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Resumo

O o0sso € um dos sitios mais comuns para o desenvolvimento de metastases
derivadas do cancro da mama. Geralmente, estas mestastases sdo de natureza
osteolilita e podem ser caracterizadas por um enfraguecimento significativo da estrutura
0ssea, associada por dor intensa e um aumento do risco de fraturas patoldgicas.

Hoje em dia, existem alguns medicamentos anti-reabsortivos, como 0s
Bisfosfonatos, que podem ser usados no contexto de metastases 0sseas. No entanto,
eles atuam principalmente na reabsor¢cdo 6ssea, sem um efeito significativo como
agentes anticancerigenos. Portanto, o objetivo principal desta tese € a sintese de novos
liguidos ionicos (ILs) e/ou sais fundidos com base em diferentes anibes de bisfosfonatos
(zoledronato, alendronato e etidronato) combinados com catides organicos
biocompativeis; e estudar as suas propriedades fisico-quimicas e bioldgicas.

No total, foram sintetizados 24 novos ILs ou sais fundidos (12 com base no
Zoledronato, 8 com base no Alendronato e 4 com base no Etidronato) e estes foram
caracterizados por métodos espectroscépicos e analiticos para confirmar sua estrutura e
pureza. O estudo das propriedades biolégicas dos ILs sintetizados demonstrou
citotoxicidade média a alta contra linhas celulares cancerigenas conhecidas pela sua
associacdo com metastases 0sseas; comparativamente, alguns deles revelaram baixa
citotoxicidade em relacdo aos fibroblastos. Além disso, alguns dos ILs desenvolvidos
contendo [ETI] também pareciam modular diretamente o metabolismo 6sseo. Mais
precisamente, eles pareciam promover o anabolismo 6sseo, inibindo a osteoclastogénese
e promovendo a osteoblastogénese.

Isto prova que, com uma cuidadosa selecdo do catido orgéanico, € possivel
provocar importantes alteracdes fisicoquimicas e biolégicas nas propriedades dos ILs-

API, tendo em mente suas aplicacdes.

Palavras-Chave: Bisfosfonatos, Liquidos Iénicos (IL), Actividades anti-tumoral,
Metastases osseas, Osteoclastos, Reabsorcdo d&ssea, Metabolismo Gsseo,
Citotoxicidade, Cancro da Mama
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Abstract

The Bone is one of most common sites for the development of breast cancer
metastasis. Usually, these metastases have an osteolytic nature, which can be
characterized by a significant weakening of bone structure, associated with intense pain
and an increase on the risk of pathological fractures.

Nowadays, there are some anti-reabsorptive drugs, such as the Bisphosphonates,
that can be used in the bone metastasis context. However, these act mainly on bone
resorption, lacking a significant effect as anti-cancer agents. Therefore, the main goal of
this thesis is the synthesis of new ionic liquids, ILs (and molten salts) based on different
bisphosphonate anions (zoledronate, alendronate and etidronate) combined with
biocompatible organic cations; and study of the physicochemical and biological properties.

Overall a total of 24 new ILs or molten salts were synthesised (12 based on
Zoledronate, 8 based on Alendronate and 4 based on Etidronate) and were characterized
by spectroscopic and analytical methods in order to confirm their structure and purity. The
study of the biological properties of the synthesised ILs demonstrated average-to-high
cytotoxicity against cancer cells lines from cancers that are known for their association
with bone metastasis; comparatively, some of them revealed low cytotoxicity toward
fibroblasts. Furthermore, some of the developed ILs containing [ETI] also appeared to
directly modulate bone metabolism. More precisely, they seemed to promote bone
anabolism, by inhibiting osteoclastogenesis and promoting osteoblastogenesis.

This proves that with a careful selection of the organic cation, it is possible to
provoke important physico-chemical and biological alteration in the properties of ILs-APls

with great impact, having in mind their applications.

Keywords: Bisphosphonates, lonic Liquids (IL), Anti-tumoral Activity, Bone

Metastatsis, Osteoclasts, Bone Resorption, Bone Metabolism, Cytotoxicity, Breast Cancer
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Chapter 1 — Objectives and General Plan
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1.1 — Introduction

The Bisphosphonate (BPs) have been used for various purposes since the middle
of the 19" century, but the propriety that elicited more curiosity was their ability to regulate
bone mineralization. This characteristic made this drug the elite choice for treatment of
skeletal disorders like multiple forms of osteoporosis, Paget’s disease, multiple myeloma
and cancer-related conditions, such as bone metastasis and hypercalcaemia of
malignancy (1-5).

Although, the preferential uptake of these drugs are localized in regions of active
bone remodeling or accelerated bone turnover, the BPs have a big problem.Their
bioavailability is very low, less than 5%, so one way to try to solve this problem is to
deliver this drug though intravenous administration instead of oral administration, which
increases the bioavailability but also increases acute phase reactions (1). Therefore with
this work, we decided to change the BPs chemically, in order to make lonic Liquids (ILs),
so this way we could enhance the solubility and permeability of the drug parent avoiding

problems related to polymorphism.

1.2 — Biopharmaceutics Drug Classification System (BCS)

The BPs, because of their low solubility and permeability, are classified in BCS
system as a Class IV. The BCS is a scientific framework used for classifying drug
substance based on physical and chemical properties of a biologically active compound
as well as the formulation and physiology of the route of administration. (6, 7)

The BCS system classifies drugs in 4 classes (Table 1):

Table 1 - Classification of BCS System

BCS System
. - - The absortion rate is usually higher than
Class | Higher solubility and permeability )
the excretion rate
The absorption is slower than Class |
Class Il Lower solubility and higher permeability | drugs, resulting in a limited bioavailability
by their solvation rates.
) N - The dissolution is rapid but the membrane
Class Il Higher solubility and lower permeability - _ )
permeability varies the absorption rate.
- - Their absortion and dissolution is poorly,
Class IV Lower solubility and permeability o . o
resulting in a low bioavailability
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So, with this work we are attempting to transform the BPs from a Class IV drug to

a Class | or Il drug in the BCS system.

1.3 Synthesis and Characterization of ILs

The ILs are non-aqueous solvents (cations and anions), with a melting point until
100 °C, which both ions influences their physicochemical properties. The anions are
responsible for the water immiscibility while the cations have little influence on this matter;
while the viscosity, in most cases, hinders the dissolution of solid compounds, which is
related to the size of the side chains of the cation. The melting and boiling points are very
important so that the ILs are liquid at room temperature, these proprieties are related to
the emission of vapors, therefore in order to comply with the standards of Green
Chemistry, it is necessary for the vapor pressure be practically zero, which is possible with
a high boiling point (8). The ILs have gone through 3 generations: first generation include
accessible physical properties such as vapor pressure density and high thermal stability;
the second generation have a potential use as functional materials such as energetics,
lubricants, and complexing agents of ionic metals; and the third generation are described
as Active Pharmacological Ingredients (APIs) used to produce biologically active ILs.
Some of the RTILs (Room temperature ILs) are used as a means to produce or improve
the preparation of various APIs products (8). The idea of making BPs-based ILs was to
develop different IL and/or molten salts, as cations or anions combined with appropriate
biocompatible counter-ions, which can act on osteoclast and breast cancer cells. For this
purpose, this study was conducted in two parts: first the synthesis, characterization of the
BPs-based with Zoldronate, Alendronate and Etidronate was performed; then the assays
with our new API-ILs and our cell lines (Fibroblasts, Breast cancer cells, Lung cancer cells

and Osteosarcoma cells) was done.

