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ABSTRACT

Alzheimer's disease (AD), a neurodegenerative disease that is expected to affect 130 million peo-
ple worldwide by 2050, is caused by multiple factors, such as the accumulation of amyloid-p (AB)
plaques and the deposition of neurofibrillary tangles (NFT) of hyperphosphorylated tau protein,
which lead to neuronal death and to a decrease of the levels of the neurotransmitter acetylcholine
(ACh). The deregulation of biometals (Cu?", Zn?, Fe?* and Al**) homeostasis is also characteristic
of AD, being related to the formation of the aforementioned AP plaques and NFT. Currently, the
therapeutic strategies, mainly based on treating AD patients with inhibitors of the two enzymes
involved in ACh hydrolysis, namely acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE), were shown to have potential to promote disease modifying benefits. However, after
long-term use, patients usually experience several side effects and these strategies have not been
effective. Moreover, most of the single-target compounds against AD have failed in clinical trials.
Some nucleosides synthesized in our group already showed potent AChE and/or BChE inhibitory
activity and one has shown potential as a metal chelator. Inspired by these findings, in this dis-
sertation, new nucleosides were prepared and tested. For the purpose, three synthetic methods
were explored, including a new synthetic methodology for regio- and stereoselective preparation
of nucleosides. Amongst the seven synthesized compounds, including five new nucleosides, two
per-benzylated L-rhamnosylpurine nucleosides showed the most promising results, presenting
metal chelation (one being a selective copper chelator and the other being a non-selective one)
and potential as cholinesterase inhibitors, in vitro. Hence, this dissertation work opens opportu-
nities for further research on nucleosides potential as dual- or multitarget compounds for disease

modifying therapies against AD.

Keywords: Nucleosides, synthesis, cholinesterase inhibitors, metal chelators, Alzheimer's disease
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RESUMO

A doenca de Alzheimer (DA), uma doenca neurodegenerativa que se espera que venha afetar 130
milhdes de pessoas em 2050, é originada por multiplos fatores como a acumulagao de placas de
amildide-p (Ap) e a deposicao de novelos neurofibrilares (NNF) de proteina tau hiperfosforilada
que levam a morte neuronal e a diminui¢ao dos niveis do neurotransmissor acetilcolina (AC). A
desregulacao da homeostase de biometais (Cu?, Zn*, Fe?* e Al*) trata-se também de uma carac-
teristica da DA, estando relacionada com a formacao das placas AP e dos NNF. Atualmente, as
estratégias terapéuticas, principalmente focadas no tratamento de pacientes com DA com inibi-
dores dos enzimas envolvidos na hidroélise da AC, a acetilcolinesterase (ACE) e a butirilcolines-
terase (BCE), j4 demonstraram ter potencial para promover beneficios. No entanto, apds toma
prolongada, os pacientes sofrem frequentemente diversos efeitos secunddrios e, desta forma, es-
tes farmacos nao tém sido eficientes. Para além disso, a maior parte dos compostos de alvo tinico
falharam em ensaios clinicos. Nucledsidos sintetizados no nosso grupo ja demonstraram potente
inibicao de ACE e/ou BCE e um demonstrou potencial enquanto agente quelante de metais. As-
sim, com inspiragao nestes estudos, nesta dissertagao, novos nucledsidos foram preparados e tes-
tados. Para tal, trés métodos sintéticos foram explorados, incluindo um novo método de sintese
regio- e esterosseletiva de nucledsidos. Entre sete nucledsidos sintetizados, incluindo cinco novos
compostos, duas L-ramnosilpurinas demonstraram os resultados mais promissores, apresen-
tando quelacdao de metais (um sendo quelante seletivo de Cu?* e outro sendo nao seletivo) e po-
tencial enquanto inibidores de colinesterase, in vitro. Desta forma, esta dissertacdo abre a oportu-
nidade para futura investigacao acerca do potencial de nucledsidos deste tipo enquanto compos-
tos que atuam em dois ou mais alvos como terapias que modificam o desenvolvimento da doenga

contra a DA.

Palavas chave: Nucledsidos, sintese, inibidores de colinesterase, quelagao de metais, doenga de

Alzheimer
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INTRODUCTION

Dementia is the most prevalent neurodegenerative pathology among the elderly community.
In 2015, it is estimated that there were about 45 to 50 million people living in this condition, a

number that is expected to increase up to 130 million by 2050 [1].

1.1 Alzheimer's disease

Alzheimer's disease (AD) is the most common form of dementia, counting with 60 to 70% of
cases of dementia worldwide [2]. AD is a neurodegenerative pathology that can be character-
ized by multiple factors, such as the neurons' death caused by the extracellular accumulation
of amyloid-B (AP) plaques and by the intracellular deposition of neurofibrillary tangles (NFT)
of hyperphosphorylated tau protein [2, 3]. There are more factors that contribute for this dis-
ease being, for example, the neuroinflammation, the oxidative stress, the deposition of metal
ions and the neurotransmitter imbalance, namely, the acetylcholine imbalance [3].

A healthy adult brain has about a 100 billion neurons that communicate with each other,
originating a 100 trillion synapses [4]. This communication is made through the release of a
chemical, or, in other words, a neurotransmitter, by a neuron, that crosses the synaptic gap,
and, finally, binds to the receptors of another neuron (Figure 1.1) [5].

Each of the factors above mentioned contributes, therefore, to the brain death. The ex-
tracellular accumulation of A plaques and the decrease of the synthesis of acetylcholine in-
terfere with the neuron-to-neuron communication at synapses and the abnormal forms of tau

protein block the transport of nutrients inside the neurons [4].
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Figure 1.1. Signal transmission in a synapse (original image, inspired from [5])

Hence, these factors lead to a cellular loss that, macroscopically, is translated into a brain

atrophy and a decrease on its size Figure 1.2 [4].

Figure 1.2. Comparison between a healthy brain, on the left side, and a brain with AD, on the right side (original

image, inspired from ©2020 Alzheimer’s Association, www.alz.org. Illustrations by Stacy Jannis)

1.1.1 Symptoms and stages of Alzheimer's disease

There are three identified stages of AD, which are distinguished by the changes in the brain
and by the symptoms that result from them.

Firstly, there is the preclinical AD, a stage in which it is already possible to measure and
quantify some biomarkers that might be indicative of the earliest signs of the disease [4]. AD
is thought to begin 15 to 20 years before the first symptoms arise, which means that small brain
changes and biomarkers appearance start years before individuals experience noticeable

symptoms, namely language issues and memory loss [3, 4].



This stage is followed by the mild cognition impairment (MCI) due to AD, in which
patients show evident AD biomarkers and symptoms that should not interfere with their daily
life, being only noticeable to close family and friends, but not to others [4].

Finally, the most severe stage of the disease is reached, being this the dementia due to
AD, which can be divided in three different stages, according to the evolution of the severity
of the symptoms. The first stage is the mild stage of dementia and patients may still be able to
function independently, however, they may start to require assistance in some activities. Then,
the moderate stage is reached, being the longest one. Patients may lose abilities to daily life
activities, such as communication, and might develop behavioral and personality changes. Fi-
nally, in the last stage, the most severe one, brain changes are evident, with the neurons in-
volved in learning and memory as well as in movement being compromised, so that simple
actions, such as talking or swallowing, become impossible, leaving patients totally dependent
on external care. This condition may lead to blood clots and skin and lung infections, ulti-

mately, leading to death [4].

1.2 Hypotheses for Alzheimer's disease drug development

As mentioned, AD is a multifactorial pathology and, as such, there are also multiple theories

that seek to explain the underlying pathogenesis of this disease.

1.2.1 The cholinergic hypothesis

The cholinergic hypothesis is the oldest [6] and the clinically most popular theory related with
AD [7], arising from cognitive impairment of patients that results from the loss of cholinergic
neurons. This loss leads to a decrease in the synthesis of acetylcholine (ACh, Scheme 1.1), an

important neurotransmitter, thus compromising the cholinergic transmission [3, 8, 9].
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Scheme 1.1. Structure of acetylcholine



ACh is involved in several cognitive functions, such as memory, learning and attention
[8, 9], being synthesized by a chemical reaction between choline and acetylcoenzyme A (ACo-
A), catalyzed by choline-acetyltransferase (ChAT). The synthesis is followed by the transport
of the neurotransmitter by the vesicular acetylcholine transporter (VAChT) and by its storage
in synaptic vesicles. ACh is then released by the presynaptic neuron into the synaptic cleft,
where it binds to its specific receptors, the nicotinic and the muscarinic acetylcholine receptors
(nAChR and mAChR, respectively). Excess ACh is then degraded to choline and acetic acid
through the action of acetylcholinesterase. The choline obtained after this process is trans-
ported back to the presynaptic neuron where it reacts again with ACo-A to generate ACh [9].

Synthesis, transport and reception of ACh, as well as the transport of choline back to the

presynaptic neuron are represented in Figure 1.3.

B Choline

v Acetic acid

— Acetylcholine

Figure 1.3. Synapse and synthesis of acetylcholine, acting as a neurotransmitter (original image, inspired from [5])

ACh may be hydrolyzed by two cholinesterases, namely, acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE) [7, 8].

Under normal conditions and in the early stages of AD, AChE plays the main role in the
hydrolysis of ACh in the brain, with BChE showing a marginal role [7], as it is a non-specific
enzyme that is mainly involved in the hydrolysis of other substrates such as the succinylcho-
line and the butyrylcholine [7, 8].

Unlike AChE, which is mainly located in the nervous system, BChE has a restricted neu-
ronal distribution, being mainly synthesized in the liver and secreted into the plasma. In ad-
vanced stages of the pathology, AChE levels progressively decrease reaching about 10% of its

normal values, due to the degradation of the cholinergic neurons. To compensate this loss,



BChE activity increases up to 105-165 % of the normal condition, becoming the main metabolic
enzyme in the degradation of ACh [7].

Both cholinesterases have three main structural units: a catalytic active site (CAS), where
the catalytic triad, consisting of the amino acid residues Serine (Ser or S), Histidine (His or H)
and Glutamate (Glu or E), is found, a gorge region and a peripheral anionic site (PAS) [8, 10,
11].

In AChE, the CAS can be found at the bottom of the gorge and contains the catalytic
triad S200-H440-E327 and the aromatic amino acid residues W84 and F330 (Tryptophan 84
and Phenylalanine 330, respectively). The PAS is located at the entrance of the gorge, having
three amino acid residues: Y70, Y121 (Tyrosine 70, Tyrosine 121, respectively) and W279. The
gorge, 20 A deep and 5 A wide, contains fourteen aligned amino acid residues, two of these
being the F288 and the F290. These residues are constituents of an acyl pocket and are quite
bulky groups that only allow the passage of ACh and other small substrates [8, 10, 11]. It is
noteworthy that one AChE molecule is able to degrade about 25.000 ACh molecules per sec-
ond [7]. Figure 1.4 shows the binding of ACh to the CAS of AChE.

Figure 1.4. Key amino acid residues within the AChE binding site (original image, inspired from [5])

In BChE, the CAS shows a constitution similar to that of AChE, with a catalytic triad
5198-H438-E325 and an important amino acid residue A328, being less bulky residue than the
F330 found in AChE. In this enzyme, the gorge region has only six aligned aromatic amino

acid residues and the PAS has only two, D70 and Y332. Finally, the acyl pocket has two less



bulky amino acids than those found in AChE, these being the L286 and the V288, which allow
the passage of substrates larger than ACh. The aforementioned differences are probably the
most important ones to explain the different substrate features of the two cholinesterases [8,
10].

By the analysis of Scheme 1.2, it is possible to understand the mechanism by which ACh

is hydrolyzed by the catalytic triad. Since only amino acids serine and histidine play a role in

this reaction, glutamate is not represented.
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Scheme 1.2. Hydrolysis of acetylcholine by the catalytic triad

At first, after the binding of ACh to the binding site of the enzyme, Ser acts as a nucleo-
phile and, by using a pair of unshared electrons from the hydroxy group oxygen, forms a bond

with the ester of ACh, opening the carbonyl group. His then catalyzes the reaction by acting



as a base and capturing a proton, thus neutralizing the positive charge previously formed on
the oxygen of Ser, making it more nucleophilic. His starts acting as an acid and promotes the
protonation of the alkoxy group of the intermediate, making it a better leaving group. The
oxygen negative charge delocalizes forming, again, the carbonyl group, allowing the elimina-
tion of choline, which leaves the active site and allows the entry of water that, then, acts as a
nucleophile and attacks the acyl group, using the unshared pair of electrons of its oxygen,
opening the carbonyl group. Histidine, again acting as a base, removes a proton from the
formed ion, catalyzing the process and, in a similar way to the one already described, His
returns to act as an acid, allowing the protonation of the formed intermediate, making it a
better leaving group. Finally, the carbonyl group is formed, releasing the Ser residue. The
formed acetic acid leaves the active site and the process can be repeated [5].

To conclude, it was possible to verify that the balanced synthesis of ACh is an important
process to the maintenance of the cholinergic transmission and, consequently, for the mainte-
nance of the healthy cognitive function. AD leads to the loss of the cholinergic neurons and,
therefore, to the reduced synthesis of the neurotransmitter ACh. Hence, targeting AChE and
BChE, which promote ACh hydrolysis, is an interesting strategy to overcome the symptoms
related to the pathology.

1.2.2 The A cascade hypothesis

AP cascade hypothesis was postulated in 1999 [12], describing the aggregation and the depo-
sition of AP peptides as the main cause of AD [13].

AP peptides exist naturally in the healthy human brain, being produced in the intracel-
lular environment and in the cell membrane and being then released into the extracellular
environment [12]. In addition, healthy individuals also have antibodies against AP that are
responsible for its elimination and for the maintenance of the balance between its production
and clearance [14].

Amyloid precursor protein (APP), a transmembrane protein, under physiological con-
ditions, is involved in important processes such as synaptogenesis, synaptic plasticity and cell
survival [14].

APP can be cleaved by two pathways, the non-amyloidogenic and the amyloidogenic
pathways (Figure 1.5), being the second one the origin of the pathogenic forms of Ap [12-14].

Thus, cleavage by the amyloidogenic pathway, by the sequential action of - and y-secretases,



results in the generation of AP peptides, with lengths comprising 37 to 49 amino acids [12].
The most toxic forms are Ai4, prone to aggregation [12] and the predominant constituents

of AD's characteristic plaques, although Ai-«0forms are also toxic [14].

Full length APP
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Figure 1.5. APP cleavage by the amyloidogenic pathway (original image, inspired from [15])

The two mentioned A forms are the most investigated ones due to their importance in
the diagnosis of AD. ABi4remains unchanged with disease evolution, while the levels of Afi-
42 decrease, which may be a reflection of aggregates formation and further deposition in the
brain. Hence, the ratio (APi42/ APi-0) is a suitable marker for the plaque pathology [12].

AB exists in the brain of AD patients in different forms, such as monomers, oligomers,
fibrils and amyloid plaques, being the oligomeric and the plaque forms the most toxic. The
origin of this toxicity is not yet fully understood, however, some cellular mechanisms have
been proposed [14]. The aggregation of peptides into oligomers triggers oxidative stress and
induces intraneuronal phosphorylation of tau protein and its aggregation into NFT, promot-
ing neuronal death and, consequently, the loss of synapses and ACh, leading to the cognitive
decline [12].

Although this hypothesis for AD pathology contemplates the multifactorial nature of
the disease, the high rate of failure (99%) obtained in clinical trials for compounds targeting
the AP pathway makes it a controversial theory that has raised questions about the possibility

of this pathway explaining the pathology by itself [13, 14].



1.2.3 The tau protein hypothesis

Due to the questions raised about the AP as the origin of AD, another theory was formulated,
the tau protein hypothesis, in which the deposition of NFT, formed by hyperphosphorylated
tau, is described as contributing to the loss of neuronal mass characteristic of AD [14].

Tau is a protein predominantly expressed in the central and the peripheral nervous sys-
tems [14], being found mainly in the axonal compartments of neurons and, to a lesser extent,
in the dendrites and in the pre- and post-synaptic terminals of healthy neurons. Its main func-
tions are the stabilization of neuron microtubules and axonal transport [16], and it can also
play several other roles in physiological processes, such as myelination, neurogenesis, motor
functions, learning, memory and DNA protection [14].

