50 mL). The combined organic phases
were washed successively with 0.1 M hydrochloric acid (2x 30 mL), brine (2x 30 mL),
distilled water (2x 30 mL) and then dried over Na;SOa4. After filtration and solvent
removal by evaporation, product 4.2 was obtained in 80% isolated yield (1.66 g, 4 mmol).
Spectroscopic data is in agreement with literature.?°

1H-NMR (400.13 MHz, CDCls), §/ppm: 7.80 (d, J = 8.3 Hz, 2H,

0

\\S_O_ H-Ar), 7.32 (d, J = 8.3 Hz, 2H, H-Ar), 5.44 (d, J = 5.0 Hz, 1H,
o’ v

A(O OO H-1'), 4.58 (dd, J= 7.9, 2.5 Hz, 1H, H-Galactose), 4.28 (dd, J =

0&0‘1' 5.0, 2.5 Hz, 1H, H-Galactose), 4.21-4.17 (m, 2H, H-Galactose),

>

4.12-4.03 (m, 2H, H-Galactose), 2.43 (s, 3H, Ph-CH3), 1.49 (s,

3H, CHs), 1.33 (s, 3H, CHs), 1.30 (s, 3H, CHs), 1.25 (s, 3H, CHs).
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13C-NMR (100.61 MHz, CDCls), §/ppm: 145.2, 133.3, 130.2, 128.6, 110.0, 109.4, 95.6,
71.0, 70.9, 70.8, 68.6, 66.3, 26.4, 26.3, 25.4, 24.8, 22.1.

3,6-bis(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-yl)-phthalonitrile (4.3)

Toluene-azeotropically dried 2,3-dicyanohydroquinone (1.06 g, 6.67 mmol) and PPhs
(5.26 g, 20 mmol), were placed In a dried Schlenk flask and suspended in dry toluene (60
mL), under nitrogen atmosphere. At room temperature, 9.5 mL (20 mmol) of DEAD (40%
in toluene) was added dropwise with stirring, over a period of 5 min. To this solution,
5.5 g (20 mmol) of 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose 4.1 dissolved in 10
mL of dry toluene was added and the reaction was heated to 110 °C. After stirring for 24
h under nitrogen atmosphere, the solvent was evaporated under reduced pressure.
Then, the residue was dissolved in dichloromethane and purified by a silica gel column
chromatography, using dichloromethane/methanol (200:1) as eluent, and further
purified by recrystallization in methanol, providing compound 4.3 in 39% isolated yield

(1.7 g, 2.6 mmol). Spectroscopic data is in agreement with literature.?!

14 1H-NMR (400.13 MHz, CDCl3), §/ppm: 7.25 (s, 2H, H-Ar), 5.52 (d, J =

% 0 4.9 Hz, 1H, H-1’), 4.66 (dd, J= 7.9, 2.4 Hz, 2 H, H-Galactose), 4.40 (d,

\?%\D)T J =8 Hz, 2H, H-Galactose), 4.34 (dd, J=4.9, 2.4 Hz, 2H, H-Galactose),

CN 4.28-4.15 (m, 6H, H-Galactose), 1.54 (s, 6H, CHs), 1.44 (s, 6H, CHs),

on | 133 (s, 12H, 2x CHs). 3C-NMR (100.61 MHz, CDCls), 8/ppm: 155.4

_l(o 0 o (Car-0), 119.4, 112.9, 109.6, 109.2, 105.7, 96.4, 70.8, 70.7, 70.6,
o%‘)lv

68.9, 66.4, 26.2 (CHs), 26.1 (CHs), 25.0 (CHs), 24.5 (CHs). HRMS
(ESI-TOF): m/z calcd. for C32HaoN2012Na [M+Na]*: 667.2497, found:

667.2474.

[1,4,8,11,15,18,22,25-0ctakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-
yl)phthalocyaninato] zinc(ll) (4.4)

In a dried Schlenk flask, phthalonitrile 4.3 (250 mg, 0.39 mmol) was dissolved in
pentan-1-ol (2.5 mL) and DBU (5 pl, 0.039 mmol, 10 mol%) were added. The reaction
was deaerated and zinc(ll) acetate dihydrate (43.9 mg, 0.20 mmol, 0.5 equiv.) was
added. The reaction was stirred at 150 °C (reflux) over a period of 6 h, under nitrogen

atmosphere. The reaction mixture was allowed to reach room temperature and it was
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poured into a 2:1 mixture of MeOH/H,0, and allow to precipitate at room temperature.
The resulting precipitated was dissolved in dichloromethane and purified by a silica gel
column chromatography, using first a mixture of dichloromethane/ethyl acetate (1:1) as
eluent, and then ethyl acetate to collect the green fraction containing phthalocyanine
4.4. After evaporation under reduced pressure the pure compound 4.4 was obtained in

25% yield (65 mg), as a light green solid.