1.4 Work Distribuition

The present work is composed by 6 chapters, including the current one that is
describing the main context of the study and its objectives (Chapter 1). The Chapter 2 is
related to the relationship between the BPs and Bone Tissue, which is reported in the

review that was accepted in the journal “Mini-Reviews in Medicinal Chemistry”. This
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review focuses various mechanisms of action of the BPs that affect the cellular activity
and survival, and especially their antitumoral effects. The Chapter 3 describes the
synthesis and characterization of Zoledronic-based ILs and molten salts, reporting
interesting results about solubility, thermal and cytotoxicity tests. This article was
submitted to the “European Journal Medical Chemistry”. The Chapter 4 is related to the
synthesis of Alendronate based-ILs, the 2" generation of BPs, and its perspective on
osteosarcoma, which was submitted to “International Journal of Pharmaceuticals”. And
the Chapter 5 studied the relation between the bone metabolism and the Etidronate-based
ILs. This article was submitted to “Translational Research”.

For the last, the Chapter 6, we have our Discussion and Conclusion of our work.
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Chapter 2 - Bisphosphonates and Bone Tissue

This chapter contains parts of a published review article:

Mini-Reviews in Medicina Chemistry (in press)

“Bisphosphonates and cancer: a relationship beyond the antiresorptive effects”
S. Teixeira, L.C. Branco, M.H. Fernandes, J.Costa-Rodrigues

(authorized reproduction)
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2.1 — Abstract

Bisphosphonates (BPs) are stable analogues of the Inorganic Pyrophosphate
(PPi), an endogenous regulator of bone mineralization, which can resist the hydrolysis in
the gastrointestinal tract. Their conformation allows targeting the bone as a result of their
three-dimensional structure, which makes them primary agents against osteoclast-
mediated bone loss. They are used in many bone pathological conditions, like bone
metastasis, because of their ability to modulate bone metabolism into a less favorable
place to cancer cell growth, through the inhibition of osteoclastogenesis and bone
resorption. This review is focused in the mechanisms of action through which BPs affect
the cellular activity and survival, mainly on their antitumoral effects. In conclusion, BPs are
considered the primary therapy for skeletal disorders due to its high affinity for bone, but
now they are also been considered as potential antitumor agents due to its ability to
induce tumor cell apoptosis, inhibition of cell adhesion, invasion and proliferation,
modulation of the immune system to target and eliminate cancer cells as well as affect the
angiogenic mechanisms. Like any other drug, they also have some adverse effects, but
the most common, the acute phase reaction, can be minimized with the intake of calcium

and vitamin D.

2.2 - Introduction

Bisphosphonates (BPs) have been known since the middle of the 19" century
because of their use in numerous industrial applications, such as preventers of scaling (9),
water softening, glassware cleaning and synthetic detergents (10). Afterwards, they
started to be used in other contexts because of their resemblance towards the Inorganic
Pyrophosphate (PPi) (1).

PPi is an endogenous regulator of bone mineralization that is comprised of two
phosphate groups linked by an oxygen linkage (P-O-P) (Figure 1) (1, 11). The first studies
that reported its presence in human body were conducted in plasma and urine, and
showed its ability to inhibit calcium phosphate precipitation in vitro (1, 9, 10), being
proposed that PPi could prevent calcification of soft tissues and regulate bone
mineralization (12), and, therefore, could prevent ectopic calcification in vivo (9, 10). This
was exploited using PPi in animal models. According reported studies from literature, the
successful results were only achieved for the cases where the compounds are injected,

because after oral administration they were inactivated by hydrolysis in the
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gastrointestinal tract (11, 12). This incited a search for a more stable analogue that could

show the same activity but was not destroyed enzymatically, the BPs (9, 10, 12).

0 ﬂ TH R, 5

H HO | V4
HO——P——0——P ——OH e G P

| (L d T ‘\‘OH

OH H R,  OH

Inorgamic Pyrophosphate Bisphosphonate
Figure 1 - Chemical Structure of PPl and BPs

BPs possess a similar chemical structure to the PPi, but instead of an oxygen they
have a carbon atom that binds the two phosphonate groups (P-C-P) (Figure 1) (1, 2, 9,
13). This structure provides more chemical and biological stability and resistance to
degradation (10, 13) due to the phosphoester bonds that are resistant to hydrolysis (14).
Their conformation allows targeting to the bone mineralized matrix as a result of their
three-dimensional structure capable of binding divalent metal ions like calcium,
magnesium and iron (14). Modifications on one or both phosphonate groups result in a
dramatically reduced affinity for bone mineral (11, 14, 15), as well as a reduced
biochemical activity (13).

Besides their conformation, BPs also have two additional groups, the R1 and R2,
which are side chains attached to the central carbon (10, 13). These chains are
responsible for a large range of activities: the R1 group is in charge for enhancing bone
targeting and binding affinity; the R2 is the primarily determinant for the antiresorptive
potency of the molecule (2, 13, 15). The presence of nitrogen, an amino group or nitrogen
within a heterocyclic ring increases the antiresorptive potency from 10 to 10.000 fold (1, 2,
11, 13). This effect is mainly due the fact that unlike what happens with non-N-BPs, N-
BPs are not metabolized to AppCp-type nucleotides (16). For example, risedronate and
zoledronate have a nitrogen atom in an alkyl chain providing much less antiresorptive
potency to the corresponding compounds (13, 15). The BPs that have a hydroxyl (OH)
group sited in the R1 side chain, show remarkable specificity for hydroxyapatite because
of the tertiary interaction created between them and the phosphate group (1, 12, 14).
More recently, it became evident that the R2 group also has an influence on the affinity for
bone mineral (4). This was observed on a study conducted by Nancollas et. al (15),
showing that several BPs that shared the same P-C-P structure with a OH group at R1
exhibit differences in binding affinity and effects on mineral surface properties. This
highlight that the nature of the R2 side chain also influences other surface proprieties is an
important information for the affinity for bone mineral, including kinetic affinity, zeta

potential and interfacial tension.
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There is evidence that small chemical changes in the BPs side chains can
significantly also affect their clinical outcomes, by modulating the strength of the
interaction with bone matrix, their distribution through bone and the clearance of bone
tissue after discontinuation of treatment (9, 13). Nevertheless, it is important to stress out
that, in addition to the side chains, both phosphonate groups are required for their
pharmacological activities. For example, methylation of one phosphonate group (to form a
phosphonophosphinate) causes a sharp decrease in the affinity for bone matrix and also
in the antiresorptive activity. If both phosphonate groups become methylated (to form a
bisphosphinate), there is a total loss of bone affinity and antiresorptive effects (17).
Currently, and despite all the chemical differences, the available BPs share some
properties, like their uptake mainly by the skeleton, strong binding ability for
hydroxyapatite crystals, ability to suppress osteoclast-mediated bone resorption, retention
in the bone for a long period and excretion in the urine (10).