This protein's toxicity is associated with its abnormal forms [14, 16, 17]. Unlike A, which
is a unique feature of AD, toxic forms of tau, caused by post-translational mutations or modi-
fications, can be found in a group of neurodegenerative diseases called tauopathies [14, 16].
There are different possible post-translational modifications such as phosphorylation, acety-
lation, methylation and isomerization that lead to conformational changes of the protein.
These lead to tau's aggregation and the formation of NFT that promote synaptic dysfunction
[16].

Of all post-translational modifications, phosphorylation is the most investigated one
since tau deposits found in lesions of several tauopathies were hyperphosphorylated tau de-
posits [14].

Figure 1.6 shows the process of generation of the characteristic NFT.
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Figure 1.6. Formation of neurofibrillary tangles, caused by hyperphosphorylation of tau (original image, inspired

from [17])



At first, the protein is phosphorylated at different positions by the action of kinases [17],
which decreases its affinity for the microtubules [16], leading to their depolymerization [17].
Then, the accumulation of hyperphosphorylated tau monomers occur, aggregating and form-
ing protomers. The latter aggregate, in groups of two, forming helical filaments that, in turn
and at last, form the NFT [17].

The hypothesis that the aggregated form of tau is first formed in a reduced number of
brain cells and that, from these, it spreads to other regions, giving rise to neurodegeneration,
has become particularly relevant since it is proved that the protein proliferates and propagates

between cells, however, the transmission mechanisms are still unclear [18].

1.2.3.1 The connection between the AP cascade and the tau protein hypotheses

Hyperphosphorylation of tau is related to the A signaling pathway. Studies performed in
mice models showed that A accelerates the hyperphosphorylation of tau and influences its
aggregation in tangles. In addition, tau protein can also mediate and increase Af toxicity.
Thus, the peptides and the protein work in parallel and synergically, strengthening each oth-
er's destructive impact [19, 20].

There are several pathways that explain the AB-induced phosphorylation of tau, two of
them being the glycogen synthase kinase 3 (GSK3) and the Fyn kinase pathways. After the
synthesis of the AB peptides and their subsequent oligomerization, a high affinity binding
between the oligomers and the cellular prion protein (PrP) occurs, triggering the transmem-
brane receptor mGluR5-signaling cascade that activates both GSK3 and Fyn, two kinases in-
volved in the hyperphosphorylation of tau protein [21-25].

In Figure 1.7, there is a schematic representation of Fyn kinase pathway. This kinase is
recognized as a key mediator of the neuronal damage induced by the interaction between the
AP oligomers (ABo) and the PrP¢, having studies shown that the genetic depletion of this ki-
nase could prevent the induced cell death in the hippocampus and its inhibition could be able
to promote restorage of the synaptic density and memory function in transgenic mice [23].

Thus, the excessive generation of AP, caused by the imbalance between its formation
and its clearance, also induces excessive tau phosphorylation through signaling cascades and,
therefore, AB, Fyn, GSK3 and tau could all be considered as potential drug targets for the AD

cure research.
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Figure 1.7. Tau hyperphosphorylation via Fyn kinase pathway (original image, inspired from [22])

1.2.4 The oxidative stress and the biometal hypotheses

In living organisms, the oxygen molecule, Oz, can be converted to reactive oxygen species
(ROS), which can be partially reduced [superoxide radical (O2-)], hydrogen peroxide (H20:)
and hydroxyl radicals (OH-)] or excited [singlet oxygen ('O2)] forms that have the ability to
rapidly oxidize proteins, lipids and the DNA [26]. The state in which there is an imbalance
between ROS production and the cellular mechanism that allows the reduction of their de-
structive impact, namely, the action of antioxidant defenses, is called oxidative stress (OS) [27-
29].

OS has been reported as a crucial event in AD. In the stage of MCI due to AD, there is
an extensive oxidative damage, which suggests that OS is an early event in the progression
from the normal aging to the AD pathology, with neurons being particularly vulnerable cells
to the damage caused by the action of ROS [7, 28 ,29].

There are several mechanisms that might induce OS, being the deregulation of the ho-

meostasis of biometals, namely copper, zinc and iron one of them. Under normal conditions,
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the blood-brain barrier (BBB) regulates the concentration of these metals, however, in AD pa-
tients, their levels were found significantly increased [7, 27]. These biometals can be found in
the core and the rims of senile plaques and are co-located with AB. Thus, by interfering with
these biometals' homeostasis, in other words, by inducing an alteration in their baseline, the
production of free radicals occurs and also the induction of AP aggregation and of tau hyper-
phosphorylation and aggregation [28, 30].

The production of oxidizing agents increases the expression of APP and the action of 3-
and y-secretases, thus increasing the intracellular and secreted levels of Ap. In turn, Ap re-
duces Fe* and Cu?, inducing the production of H20, contributing to the OS [28].

The connection between A and OS is represented in Figure 1.8.

Fe
sz (Ewu

A 60

Oxidative
Neurodegeneration €— stress
\ APP processing /
B-secretase
Y-secretase

Figure 1.8. Connection between Af and OS (original image inspired from [28])

1.24.1 Copper

Copper is an essential micronutrient, playing an important role in several metabolic processes
and being necessary for the Superoxidant Dismutase 1 (SPD1), a vital cellular antioxidant [30].
It is also a redox-active metal with greater relevance in the induction and in the increase of OS,
due to the two copper binding sites on the AB plaques (Figure 1.9), which promote the pro-
duction of ROS [30-32].

12



Figure 1.9. Copper (II) binding site in AP (original image, inspired from [31])

The role of copper in AD is shown in Figure 1.10. It is possible to verify that the copper
divalent ions, Cu?, enter the cell through the divalent metal transporter 1 (DMT1), while the
monovalent ions, Cu*, penetrate the cell membrane via copper transporter 1 (CTR1). By the
action of the antioxidant protein-1 (ATOX1), Cu* is imported into synaptic vesicles that facili-
tate its exit from the cellular environment, through vesicle fusion, where it interacts with Ab,
generating Cu™-Af extracellular complexes. In turn, excessive Cu?* levels activate the Fenton-
like reaction and oxidize biomolecules, generating ROS. In addition, these ions can activate
the GSK3 kinase, inducing tau hyperphosphorylation, and can interact with APP, inducing

the excessive production of AR and, consequently, its aggregation in senile plaques [33].
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Figure 1.10. The role of copper in AD (original image, inspired from [33])
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1.2.4.2 Zinc

Zing, like copper, supports SOD1 [30] and binds to a binding site of Ap (Figure 1.11) [31].
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Figure 1.11. Zinc (II) binding site in AP (original image, inspired from [31])

The entry of divalent ions, Zn?, into the plasma membrane is carried out through the zinc
importing protein (ZIP), while its efflux is regulated by the zinc transporter (ZnT) [33]. There
are negative consequences for either excess or lack of zinc ions in the brain. First, excessive
concentrations of Zn? can inhibit APP cleavage via the non-amyloidogenic pathway, resulting
in an excessive processing of APP by B- and y-secretases, thereby increasing A production. In
addition to increasing the production of these peptides, the ions promote the aggregation and
stabilize the toxic oligomers generated, both in vitro and in vivo. Like copper, zinc ions activate
GSK3's activity [34] and induce the production of ROS [33]. Furthermore, the lack of Zn? leads
to synaptic dysfunction and reduces AP clearance [33] and, therefore, leads to an increase in

AP concentration in the brain (Figure 1.12).
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Figure 1.12. The role of zinc in AD (original image, inspired from [33])
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Molecules designed to chelate copper and zinc ions from A promoted its solubilization

and, therefore, reduced its deposition, in mice models [30].

1.2.4.3 Iron

Iron, in normal levels, is involved with several vital neuronal functions, namely, the synthesis
of myelin and the cellular respiration [33].

In AD patients, there is an overload of iron in different areas of the brain, being the di-
valent ion form, Fe?, the one with most toxicity. These ions pass the cell membrane through
the DMT1 and leave via iron exporter ferroportin (FPN). In excessive levels, they stimulate
the Fenton reaction, generating hydroxyl radicals that result in OS. Moreover, Fe?" induces the

formation of NFT by activation of GSK3 [33] and increases A production (Figure 1.13) [30].
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Figure 1.13. The role of iron in AD (original image, inspired from [33])

1.2.4.4 Aluminum

Aluminum is a metal with evident associated neurotoxicity and has been related to behavioral
changes, when in chronic exposure. Furthermore, it has been studied due to its connection to
AD. Studies have revealed that aluminum, under the ionic form Al*, may induce the aggre-
gation of AP and its accumulation and also activate GSK3. In addition to activating the mech-
anism that leads to the achievement of two essential characteristics of AD, it is co-located with

them, suggesting the formation of complexes with Af and tau [34].
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1.3 Alzheimer's disease treatment

AD is a devastating disease that does not yet have an efficient treatment. Finding a therapy
that prevents or delays and slows down the progression of the disease and, at the same time,
allows the improvement of the symptoms is therefore necessary [35].

Until 2021, therapeutic strategies focused only on the disease's symptomatic relief
through AChE and BChE inhibitors (donepezil, rivastigmine and galantamine) and through a
modulator of the N-methyl-D-aspartate receptor (memantine), since, until then, most attempts
to obtain a disease modifying therapy (DMT), targeting tau and AP, had failed [1, 13, 35].

In order to block tau's aggregation, stabilize microtubules and manipulate kinases and
phosphatases responsible for tau's post-translational modifications, several vaccines have
been tested, however, most of them failed in clinical trials. There are currently four vaccines
in phases I and II of clinical trials, these being ADDvac and AC125, as active vaccines, and
RG6100 and ABBv-8E12, as passive vaccines [36].

Targeting A, as already mentioned, there is a 90% failure rate, however, on June 7, 2021,
Aducanumab was approved by the US Food and Drug Administration (FDA) as the first dis-
ease-modifying therapy (DMT), this being a monoclonal antibody of AB, with a view to its
clearance. This drug's approval was carried out through an accelerated regulatory mechanism
based on amyloid plaque lowering that was considered reasonably likely to predict benefit,
which was a decision that gave rise to controversy. A randomized controlled clinical trial will
be conducted and should be complete by 2030 [13, 35, 36].

In 2020, a set of specific copper chelators was synthesized in order to regulate the copper
homeostasis in the brain and to inhibit the damage from the OS caused by copper-amyloid
complexes. The oral treatment with one of these compounds, TDMQ?20, was able to fully re-
verse the cognitive and the behavioral impairments in different murine models representing
the early and the more advanced stages of AD [37].

There are currently 143 agents being evaluated in 172 clinical trials, 83.2% of which being
DMTs and 16.8% being agents for symptomatic treatment targeting cognitive enhancement

and intending to treat neuropsychiatric behavioral symptoms [36].
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1.3.1 Donepezil

Donepezil (Scheme 1.3) is the most effective and the best tolerated AD drug, having been ap-
proved by the FDA in 1996, to relieve AD symptoms in all stages, particularly, in the mild and
the moderate stages [3, 38—40].

Scheme 1.3. Structure of donepezil

Being a selective AChE inhibitor, the benzyl group in its structure interacts with the en-
zyme's CAS and the dimethoxy indanone part interacts with its PAS, thus inhibiting its activ-
ity. This drug also shows activity against the neurotoxicity induced by the A oligomers and
against the effects of OS in mice models [7].

Despite being well-tolerated and safe in a wide range of concentrations, it is associated
with several side effects, mainly, gastrointestinal disorders [41]. Donepezil has favorable phar-
macokinetic properties, namely its long half-life of approximately 70 hours and its slow clear-
ance, which allow the drug concentration to remain stable during the day with a single daily
intake. It is metabolized in the liver through the action of cytochrome P450 3A4 enzymes and
excreted in a percentage of 80% of the administrated dose by the kidneys, being the remainder
eliminated by biliary excretion [39].

Moreover, the drug has hydrophilic properties that make it difficult to penetrate the BBB
and, in addition, studies suggest that the beneficial effects that come from the treatment with
donepezil only last between 6 to 12 months [7, 41], therefore, a study of possible alteration of
its structure that allow an increase in its concentration in the brain and an increase in the lon-

gevity of its therapeutic effects is necessary.

1.3.2 Rivastigmine

Rivastigmine (Scheme 1.4) is a drug approved in 2000 by the FDA [3] for the treatment of mild
to moderate stages of Alzheimer's and Parkinson's diseases, being a pseudo-irreversible inhib-

itor of the activities of AChE and BChE [42]. The drug is a small molecule, with lipophilic and
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hydrophilic properties, developed for administration through a transdermal patch. It can also
be administered orally, however, the transdermal route is preferred since the drug avoids the
gut cholinesterases, increasing its bioavailability [43]. Additionally, the administration by this

route is smooth and continuous and the incidence of side effects is lower [44].
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Scheme 1.4. Structure of rivastigmine

Once absorbed, this drug exhibits a behavior similar to that of ACh, binding to AChE
and undergoing hydrolysis, however, after this step, it does not immediately dissociates, leav-
ing the esteratic site, where the catalytic triad is found, carbamylated, inhibiting its action [42].
The compound is then rapidly metabolized to its inactive metabolite NAP 226-90 (Scheme 1.5),
via cholinesterase-mediated decarbamylation, and has a short half-life of about 1 hour. Finally,

the drug is eliminated, under the metabolite form, via renal excretion [42, 43].
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Scheme 1.5. Structure of NAP 226-90

Rivastigmine is a well-tolerated and safe drug that offers several benefits to AD patients,
such as the appetite regulation, since lack of appetite affects 50 to 70% of patients and leads to
weight loss [44]. Furthermore, studies have shown that starting this drug's administration af-
ter, for example, the loss of efficacy or tolerance to donepezil may offer benefits, possibly due

to the fact that it is a dual cholinesterase inhibitor [42].

1.3.3 Galantamine

Galantamine (Scheme 1.6) is an alkaloid from the family Amarylidaceae that was approved as
an AD drug by FDA, in 2001 [45, 46]. This compound is a selective, competitive, reversible and
long-acting AChE inhibitor [47-49], interacting with the anionic subsite and the aromatic gorge

[7] and having been originally developed for the treatment of mild to moderate AD, however,

18



it was already shown that it could improve cognition in patients with severe stage AD, by

promoting neurogenesis in the hippocampus region [46, 47].

Scheme 1.6. Structure of galantamine

Although the inhibition mechanism of ACh degradation by galantamine is not known
yet [46], it is known that it is well-tolerated and safe for the recommended doses [45], however,
it seems to cause more side effects than the other cholinesterase inhibitors [7]. Moreover, this
compound is not only able to improve cognitive and behavioral symptoms, but it may actually
have disease-modifying properties due to its neuroprotective effects, such as the delay of the
production of AP plaques, showing inhibitory activity of AChE and activity as an allosteric
modulator of the nAChR [47-49].

1.4 Cholinesterase inhibitors: connection to AD hypotheses

and neuroprotective effects

As aforementioned, cholinesterase inhibitors have been approved for AD's symptomatic treat-
ment, nonetheless recent studies have shown that the long-term use of this drugs may lead to
disease-modifying benefits [50].

Although there is a decrease of the AChE activity in AD brains, its levels seem to be
increased around the AP plaques and in tangle-bearing neurons [51]. Thus, this enzyme, in
addition to its cholinergic functions, has been associated with the AD plaques for inducing
and accelerating the A fibril formation and for forming AChE-Af complexes that are highly
toxic, triggering neurodegeneration both in vitro and in vivo [52, 53]. This effect has been asso-
ciated with the PAS of the enzyme, specifically, with its amino acid residue W297 and, as such,
it was shown to be sensitive to drugs that blocked this site of the enzyme [52]. Moreover, BChE
may also be related to the AP plaques accumulation, since studies showed that when the BChE
gene is knocked out in AD mouse models, a reduction in fibrillar Ap plaque deposition occurs

[54].
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Donepezil, rivastigmine and galantamine already showed action against several targets
and pathways involved in the AD pathology, thus promoting neuroprotection. Several studies
conducted in cell cultures, animal models and AD patients showed that the three cholinester-
ase inhibitors were able to promote neuroprotection, to reduce the Af deposits and to enhance
cognitive and behavioral functions. Moreover, these drugs showed neuroprotective effects
against GSK3 activity, a tau hyperphosphorylation inducer. In addition, the treatment of rat
cortical neuron cultures with donepezil showed protective effects against ischemic damage
while the treatment with rivastigmine and galantamine did not promote the same effects. In
vitro, the pre-treatment with donepezil has protected endothelial cells against damage induced
by hydrogen peroxide and, in neuronal cultures, galantamine promoted protective effect
against oxidative damage. Furthermore, other studies demonstrated that the three compounds
could promote neuronal differentiation and neurite outgrowth, both in vitro and in vivo [8].