'H-NMR (400.13 MHz, CDCls + Py-ds), §/ppm: 7.55 (s,
RO OR 8H, Pc-B-H), 5.37 (d, J = 5.0 Hz, 8H, H-1’), 5.14 (dd, J =
OR N=N,2~N  OR 12.0, 5.4 Hz, 8H, H-6'a/b), 4.85 (dd, J = 12.0, 6.5 Hz,
) 8H, H-6'a/b), 4.47 (d, J = 8.1 Hz, 8H, H-4’), 4.34 (m, 8H,
/ a H-5’), 4.29 (dd, J = 8.0, 2.1 Hz, 8H, H-3’), 4.04 (dd, J =
OR N"»—N OR
— 5.0, 2.1 Hz, 8H, H-2’), 1.20 (s, 24H, CHs), 1.18 (s, 24H,
CHs), 1.00 (s, 24H, CHs), 0.90 (s, 24H, CHs). MS
4.4 (MALDI-TOF, reflector mode): m/z calcd. for
C128H162Ns0ssZn [M+2H]*: 2642.96, found: 2642.44.
UV-Vis (DMSO) Amax/nm (¢/M1 cm1): 326 (4.5x10%),

736 (1.1x10%). ®¢ (DMSO): 0.17.

[1,4,8,11,15,18,22,25-0ctakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-
yl)phthalocyaninato] magnesium(ll) (4.5)

In a dried Schlenk flask, 48 mg of magnesium turnings (2 mmol) were suspended in 1 mL
pentan-1-ol. This suspension was heated to 150 °C (reflux) and maintained at that
temperature until a light grey amalgam was formed (near 1 hour). Then, 1 mL octan-1-ol
was added to this amalgam, followed by 200 mg of phthalonitrile 4.3 (0.31 mmol). The
reaction mixture was heated till 160 °C and stirred over a period of 3 h, under nitrogen
atmosphere. After azeotropic removal of reactions solvents with toluene under reduced
pressure, the crude mixture was poured into a mixture of dicloromethane/hexane (1:1)
and filtered off. The green filtrate was evaporated under reduced pressure and, the
resulting residue was subjected to silica gel column chromatography, using first a
mixture of dichloromethane/ethyl acetate (1:1) as eluent, and then ethyl acetate to

afford the green fraction containing phthalocyanine 4.5. The solvent was removed, and
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the green solid 4.5 was obtained in 15% vyield (30 mg), after being washed with hot

pentane and dried under reduced pressure.

1H-NMR (400.13 MHz,DMSO-ds), §/ppm: 7.72 (s, 8H,

RO — OR Pc-B-H), 5.52 (d, J = 5.0 Hz, 8H, H-1’), 5.15 (br, 8H,

OR nN= 'T‘/ Ikl OR H-Galactose), 4.89 (br, 8H, H-Galactose), 4.65 (d, J =
: N—I\/I!g—N | 5 8.2 Hz, 8H, H-Galactose), 4.54 (dd, J=7.9, 1.6 Hz, 8H,

ba NS |\'|\ ,{l OO|; H-Galactose), 4.48-4.42 (m, 8H, H-Galactose), 4.33
— (dd, J = 4.9, 1.9 Hz, 8H, H-Galactose), 1.40 (s, 24H,

RO OR CHs), 1.30 (s, 24H, CHs), 1.25 (s, 24H, CHs), 1.06 (s,

4.5 24H, CHs). MS (MALDI-TOF, Dithranol): m/z calcd. for

=o ___________ CesH71Ns023Mg [M+H-5Prot Gal]*: 1391.450, found:
A<O ~\1' 1391.363, (*Prot Gal = protected galactose residue).

. 70 UV-Vis (DMSO) Amax/nm (g/M?* em™): 327 (4.6x10%),

760 (9.7x10%). ®¢ (DMSO): 0.03.

1,4,8,11,15,18,22,25-octakis-(1,2:3,4-Di-O-isopropylidene-a-D-galactopyranos-6-
yl)phthalocyanine (4.6)

Lithium (50 mg, 7.1 mmol) and 1 mL of pentan-1-ol were placed in a dried Schlenk flask
and the mixture was stirred, under nitrogen atmosphere, at 150 °C (reflux). After stirring
for 1 h (i.e. when all the lithium was dissolved), 1 mL of pentan-1-ol was added, followed
by 300 mg phthalonitrile 4.3 (0.47 mmol), and the reaction mixture was stirred over a
period of 2 h at reflux, under nitrogen atmosphere. The reaction mixture was allowed
to reach room temperature and it was poured into 25 mL THF. Glacial acetic acid (3 mL)
was slowly added and the mixture was stirred at room temperature for 30 min. The
reaction mixture was poured in a mixture of H,O/methanol (2:1) and placed in a fridge
until formation of a brown precipitate was observed. The solution was filtered, and the
resulting precipitate was dissolved in dichloromethane and purified by a silica gel
column chromatography, using first dichloromethane as eluent, and then a mixture
dichloromethane/ethyl acetate (3:2) to collect the brown greenish fraction containing
metal-free phthalocyanine 4.6. After removal of solvent the compound 4.6 was obtained

in 9% yield (28.1 mg), after being dried under reduced pressure.
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1H-NMR (400.13 MHz, DMSO-ds, 100°C), &/ppm:
7.80 (br, 8H, Pc-B-H), 5.50 (br, 8H, H-1’), 4.80-4.14
(m, 48H, H-Galactose), 1.52—0.92 (m, 96H, CHs). MS
(MALDI-TOF, Dithranol): m/z calcd. for C104H127NsO3s
[M+H-2Prot Gal]*: 2095.820, found: 2095.895; m/z
caled. for CgaH109NgO33 [M+H-3Prot Gal]*: 1853.710,
found: 1853.785, (*Prot Gal = protected galactose
residue). UV-Vis (DMSO) Amax/nm (/M1 cm?): 332
(5.7x10%), 782 (9.4x10%). ®¢ (DMSO): 0.02.
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