Being bone tissue the main target of BPs, it is important to highlight some relevant
features about its metabolism. It consists in a continuous chain of breakdown by
osteoclasts and new synthesis by osteoblasts, which act in equilibrium to ensure normal
bone structure and function (18, 19). This process is regulated by the osteocytes that
detect mechanical stress and respond to biochemical stimuli by recruiting osteoclasts to
remove the old bone tissue that is no longer required. Then, osteoblasts to create an
organic matrix, the osteoid, which becomes mineralized by the deposition of calcium
phosphate crystals in the form of hydroxyapatite. During this process some of the
osteoblasts become trapped and become located in the resulting lacuna as osteocytes
(18-21). This remodeling process is essential for the maintenance of structural integrity of
the skeleton and to its metabolic functions as a storehouse of many ions, particularly
calcium and phosphate (18, 21).

Due to their biological activities, BPs are widely used in bone pathologic
conditions, the majority characterized by extensive osteoclast activity, like multiple forms
of osteoporosis (juvenile, postmenopausal or involutional/senil, glucocorticoid-induced,
transplant-induced, immobility-induced and androgen-deprivation-related) (1), Paget's
disease, multiple myeloma and cancer-related conditions, such as bone metastasis and
hypercalcaemia of malignancy (2-5). Additionally, their affinity for bone mineral component
allow its use as diagnostic tools, like scanning agents (9) in order to detect hotspots
characteristic of bone metastases and Pagetic lesions (13).

The bioavailability of a drug is a complex characteristic that takes into account all
the factors that influence the rate and extent to which a drug reaches the systemic
circulation. In the case of BPs, mainly due to their high hydrophilicity, their oral

bioavailability is very low and highly variable, which has been a problem when considering
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their oral doses and efficacy in the clinical context. Unfortunately, the chemical and
biological improvements among the different BPs generation did not elicited significant
improvements in their oral bioavailability, since, for example, for non-N-BPs it is around
2.3-2.5%, while for N-BPs it usually ranges between 0.1-4% (22). Moreover, there are
several factors that may significantly compromise oral absorption of BPs, like, for
example, the presence of food, since if the drug is taken during a meal, its absorption may
become totally impaired (23), and the presence of drinks containing calcium, magnesium
or aluminum (24). On the other hand, the presence of EDTA or an increased gastric pH
seem to increase it (24, 25). In order to minimize such interferences, patients are required
to remain upright for 30 minutes and the consumption of any food is restrained 2 hours
before and 30 minutes after ingesting the BPs (1). A more successful way to increase the
bioavailability is to change drug delivery from oral to intravenous administration (1V) (26).
With this approach, the occurrence of gastrointestinal adverse effects is prevented,
although the rate of acute phase reactions is increased (1). Once in the bloodstream,
almost the entire dose is either absorbed by the bone or eliminated in the urine (1, 26).

In clinical terms, over the last decade the effect of the BPs are being translated in
an increase and improvement of bone mass and strength with the decrease of the risk of

pathological fracture (3, 13).

2.3 - Molecular Mechanism of Action

Over time, BPs structure has been modified to increase their efficacy (Table 2).
The 1* generation of BPs have minimally modified side chains (1), and they are called
Non-Nitrogen-containing Bisphosphonates (Non-N-BPs). As the name explicit says, these
compounds do not contain a nitrogen group and due to that they are more similar to PPi,
since they present a backbone containing two bounded phosphate groups, though in this
case the bound is mediated by a carbon atom, not by an oxygen (26, 27). Some examples
of molecules belonging to this group are clodronate, etidronate and tiludronate (13, 19). In
order to increase the bioavailability of clodronate and etidronate (the two BPs with the
smaller side chains), these drugs are usually used as prodrugs, which mean that their
ionizable oxygen atoms from the bisphosphonate core are masked with biodegradable

groups (28).
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Table 2 - Classification of BPs
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With the addition of a nitrogen group in the side chain, the Nitrogen-containing
Bisphosphonates (N-BPs) were created (1). The 2" generation includes a simple nitrogen
group, which increases BP potency by 10- to a 100- fold, being examples of this group
pamidronate, alendronate and ibandronate. The 3" generation is the result of an insertion
of a heterocyclic ring containing nitrogen which increases even more BP potency, up to
10,000 times, which is observed in risedronate and zoledronate (14, 26).

The Non-N-BPs are simple molecules that are metabolized into nonhydrolyzable
analogues of adenosine triphosphate (ATP) (27, 29, 30) through reversing reactions of
aminoacyl-tRNA synthetases, to induce osteoclast apoptosis (1, 2, 13, 31). This occurs
because of its resemblance towards PPi, which enables them to be incorporated into the
enzyme active site allowing a back-reaction (1, 31) to form methylene-containing
analogues of ATP (AppCp-type) nucleotide (32). At high concentrations, their
accumulation in the cytosol of osteoclasts, macrophages or other cell types, causes the
inhibition of numerous intracellular metabolic enzymes that have damaging effects on cell
function and can induce apoptosis (31, 32). More precisely, the induction of apoptosis
response is due to the ability that the AppCp-type metabolites have to interfere with the
Adenine Nucleotide Translocase (ANT) (13, 27, 29, 31, 33). In other words, the AppCp-
type inhibits the ANT preventing the translocation of ATP across the inner mitochondrial
membrane. This causes the opening of the mitochondrial permeability transition pore, a
component of the ANT, that subsequently allows cytochrome c to be released into cytosol,
leading to caspase-3 activation (2, 34) and the caspase-mediated cleavage and activation
of Mst-1, an apoptosis-promoting kinase (31).

N-BPs affect cellular activity and survival by interfering with Farnesyl Diphosphate
Synthase (FPPS), a key enzyme of the mevalonate pathway (1, 4, 9, 35). This pathway is
responsible for the production of important isoprenoids, like cholesterol, which is a lipid
essential to membrane formation (2, 13, 36), but also to several others processes that use