Hence, although AChE and BChE inhibitors are not developed to promote a DMT, fo-
cusing only on relieving AD symptoms, they still have the ability to promote this type of ben-
efits, acting on several targets and thus promoting neuroprotection and neurogenesis, being,

for this reason, relevant compounds in the study of the AD treatment.

1.5 Purine nucleosides, Alzheimer's disease and objectives

Purine nucleosides (Figure 1.14) are highly functionalized molecules that are essential in di-
verse biological events, namely the nucleic acid synthesis, the cell division and signaling and

the metabolism [51-53].

Nitrogenous
base

N

/

Pentose

Figure 1.14. General structure of a purine nucleoside
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1.5.1 Nucleoside analogues as pharmaceutical agents

The DNA structure, discovered in the 1950s, has attracted the attention of researchers to nu-
cleosides, these being the starting compounds for the synthesis of nucleotides (Figure 1.15)
and both, thorugh processes of polymerization and phosphorylation, being transformed into
nucleic acids, DNA and RNA [54, 55]. In the 1960s, the idea of native nucleoside analogues,
such as, for example, uridine, guanosine and adenosine analogues, inhibiting viral replication,
has arisen and multiple libraries of these compounds have been synthesized [58], becoming
indispensable for the treatment of different health complications. These compounds have been
considered as the cornerstone of antiviral therapies against herpesviruses, HIV, hepatitis vi-

ruses [60], and various types of cancer.

Phosphate Nitrogenous
group base

N

. /

Pentose

Figure 1.15. General structure of a nucleotide

As antiviral therapies, these compounds have caused an early stop of the hepatitis B
virus replication and sofosbuvir (Scheme 1.7), an uridine nucleotide prodrug, was one the
most successful discoveries for the treatment of the hepatitis C virus (HCV), the most relevant
cause of chronic liver disease in the world. The approval of direct-acting antivirals, including
sofosbuvir and other nucleoside/nucleotide analogues revolutionized the treatment of HCV
infections, providing the possibility of almost all patients being cured as these are highly ef-
fective and well tolerated, with few or none side effects [61]. More recently, for the infections
caused by SARS-CoV-2, the RNA virus that originates COVID-19, remdesivir (Scheme 1.7), a
modified adenosine C-nucleotide, was the first FDA approved drug for the treatment of this
disease and, currently, molnupiravir (Scheme 1.7), another nucleoside analogue, is approved
by the FDA for the emergency use for the treatment of adults in risk of severe progression of
the disease [59, 61, 62].

The antimicrobial resistance, another major threat to public health, is a growing problem
that urgently needs the investigation of new antimicrobial drugs. Therefore, nucleoside/nucle-

otide analogues, playing essential roles in the cellular metabolism, also show capability of
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targeting different enzymes, including the ones that are involved in bacterial peptidoglycan
biosynthesis and in fungal chitin biosynthesis [64]. Furthermore, these analogues have shown
efficacy against cancer diseases, which lead millions of people worldwide to death. There are
currently 15 FDA and European Medicines Agency approved anticancer nucleoside ana-
logues, such as, for example, cytarabine (Scheme 1.7), the first approved nucleoside against

acute myeloid leukemia which led to an increase of the research of these compounds as anti-

tumoral therapies [65].

Al

Remdesivir

Cytarabine

Scheme 1.7. Structures of sofosbuvir, remdesivir, molnupiravir and cytarabine

Finally, despite having already shown promising bioactivities over relevant AD targets,
there are no approved drugs for AD based on nucleosides, thus encouraging further investi-

gation of these molecular entities.

1.5.2 Investigation of nucleoside synthesis and pharmaceutical proper-

ties

The synthesis of nucleosides may be achieved by several routes and reagents, however
it is usually achieved by a convergent method via N-glycosylation of a nucleobase, with cou-
pling of a ribosyl moiety with a heterocyclic base [56]. This type of reactions seems simple,
however they are accompanied by several issues such as the challenging regio- and diastere-
oselectivities due to factors such as the base's low nucleophilicity and the functional groups in

the ribosyl moiety. Moreover, it may be challenging to achieve the desired linkage of the
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nucleobase to the anomeric center of the sugar moiety since several side reactions may occur
such as the non-stereoselective nucleophilic attack that leads to the formation of both a- and
B-anomers and the nucleophilic attack by other base groups which leads to obtaining complex
mixtures of products [56].

In 2014, the carbohydrate chemistry group of Faculdade de Ciéncias, Universidade de
Lisboa, presently integrating the Centro de Quimica Estrutural, Institute of Molecular Sci-
ences, reported the synthesis of the first series of purine nucleosides showing a promising
cholinesterase inhibition, the most potent nucleoside being the N’-linked-2-acetamido-o.-D-
mannosylpurine (1, Scheme 1.8) with a dissociation constant of enzyme-inhibitor complex in
competitive inhibition (Ki) of 50 nM and a selectivity factor of 340-fold for BChE over AChE
[66].

°N N NHCOCH;

JOQ:OBI.]
BnOH, Y OBn

OBn 1

Scheme 1.8. Structure of compound 1

Inspired by these studies and in view of the multifactorial nature of AD and of the fact
that most of the single-target compounds were not well succeeded as AD therapies in the last
years, a new set of purine nucleosides, still to be published, was synthesized by the same group
aiming to achieve compounds with potential to act both as AChE and BChE inhibitors and as
relevant biometal chelators, namely copper, zinc, iron and aluminum chelators. These com-
pounds were synthesized to study structure modifications, such as the glycosyl donor and the
purine base, the anomeric stereochemistry (o or ), sugar D or L configuration, sugar 6-deoxy-
genation and also the glycosyl group regioligation to the purine base at positions N7 and N°,
and their role in compounds' bioactivity.

The synthetic results of these new studies are summarized in Scheme 1.9 and for the
reaction of the per-benzylated methyl a-D-mannopyranoside, as the substrate, with the N°-
benzoyladenine purine base, following a procedure elsewhere described [66], no selectivity
was achieved. Four isomers [N°-linked a (2, Scheme 1.9), N°-linked B (3, Scheme 1.9), N7-linked
o (4, Scheme 1.9), N7-linked B (5, Scheme 1.9)] were obtained for this reaction, being notewor-

thy that the N°-linked B isomer has a non-usual conformation, which was confirmed by
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computational methods. In the opposite side, the coupling reaction of the per-benzylated me-
thyl a-D-rhamnopyranoside with the same purine was selective for the N° isomers (6 and 7,
Scheme 1.9). Finally, compound 8 (Scheme 1.9), a N°-linked a compound, was selectively ob-
tained by the same method through the reaction of the per-acetylated a-L-rhamnose with the
same heterocyclic base.

Another interesting finding was that amongst the seven synthesized compounds, only 8
showed activity as a metal chelator, namely, a copper chelator, having shown no activity to-
wards zing, iron and aluminum. Furthermore, anticholinesterase assays, against electric eel
AChHE and horse serum BChE, were carried out for all the nucleosides and some interesting
conclusions were found. Compounds exhibiting f-D-configuration seemed to be dual inhibi-
tors regardless of the N7 or the N° purine ligation. Moreover, the selective AChE inhibition
seemed to be related with the N ligation, while the selective BChE inhibition seemed to be
related with the N” one. Finally, in these assays, nucleoside 8, the only acetylated compound,
showed no activity towards any of the enzymes which suggested that this activity could be

related with the aromatic rings found in the other compounds' structures.
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Scheme 1.9. Structures of the synthesized compounds (2-8)
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The obtained results gave rise to a set of questions, such as: would it be possible to se-
lectively synthesize compounds 2 and 3 (N°isomers) or 4 and 5 (N7 isomers)? Would it be
possible to synthesize nucleoside 3 with the usual *C1 configuration? May the chelating activity
only be achieved through compounds with no aromatic rings in their structure? Is this kind of
activity really related to the glycone L-configuration? Could a nucleoside bearing a L-config-
urated sugar moiety with benzyl protecting groups be a dual target drug against cholinester-
ases and the biometals accumulation?

Hence, inspired by these findings, the present work was accomplished aiming to answer
these questions, with its first objective being the synthesis of new nucleosides, to complete the
previously synthesized library, using the methyl L-rhamnopyranoside (9, Scheme 1.10), pro-
tected with either benzyl or benzoyl groups, and N°-benzoyladenine as the purine base. The
reaction using the per-benzylated methyl a-D-mannopyranoside was also tested and will be
described. Furthermore, attempting to provide a regio- and stereoselective method for the lat-
ter reaction, in this dissertation, a new method was explored, inspired by a 2020 study [67],
aiming to control the reaction conditions either for N7 or N* selectivity, using phenyl a-D-thi-
omannopyranoside (11, Scheme 1.10) as the substrate and N¢-benzoyladenine or 2-acetamido-
6-chloropurine, either silylated or non-silylated (Scheme 1.11), as bases. Finally, the spectro-
scopic characterization of all synthesized compounds will be described as well as the evalua-

tion of compound's chelating and anticholinesterase activities.

OH OH
OMe OH OH
Me HO -0 HO -0
HO\M HO HO
HO  on OMe SPh
9 10 11

Scheme 1.10. Structures of the unprotected glycosyl donors (9-11)

NHBz Cl

</Nf\N </N ‘ N
N N) N N/kNHAc
13 14

Scheme 1.11. Structures of the purine base (13 and 14)
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RESULTS AND DISCUSSION

In the past years, the synthesis of purine nucleosides has been achieved by different methods,
some being selective for the N°or the N” isomers and some showing no selectivity, in the case of
adenosine derived nucleosides. Moreover, work has been done focusing on nucleoside properties
as anti-AD and antitumor agents, showing promising results. Hence, it is interesting to study
new synthetic methods to design and synthesize new nucleosides and to prepare already known
compounds through simpler and stereo- and/or regioselective methods and look for biological
properties that have never been reported for them.

In 2020, the synthesis of thiofuranoside N-glycosides bearing an adenine nucleobase was
published. This publication reported an acyclic approach to synthesize these compounds using
acyclic dithioacetal substrates and N°-benzoyladenine in the presence of iodine. The followed
procedures were shown to provide the ability to control N7 or N° selectivity, by reacting the sub-
strates with either the silylated or the non-silylated purine base [67].

In this work, different purine nucleosides (2, 19-24) were synthesized aiming to achieve a
dual-target compound against AD, targeting the cholinergic system by inhibiting AChE and/or
BChE, and targeting the metal chelation, namely, copper, zinc, iron and aluminum chelation. To
synthesize these nucleosides, four intermediates, three per-benzylated (15-17) and a per-ben-
zoylated (18) sugars, were synthesized and three different N-glycosylation methods were tested.
All compound structures were elucidated by nuclear magnetic resonance (NMR) spectroscopy
and by high resolution mass spectrometry (HRMS). Furthermore, nucleosides' properties as an-

ticholinesterase agents and metal chelators were studied.
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2.1 Intermediates

2.1.1 Per-benzylated intermediates

21.1.1 Synthesis

Intermediates 15, 16 and 17 were synthesized following a reported procedure [68] with some
modifications previously carried out by our group. In the original methodology, the substrate
was dissolved in anhydrous dimethylformamide (DMF) under inert nitrogen (N2) atmosphere
and the mixture was then cooled to 0°C. Sodium hydride [NaH (60% dispersion in mineral oil)]
was then added and the mixture stirred for 10 minutes prior to the dropwise addition of benzyl
bromide (BnBr). The reaction was left under stirring at room temperature for 18 hours and an
aqueous saturated solution of ammonium chloride (NH4Cl) was added to quench the reaction.
Hereinafter, the modifications applied to this procedure by our group are described in the prep-
aration of these compounds followed in this work. The synthesis was achieved by a two-step
reaction as described in Scheme 2.1. Deprotonation for OH-2 is illustrated for compound 15
(Scheme 2.2) being carried out by reacting the starting material (9, 10 or 11) with sodium hydride,
in dry tetrahydrofuran (THF). Sodium hydride is a strong base, which undergoes dissociation
forming the ions Na* and H-. In contact with water, it releases a flammable gas, H>, that might
spontaneously ignite, making it challenging to handle safely. During the deprotonation of the
hydroxy groups of the starting material, the release of H2 occurs and, for this reason, this reaction
was carried out at 0°C, under N2 atmosphere, and NaH was slowly added to the solution, to
prevent the formation of a large amount of flammable gas. Moreover, the NaH used was pur-

chased as a 60% mineral oil dispersion, which made it safer to use.

OMe OMe
HO Me (e) 1. NaH, 0°C, 30 min BnoMe o)
HO 2.BnBr, r.t., 24 h
OH nBr, r.t., BnO o8n
9 15, 90.3%
OH OBn
OH OBn
HO -O 0 ; BnO -0
HO 1. NaH, 0°C, 30 min B0
R, 2.BnBr, r.t.,, 24 h R,
10, R;=OMe 16, R;=OMe, 87.0%
11, R;=SPh 17, R;=SPh, 96.8%

Scheme 2.1. Syntehesis of compounds 15, 16 and 17
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After the deprotonation step, the mixture was heated up to room temperature and BnBr
was added to the mixture. At this step, the deprotonated hydroxy groups react with BnBr by
a Sn2 mechanism, as described in Scheme 2.2. It is noteworthy that BnBr is a compound with
a pungent odor, releasing gases that cause severe skin and eyes irritation, therefore, it was
handled carefully in the fume hood.

To quench the reaction, methanol (MeOH) was added to the mixture to react with the
remaining NaH, once this reagent was added in excess. Finally, after the work-up and the
isolation steps, compounds 15, 16 and 17 were obtained with 90.3, 87.0 and 96.8% as the best
isolated yields found for each compound, respectively. Benzylation reactions were carried out
with the mentioned conditions several times (5, 3 and 9 times for obtaining 15, 16 and 17,
respectively) and the results were reproducible with the isolated yields ranging from 89.4 to

90.3%, from 86.6 to 87.0% and from 90.2 to 96.8%, for the three intermediates, respectively.

Scheme 2.2. Synthesis of the intermediate 15

2.1.1.2 Structure characterization

The three compounds were fully characterized by NMR spectroscopy (‘H NMR, C NMR,
COSY, HSQC and HMBC experiments) and HRMS.

Compound 15's 'H NMR spectrum shows a multiplet signal (6 7.31-7.18 ppm), integrat-
ing for 15 protons, in the aromatic region. Moreover, the spectrum presents three AB systems.
These results then confirm that the three initial hydroxy groups were replaced by benzyloxy
groups. Furthermore, HRMS results confirmed the compound structure with the three benzyl
groups.

There are two possible conformations for the structure of this intermediate, the 'Cs and

the ¢C1 conformations, as shown in Scheme 2.3.
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Scheme 2.3. Compound 15's possible conformations, highlighting the positions of protons 1 and 2

Looking at the two structures, the 'Cs conformation shows most of its voluminous
groups, the -OBn groups, in equatorial positions, while the *Ci conformation has most of its
voluminous groups in axial positions, therefore, the first conformation is the preferred one, as
confirmed by the coupling constants in the '"H NMR spectrum, showing a small *12 coupling
as detected through the H-2 signal.

For compounds 16 and 17 (Scheme 2.4), the same rational was used. Both of them
showed multiplet signals at the aromatic region, integrating for 20 and for 25 protons, respec-
tively, and both showed the presence of four AB systems, confirming that the initial hydroxy
groups were replaced by the benzyloxy groups. HRMS also confirmed their structure since
the molecular weights found were correspondent to the structures with the benzyl protecting

groups.

OBn
16, R,=OMe, !C, conformation 16, R,=OMe, *C, conformation
17, R,=SPh, 'C, conformation 17, R;=SPh, *C, conformation

Scheme 2.4. Possible conformations for compounds 16 and 17, highlighting protons 3,4 and 5 positions

For these compounds, it was not possible to analyze the coupling constant for protons 1
and 2, however, it was possible to verify that both showed 3J34=%]45, with values of 9.18 and
9.57 Hz for 16 and 17, respectively. These results suggest that for both compounds, protons 3
and 4 and protons 4 and 5 are in trans-diaxial positions, indicating that both adopted the “C:

conformation (Scheme 2.5), as it would be expected by the voluminous groups' positions.
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Scheme 2.5. Intermediates 16 and 17 final conformations

2.1.2 Per-benzoylated intermediate

2.1.2.1 Synthesis

Synthesis of intermediate 18 was carried out following a reported procedure [68] with some
modifications previously carried out in our laboratory. By the original procedure, 4-dimethyl-
aminopyridine (DMAP) and triethylamine (NEts) should be added to a solution of the sub-
strate in dry dichloromethane (DCM). Then, the benzoyl chloride should be added and the
reaction carried out overnight at room temperature. The procedure followed by our group
was similar, however without the addition of DMAP and with an alteration of the solvent from
DCM to THF and is described as follows: the substrate should be dissolved in dry THF and
NEt; and benzoyl chloride (BzCl) added dropwise to the mixture at room temperature. The
reaction should then be carried out for about 2 hours with thin layer chromatography (TLC)
control. Following the latter methodology, as shown in Entry 1 (Table 2.1), 2 mmol of the start-
ing material 9 were dissolved in 10 mL of THF, followed by the addition of 2.00 equiv./-OH of
NEts; and of BzCl. Then, after the 2 hours period, the reaction did not occur, therefore, another
2.00 equiv./-OH of NEts and of BzCl were added. After 2 hours, the reaction was not complete
and DMAP was added to the reaction, in a catalytic amount, to catalyze the process. The reac-
tion was then carried out overnight (17 hours), until the complete reaction was achieved. The

product was obtained with a 96.5% isolated yield.
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Since the addition of DMAP and of a larger amount of NEts and BzCl was successful,
some alterations to this modified procedure were made. NEts (3.00 equiv./-OH) and BzCl (3.00
equiv./-OH) were added to the solution of the starting material 9 (2 mmol) in THF (10 mL).
DMAP was added to the solution in the beginning of the reaction, again in a catalytic amount,
and the reaction was carried out overnight, for 20 hours, until the reaction was complete. By
this method, intermediate 18 was obtained in a 99.8 % isolated yield (Entry 2, Table 2.1).

Having the latter method been successful, a scale-up was attempted, using twice of the
starting material 9 and twice of the volume of the solvent and of the remaining reagents. By
this method, 18 was obtained at a 91.3% isolated yield (Entry 3, Table 2.1), which confirmed

that this methodology was efficient for the protection of methyl a-L-rhamnopyranoside (9)

with benzoyl groups.
Table 2.1. Preparation of intermediate 18
Entry S.m.»  NEts (equiv./- BzCl DMAP  Time Isolated
(mmol) OH) (equiv./-OH) (h) yield (%)
1 2.00 2.00 2.00 - 2 0.0
2 2.00 3.00 3.00 c.a.b 20 99.8
3 4.00 3.00 3.00 cab 20 91.3

a2 S. m. -Starting material

b c.a. - catalytic amount

The mechanism of nucleophilic addition-elimination behind this reaction is described in
Scheme 2.6. In this scheme, it is possible to understand the importance of using DMAP as a
reaction catalyst. The pair of unshared electrons from the heterocyclic nitrogen of DMAP at-
tacks the carbonyl group of Bz(Cl, eliminating the chloride ion (step 1) and making the com-
pound more vulnerable to nucleophilic attack by the starting material (step 2). After step 3,
18 is formed as well as hydrochloric acid. In step 4, the importance of NEts is highlighted since
it will deprotonate the acid, originating the salt NHEt:Cl, which will be separated from the

starting material after the work-up.
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Scheme 2.6. Benzoylation mechanism for preparation of intermediate 18

2.1.2.2 Structure characterization

Intermediate 18 was fully characterized by NMR spectroscopy and HRMS.

By analysis of the '"H NMR spectrum, it was possible to identify 15 protons, in the aro-
matic region, corresponding to the aromatic rings from the benzoyl groups of the molecule.
Moreover, in the 3C NMR spectrum it was possible to observe 3 signals (0 165.9, 165.7, 165.6
ppm) corresponding to the three carbonyl group carbons, which confirms the formation of the
ester groups.

To find out which conformation was adopted by this compound, a method similar to the
one already described in section 2.1.1.2 was used. The coupling constants 3J34 and *J54 were
found to have values above 8.00 Hz, suggesting that protons 3 and 4 and 4 and 5 are in frans-
diaxial positions, which is in agreement with the 'Cs conformation (Scheme 2.7), as expect by

the equatorial position of two of the benzoyl groups.
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Scheme 2.7. Final conformation of intermediate 18

2.2 Nucleosides

With all the necessary intermediates in hand, the N-glycosylation reactions of the purine bases
Ne¢-benzoyladenine and 2-acetamido-6-chloropurine with the synthesized compounds were
started. These reactions, carried out by different methods, led to obtaining 7 different nucleo-

sides (2, 19-24).

2.2.1 Microwave assisted N-glycosylation (method 1)

2.2.1.1 Synthesis

The microwave assisted N-glycosylation was carried out following a reported methodology
[66] with no modifications in the procedure and the mechanism behind this reaction is exem-
plified in Scheme 2.8. In the first step, N,O-Bis(trimethylsilyl)acetamide (BSA) was added to a
solution of the purine base, N°-benzoyladenine, in dry acetonitrile (ACN), reacting for 50
minutes at room temperature. During this period, the N-H ligations of the base are protected
with trimethylsilyl (TMS) groups, which, by analysis of our group's former findings, facilitates
the reaction, making the purine more reactive. It is noteworthy that the purine is not soluble
in the chosen solvent, although, after addition of BSA, it starts to dissolve as the protection
reaction is carried out. Obtaining a clear solution is therefore indicative that the TMS protec-
tion reaction is complete. In the second step, a solution of the protected sugar in the same
solvent and trimethylsilyl trifluoromethanesulfonate (TMSOTf) were added to the reaction
solution, and the mixture submitted to microwave irradiation (150 W, 65°C,15 PSI) for 60
minutes. TMSOTf acts as a catalyst, making the -OMe a better leaving group, facilitating the
reaction between the sugar and the purine, that occurs in the last step, originating the nucleo-

sides. This methodology should conduct to four nucleosides, namely the N° thermodynamic
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regioisomers and the N”kinetic regioisomers, with the possible formation of both the a- and
B-anomers.

In Scheme 2.8, it is possible to observe the reaction of purine base N°-benzoyladenine
and intermediate 15 that leads only to the formation of two nucleosides being both of them N°
isomers. This reaction allowed us to obtain N selectivity, in line with our group previous

findings, although with not such good yields (unpublished results).
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Scheme 2.8. Microwave assisted synthesis of nucleosides 19 and 20

Following this method, another two reactions were experimented, having 16 and 18 as
the starting materials. In Scheme 2.9, the synthesis of nucleosides 2 and 21 is represented. It is
possible to notice that this reaction allowed us to obtain N selectivity with low yields. How-
ever, this result is not in agreement with our group previous findings that, for the reaction

with the same intermediate, showed no selectivity (unpublished results).
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Scheme 2.9. Microwave assisted synthesis of nucleosides 2 and 21

In order to test a different protecting group, we attempted to react the purine N°-ben-
zoyladenine with the intermediate 18, following the same procedure. Nevertheless, for this

reaction, no results were obtained, as it is described in Scheme 2.10.
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Scheme 2.10. Microwave assisted reaction between intermediate 18 and N°-benzoyladenine

During the development of this work, we faced technical problems in the microwave
reactor that most likely interfered with the reaction results. Reactions of 15, 16 or 18 with N¢-
benzoyladenine were attempted several times, however, no consistent results were obtained.
For the intermediate 15, only the first two attempts led us to obtain similar results and those
were the ones that were considered for this work. After that, the reaction yields lowered: for

19 from 8.1% to 4.5% and for 20 from 36.2% to 9.0 %. For 16, only the first attempt led us to
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obtain products. For 18, none of the attempts gave results, however, it was not clear if the
benzoyl protecting groups were not suitable for this reaction or if the reaction did not work

due to the microwave malfunctions.

2.2.1.2 Structure characterization

Compounds 2, 19, 20 and 21 were fully characterized by NMR spectroscopy and HRMS. The
anomeric configuration of all compounds was determined by considering the coupling con-
stants in the '"H NMR spectra. Purine's carbon 5 has a characteristic chemical shift that allows
to distinguish between the regioisomers N7 and N’ [66], therefore this method was used to
determine purine's position of its linkage to the sugar moiety.

The four compounds show chemical shifts between 125.4 and 122.1 ppm for purine's
carbon 5, which is indicative that they are linked to the purine by a N ligation, as previously
discovered by our group (unpublished results). Both 19 and 2 seem to present the a anomeric
configuration, since both show 312 values of 7.99 Hz and of 7.60 Hz, respectively, which sug-
gest a trans-diaxial position for these protons, in agreement with the *Ci configuration for 19

(Scheme 2.11) and with the 'Cs configuration for 2 (Scheme 2.12).

Scheme 2.11. Nucleosides 19 and 20 final conformations

Compound 21 has a 32 of 0.75 Hz, which suggests that it adopted the “Ci conformation
(Scheme 2.12), indicating that it presents the B anomeric configuration.

For compound 20, it was not possible to determine the coupling constants for protons 1'
and 2', however, this nucleoside presents a 3J32=2.47 Hz and a 3J3,4=9.21 Hz, which is charac-
teristic of a !Cs configuration. If the base is in equatorial position as indicated in previous find-
ings (unpublished results), the 'Cs conformation translates into a § anomeric configuration

(Scheme 2.11).
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Scheme 2.12. Nucleosides 2 and 21 final conformations

2.2.2 Conventional stirring method for N-glycosylation (method 2)

2.2.2.1 Synthesis

Due to the inability to keep using the microwave reactor, another procedure, already reported
by our group [69], was experimented, being similar to the method described for the microwave
assisted synthesis.

The original procedure was described as follows: BSA (3.00 equiv.) was added to a solu-
tion of N°-benzoyladenine (1.50 equiv.) in dry ACN and the reaction was carried out for 40
minutes until a clear solution was obtained. Then, a solution of the starting material (1 mmol)
in the same solvent and TMSOT( (8.00 equiv.) were added to the mixture. The reaction was
carried out at 65 °C for 2 hours, until the complete reaction was achieved. However, these
conditions were found not to be suitable for substrates 16 and 18.

The reaction with compound 16 was attempted twice (Scheme 2.13). In the first attempt,
the reaction was carried out with no modification of the original procedure, except for the
amount of starting material (0.45 mmol). Some products were formed, in small quantities,
however, by NMR spectra analysis, we found out that no nucleosides were formed, since the
protons corresponding to the purine base were not found. Moreover, it was not possible to
identify the formed compounds (Entry 1, Table 2.2). Aiming to obtain larger amounts of this
reaction products, a scale up was attempted, from 0.45 to 2.00 mmol of the starting material.
Instead of 2 hours, this reaction was carried out for 24 hours, however, the formation of a large
quantity of products, which were not separable nor identifiable, was found, therefore the re-

action was considered not successful (Entry 2, Table 2.2).
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Scheme 2.13. Reaction between 16 or 18 and silylated N°-benzoyladenine

For intermediate 18, the reaction mechanism is similar to the one described in section
2.2.2.1. and represented in Scheme 2.13. Two hours after starting the reaction, only traces of
one product were detected. The reaction mixture was then kept under stirring for 4 days (96
hours) and controlled by TLC. A mixture of inseparable regioisomers was found, composed
by, presumably, the N°-linked a-isomer (22) and by the N°-linked f (23) one, in a ratio of
0.12:1.00 (22:23), as determined by 'H NMR spectroscopy (Entry 3, Table 2.2).
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Table 2.2. Conditions for N-glycosylation reaction with intermediates 16 and 18

Entry S.m., n (mmol) Time (h) Conversion  Calculated yield
(%) (%)2
1 16, 0.45 2 90 -
2 16, 2.00 24 86 -
3 18, 1.00 96 100 22-3.0
23-21.8

?Yields calculated by the proportions determined by '"H NMR for the two isomers in the mix-

ture

2.2.2.2 Structure characterization

As aforementioned, compounds 22 and 23 were obtained as an inseparable mixture. Hence,
although the major isomer could be characterized by NMR spectroscopy, it was not possible
to clearly identify all the protons and carbons belonging to the minority compound 22.

In Figure 2.1, the signals corresponding to H-2 protons of each compound are repre-
sented, being the 8.69 ppm signal corresponding to compound 22 and the 8.63 ppm signal
corresponding to compound 23. It is possible to verify that the integration suggests a ratio of
0.12:1.00 for the compounds. The aromatic region in the 'H NMR spectrum presents multiple

signals, corresponding to both compounds.
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Figure 2.1. '"H NMR signals corresponding to H-2 protons in both 22 and 23
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All proton and carbon signals from nucleoside 23 could be identified and the purine's
carbon 5 signal at 122.3 ppm was indicative that the sugar moiety should be linked to the
purine by a N° ligation. The coupling constants %5+ and %J+s, in the "H NMR spectrum, with
values above 8 Hz, suggested the !Csconformation, in agreement with the anomeric 3 confor-
mation, if the base is in equatorial orientation.

For nucleoside 22, although no coupling constants could be analyzed, it was possible to
observe signals due to the protons belonging to the sugar moiety and those of purine, protons
H-2 and H-8, while the protons of the phenyl groups seem to be together with those of the 23
nucleoside. Unfortunately, it was not possible to identify any compound 22 carbons, so we
could not identify the signal corresponding to the purine's carbon 5 and, therefore, know ex-
actly how the purine was linked to the sugar moiety. Moreover, since there were no coupling
constants to evaluate, it was not possible to know exactly the conformation adopted by this
compound. Nevertheless, by comparing all the results and knowing that the N° isomers were
always found to have similar polarities, it is presumable that this nucleoside is the N°linked

o anomer (Scheme 2.14).

22 23

Scheme 2.14. Presumable structure of 22 and structure of 23

2.2.3 New method for N-glycosylation (method 3)

Since the previous results obtained by our group showed that the microwave assisted N-gly-

cosylation was not selective for mannopyranosides, leading to four isomers, a new method
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was tested, aiming to find a regio- and stereoselective methodology for the synthesis of purine
nucleosides.

This new method was inspired by a procedure found in the literature in which the reac-
tion of an open chain dithioacetal with the non-silylated N°-benzoyladenine led to the for-
mation of the N°-thioaminals, while the use of the silylated purine led to the generation of the
N’-thioaminals, due to the steric hindrance caused by the silylated amine in the C-6 position,
as shown in Scheme 2.15 [67].

Non-silylated N8-benzoyladenine

NHBz NHBz
; JH
ETY — A —
-thioaminal
—— \ I
oN N) oN N) favored
H
Silylated N®-benzoyladenine
Bz TMS Bz TMS
\. 7/ N/
TMS
N7-thioaminal </N | SN - \N | =
favored P )
()T N 9N
TMS

Scheme 2.15. Non-silylated and silylated purine base N°-benzoyladenine [67]

2.2.3.1 Synthesis using N ¢-benzoyladenine and 2-acetamido-6-chloropurine

By the aforementioned methodology, the synthesis was reported as follows: N¢-benzoylade-
nine (3.50 equiv.) and Iz (2.00 equiv.) were added to a solution (0.10M) of the starting material
(1.00 equiv.) in anhydrous toluene containing 4 A activated molecular sieves. The mixture was
stirred for 30 minutes at room temperature, followed by the addition of a saturated aqueous
solution of sodium thiosulfate (Na25:0s) to consume the excess iodine and by the extraction
with ethyl acetate (EtOAc) [67].