isoprenoid diphosphates as a substrate (1), such as Isopentenyl Diphosphate (IPP),
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Farnesyl Diphosphate (FPP) and Geranylgeranyl Diphosphate (GGPP), which are
important for the synthesis of dolichol, ubiquinone, among others (13, 30, 31). N-BPs are
internalized but not metabolized by osteoclasts (27, 32), where they subsequently inhibit
the FPPS, leading to a reduction in the production of isoprenoids (13, 27). As a
consequence, several metabolic pathways became inhibited, (32), as well as the post-
translational modification (prenylation) of small GTPases (2, 13) such as Ras, Rab, Rho,
and Rac (9, 14, 27, 33). Prenylation is the addition of a lipid residue to proteins, which is
essential for the correct subcellular membrane localization and for their consequent
activation by external signals (13, 37). These small GTPases are a large family of
signaling proteins that regulate cell proliferation, invasive proprieties and pro-angiogenic
activity in tumor cells (37), as well as a variety of cell processes important for osteoclastic
bone resorption which includes cytoskeleton actin structure, integrin signalling, membrane
ruffling, trafficking of endossomes, and signalling pathways that regulate apoptosis (1, 31,
37, 38). These processes are required for a proper osteoclastic function, survival,
proliferation and cytoskeletal organization (2, 33, 35). It was also demonstrated that the
potency for inhibiting the FPPS is correlated with the antiresorptive potency of the
molecules in vivo, which suggests that this enzyme may be a major determinant of BPs
potency (4). It is thought that the accumulation of unprenylated small GTPases in FPPS
active site can cause inappropriate activation of downstream signaling pathways (13).
Besides the reduction of FPP that is necessary for the production of GGPP, the inhibition
of FPPS also elicit the accumulation of IPP, the metabolite immediately upstream of FPPS
in the mevalonate pathway (13, 32). This leads to the production of another ATP analog,
the triphosphoric acid 1-adenosin-5'-ylster 3-(3-methylbut 3-enyl) ester (Apppl) (33), which
inhibits ANT and causes osteoclast apoptosis, like what happens with Non-N-BPs (27, 29,
31, 37). This was observed by Ménkkdnen et al. that showed the ability of N-BPs to
induce the production of ATP analogs, like Appl, and subsequent accumulation of IPP in
the mevalonate pathway, promoting apoptosis.

Another way that evidenced the inhibition of the mevalonate pathway by N-BPs
was achieved with statin drugs. These are inhibitors of the 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase that is a key enzyme in the mevalonate pathway (5,
14, 36). It was demonstrated their ability to interfere with this pathway via allosteric
modulation and epigenetic activation, resulting in the inhibition of DNA synthesis, repair,
and methylation of some genes as well as associated microRNAs (5). They were also
reported to be more potent than BPs at inhibiting osteoclast formation and bone resorption
in vitro, but there was no substantial evidence of their effect on bone when used clinically,

perhaps because of the preferential uptake of statins by the liver. Like most drugs, statins
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don’t have high affinity for bone hydroxyapatite, therefore they have ineffective therapeutic

potential (15) on bone metabolic disorders context.

2.4 - Biochemical Mechanisms and Cellular Uptake

Although the main site for BPs uptake is the skeleton, they also appear to be
distributed in extraskeletal tissues, like liver, kidney and spleen (13). This seems to be
related to differences in plasma protein binding and renal excretion (39), and may explain,
at least in part, some of the direct effects of BPs on tumor cells (40).

Regarding bone tissue, there are some important points that remain elusive. On
one hand, it is difficult to quantify the amount of BP taken up by bone during the first
passage. On the other hand, how BPs reach bone tissue from blood circulation is, at the
present, not known (39, 41). Furthermore, the presence of BPs in the skeleton seems to
be heterogeneous, as observed in studies with radiolabeled drugs in animals and humans
(40, 412).

Nevertheless, the preferential uptake of BPs by the skeleton is localized in regions
of active bone remodeling or accelerated bone turnover (1), and where new mineral is
being deposited beneath the osteoblasts, like, for example, in the femur neck and spine
(42, 43). Due to this, it was proposed that the differential skeletal distribution of BPs may
be related to variations in bone mineral affinity (13), which may account for the different
anti-fracture effects of BPs in different locations. This preferential affinity for highly
dynamic bone metabolic locations brings BPs into close contact with osteoclasts,
osteocytes and osteoblasts, but also prevents prolonged exposure to other cell types (31).

Because of their negative charge and chemical structure, BPs may remain
embedded in bone tissue for long periods of time (26). Although their half-life tends to be
high, it strongly depends on bone turnover rate (1, 44). BPs that do not bind to bone
tissue, or are released from it and are not taken up again by the skeleton are excreted in
urine in their free form. The dependence of BPs half-life on bone metabolic rate is a
concern, for example, in the administration of BPs to females in fertility age before
conception, because these molecules can be released from the maternal skeleton during
pregnancy and affect the foetus (3). For this reason, BPs are contraindicated during
pregnancy and all females in reproductive age should have a negative pregnancy test
before each treatment cycle (3). Regarding bone uptake, it is also important to mention
that age and gender may contribute to significant differences on it, since bone metabolism

is strongly influenced by both factors (45). In addition to age and gender effects, when two
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or more BPs are co-administered at high doses, a competition may occur (46), which can
have important consequences on the efficacy of the treatment.

Taken together, the present knowledge about the factors governing uptake and
distribution of BPs is far from being sufficient, and studies aiming to investigate the
distribution of BPs in properly performed human studies are required.

To exert their effects in bone tissue, BPs must be released from bone and then
internalized by the different bone cells. Their effects on osteocytes and osteoblasts
consist mainly in the inhibition of the apoptosis (1, 13, 14) (Figure 2).
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Figure 2 - Main effects of BPs on osteoblasts

The inhibition of apoptosis on osteocytes and osteoblasts appears to be mediated
through the opening of connexin 43 (Cx43) hemichannels and subsequent activation of
extracellular signal-regulated kinase (ERKSs). This is a completely different pathway than
the one used to induce apoptosis or inhibit bone resorption in osteoclasts (13), since there
are some BPs that only inhibit apoptosis on osteoblasts and osteocytes while do not
interefere with osteoclastic function (47-49). So, this characteristic can be exploited in
order to increase the therapeutic potential of some BPs, particularly when it is important to
avoid their antiresorptive effects. However, despite its relevance, Cx43 is not the binding
site for BPs, as reported previously (49, 50). In addition to their antiapoptotic effects, BPs
also affect the expression of several osteoclastogenic modulators (1, 13, 14). More
precisely, they downregulate the production of RANKL and M-CSF (osteoclastogenesis
activators), and upregulate the production of OPG (osteoclastogenesis inhibitor). Finally,
BPs also stimulate the proliferation and differentiation rates of osteoblastic cells, when
present at concentrations between 10 and 10°M, although at concentrations higher than
10°°M they display inhibitory effects (49).
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Regarding anti-resorbing effects of BPs, it is important to highlight that bone
resorption occurs by the acidification of the subcellular space beneath the osteoclasts (30)
by the action of vacuolar-type proton pumps (12), which causes the dissolution of the
hydroxyapatite, and subsequently occurs the internalization of the products, which may
comprise BPs, by fluid-phase endocytosis (14, 51). This was demonstrated by Thompson
et. al (30), which confirmed that the internalization of BPs requires its transportation into
membrane-bound vesicles by fluid-phase endocytosis, followed by acidification of
endocytic vesicles, so that the BPs can enter the cytosol and presumably into other
organelles, such as peroxisomes, to exert their actions.