The methodology was first tested for the same purine base. Following the reported
method, with the intermediate 17 (0.68 mmol) as the starting material, no results were obtained
in 30 minutes of stirring at room temperature. The mixture was then left under stirring for 24
hours and no results were obtained. The reaction mixture was then heated up to 65°C and,
after 2 hours at this temperature, some products were formed, therefore, the reaction was left
under stirring for another 24 hours, with hourly TLC control during the day. After this period,
the reaction was not complete, so the mixture was heated up to the reflux temperature (110

°C). After 4 hours, no changes were observed and the work-up was done with no modification
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of the original protocol. For this reaction, 0.44 mmol of the starting material was recovered.
Moreover, two products were obtained, 2 and 21, with yields of 17.6% and 11.8%, respectively
(Scheme 2.16; Entry 1, Table 2.3).
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Scheme 2.16. First attempt of the synthesis of nucleosides 2 and 21, by the new methodology

Trying to improve the conversion rate and the yields of the reaction, some modifications
of the protocol were tested. A solution of 17 (0.84 mmol) in anhydrous toluene was added to
a flask containing 4 A activated powdered molecular sieves (0.74 g). Purine base (3.50 equiv.)
and > (4.00 equiv.) were added to the previous solution. The reaction was carried out at 65°C
for 6 hours until the complete reaction was achieved and the work-up was done with no mod-
ifications of the original method. Although a conversion rate of 100% was found for this
method, products 2 and 21 were obtained with yields of 35.7% and 13.1%, respectively (Entry
2, Table 2.3). Nevertheless, this method seems to be more suitable for this reaction than the
original one since it was able to improve the reaction yields.

Since the previous reaction seemed to be successful, a scale-up was attempted. The fol-
lowed procedure was similar to the one previously described, with 1.13 g of 4 A activated
powdered molecular sieves and with 1.58 mmol of the starting material. The corresponding
equivalents of the N°-benzoyladenine and of I. were used, and the reaction was carried out at
65 °C for 22 hours, until the complete reaction was achieved. For this reaction, compounds 2
and 21 were obtained with 31.0% and 10.1% isolated yields (Entry 3, Table 2.3).

The tested reaction conditions are summarized in Table 2.3.
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Table 2.3. Tested reaction conditions for the new methodology

Entry S.m. T/t Purine I Isolated
(mmol) (equiv.) (equiv.) yield (%)
1 0.68 R.t /24 h; 65°C/24 h; 110°C/4 h 2.00 2-17.6
21-11.8
2 0.84 65°C/6 h 3.50 4.00 2-35.7
21-13.1
3 1.58 65°C/22h 4.00 2-31.0
21-10.1

S. m.- Starting material; T-temperature; t-time

Finally, it is possible to verify that this new method is promising since it was shown to
be an improvement of the known methodologies in terms of selectivity since, as expected for
the reaction with the non-silylated N¢-benzoyladenine, it only led to the formation of the N°
isomers. Furthermore, it is an improvement in terms of simplicity both of apparatus and of the
number of needed reagents. Moreover, although it was not ideal, it improved the reaction
yields, being still available for further optimization.

Since the reactions for the N°-benzoyladenine were quite successful, this method was
tested for a different purine base, the 2-acetamido-6-chloropurine (ACP).

For this purine, the method was attempted twice. At first, a solution of 17 (0.89 mmol,
1.00 equiv.) in anhydrous toluene (0.10 M) was added to a flask containing 0.53 g of 4 A acti-
vated powdered molecular sieves. ACP (3.50 equiv.) and I (4.00 equiv.) were added to the
previous solution and the reaction was heated up to 65°C and stirred for 5 hours. This reaction
was not complete, having been recovered 0.44 mmol of the starting material and having 0.14
mmol of this been converted to the deprotected sugar (11). The remaining 0.31 mmol of 17
were converted to different products, which structures were not identifiable by NMR spec-
troscopy, however it was possible to verify that no nucleosides were formed in this reaction
since the protons corresponding to the purine were not found in the "H NMR spectra.

Aiming to synthesize the nucleosides by this reaction, the same procedure was per-
formed for 1.00 mmol of the starting material and with stirring at 110°C for 5 hours, however
no significant results were obtained and the reaction of the intermediate 17 with ACP was then

considered not successful.

44



2.2.3.2 Synthesis with silylated N°-benzoyladenine

In [67], a methodology for the silylation of N°-benzoyladenine and a glycosylation method for
the coupling reaction of a dithioacetal and the silylated base were reported. Under inert at-
mosphere (N2 atmosphere), to a suspension of N°-benzoyladenine (0.60 mmol, 1.00 equiv.) in
hexamethyldisilazane (HMDS, 0.50 M), ammonium sulfate [(NH4)2SOs, 0.10 equiv.] and trime-
thylsilyl chloride (TMSCI, 3.50 equiv.) were added. The solution was refluxed (T=125°C) for
about 50 minutes, until a clear solution was obtained. The reaction was cooled to room tem-
perature and was then put under high vacuum (0 mbar) at 45°C for an hour to remove the
excess HMDS and a solution 0.60 M in DCM was then made. This reaction was attempted

three times and all the attempts were successful (Scheme 2.17).

B \ B
Z\N/H —Si—Cl , (NH4),S80,4 Z\N/T'VIS
j\)\ / TMSCI1
N X > N N
4 N HMDS 4 N
<N » <N |

N 125°C, 50 min | N
N6-benzoyladenine

Scheme 2.17. Silylation of N®-benzoyladenine by a reported method [67]

Aiming at the glycosylation reaction, the silylated base (0.89 mL of the 0.60M solution in
DCM, 3.50 equiv) and 12 (4.00 equiv.) should be added to a solution of the starting material 17
(100 mg, 0.16 mmol, 1.00 equiv) in anhydrous THF (0.10M). This reaction was attempted twice,
however, in the first attempt, by a mistake, compound 11 (100 mg, 0.37 mmol) was used as the
starting material instead of the intermediate 17. This reaction was carried out for 4:30 hours,
and some products were formed, yet the coupling reaction of the starting material with the
purine did not occur. It is noteworthy that, by mistakenly adding the purine and the iodine to
the unprotected compound 11, the reaction proportions were modified: instead of adding 3.50
equivalents of the silylated purine and 4.00 equivalents of iodine, 1.44 and 1.70 equivalents
were added, respectively.

Finally, the right reaction was tested. Following the procedure above described, the re-
action was stirred for 24 hours at room temperature, followed by 4:30 hours at 65°C, until the
complete reaction was achieved. By this method, products 2 and 21 were again obtained but,

this time, with 62.5% and 6.3% yields, respectively (Scheme 2.18).
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Scheme 2.18. N-glycosylation reaction of 17 with the silylated N°-benzoyladenine

It is possible to verify that this reaction did not occur as expected by the literature with
the selective formation of the N7 isomers, having the N°isomers been again formed. Neverthe-
less, in comparison with the previous attempted reactions with the non-silylated purines, this
stereoselective method gave the same products with a higher yield for the compound 2, the a-

anomer.

2.2.3.3 Synthesis with silylayed 2-acetamido-6-chloropurine

Since the reaction between the intermediate 17 and the silylated N°-benzoyladenine was suc-
cessful, the method was tested for ACP base.

By following the same protocol for the silylation reaction, no satisfying results were ob-
tained, since the clear solution was never achieved and, therefore, the protection of the N-H
positions of the purine with TMS groups did not occur. This procedure was tested twice and
the same results were obtained for both attempts. This method was then considered not suit-
able for the ACP base (Scheme 2.19).

Due to the impossibility of using this method for the silylation of this purine, another
procedure was tested, similar to the one already described in section 2.2.1.1, with a solvent
modification from ACN to THF. BSA (3.00 equiv) was added to a suspension of ACP (1.50
equiv.) in anhydrous THF (10 mL) and the mixture was stirred for 40 minutes (Scheme 2.19).
Upon obtaining a clear solution, a solution of 17 (0.33 mmol, 1.00 equiv.) in anhydrous THF (2
mL) and I (4.00 equiv.) were added. The mixture was stirred for 20 hours at room temperature
and no results were obtained. The reaction mixture was then heated up to 65°C and stirred at
this temperature for 3 days, 72 hours, however, no results were obtained and the reaction was

considered not successful.
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Scheme 2.19. Silylation of 2-acetamido-6-chloro-purine

Finally, since the previous reaction did not give any results, the order of addition was
modified and the temperature was risen up to 65°C at the beginning of the reaction. To a flask
containing 4 A activated powdered molecular sieves (0.30 g), a solution of compound 17 (0.33
mmol, 1.00 equiv.) in anhydrous THF (4 mL) and I (4.00 equiv.) were added. The solution
containing the silylated purine was then added to the previous mixture and the reaction was
carried out for 23 hours at 65°C until the reaction was complete. From this reaction, a large
number of products, which structures could not be identified by NMR spectroscopy, with the
exception of N°-linked o nucleoside (24), isolated in 24.2% isolated yield (Scheme 2.20), was

found.
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Scheme 2.20. Synthesis of nucleoside 24

Even though this reaction yield was not ideal and the formed product was not expected

as shown by the literature [67], this reaction was considered an improvement of the reaction
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with the non-silylated purine since it was actually able to produce a nucleoside and selectively

provided the N°-linked a isomer.

2.2.3.4 Structure characterization

From the reaction described above for the development of the new method for the N-glycosyl-
ation, three products were obtained: 2, 21 and 24. Since the first two compounds were already
prepared in reactions previously described, their characterization can be found in the section
22.1.2.

Nucleoside 24 was fully characterized by NMR spectroscopy and HRMS. Again, the
anomeric configuration was determined by analysis of the value of the coupling constant of
protons H-1" and H-2' and the position of the purine ligation was determined by the purine's
carbon 5 characteristic chemical shift.

At first, all the protons corresponding to the sugar moiety and the protons correspond-
ing to purine's H-8 and acetamido group were clearly identified. Furthermore, the signals cor-
responding to the carbonyl and the methyl groups from purine acetate group were possible to
identify. Hence, it was proved that the coupling reaction of 17 with the silylated ACP occurred.

The coupling constant 312 with a value of 8.51 Hz suggests a trans-diaxial conformation,
in agreement with the 'Cs conformation for this compound. Purine's carbon 5 chemical shift
had a value of 128.3 ppm, which suggests a N° purine ligation and, therefore, this compounds'

final structure should be the one represented in Scheme 2.21.
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Scheme 2.21. Final structure of nucleoside 24
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2.3 Evaluation of nucleosides' biological properties

2.3.1 Metal chelation properties

All purine nucleosides' (2,19-24) chelating activities were evaluated by UV-Visible spectros-
copy. This compounds' absorbance spectra were recorded both in the absence and in the pres-
ence of solutions of four different metal ions (Cu?*, Zn?, Fe? and Al*'). Amongst all synthesized
compounds, nucleosides 19, 20 and 21 showed the most interesting results. In Figure 2.2, spec-
tra corresponding to the interaction of 19 with the four metal ions can be found and it is pos-

sible to verify that pure compound spectrum is characterized by a maximum at A=284 nm.
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Figure 2.2. Absorbance spectra of 19 both in the absence and in the presence of metal ions
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In the spectra corresponding to the interaction of the nucleoside with Zn(II) and with AI(III),
it is possible to verify that no interaction can be considered since both show the same charac-
teristic maximum as the pure compound and no other alteration can be found. In the 19-Fe(II)
interaction spectrum, a small interaction may be identified. Although no wavelength altera-
tion in the A=284 nm maximum occurs, there is the appearance of another maximum at 342 nm
with very low intensity. Finally, in the spectrum corresponding to the interaction between the
nucleoside and the copper ions, there is a perceptible wavelength shift from A=284 nm to A=334
nm, which is indicative of a conformational rearrangement. These results suggest a strong in-
teraction of 19 with the copper ions, an almost neglectable interaction with iron (II) and no
interaction with zinc or aluminum ions. Hence, this nucleoside seems to be a selective copper
chelating agent.

In Figure 2.3, it is possible to verify that nucleoside 20 is characterized by a band at A=290

nm.
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Figure 2.3. Absorbance spectra of 20 both in the absence and in the presence of metal ions
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Moreover, this compound clearly shows interaction with each tested metal ion, being
possible to observe wavelength shifts from 290 nm to 345, 346, 339 and 351 nm for copper,
zing, iron and aluminum ions, respectively. Hence, unlike 19, this nucleoside seems to be a
non-selective metal chelator for the tested ions.

Compound 21's spectra corresponding to its interaction with the four different ions is
represented in Figure 2.4. This compound is characterized by a maximum at A=301 nm and,
by analyzing the absorbance spectra, it is possible to verify that 21 only presents interaction
with copper ions, as demonstrated by the wavelength shift from 301 to 350 nm in the interac-
tion spectrum. With zing, iron and aluminum no chelating activity can be considered since in
the spectra corresponding to interaction of the nucleoside with these metals there is no maxi-
mum wavelength alteration. Thus, this compound may be considered a selective copper che-

lator.
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Figure 2.4. Absorbance spectra of 21 both in the absence and in the presence of metal ions
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Nucleosides 2 and 22-24 did not display any properties as metal chelators, therefore, the
corresponding UV-Vis spectra are not here represented, however they can be found in the
Appendix A.5-A.10.

To conclude this section, compounds 19, 20, and the inseparable mixture 22/ 23 embody
a sugar L configuration, while nucleosides 2, 21 and 24 present a D configuration. Amongst all
compounds, 19, 20 and 21 were the only to show metal chelating properties. These results
suggest that, contrary to our group's previous findings, the metal chelating properties might
be related not only to the glycone L-configuration but also to the D-configuration, which in-
creases the number of compounds that might be designed, synthesized and studied in order
to achieve these properties. Moreover, this kind of activity may be related not only to the N°
purine ligation, since the N7 isomers synthesized did not show chelating activity (unpublished
results), but also to sugar substitution pattern, conformation and anomeric configuration, sug-

gesting that stereochemical issues may be relevant for chelation.

2.3.2 Anticholinesterase activity

The AChE and BChE inhibitory activities of the synthesized nucleosides were determined in
vitro by using the Ellman's colorimetric assay [70] with some modifications [60, 61].

The original method was reported by Ellman et. al in 1960 and was described as a rapid
and sensitive photometric method for the determination of cholinesterase activity and the de-
termination of the hydrolysis of ACh by AChE and BChE. The activity of these enzymes was
then measured by following the increase of the yellow color caused by the reaction of thiocho-
line with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) that leads to the formation of the yellow
5-thio-2-nitrobenzoic acid (TNB), at pH 8.0 [59, 62]. The following equations summarize these
reactions (Scheme 2.22, Scheme 2.23).

0] ‘ ‘ 0
)k N N enzyme /\/ (T)/ i )k
Me s AN HS AN Me OH

acetylthiocholine thiocholine acetic acid

Scheme 2.22. Hydrolysis of acetylthiocholine
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HO,C
thiocholine mixed disulphide
—_—

+ +
OZN—QS—S—QNOQ HSQNOZ
HO,C CO,H CO,H

DTNB TNB

Scheme 2.23. Ellman's reaction

The maximum absorption coefficient was found at 412 nm for TNB and, for that reason,
the increase of absorbance is recorded at this wavelength as the substrate is hydrolyzed. The
activity of the enzyme is calculated as the reaction rate from the slope of the linear part of the
graph resulting from the increase of absorbance with time [59, 62].

The modifications that were made to the original procedure are the ones that were pre-
viously carried out and disclosed by Prof. Dr. Modesto de Candia's research group, where this
dissertation's anticholinesterase assays were made [60, 61].

The half maximal inhibitory concentration values (ICs0) found for nucleosides 2, 19 and
20 against electric eel AChE (eeAChE) and horse serum BChE (egBChE) are summarized in
Table 2.4 and it is possible to verify that none of the tested compounds were efficient for the

inhibition of 50% of these enzymes' activity at the tested concentrations.