After being internalized, BPs exert their biochemical function by causing partly
inhibition of bone resorption, instigating the decrease in cell number, altering the
osteoclastic recruitment and stimulating apoptosis (12, 51). In the case of N-BPs, their
main mechanism of action comprises the inhibition of the mevalonate synthesis, which is
crucial not only for the synthesis of cholesterol and other sterols, but also for the
prenylation of essential small GTPases, a process that requires farnesyl pyrophosphate
(31, 52). This latter effect appears to not only stimulate apoptosis, but also elicit important
morphological changes, like loss of the ruffled border, disruption of actin rings and altered
vesicular trafficking (53) (Figure 3). After apoptosis induction, the apoptotic bodies are
phagocytized by the neighboring macrophages and monocytes in the bone marrow, a
process that has been reported as the main reason beneath the associated acute phase

response in many patients (51).
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Figure 3 - Main effects of BPs on osteoclasts
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Due to their ability to interfere with protein prenylation, bisphosphonates have been
implicated in many different processes and, consequently, have been studied for different
potential clinical applications, such as anti-tumor, anti-viral and anti-parasite agents (53-
55). One major problem about the ability of BPs to inhibit farnesyl pyrophoshphate
synthase (and, in some cases, also geranylgeranyl pyrophosphate synthase) is related
with their very low bioavailability. In the case of bone tissue, this may not represent a
relevant problem, since BPs tend to become concentration in bone matrix, but this
situation can cause a sharp decrease on BPs concentration in other locations (56). In
order to overcome this problem and, also, to increase their effectiveness, BPs have been
serving as the basis of molecular modelling techniques, aiming to design new agents with
improved properties (57). Nevertheless, from a mechanistic point of view there are still
important issues to be addressed, namely at the level of farnesyl pyrophosphate synthase
inhibition. Also, one cannot rule out the existence of other intracellular targets that may
contribute to the global BPs effects on the different cell types. This may explain, for
example, the need for different concentrations to achieve effects on the different bone
cells. The formation of AppCp-type metabolites, which are analogs of ATP may be part of
this equation and cause cytotoxicity, possibly by inhibiting ATP synthesis in mitochondria
(13, 27, 29, 31, 33).

Finally, it is worthy to mention that although BPs and statins have inhibitory effects
on mevalonate pathway, their molecular targets are different. Also, their selective uptake
by different organs (liver in the case of statins and bone in the case of BPs) may also
account for the different biological properties of both cases, which is a notable example of

how tissue target may also account for drug specificity.

2.5 - Anti-tumoral effect

The skeleton is the most common site for metastasis in humerous types of solid
neoplasms (1, 58, 59), like, for example, breast and prostate (65%-75%), thyroid gland
(60%), lungs (40%), urinary bladder (30%-40%), and kidney cancers (19). Bone
metastases appear in the last stages of those cancers and lead to multiple types of
symptoms and complications like Skeletal-Related Events (SRES), such as severe pain,
pathological fractures, spinal cord and nerve compression, hypercalcemia of malignancy
and bone marrow aplasia (1, 13, 19, 27, 58). The development of bone metastases is a
multistep process: first, the tumor grows and then some cancer cells begin to detach,

which initially invade the tissue stroma. After that, neoangiogenesis occurs, and the
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cancer cells that escaped from the tissue by intravasation, survive in the circulatory
system. Latter succeeds the chemoattraction and arrest (docking and locking) in the bone
marrow endothelial vessel wall, which is followed by extravasation. Finally, the metastatic
microenvironment is created and developed via the cross-talks between the cancer and
osseous cells (27, 60-62). Bone metastases can be classified as osteolytic, osteoblastic or
mixed (19). As denoted by their names, osteolytic metastasis are characterized by
significant bone disruption due to increased osteoclastic activity and are considerably
more common; on the other side, osteoblastic metastases are characterized by
overproduction of osseous tissue; and the mixed lesions presents a mixture of both types
of metastases (27). The mechanisms underlying osteolytic bone metastases are complex
and involve unigue characteristics of both osseous and tumoral cells (63). Cancer cells
within bone marrow interfere with normal bone cells through a local release of cytokines,
such as interleukin-1 and -6, and growth factors like, Parathyroid Hormone-Related
Protein (PTHrH), Tumor Necrosis Factor-a or - and others. Those molecules can act
directly on osteoclastic cells (or their precursors), or indirectly, via osteoblasts.
Nevertheless, they increase bone turnover leading to osteolysis or osteosclerosis (20, 27,
60-62, 64, 65).

Since bone tissue is an active microenvironment for cancer cells, BPs appear as
potential important players that can modulate it to create a less favorable place for cancer
cell growth (66). This can be achieved through the inhibition of osteoclast-mediated bone
resorption and osteoclastogenesis (19), leading to a reduced release of bone-derived
growth factors (33, 59), and ultimately altering the bone microenvironment, avoiding this
way bone metastases (66). Numerous studies have described the BPs ability to reduce
the proliferation and viability of tumor cell lines, as well as the adhesion, migration, and
invasion in vitro (32, 58, 59, 67); furthermore, the reduction of skeletal tumor burden was
also shown, as well as a slower progression of bone lesions in animal models treated with
BPs (33, 68). These effects can be caused directly or indirectly by the BPs. The main
mechanisms responsible for the direct antitumor activity are the induction of tumor cell
apoptosis, and the inhibition of tumor cell adhesion, invasion and proliferation (32, 33, 35,
59) (Figure 4).
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Figure 4 - Main direct effects of BPs on cancer cells

Cell adhesion and invasion are key events in the development of metastasis and
are effectively inhibited by low doses of BPs (69-71). The main indirect and direct effects

of BPs on cancer cells are summarized in Table 3.

Table 3 - Main effects of BPs on cancer cells

Indirect effects Direct effects
| release of bone-derived growth factors | cell proliferation
Changes in bone microenvironment | cell migration
Modulation of immune system | cell invasion

| Angiogenesis t apoptosis

The apoptosis can be induced through the production of ATP analogues by the
Non-N-BPs (31, 33), or through the disruption of the mevalonate pathway by the N-BPs.
This provokes the reduction of isoprenoid lipids that are required for prenylation of small
GTPases (33, 37), like Ras, that are essential to many cancers cells, as part of activating
growth receptor pathways or for the acquisition of activating mutations during
carcinogenesis (36). This makes Ras an attractive target for therapeutic interventions in
breast cancer treatment, for example (68). In a study conducted by Senaratne et al. (68)
about the effects of zoledronic acid on human breast cancer cells, it was reported a role
for protein prenylation and impaired Ras membrane localization in apoptosis, being also
demonstrated that the disruption of the mevalonate pathway was associated with

cytochrome c release from the mitochondria into the cytosol and subsequent activation of
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the caspase cascade, which resulted in the apoptosis of the breast cancer cells. It was
shown that BPs could inhibit adhesion of tumor cells to extracellular matrix (ECM) (37),
through the impairing of matrix metalloproteinases (MMPs) (33, 58). It was also
demonstrated that the inhibition of tumor cell adhesion to ECM proteins was dependent on
the prenylation of proteins. Therefore, the inhibition of the mevalonate pathway and
induction of caspase activity are important for the impairment of tumor cell invasion and
metastasis, being also reported that an activating Ras mutation enhanced the adhesion of
a normal breast epithelial cell line to ECM proteins, which suggests that increased Ras
activation may increase the metastatic potential of breast cancer cells. So, by inhibiting
protein prenylation and Ras signalling, N-BPs could reduce the ability of tumor cells to
expand once they colonise the bone (37) Besides their effects on mevalonate pathway,
and, consequently, in the inhibition of protein prenylation, BPs also decrease cancer cell
proliferation through the blockade of epidermal growth factor receptor (human EGFR or
HER) tyrosine kinase (72).