Table 2.4. Inhibition of AChE and BChE by the synthesized nucleosides (ICso values)

Compound ICs0 (UM)
eeAChE eqBChE
192 >5 >5
202 >5 >5
2b >20 >20
Donepezile 0.021 £ 0.020 2.75+0.20
Galantaminec 0.56 +0.12 12.0+0.3

2 results obtained for 5 uM final concentration due to poor water solubility
bresult obtained for 20 uM final concentration

<Donepezil and galantamine were used as positive controls [60, 63]
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Nucleosides inhibition assays were performed at different times, the 19 and 20 ones were
performed during this dissertation period and the compound 2 one was previously performed
by our group (unpublished results). In Table 2.5, the inhibition results, at 5 uM final concen-
tration for compounds 19 and 20 against eeAChE, human AChE (hAChE), egBChE and human
BChE (hBChE) are disclosed. These results show, once again, that the tested concentration was
not sufficient to produce 50% of inhibition for the tested enzymes, however both compounds
show some inhibition which suggests that both could be cholinesterase inhibitors if there was
a possibility of improving their water solubility. The latter results also show that 19 presents
a slightly higher inhibition of AChE and, at the opposite side, 20 shows a higher inhibition of

BChE, however, both of them seem to have potential to be non-selective cholinesterase inhib-

itors.
Table 2.5. Inhibition of AChE and BChE by nucleosides 19 and 20
Nucleoside Inhibition (%) at 5 uM final concentration
eeAChE hAChE eqgBChE hBChE
19 31+4 28+3 24+6 18+5
20 18+3 169 26+6 30+7

Nucleoside 24 was not possible to obtain in a sufficient amount to carry out all the struc-
tural and biological characterization assays, therefore, since data was already reported by our
group for this compound's cholinesterase inhibition [66], this test was not performed for this
dissertation. The work published by our group in 2014 reported the Ki values for a library of
nucleosides, including 24, whose results are summarized in Table 2.6, using galantamine hy-
drobromide as a positive control.

As aforementioned galantamine is a selective AChE inhibitor, which was proven by this
publication's results, showing a selectivity factor of 0.06 given by the quotient of Ki (AChE)
and Ki (BChE), being the Ki (AChE)= 0.5 + 0.0 pM. 24 seems to have more impact in BChE
inhibition, however, with a Ki (BChE) of 10.3 + 2.6 uM, seems to be not as effective as it would
be desired.
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Table 2.6. Ki values for nucleoside 24 [66]

Compound Ki (uM)
AChE BChE
24 17.1+2.5 10.3+2.6
Galantamine hydrobromide 0.5+0.0 94+0.7

Finally, results for nucleoside 21 inhibitory activity were not possible to determine
before the end of the delivery period of this dissertation, therefore, they are not shown here.
Compounds 22 and 23, since obtained as an inseparable mixture, were not considered for these

assays.
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CONCLUSIONS AND FUTURE WORK

This dissertation's work aimed at investigating purine nucleosides for which some questions
were raised resulting from our group's previous findings (unpublished results): would it be
possible to selectively synthesize compounds 2 and 3 (N° isomers) or 4 and 5 (N7 isomers)?
Would it be possible to synthesize compound 3, the § nucleoside, exhibiting the usual *C1 con-
formation? May the chelating activity only be achieved through compounds with no aromatic
ring in its structure and is this kind of activity really related to the glycone L-configuration?
Could a nucleoside bearing a L-configurated sugar moiety with benzyl protecting groups be a
dual target drug against cholinesterase and the biometal accumulation?

To answer these questions, in this dissertation, five new nucleosides (19, 20, 21, 22 and
23) and two already known ones (2 and 24) were synthesized and studied. In order to answer
the first two questions, the reaction with the per-benzylated methyl o-D-mannopyranoside
was attempted by three different methods. By the microwave assisted methodology, it was
actually possible to obtain N°selectivity and the nucleosides 2 and 21 (3 with the *C: confor-
mation) were prepared. Another method without microwave irradiation was attempted but
the required results were not obtained. A new methodology was then developed and experi-
mented, reacting either silylated and non-silylated N°-benzoyladenine with 17 to obtain N” or
N selectivity, respectively. In fact, this new method gave N°selectivity for the reaction of the
per-benzylated phenyl a-D-thiomannopyranoside with N°-benzoyladenine, however, by us-
ing the silylated base, also N° selectivity was achieved and the N7 isomers were not found in
the reaction mixtures. This method was also experimented for a different purine base, ACP,
and the non-silylated base did not lead to the expected results. However, the reaction of the
substrate and the silylated base allowed the selective formation of the N°-linked o isomer (24).

Nevertheless, although this method did not conduct to N” regioselectivity, actually N°
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selectivity was obtained for the reactions with two different purine bases and it turned out as
an improvement of the previous methods in terms of simplicity of the apparatus and of the
number of needed reagents.

In order to answer the remaining questions, nucleosides 19 and 20 were successfully
synthesized by the microwave assisted method (leading to N selectivity, as expected from the
group previous findings). It is noteworthy that 22 and 23 were also synthesized (by the second
methodology) in view of answering these questions, however since obtained as an inseparable
mixture, it was not possible to consider them for the biological assays. 19 and 20, being the
only available L-glycone configuration compounds, showed metal chelating properties, 19 be-
ing a selective copper chelator and 20 being a non-selective one, showing interaction with Cu?,
Zn?*, Fe?* and Al**. Compound 21 was synthesized to answer the question about the *Ci usual
conformation for the B-isomer, however, this nucleoside revealed metal chelating activity, be-
ing a selective copper chelator. These results then contributed to enhance the previous find-
ings, adding the concept that this activity may not only be achieved by sugar L-configurated
compounds but also by D-configurated ones, increasing the number of compounds that might,
in the future, be designed, synthesized and studied, in order to achieve this kind of activity.
In addition, the results obtained revealed that compounds with aromatic rings in their struc-
ture also show this important chelating property.

The previous findings also suggested that the cholinesterase activity seemed to be re-
lated with the aromatic rings, the AChE selective inhibition seemed to be related with the N°
purine ligation while the BChE selective inhibition was related with the N7 one. Compounds
19 and 20 showed poor water solubility and the maximum concentration that was possible to
test (5 uM) was not able to produce 50% inhibition of AChE and/or BChE activities. Neverthe-
less, 19 showed 31 and 28% inhibition against eeAChE and hAChE, respectively, and 24 and
18% inhibition against egqBChE and hBChE, respectively, while 20 produced 18 and 16% inhi-
bition of both AChEs, respectively, and 26 and 30% inhibition of both tested BChEs. Although
not being able to produce 50% inhibition at the tested concentration, these results seem prom-
ising towards the achievement of a dual-target drug against AD since these two nucleosides
were the only ones that could present chelating and anticholinesterase activities, if there was
the possibility to improve their water solubility. 2 was already known by previous findings
(unpublished results) as not-active against any of the enzymes and, unfortunately, results for
nucleoside 21's activity against cholinesterases were not obtained before the end of the deliv-

ery period of this work. Finally, nucleoside 24 properties as an anticholinesterase agent were
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already reported, however the found Ki values for the inhibition of AChE and BChE did not
seem relevant when compared with an already approved drug for AD by the FDA.

To conclude, in this dissertation it was possible to answer the questions that had arisen
from the previous works and, in addition, a new method with improved simplicity was de-
veloped for the selective synthesis of nucleosides, however, this method is still available for
further optimization. In this work, it was also showed that it could be interesting to study
structural modifications that might lead to an improvement of compounds 19 and 20 water
solubility and, therefore, lead to obtaining a dual-target drug against AD. Furthermore, the
study of nucleoside's ability to cross the BBB and their toxicity could also be investigated. Fi-
nally, since mannosylpurine nucleosides previously synthesized by our group showed a po-
tent antitumoral activity, the idea of studying the synthesized compounds properties as anti-
tumor agents seemed interesting, therefore, the nucleosides are currently under evaluation.

Hence, this dissertation work opens the opportunity for further development and opti-
mization of synthetic methodologies for the preparation of nucleosides and for the future re-
search of nucleoside potential as dual- or multitarget compounds against AD. Finally, this
work seems to be a step forward towards finding a disease-modifying therapy for this devas-

tating neurogenerative disease.

59



60



4
MATERIALS AND METHODS

4.1 General information about nomenclature, reagents, sol-

vents, spectroscopic measurements and chromatography

All compounds (intermediates and nucleosides) mentioned in this work were numbered ac-
cording to the nomenclature defined by the IUPAC [75]. Reagents were purchased from com-
mercial suppliers (Acros, Aldrich, Alfa Aesar, Sigma, Chemlab and RDH) and used without
further purification. The starting materials 9, 10 and 11 were available from Alfa Aesar, TCI
and Aldrich, respectively. Purine base N®-benzoyladenine was purchased from TCI and
Thermo Scientific, and 2-acetamido-6-chloropurine was already available in the laboratory
and synthesized by our group in 2013, having been used after recording the 'H NMR spectrum
to confirm that it was not degraded. Solvents were dried before use with 4 A activated molec-
ular sieves. Microwave assisted synthesis was performed with a CEM Discover and Explorer
SP. NMR spectra were recorded on a Bruker Advance 400 spectrometer at 18 °C, being the
chemical shift values (0) given in parts per million (ppm) and the coupling constants (J) values
given in hertz (Hz). 'H NMR spectra were recorded at 400 MHz and 3C NMR spectra were
recorded at 101 MHz, being the internal standard given by the solvent residual signal (MeOD,
3.31 ppm and CDCls, 7.26 ppm, for 'H NMR; MeOD, 49.00 ppm; CDCls, 77.16 ppm, for 3C
NMR). Compounds optical rotations were determined on an Anton Paar MCP 100 polarime-
ter, with a 10 mm length cell, being the concentration (c) given in g/100 mL. HRMS analyses
were performed on a QqTOF Impact II"™ mass spectrometer (Bruker Daltonics), operating in
the high-resolution mode, at Instituto Superior Técnico. TLC was performed on silica gel 60
Fass plates, 200 uM thick, from Sigma-Aldrich and visualized by UV light and by a EEOH/H2S0x
(9:1) stain followed by heating. Flash column chromatography, for compound isolation, was
performed either by conventional methods or by Buchi Sepacore® automated system on silica

gel 60 (PanReac).
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4.2 Synthesis and characterization

4.2.1 Benzylation procedure and products

Compounds 9, 10 and 11 hydroxy groups were protected with benzyl groups following a
reported procedure [68], with some modifications already carried out by our group. The struc-

tures of the compounds synthesized by this method are represented in Scheme 4.1.

OMe
M 3 ‘
BnO ° Q
i 2
BnO
OBn
15 16 17

Scheme 4.1. Structure of the benzylation products

NaH (2.00 equiv./-OH) was added to a solution of the starting material (9,10 or 11) (2
mmol) in THF (16 mL), left under stirring for 30 minutes at 0°C, and then heated to room
temperature. BnBr (2.00 equiv./-OH) was added dropwise to the solution and the mixture was
stirred at room temperature for 24 hours. MeOH was then added to the mixture and the solu-
tion was concentrated at low pressure. Finally, the mixture was poured into DCM, washed
with distilled water and extracted with DCM (3 x 20 mL). The combined organic layers were
then washed with brine, dried over magnesium sulfate (MgSOs) and concentrated. Com-
pounds were isolated and purified by column chromatography (EtOAc/Hex 1:8 for com-
pounds 15 and 16; EtOAc/Hex 1:9 for compound 17). Compounds 15 and 16 were isolated as
colorless syrups and 17 as a yellow syrup.

Methyl 2,3,4-tri-O-benzyl-o-L-rhamnopyranoside (15, Scheme 4.1), methyl 2,3,4,6-tetra-
O-benzyl-a-D-mannopyranoside (16, Scheme 4.1) and phenyl 2,3,4,6-tetra-O-benzyl-o-D-thi-
omannopyranoside (17, Scheme 4.1).

Data for compound 15, using compound 9 as starting material: Syrup. Isolated
yield=90.3%. Rf=0.38 (EtOAc/Hex 1:8). [a]p*=-2.913% (¢ 1.0, MeOH). 'H NMR (400 MHz,
CDCls): & 7.32-7.14 (m, 15H, Ph), 4.85, 4.83 (part A of AB system, 1H, OCH>-2, Jas=10.95 Hz),
4.67, 4.64, 4.63, 4.60 (AB system, 2H, OCH>-3, Jas=12.39 Hz), 4.58 -4.49 (m, 4H, part B of AB
system, 1H, OCH>-2, 2H, OCH>-4, H-1), 3.73 (dd, 1H, H-3, 3J32=3.04 Hz, 3J54=8.83 Hz,), 3.68 (dd,
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1H, H-2, 3J21=1.81 Hz, %]25=3.04 Hz,), 3.62-3.47 (m, 2H, H-4, H-5), 3.19 (s, 3H, OCHs), 1.24 (d,
3H, H-6, 3J65=5.88 Hz). *C NMR (100 MHz, CDCl): 6 138.8, 138.7(5), 138.5 (CqPh), 128.5, 128.1,
128.0(5), 127.8, 127.7, 127.6(5), (Ph), 99.2 (C-1), 80.6 (C-4), 80.3 (C-2), 75.5 (OCH>-2), 74.9 (C-3),
72.9 (OCH>-3), 72.3 (OCH2-4), 68.0 (C-5), 54.8 (OCH3s), 18.2 (H-6). HRMS (m/z) calculated for
[C2sH3NaOs]*: 471.2142, found: 471.2142. Data in accordance with previously reported data
[76].

Data for compound 16, using compound 10 as starting material: Syrup. Isolated yield=
87.0%. Rf=0.41(EtOAc/Hex 1:8). [a]p*°=20.192° (¢ 1.0, MeOH). '"H NMR (400 MHz, CDCls): d
7.42-7.09 (m, 20H, Ph), 4.87, 4.85 (part A of AB system, 1H, OCH2-W, Jas=10.65 Hz), 4.75 (br s,
1H, H-1), 4.71 (br s, 2H, OCH2-X), 4.66, 4.63 (part A of AB system, 1H, OCH:-Y, Jas=12.09 Hz),
4.58 (br s, 2H, OCH>-Z), 4.55, 4.52 (part B of AB system, 1H, OCH2-Y, Jas=12.09 Hz), 4.50, 4.47
(part B of AB system, 1H, OCH>-W, Jas=10.65 Hz), 3.95 (t, 1H, H-4, 3]45=%]45=9.18 Hz), 3.86 (dd,
1H, H-5, %J56= 2.67 Hz), 3.80-3.67 (m, 4H, H-2, H-3, H-6., H-6v), 3.30 (s, 3H, OCHzs). *C NMR
(100 MHz, CDCls): d 138.7, 138.6, 138.5, 138.4(5) (CqPh), 128.5, 128.4(5), 128.4, 128.1, 128.0,
127.9, 127.7,127.6(8), 127.6(6), 127.6 (Ph), 99.1 (C-1), 80.3 (C-5), 75.2 (OCH>), 75.0 (C-4), 74.6 (C-
3), 73.5 (OCH2), 72.7 (OCHy), 72.2 (OCH>), 71.8 (C-2), 69.4 (C-6), 54.9 (OCH3). HRMS (m/z) cal-
culated for [CssHasNaOe]*: 577.2561, found: 577.2562. Data in accordance with previously re-
ported data [77].