Furthermore, BPs have also shown an indirect antitumor activity, such as, the
ability to modulate the immune system to target and eliminate cancer cells, and through
antiangiogenic mechanisms (35, 37). The former was attributed to N-BPs, which could
induce a significant dose-dependent expansion of ydT cells both in vitro and in vivo,
mainly affecting the Vy9Vvd2 subset. This subset is known to have an important role in
immune system surveillance and defense. In fact, ydT cells showed potent lytic activity
against different tumor cells in vitro, suggesting their potential utility in anti-cancer therapy
(29, 32, 37, 73). Gober et al. (73) showed that tumor cells treated with N-BPs
(Zoledronate and Pamidronate) in vitro caused the accumulation of IPP, which provoked
the activation and proliferation of the TCR yd cells that are cells capable of recognize and
kill tumor targets. Another potentially important target for BPs are the tumor-associated
macrophages. In addition of being cells that belong to the same monocyte lineage as
osteoclasts, it was previously demonstrated direct effects of BPs on these macrophages,
namely, increased apoptosis, inhibition of pro-angiogenic behavior and phenotypic
changes (74).

The inhibition of angiogenesis is another indirect mechanism, caused by the
decrease of molecules that contribute to the development of the mature vascular system
(75), such as, the released bone-derived growth factors, circulating levels of
proangiogenic vascular endothelial growth factors (VEGF), platelet-derived growth factors,
fibroblast growth factors, integrins and others (32, 65, 75, 76). It was demonstrated that
zoledronate may block angiogenesis by acting on VEGF production and, consequently, on
VEGF-dependent mechanisms, which is a process that also involved the mevalonate

pathway (77).
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Angiogenesis is a complex and tightly controlled physiological process in which
new blood vessels are formed during normal growth and tissue repair. This event is
relatively rare in normal healthy adults and the turnover of vascular endothelial cells is
generally low. However, it is a prominent pathological feature of many nonmalignant
diseases, such as rheumatoid arthritis, psoriasis and transplant rejection, and plays an
essential role in tumor growth and metastasis (67).

Osteoclast-mediated bone resorption and angiogenesis are critically dependent on
integrin-mediated cell adhesion and signaling. Integrins are aff heterodimeric cell surface
complexes acting as the main receptors for ECM (75) with bidirectional signaling activity
(76, 78). Ligand binding function is tightly regulated by cell signaling events, and once
activated, integrins stimulate multiple signaling pathways essential for cell migration,
proliferation, and survival (75, 76, 78). Interestingly, a,3s integrin is required for both
osteoclasts and tumor cells. In osteoclasts, it is essential to adhere tightly to the bone
surface and to form the sealing zones that line resorption lacunae during active bone
resorption. In tumor cells, its expression confers a greater propensity to metastasize to
bone (33, 78). Its binding to ECM proteins mediates signaling events consistent to
stimulation of angiogenesis, through the promotion of endothelial cell proliferation,
enhancing cell survival and stimulating endothelial cell mobility (75). In a study conducted
by Bezzi et al. (76) it was demonstrated that Zoledronate inhibited cell adhesion on human
umbilical vein endothelial cell cultures. This effect was mediated by integrin o,f33, and
zoledronate blocked migration and disrupted established focal adhesions without
modifying cell surface integrin expression. It was also evidenced that zoledronate
treatment slightly decreased cell viability and strongly enhanced tumor necrosis factor
(TNF) induced cell death. On the other hand, clodronate was also tested and revealed no
effects on cellular adhesion, migration, and survival, neither enhanced TNF cytotoxicity.

In conclusion, studies with BPs have demonstrated antitumoral effects that can be
both direct and indirect. It was shown an impaired tumor cell adhesion to bone, inhibition
of tumor migration, induction of tumor cell apoptosis, and inhibition of angiogenesis which
mediate the antitumor effects in a complementary manner (58, 64). Evidences from in
vitro and in vivo experiments indicated that N-BPs synergizes with a variety of anti-cancer
agents including chemotherapeutic drugs, molecular targeted agents, and other biological
agents (19). Based on their ability to inhibit crucial processes of protein isoprenylation, N-
BPs have been combined with different biological agents (37). In this context, N-BPs and
chemotherapy drugs have increasingly gained relevance in the treatment of metastatic
hormone resistant prostate and breast cancer (37). So, combining BPs with a variety of
standard anticancer and chemotherapy agents may result in synergistic antitumor effects

against different tumor cells (11, 32, 33, 36). This was observed by Jagdev et al. (38),
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where a combination of zoledronic acid and paclitaxel demonstrated an enhanced pro-
apoptotic behavior on MCF-7 breast cancer cells. Similar results were reported with the
combination of zoledronic acid and fluvastatin in breast and ovarian cancer (36).

Taken together, it was hypothesized that treatment with BPs in patients with bone
metastatic disease would improve outcomes related to SREs, such as fractures, bone
pain, and hypercalcemia of malignancy (12, 58). Several clinical trials confirmed that BPs
revealed a bone-protective role in cancer (58). At the present, BPs are approved for use in
the prevention of SREs in patients with bone metastatic disease (59), in the treatment of
hypercalcemia of malignancy, and in the prevention of therapy-induced bone loss for
patients being treated with aromatase inhibitors (64). In this context, to date, dozens of
clinical trials using bisphosphonates in Oncology are being conducted, particularly in the
breast and prostate cancers context. Accordingly, the European Myeloma Network
recommends the utilization of zoledronic acid or pamidronate in patients with adequate
renal function and bone disease (79). Also in patients with solid tumors, particularly in the
case of skeletal involvement, BPs are part of the current clinical guidelines (80).
Regarding osteoporosis management in patients with early breast, current EMAS
recommendations include the use of BPs to prevent bone loss events, particularly in those
with high risk of fracture (81).

2.6 - Adverse effects

There are some adverse effects associated with BPs therapies, the more common
being acute phase reaction, gastrointestinal irritation and chemical oesophagitis, and
severe musculoskeletal pain (1, 3).

The acute phase reaction is the most common side effect of BPs, which is
responsible for the accumulation of IPP in the tissues, (31) causing fever, myalgias,
arthralgias, headaches, and influenza-like symptoms that are transient (1). It occurs
predominantly on the first intravenous (IV) administration (3, 13, 31), in about 10-30% of
the patients (1). IPP is known to be a ligand for the receptor on the most common subset
of y,0-T cells in humans (31), which causes the release of TNF a, a proinflammatory
cytokine, that subsequently initiates the pro-inflammatory acute phase reaction (1, 13). In
vitro, it was observed that an administration of both N-BPs and statins prevented the
activation of these cells, because it blocked the accumulation of IPP, raising the possibility
that the administration of these two compounds could prevent the acute phase reaction

(13). Also, a pretreatment with histamine receptor antagonists or antipyretics is
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recommended, to reduce the incidence and severity of the symptoms among susceptible
patients; occasionally, corticosteroids can also be beneficial (1).

Gastroesophageal irritation and chemical oesophagitis can occur during oral BPs
therapy (3), particularly in patients with known gastroesophageal reflux disease or
oesophageal stricture. A strict maintenance of an upright posture for 30 to 60 minutes
after ingestion with a full glass of water, and the use of weekly rather than daily
preparations, are both likely to limit the risk of adverse effects. For patients unable to
tolerate oral BPs, the IV administrations are an alternative with no association with
gastroesophageal irritation (1).

Urinary excretion is the main route of elimination of BPs. Depending on the dose
and on the way of administration, BPs can cause transient renal toxicity. Due to that, BPs
are counter indicated in patients with creatinine clearance lower than 35 mL/min (82).

Musculoskeletal pain is another potential adverse effect of BPs. Indeed, it has
been issued an alert highlighting the possibility of severe, incapacitating musculoskeletal
pain that can occur at any point after initiation of BPs therapy. This have been reported in
late 2002 and mid 2003 in about 120 cases (1).

Besides these adverse reactions, there is another one that deserves attention,
though it is not so common. The osteonecrosis of the jaw (ONJ) is a rare condition, that
may appear spontaneously or after an oral surgical procedure, and it has been also
associated with BPs therapy. ONJ involves necrosis of a section of the jaw, and it is
primarily observed in oncology patients treated with high doses of IV BPs (1, 3). The
incidence of this condition is estimated to be 1 to 10 per 100 oncology patients, and the
risk of ONJ appears to be substantially lower among patients receiving oral BPs for
osteoporosis. Also, it appears that along with the high doses, a poor oral hygiene, as well
as a history of dental procedures or denture use, may be risk factors (1). Another bone-
related complication, although rare, is atypical femoral fractures in the subtrochanteric and
mid-diaphyseal portions (83).

When hypocalcemia occurs, usually following intravenous BP therapy, the
treatment must be interrupted. If the hypocalcemia was mild after resuming the normal
serum calcium levels, therapy can be resumed, but if hypocalcemia was severe, BPs
usage must be discontinued (84).

Taken together, further studies are required to assess the long-term consequences
associated with BPs consumption, and if and how it can be possible to avoid them. While
these estimates do not have a high accuracy, it is important to balance the potential risks
with the potential benefits, in order to adequate therapeutics to each individual

characteristics.
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Despite all these adverse effects, there are some complications that can be
avoided. The hypovitaminosis D is common among elderly patients who frequently have
limited sun exposure, reduced dietary intake, and some renal impairment; this limits
dietary absorption of calcium, leading to secondary hyperparathyroidism and loss of
skeletal calcium to maintain normocalcemia (1). This situation can be avoided by assuring

the intake of vitamin D and calcium during the BPs therapy (64).

2.7 - Conclusion

BPs are a class of drugs that can be grouped in two major classes, according to
their chemical structure and molecular mechanism of action: the Non-N-BPs and the N-
BPs. The Non-N-BPs are considered the 1% generation of BPs and are the simplest. They
don’t have a nitrogen group and can be metabolically incorporated into nonhydrolyzable
analogues of ATP, resulting in the induction of osteoclast apoptosis. In contrast, the N-
BPs are more potent and complex, and can be considered as the 2™ or 3" generation of
BPs. The 2" generation have a simple nitrogen group while the 3" generation have a
nitrogen group within a heterocyclic ring. Their mechanism of action involves the inhibition
of the mevalonate pathway which prevents the prenylation of small GTPases necessary
for osteoclast function, survival, proliferation and cytoskeletal organization.

BPs have a high affinity for bone mineral, so they achieve a high local
concentration throughout the entire skeleton. Therefore, they become the primary therapy
for skeletal disorders characterized by excessive or imbalanced skeletal remodelling, like
for example, the prevention of SREs in patients with bone metastasis. In addition to their
effects on bone tissue, several studies have shown that BPs also display some
antitumoral activity. More precisely, BPs could induce tumor cell apoptosis, inhibition of
cell adhesion, invasion and proliferation, modulation the immune system to target and
eliminate cancer cells and affect the angiogenic mechanisms.

BPs also present some adverse effects, like acute phase reaction, gastrointestinal
irritation, chemical oesophagitis, severe musculoskeletal pain and ONJ. The most
common is the acute phase reaction which involves transient symptoms like the flu, and
some complications that can be avoided with the intake of calcium and vitamin D.

Taken together, BPs are a class of drugs widely used in osteolytic bone disorders
context. Their anti-osteoclastic effects account for several benefits for patients. In addition,

in the last years BPs were also considered as potential antitumor agents. This can unravel
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new clinical applications for BPs, which ultimately can lead to substantial improvements in

the health condition of patients with bone osteolytic metastases.
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3.1 — Introduction

The discovery of novel effective drugs is currently one of the greatest challenges
for pharmaceutical industry (85). The convenient manipulation of solid active
pharmaceutical ingredients (APIs) has been associated with several drawbacks such as
polymorphic conversion, low bioavailability from crystalline solids, and spontaneous
crystallization of amorphous forms (86-89). In addition, it is recognized that the
bioavailability of pharmaceutical drugs is significantly dependent on their water solubility
as well as high permeability. In fact, many phase Il trials of new APIs fail because of their
reduced bioavailability, a consequence of poor solubility in water and biological fluids.
The most common approach followed by the pharmaceutical industry in order to increase
the bioavailability of an API is to transform it into a salt, usually by combining it with
metallic cations such as sodium or potassium, or with chloride anions, depending on the
chemical structure of the API. Recently, the use of APIs as lonic Liquids (API-ILs) as an
alternative has been investigated by the academy (8, 90-92). The works involving the
preparation of API-ILs from ampicillin, fluoroquinolones, ibuprofen, ranitidine and
lidocaine, and also acetylsalicylic and salicylic acids, among others, have shown that the
combination of an API, either as a cation or as an anion, with a suitable biocompatible
counter-ion can increase the water solubility of the parent drug and even change its
biological effect (93-102). In face of these results, it is suggested that the oral
bioavailability of the formed API-ILs is particularly enhanced, or alternatively it may open
new perspectives for their local administration/application. Therefore, the therapeutic
dosage of the drug may be reduced, decreasing the side effects.