Data for compound 17, using compound 11 as starting material: Syrup. Isolated
yield=96.8%. Rf=0.47 (EtOAc/Hex 1:8). [a]p?*=79.612° (¢ 1.0, MeOH). 'H NMR (400 MHz,
CDCls): & 7.46-7.39 (m, 2H, Ph), 7.37-7.17 (m, 23H, Ph), 5.60 (s, 1H, H-1), 4.91, 4.88 (part A of
AB system, 1H, OCH2-W, Jas=10.71 Hz), 4.73, 4.70 (part A of AB system, 1H, OCH:-X, Jas=12.34
Hz), 4.67-4.55 (m, 4H, part B of AB system, 1H, OCH:-X, 2H, OCH>-Y, part A of AB system,
1H, OCH:-Z), 4.53, 4.50 (part B of AB system, 1H, OCH2-W, Jas=10.71 Hz), 4.48, 4.45 (part B of
AB system, OCH:-Z, Jas=11.96 Hz), 4.27 (dd, 1H, H-3, %J32=3.95 Hz, °]54=9.57 Hz), 4.06 (t, 1H, H-
4, 3]43=3]45=9.57 Hz), 3.98 (br t, 1H, H-2), 3.88-3.80 (m, 2H, H-5, H-6a), 3.73 (d, 1H, part BX of
ABX system, H-6b, Jeb6.=10.73 Hz). *C NMR (100 MHz, CDCls): d 138.5, 138.4(6), 138.3, 138.0
(CqOBn), 134.5 (CqSPh), 131.7, 129.1, 128.6, 128.5, 128.4(8), 128.4, 128.1, 128.0(6), 128.0, 127.9,
127.8, 127.7(7), 127.6, 127.5 (Ph), 85.8 (C-1), 80.3 (C-5), 76.3 (C-2), 75.3 (OCH>), 75.1 (C-4), 73.4
(OCH), 72.8 (OCH2), 72.2 (C-3), 72.0 (OCHz), 69.3 (C-6). HRMS (m/z) calculated for
[CsH40NaOsS]*: 655.2489, found: 655.2487. Data in accordance with previously reported data
[68].
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4.2.2 Benzoylation procedure and product

Compound 9 was the only compound that was protected with benzoyl groups. The benzoyla-
tion reaction was performed following an optimization of a reported procedure [68] with some

modifications and the structure of the synthesized product is represented in Scheme 4.2.

OMe

18

Scheme 4.2. Structure of the benzoylation product

NEts (3.00 equiv./-OH) and BzCl (3.00 equiv./-OH) were added dropwise and DMAP
was added in a catalytic amount to solution of 9 (2 mmol) in THF (10 mL) and stirred at room
temperature for 20 hours. The resulting reaction mixture was concentrated and then poured
into DCM. The solution was washed with a saturated aqueous solution of sodium bicarbonate
(NaHCO:s) and extracted with DCM (3 x 15 mL). The combined organic layers were dried over
MgSOs, filtered and concentrated. Compound 18 was isolated, as a colorless syrup, and puri-
fied by column chromatography (EtOAc/DCM 1:1).

Methyl 2,3,4-tri-O-benzoyl-a-L-thamnopyranoside (18, Scheme 4.2).

Data for compound 18, using compound 9 as starting material: Syrup. Isolated
yield=99.8%. Rf=0.31 (EtOAc/Hex 1:8). [a]p**=-63.107° (¢ 1.0, MeOH). 'H NMR (400 MHz,
CDCls):  8.01 (d, 2H, Ph, J=7.12 Hz), 7.87 (d, 2H, Ph, J=7.12 Hz), 7.72 (d, 2H, Ph, J=7.12 Hz),
7.51 (t, 1H, Ph, J=7.45 Hz), 7.40 (m, 3H, Ph), 7.34-7.24 (m, 3H, Ph), 7.15 (m, 2H, Ph), 5.73 (dd,
1H, H-3, 3J32=3.41 Hz, %J34=10.14 Hz), 5.60-5.54 (m, 2H, H-2, H-4), 4.82 (d, 1H, H-1, *1.=1.38 Hz),
4.09 (qd, 1H, H-5), 3.41 (s, 3H, OCHs), 1.28 (d, 3H, H-6, %J5¢=6.30 Hz). *C NMR (100 MHz,
CDCls): 0 165.9, 165.8, 165.6 (CqPh), 133.6, 133.4, 133.2, 130.1, 129.9, 129.8, 129.5, 1294, 128.7,
128.6, 128.4 (Ph), 98.7 (C-1), 72.0 (C-4), 71.0 (C-2), 70.1 (C-3), 66.7 (C-5), 55.5 (OCH3), 17.8 (CH3).
HRMS (m/z) calculated for [CasH26NaQOs]*: 513.1520, found: 513.1514.
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4.2.3 N-glycosylation procedures and products (methods 1 and 2)

4.2.3.1 Microwave-assisted method (method 1)

Microwave-assisted reactions were performed following a reported procedure [66] and the

products obtained are represented in Scheme 4.3.
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Scheme 4.3. Microwave assisted N-glycosylation products

In a 10 mL microwave vial, BSA (3.00 equiv.) was added to a solution of N°-benzoylad-
enine (1.50 equiv.) in dry ACN (3 mL) and the mixture was stirred for 50 minutes at room
temperature, until a clear solution was obtained. A solution of the fully protected glycoside
[15, 16 (Scheme 4.1) or 18 (Scheme 4.2)] (1 mmol) in dry ACN (3 mL) and TMSOT (8.00 equiv.)
were added to the reaction mixture. The reaction was carried out under microwave irradiation
(150 W, 65°C, 15 PSI) for 60 minutes. The mixture was then poured into DCM, washed with a
saturated aqueous solution of NaHCOs and extracted with DCM (3 x 20 mL). The combined
organic layers were washed with brine, dried over MgSOs and concentrated. The compounds
obtained were isolated and purified by column chromatography (EtOAc/Hex from 1:9 to 7:3
for all compounds). 19 and 20 were isolated as colorless syrups, while compounds 2 and 21

were isolated as yellow and yellowish-brown syrups, respectively.
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N-6-benzamido-9-(2,3,4-tri-O-benzyl-o-L-rhamnopyranosyl)purine (19, Scheme 4.3), N-
6-benzamido-9-(2,3,4-tri-O-benzyl-B-L-thamnopyranosyl)purine (20, Scheme 4.3).

Data for compound 19, using 15 as starting material: Syrup. Isolated yield=8.1%. Rf=0.9
(EtOAc/DCM 1:1). [a]o*=-75.000° (¢ 0.2, MeOH). 'H NMR (400 MHz, MeOD): 6 8.59 (s, 1H, H-
2), 8.41 (s, 1H, H-8), 8.09 (d, 2H, ortho PhCO, J=7.38 Hz), 7.63 (t, 1H, para PhCO, ]=6.98 Hz), 7.54
(t, 2H, meta PhCO, J=7.86 Hz), 7.41-7.24 (m, 11H, Ph, NH), 7.15-7.04 (m, 3H, Ph), 6.93 (dd, 2H,
Ph, J=1.46 Hz, ]=7.61 Hz), 6.17 (d, 1H, H-1', 3J112=7.99 Hz), 4.82 (dd, 1H, H-2', 3]2,3=2.49 Hz), 4.75,
4.72, 470, 4.67 (AB system, 2H, OCH:-3', Jas=12.02 Hz), 4.60, 4.57, 4.56, 4.53 (AB system, 2H,
OCH:-4, Jas=11.91 Hz), 4.45, 4.42 (part A of AB system, 1H, OCH2-2', Jas=12.00 Hz), 4.37 (qd,
1H, H-5'), 4.26,4.23 (part B of AB system, 1H, OCH>-2', Jas=12.00 Hz), 4.10 (t, 1H, H-3', %J3,4=3.00
Hz), 3.64 (dd, 1H, H-4', 3J+s= 5.11 Hz), 1.35 (d, 3H, H-6, 3J¢5=6.70 Hz). *C NMR (100 MHz,
MeOD): 0 168.1 (CO), 153.4 (CqPh), 153.0 (C-2, C-4), 151.0 (C-6), 145.1 (C-8, CqPh), 139.5, 139.4,
138.5 (CqPh), 138.5, 135.0, 133.9, 129.8, 129.5, 129.4, 129.3(5), 129.3, 129.2(5), 129.2, 129.1, 129.0,
128.9, 128.8(6), 128.7 (Ph), 125.1 (C-5), 81.3 (C-1"). 81.1 (C-4'), 76.0 (C-3"), 74.6 (C-2'), 74.1 (C-5),
73.8 (OCH2-3"), 73.3 (OCH2-4'), 724 (OCH:>-2"), 18.3 (C-6'). HRMS (m/z) calculated for
[CsoHa7NsNaOs]*: 678.2687, found: 678.2695.

Data for compound 20, using 15 as starting material: Syrup. Isolated Yield=36.2%. Rf=0.7
(EtOAc/DCM 1:1). [a]p?=-29.000° (¢ 1.0, MeOH). 'H NMR (400 MHz, MeOD): 6 8.55 (s, 1H, H-
2), 8.32 (s, 1H, H-8), 8.10 (d, 2H, ortho PhCO, J=6.91 Hz), 7.63 (t, 1H, para PhCO, ]=7.30 Hz), 7.54
(t, 2H, meta PhCO, J=7.50 Hz), 7.41 (d, 2H, Ph, J=7.49 Hz), 7.35-7.23 (m, 9H, Ph, NH), 7.01 (dd,
3H, Ph, ]=2.00 Hz, J=5.11 Hz), 6.88-6.83 (m, 2H, Ph), 5.92 (d, 1H, H-1', 3Jr2= 0.72 Hz), 4.94, 4.91
(part A of AB system, 1H, OCH>2-4', Jas=11.05 Hz), 4.83, 4.80 (part A of AB system, 1H, OCHo:-
3', Jas=12.05 Hz), 4.76, 4.73 (part B of AB system, 1H, OCH>-3'), 4.72, 4.69 (part B of AB system,
1H, OCH2-4"), 4.69, 4.66 (part A of AB system, 1H, OCH»-2', Jas=11.79 Hz), 4.29, 4.27 (part B of
AB system, 1H, OCH»-2', Jas=11.59 Hz), 4.23 (br s, 1H, H-2"), 3.95 (dd, 1H, H-3', ¥J52=2.47 Hz,
3J34=9.21 Hz), 3.77-3.59 (m, 2H, H-4', H-5'), 1.36 (d, 3H, H-6/, Js,5=5.87 Hz). *C NMR (100 MHz,
MeOD): 6 167.9 (CO), 153.8 (C-2), 151.7 (C-4), 150.8 (C-6), 144.0 (C-8), 139.7, 139.5, 138.1, 135.0
(CqPh), 129.8, 129.6, 129.5, 129.4, 129.3, 129.2, 129.1, 128.9, 128.8(7), 128.8(5), 128.8 (Ph), 124.2
(C-5), 84.0 (C-3"), 83.2 (C-1'), 80.6 (C-4'), 76.3 (C-5'), 76.2 (OCH2-4"), 75.5 (OCH2-2'), 74.5 (C-2'),
73.8 (OCH2-3"), 18.5 (C-6'). HRMS (m/z) calculated for [CsH37NsNaOs]*: 678.2687, found:
678.2683.
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N-6-benzamido-9-(2,3,4,6-tetra-O-benzyl-o-D-mannopyranosyl)purine (2, Scheme 4.3),
N-6-benzamido-9-(2,3,4,6-tetra-O-benzyl-p-D-mannopyranosyl)purine (21, Scheme 4.3).

Data for 2, using 16 as starting material: Syrup. Isolated yield=16.4%. Rf=0.9
(EtOAc/DCM 1:1). [a]po?=37.864° (¢ 1.0, MeOH). '"H NMR (400 MHz, CDCls): & 8.67 (s, 1H, H-
2), 8.00-7.93 (m, 3H, H-8, 2H ortho PhCO), 7.55 (t, 1H, para PhCO, ]=7.34 Hz), 7.46 (t, 2H, meta
PhCO, J=7.75 Hz), 7.31-7.04 (m, 19H, Ph, NH), 6.95-6.90 (m, 2H, Ph) 5.99 (d, 1H, H-1', 3J1,2=7.60
Hz), 4.88 (dd, 1H, H-2, 3]23=2.72 Hz), 4.66, 4.63, 4.58, 4.55 (AB system, 2H, OCH>, Jas=12.10
Hz), 4.50-4.33 (m, 6H, H-5', 2 x OCHz 4H, OCH:, 1H), 4.21, 4.18 (part B of AB system, 1H, OCHz,
Jas=12.12 Hz), 3.89 (br t, 1H, H-3/, 3J3.4=3.15 Hz), 3.81 (dd, 1H, H-4', 3J4+5=5.90 Hz), 3.70 (dd, part
AX of ABX system, 1H, H-6'4, %J625=6.09 Hz, Jsa6t=10.80 Hz), 3.61 (dd, part BX of ABX system,
1H, H-6", %Jev5=3.79 Hz). *C NMR (100 MHz, CDCls): d 164.6 (CO), 152.8 (C-2), 151.7 (C-4),
149.5 (C-6), 142.9 (C-8), 138.0, 137.9, 137.7, 137.0, 133.9 (CqPh), 129.0, 128.6, 128.5, 128.4, 128.2,
128.1(5), 128.1, 128.0(9), 128.0(6), 127.9(6), 127.9, 127.8 (Ph), 123.3 (C-5), 81.2 (C-1'), 75.8
(CH2Ph), 75.0 (C-3', C-4"), 73.3, 73.2(8), 72.7, 72.5 (3 x OCHz, C-5'), 68.5 (C-6"). HRMS (m/z) cal-
culated for [CsHsNsNaOes]*: 784.3106, found: 784.3114. Data in accordance with previously
obtained data (unpublished results).

Data for 21, using 16 as starting material: Syrup. Isolated yield=10.4%. Rf=0.78
(EtOAc/DCM 1:1). [a]p?*=41.000° (¢ 1.0, MeOH). 'H NMR (400 MHz, CDCls): d 8.64 (s, 1H, H-
2), 8.27 (s, 1H, H-8), 8.02 (d, 2H, ortho PhCO, J=7.66 Hz), 7.57 (t, 1H, para PhCO, ]=7.33 Hz), 7.49
(t, 2H, meta PhCO, J=7.55 Hz), 7.36-7.12 (m, 16H, Ph, NH), 7.07-6.97 (m, 3H, Ph), 6.89 (d, 2H,
Ph, J=7.07 Hz), 5.83 (br d, 1H, H-1, 3J12=0.75 Hz), 4.90, 4.87 (part A of AB system, 1H, OCHo-
4', Jas=10.75 Hz), 4.76 (s, 2H, OCH>-3'), 4.73, 4.70 (part A of AB system, 1H, OCH2-2', Jas=11.42
Hz), 4.62-4.54 (m, 2H, part B of AB system, 1H, OCH>-4', part A of AB system, 1H, OCH2-6'),
4.52,4.49 (part B of AB system, 1H, OCH>-6', Jas=12.04 Hz), 4.28, 4.25 (part B of AB system, 1H,
OCH:-2, Jas=11.42 Hz), 4.11-4.01 (m, 2H, H-2', H-4'), 3.87 (dd, 1H, H-3', %J3,2=2.06 Hz, %J5,4=9.40
Hz), 3.79-3.64 (m, 3H, H-5', H-6'a, H-6'b). *C NMR (100 MHz, CDCls): d 164.7 (CO), 152.4 (C-
2), 150.3 (C-4), 149.3 (C-6), 142.6 (C-8), 138.1, 138.0, 137.8, 136.6, 133.9 (CqPh), 133.0 (para
PhCO), 129.2, 129.0, 128.8, 128.6, 128.5(7), 128.5, 128.4, 128.3(6), 128.3, 128.1, 128.0(7), 128.0,
127.9,127.7, (Ph), 125.4 (C-5), 83.3 (C-3'), 81.9 (C-1'), 78.9 (C-5'), 75.6 (OCH2-4'), 74.8 (OCH>-2'),
74.2 (C-4), 73.7 (OCH2-6"), 73.6 (C-2), 73.2 (OCH:-3'), 69.0 (C-6'). HRMS (m/z) calculated for
[CasHasNsOs]*: 762.3286, found: 762.3282.

Using 18 as starting material, no results were obtained for this method.
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4.2.3.2 Conventional stirring method (method 2)

The method without microwave irradiation was tested and performed following a reported
procedure [69] and the two products obtained are represented in Scheme 4.4. BSA (3.00 equiv.)
was added to a solution of N°-benzoyladenine (1.50 equiv.) in dry ACN (10 mL) and the mix-
ture was stirred for 40 minutes at room temperature. Then, a solution of the fully protected
glycosyl donor (16 or 18) (2.00 mmol for 16 and 1.00 mmol for 18) in dry ACN (2 mL) and
TMSOTf (8.00 equiv.) were added to the mixture. The reaction mixture was stirred at room
temperature, for 24 hours for 16, and for 4 days for 18. The solution was then poured into DCM
(10 mL), washed with a saturated aqueous solution of Na:COs and extracted with DCM (3 x
15 mL). The combined organic layers were washed with brine, dried over MgSQO,, filtered and
concentrated. For the reaction with 16 as starting material, no results were obtained. For the
reaction with 18, products 22 and 23 were obtained as a colorless syrup and an inseparable
mixture, after isolation by column chromatography (EtOAc/Hex from 1:9 to 7:3). The ratio of
the regioisomers was determined by '"H NMR integration of the H-2 signals in CDCls (8.69
ppm for 22 and 8.63 ppm for 23). The ratio was found to be 0.12:1 (22: 23).

N
BzO / Q )
BzO o
N —NHBz
OBz \\——N/
2 1
22 23

Scheme 4.4. Structure of compounds 22 and 23

N-6-benzamido-9-(2,3,4-tri-O-benzoyl-a-L-rhamnopyranosyl)purine (22, Scheme 4.4),
N-6-benzamido-9-(2,3,4-tri-O-benzoyl-B-L-rhamnopyranosyl)purine (23, Scheme 4.4).

Data for compound 22, using 18 as starting material. Syrup. Calculated yield=3.0%.
Rf=0.64 (EtOAc/DCM 1:1). As 22 is the minor isomer, it was not possible to identify all the
NMR signals.

Data for compound 23, using 18 as starting material. Syrup. Calculated yield=21.8%.
Rf=0.64 (EtOAc/DCM 1:1). 'H NMR (400 MHz, CDCls): d 8.63 (s, 1H, H-2), 8.09 (s, 1H, H-8),
7.91-6.99 [m, 20 H, Ph(23), 1H, NH (23), 20H, Ph(22), 1H, NH (22), CHCls], 6.34 (br s, 1H, H-
1'),5.94 (brs, 1H, H-2'), 5.70 (dd, 1H, H-3', 3J32=2.34 Hz, %J3,4=9.95 Hz), 5.62 (t, 1H, H-4', 3]+5=9.64
Hz), 4.03 (qd, 1H, H-5'), 1.35 (d, 3H, H-6', %J¢,5=5.82 Hz). *C NMR (100 MHz, CDCls): d 165.7,
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165.5, 164.9 (CO), 151.2 (C-2), 151.1 (C-4), 149.6 (C-6), 141.1 (C-8), 134.2, 133.8, 133.6, 133.0
(CqPh), 130.0, 129.9, 129.8(7), 129.1, 129.0, 128.9, 128.8, 128.7, 128.6(6), 128.5, 128.4, 128.1 (Ph),
122.3 (C-5), 80.4 (C-1'), 74.8 (C-5'), 71.7 (C-3"), 70.8 (C-4"), 70.0 (C-2"), 18.0 (C-6'). HRMS calcula-
ted for [CssH»N50s]*: 698.2245, found: 698.2251.

4.2.4 New N-glycosylation method (method 3)

Having tried two different already reported methods, a new methodology was experimented

inspired by a reported procedure [67].

4241 Procedure for N-glycosylation using a non-silylated base

After optimization, the best conditions found are here described. To a solution of the fully
protected methyl glycoside (17) (0.86 mmol) in anhydrous toluene (0.10 M), N¢-benzoylade-
nine (3.50 equiv.) and iodine (I2) (4.00 equiv.) were added. The mixture was then stirred, at
65°C, for 4 hours. The resultant solution was washed with a saturated aqueous solution of
Na:5:0s and extracted with EtOAc (3 x 20 mL). The organic layers were combined, washed
with brine, dried over MgSOs, filtered and concentrated. The final compounds (2 and 21) were
isolated by column chromatography (EtOAc/Hex from 1:9 to 7:3).

Compounds 2 and 21 were obtained using 17 as starting material, having 35.4% and
10.4% isolated yields, respectively. The data for both compounds was already reported in the
section 4.2.3.1.

For the reaction between 17 and the non-silylated ACP, no results were obtained.

4.2.4.2 Procedure for N-glycosylation using a silylated base

42421 Methodology followed for N°-benzoyladenine
Inspired by the reported methodology [67], N¢-benzoyladenine was silylated by adding
(NHa4)2S0s (0.10 equiv.) and TMSCI (3.50 equiv.) to a solution of the purine (0.60 mmol, 1.00
equiv.) in HMDS (0.50 M). The mixture was stirred at 125°C, for 50 minutes, until a clear solu-
tion was obtained. The solution was then cooled to room temperature and placed under high
vacuum to remove excess HMDS. A solution in DCM (0.60 M) was made. The silylated N°-
benzoyladenine (3.50 equiv.) and I» (4.00 equiv.) were added to a solution of the fully protected
phenyl a-D-thiomannoside (17, 0.16 mmol) and stirred at room temperature, for 24 hours, fol-
lowed by heating to 65°C for 4,5 hours. The final solution was washed with Na25:0s and ex-
tracted with EtOAc (3 x 20 mL). The combined organic layers were washed with brine, dried
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over MgSQO, filtered and concentrated. The products were isolated and purified by column
chromatography (EtOAc/Hex from 1:9 to 7:3).
Compounds 2 and 21 were obtained using 17 as the starting material for this method, with

64.3% and 7.1% isolated yields, respectively.

42422 Methodology followed for 2-acetamido-6-chloropurine

Inspired by the methodology reported by [69], with a solvent modification from ACN to THF,
compound 24, which structure is represented in Scheme 4.5, was synthesized. 2-acetamido-6-
chloropurine was silylated by adding BSA (3.0 equiv.) to a solution of the purine (0.1058 g,
0.50 mmol, 1.50 equiv.) in anhydrous THF (10 mL). The mixture was stirred for 40 minutes at
room temperature. The mixture was added to a solution of 17 (0.2109 g, 0.33 mmol, 1.00 equiv.)
in anhydrous THF (2 mL). The reaction mixture was stirred, at 65°C, for 23 hours. The solution
was washed with a saturated aqueous solution of Na25:0s and extracted with EtOAc (3 x 20
mL). The organic layers were then combined, dried over MgSOs, filtered and concentrated.
Product was isolated, as a yellow syrup, and purified by column chromatography (EtOAc/Hex
from 1:9 to 7:3).

24

AcHN

Scheme 4.5. Structure of compound 24

2-acetamido-6-chloro-9-(2,3,4,6-tetra-O-benzyl-a-D-mannopyranosyl)purine (24,
Scheme 4.5).

Data for 24 using 17 as starting material: Syrup. Isolated yield=24.2%. Rf=0.56
(EtOAc/Hex 1:1). [a]o*=140.000° (c 0.1, MeOH). 'H NMR (400 MHz, CDCls): d 7.87 (s, 1H, H-
8), 7.87 (s, 1H, NH) 7.32-7.09 (m, 16H, Ph), 7.04 (t, 1H, Ph, ]=7.36 Hz), 6.97 (t, 1H, Ph, ]=7.32 Hz),
6.75 (d, 2H, Ph, J=7.32 Hz), 5.78 (d, 1H, H-1', 3J12=8.51 Hz), 4.65-4.52 (m, 3H, OCH>-3', H-2'),
4.46-4.29 (m, 6H, OCH2-4', 2H, OCH>-6', 2H, part A of AB system, 1H, OCH>-2', H-5'), 4.05, 4.02
(part B of AB system, 1H, OCH>-2', Jas=12.19 Hz), 3.90 (br t, 1 H, H-3'), 3.74 (dd, 1H, H-4,
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J45=2.89 Hz, 3J45=4.90 Hz), 3.64, 3.61 (part AX of ABX system, 1H, H-6's, %ea5=6.44 Hz,
3Jea60=10.60 Hz), 3.53, 3.50 (part BX of ABX system, 1H, H-6', 3Jeb, 5=4.28 Hz, 3Jsb,62=10.60 Hz),
2.27 (s, 3H, CHs). ®*C NMR (100 MHz, CDCls): d 171.0 (CO), 152.2 (C-4), 151.7, 151.3 (C-2, C-6),
144.6 (C-8), 137.9, 137.7, 137.5, 136.6 (CqPh), 128.7(0), 128.6(9), 128.5 (Ph), 128.3 (C-5), 128.3(2),
128.2, 128.1(3), 128.1, 127.9, 127.8 (Ph), 80.8 (C-1"), 76.1 (C-5"), 74.8 (C-4"), 73.7 (C-3"), 73.3, 72.9,
72.2 (OCH2-3', OCH2-4', OCH-6"), 72.0 (C-2"), 71.3 (OCH2-2"), 68.2 (C-6"), 25.3 (CHs). HRMS
(m/z) calculated for [CaiH40CINsNaOes]*: 756.2559, found: 756.2546. Data in accordance with
previously reported data [66].

4.3 UV-Visible metal chelating assays

UV-visible studies were performed at Faculdade de Ciéncias, Universidade de Lisboa, follow-
ing a procedure already reported by our group (unpublished procedure), with alteration of
the chosen solvent from distilled water/dimethyl sulfoxide (H20/DMSO) 95:5 to 90:10, due to

compounds 19 and 20 poor water solubility.

4.3.1 Probe and ion solutions preparation

Probe solutions were made by dissolving each of the synthesized compounds (2, 19-21 and 24)
(1 x 10° mol) in H20/DMSO 90:10, in order to obtain 100 mL of a 1 x 10+ M final solution.

Ion solutions were made by dissolving the ion chloride salts [copper chloride (CuClz),
zinc chloride (ZnCl), iron chloride (FeClz) and aluminum chloride (AlCls)] (5 x 10#mol) in the
already mentioned solvent in order to obtain 50 mL of a 1 x 102 M solution. From this solution,
five other solutions were made with 20, 10, 6, 4 and 2 uM final concentrations, by diluting, 50,

25,15, 10 and 5 pL, respectively, in 25 mL volumetric flasks.

4.3.2 Chelating assays

To perform the metal chelating studies, 1.5 mL of each probe solution was added to 1.5 mL of
each of the 20 uM ion salt's solutions and the spectra were recorded after 30 minutes in a

wavelength range of 400 to 200 nm.

71



4.4 Anticholinesterase assays

Compounds 19 and 20 were assayed for their inhibitory activity towards eeAChE, egBChE,
hAChE and hBChE, following Ellman's colorimetric method [70] with some modifications [60,
61] carried out by Dr. Modesto de Candia's research group.

The results for compound 21 as an AChE and BChE inhibitor were not possible to obtain
before the end of this dissertation delivery period. 2 properties were previously determined
(unpublished results). For compounds 22 and 23, these properties were not possible to deter-
mine due to being obtained in an inseparable mixture. Finally, nucleoside 24 was not obtained
in an enough amount to determine its properties as AChE/BChE inhibitor, however its inhibi-

tory constante (Ki) was previously determined and disclosed by our group [66].

4.4.1 General procedure

The inhibitory activity of AChE is usually determined in a reaction mixture containing 20 uL
of a solution of eeAChE or hAChE [0.9 U/mL in 0.1 M pH 8.0 phosphate buffer (PB)], 20 pL of
a DTNB solution (3.3 mM in 0.1 M pH 7.0 PB, containing 0.1 nM NaHCO:s), 20 puL of a solution
of test compound (five to seven concentrations, ranging from 1 x 10 to 1 x10° M, in 0.1 M pH
8.0 PB) and 120 uL of 0.1 M pH 8.0 PB. After 20 minutes of incubation at 25°C, 20 pL of ace-
tylthiocholine iodide (0.05 mM in 0.1 M pH 8.0 PB) are added as the substrate and the hydro-
lysis rate of the substrate was monitored at 412 nm for 5 minutes at 25°C. The concentration of
compounds which produced 50% inhibition of AChE activity (ICso) is calculated by a nonlinear
regression of response/concentration (log) curve, by using GraphPad Prism software (version
5.01). For the determination of BChE inhibitory activity, a similar method is used with a solu-
tion of egBChE or hBChE (0.9 U/mL in 0.1 M, pH 8.0 PB) and butyrylthiocholine iodide (0.05
mM in 0.1 M, pH 8.0 PB) as the substrate. The inhibition data is then reported as means of

ICs0's determined at least in three independent measurements.
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APPENDIX

A.1 NMR spectra for compound 15 (methyl 2,3,4-tri-O-benzyl-

o-L-rhamnopyranoside)

™
@] o)
o o
(@] T
VDLOUMHEAAAOOONL DO NT MOINAN AT ANNOONOONNOUOUTMHOO o < M
NNNNNNNA A MWOOVOUOVWONMIMINNNNNOOOONIIIRINWG Y n NN
NMNNNNNNNNNDN T rEFTFrTFTFLTFTTTTTTsmommommmMmMmOMmOmmOmOmOmnmmnn oM -
NUNGIASAEALAL NN R R DI I R AT AR
|
I
- S e o T
< o m < 0 O O O (a2}
M Smm S®o o ®
T '-: T T T T T T T T T T T '-\‘ o rr’ T T T \'-‘ O\N T ‘\\‘ T T T T T T T T T N\ T
74 72 70 6.8 66 64 6.2 6.0 58 56 54 52 50 48 46 44 42 40 3.8 36 34 32 30 28 26 24 22 20 18 16 14 1.2 1.

1 (ppm)

Figure 4.1. '"H NMR spectrum for compound 15 (400 MHz, CDCls)
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Figure 4.3. COSY spectrum for compound 15
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Figure 4.4. HSQC spectrum for compound 15
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Figure 4.5. HMBC spectrum for compound 15
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Figure 4.7. 3C NMR spectrum for compound 16 (400 MHz, CDCls)
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A.3 NMR spectra for compound 17 (phenyl 2,3,4,6-tetra-O-

benzyl-a-D-thiomannopyranoside)
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A.4 NMR and UV-Vis spectra for compound 18 (methyl 2,3,4-
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Figure 4.18. COSY spectrum for compound 18
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A.7 NMR and UV-Vis spectra for compound 2 [N-6-ben-

zamido-9-(2,3,4,6-tetra-O-benzyl-o-D-mannopyra-

nosyl)purine]
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A.8 NMR and UV-Vis spectra for compound 21 [N-6-ben-

zamido-9-(2,3,4,6-tetra-O-benzyl-B-D-mannopyra-

nosyl)purine]
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Figure 4.39. 'TH NMR spectrum for compound 21 (400 MHz, CDCls)
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A9 NMR spectra for the compounds 22 [N-6-benzamido-9-
(2,3,4-tri-O-benzoyl-a-L-rhamnopyranosyl)purine] and 23
[N-6-benzamido-9-(2,3,4-tri-O-benzoyl-pB-L-rhamnopyra-

nosyl)purine] mixture
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Figure 4.45. 'TH NMR spectrum for compounds 22 and 23 mixture (400 MHz, CDCls)
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Figure 4.50. Interaction between mixture 22, 23 and metal ions
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A.10 NMR and UV-Vis spectra for compound 24 [2-acetamido-

6-chloropurine-9-(2,3,4,6-tetra-O-benzyl-a-D-mannono-
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Figure 4.51. 'H NMR spectrum for compound 24 (400 MHz, CDCls)

111



0€'sc—

77’89
621,
20247
[aadA
18'2LA
82'€/
Sl

r—r—

s vl

pT9s]
€10aD ¥8'9L
€A 9T°2L
€0aD 8b'LL

8087

=

08421
68°£2T |
11827 |
£1°82T |
vT'8T |
28T
bE'8TT
258211
%.wﬁ#
€821
19°9€T
9b°LET
69'LET
£6'L€T
YO bHT —
€€1ST
wo.ﬁﬂw
zTest

€0°'TLT —

24

105

165

85 8 75 70 65 60 55 50 45 40 35 30

90

100 95

155 150 145 140 135 130 125 120 115 110

160

170

f1 (ppm)

Figure 4.52. 3C NMR spectrum for compound 24 (101 MHz, CDCls)
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Figure 4.53. COSY spectrum for compound 24
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Figure 4.54. HSQC spectrum for compound 24
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Figure 4.56. Interaction between compound 24 and metal ions
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A.11 Structures of all synthesized compounds
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Figure 4.58. Strcutures of the synthesized nucleosides
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