Bisphosphonates (BPs) are considered the primary therapy for skeletal disorders
due to their high affinity for bone tissue. BPs are stable analogues of the Inorganic Pyro-
phosphate, an endogenous regulator of bone mineralization, which can withstand
hydrolysis in the gastrointestinal tract (20, 64, 66). Their conformation allows targeting the
bone because of their three-dimensional structure, which makes them primary agents
against osteoclast-mediated bone loss. In addition, recently they have been also
considered as potential antitumor agents due to their ability to induce tumor cell apoptosis,
inhibition of cell adhesion, invasion and proliferation, modulation of the immune system to
target and eliminate cancer cells as well as affect the angiogenic mechanisms. However,
zoledronic acid must be administered intravenously by lack of absorption in the Gl tract. In
addition, many debilitating side effects take place such as muscle, joint and bone pain,
muscle spasms, numbness, among many others. In this context, there is a need to
develop new ways to increase oral bioavailability of zoledronic acid, while the side effects

are significantly reduced.
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Thus, herein we report the preparation of twelve new lonic Liquids and salts from
zoledronic acid (Zol-ILs) in quantitative yields by following two distinct sustainable and
straightforward methodologies, according to the type of cation. All prepared zoledronate-
ILs were characterized by spectroscopic and thermal analysis and their solubility in water
and biological fluids was determined. An additional evaluation of the toxicity towards
human healthy cells was performed. Figure 5 depicts the structure of the cations used in

the synthesis of the zoledronic acid-based ILs.
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Figure 5 - Structure of mono- and dianionic zoledronic acid, protonated superbases and organic
quaternary cations

3.2 — Synthesis and Characterization of Zol-ILs

The protic zoledronate-ILs were prepared by adding 1 or 2 equivalents of organic
superbases, more specifically 1,1,3,3-tetramethylguanidine (TMG) and 1,5-
diazabicyclo(4.3.0)non-5-ene (DBN), to a solution of zoledronic acid, whose phosphonate
group(s) become(s) deprotonated (general procedure A from scheme 1). With this
straightforward synthetic methodology two monoan-ionic and two dianionic zoledronic
acid-based ionic salts were prepared. Room Temperature lonic Liquids (RTIL) were
obtained whenever two units of superbase were added, while the monoionic compounds

were obtained as protic organic solid salts.

43



| [TMGH][Zol] (1) [TMGHL,[Zol] (2) !

N 1or2eqvSB :

/ » @)/ H;O/MeOH . [DBNH][Zol] (3) [DBNH];[Zol] (4)

HO R-N*X it .
Ho_” p- o A26 (OH) i  [ChilZol] (5) (ChliZol) 6)
O . 1 or 2 equ R-N'HO: [EMIM][Zol] (7) [EMIM],[Zol] (8)5

Zoledronic acid

HzO/MeOH [C,OHMIM][Zol] (9)  [C,OHMIM],[Zol] (10)

[COMIM][Zol] (11)  [C;OMIM,[Zol] (12):

Scheme 1 - Synthetic methodologies A and B for the synthesis of Zol-ILs.

For the coupling of Zoledronate with quaternary ammonium salts a different
methodology was employed (general procedure B from scheme 1) already described by
our group for the previous preparation of Ampicillin-based lonic Liquids and Salts (99,
102). In this case, quaternary ammonium hydroxide cations are previously prepared from
the corresponding chloride or bromide salts by reaction with hydroxide exchange resins
(e.g. Amberlyst A26-OH) in methanolic solution. The very basic solutions are then
neutralized by addition to an aqueous solution of Zoledronic acid yielding the desired salts
in quantitative yields. By using one or two molar equivalents of cation hydroxide salts we
synthesized four monoionic compounds [5, 7, 9, 11], three ILs and one salt, and also four
dianionic Zol-based RTILs [6, 8, 10, 12].

All products were characterized by NMR (*H and *C) and FTIR spectroscopic
techniques, as well as elemental analysis. The thermal properties were evaluated by DSC
and the solubility in water and saline solution was determined for all compounds.

Additionally, the structure of [DBNH][Zol] (3) was definitively established by single
crystal X-ray difraction analysis. Compound 3 crystallized from an asymmetric unit
composed of one zwitterionic Zol unit where both phosphonate groups are deprotonated
and one nitrogen atom of the imidazolium moiety is protonated. The DBN unit is
protonated at the nitrogen atom from the 6-membered ring (Figure 6). The crystal
structure is stabilized by several intra and intermolecular hydrogen bonds (see packing in
Figure 58).
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Figure 6 - ORTEP-3 diagram of [DBNH][Zol] (3) with thermal ellipsoids drawn at 30% probability level
illus-trating one cationic DBN unit and one zwitterionic Zol entity bearing two anionic phosphonate
groups and one cationic imidazolium moiety. The hydrogen, carbon, oxygen, nitrogen and
phosphorous atoms are shown in white, grey, red, blue and orange, respectively.

3.3 — Thermal analysis of Zol-ILs

All prepared Zol-ILs were studied by DSC and the melting, crystallization and glass
transition temperatures were determined (see Table 4) and compared to the parent drugs.

Depending on the hydration level, zoledronic acid displays a melting point between
214 and 230 °C, to which decomposition rapidly follows (103). Only two of the prepared
Zol-ILs, namely have a melting point in the same range, which are [TMGH][Zol] (225.3 °C)
and [Ch][Zol] (220.4 °C). These two compounds, in addition to the remaining four solid
compounds obtained, are not considered ionic liquids, but organic salts because their
melting temperatures are higher than 100 °C.
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Table 4 - Physical state, melting (Tm), crystallization (Tc) and glass transition (Tg) temperatures of the
prepared Zol-ILs

Physical T, Te Ty

Salt
state /°C /°C /°C
White

[TMGH][Zol] , 225.3 - n.d.
solid
Colorless

[TMGH],[Zol] - - 12.4
paste
White

[DBNH] [Zol] _ 208.7 - 45.7
solid
Colorless

[DBNH],[Zol] - - 15.1
paste
White

[Ch] [Zol] , 220.4 - 78.4
solid
White

[Ch],[Zol] 18.6 13.2 -
paste
White

[EMIM] [Zol] _ 198.0 - 295
solid
Colorless

[EMIM];[Zol] - - 31.7
paste
White 143.8

[C,OHMIM] [Zol] _ 170.1* 57.3
solid 195.9
Colorless

[C,OHMIM][Zol] - - 10.8
paste
White 125.9

[CsOMIM] [Zol] , 139.8* 45.7
solid 185.0
Colorless

[C;O0MIM],[Zol] - - 3.4
paste

* cold crystallization

[CsOMIM][Zol] shows a first melt at 125.9 °C followed by a cold crystallization step
at 139.8 °C, to which then follows a second melt that occurs at 185 °C. After this the
compound remains in an amorphous state characterized by a glass transition temperature
of 45.7 °C. [EMIM][Zol] also becomes amorphous after first melt (at 198 °C) with a glass
transition temperature of 29.5 °C.

Even though [Ch],[Zol] is a thick white paste at room temperature, it was possible

to determine its melting temperature and the corresponding crystallization peak by DSC,
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which occur at 18.6 (exo) and 13.2 °C (endo), respectively. Except for this ionic liquid, all
remaining Zol-RTILs are clearly amorphous compounds with defined glass transition

temperatures.

3.4 — Solubility Studies

As expected, all ionic liquids and salts were more soluble in water and saline
solution at 37 °C than neutral zoledronic acid. Figure 7 summarizes the data obtained

from the solubility studies.
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Figure 7- Solubility in water and saline solution at 37 °C of zoledronic acid and Zol-ILs (detection limit
is 5g/mL, represented by the upper threshold).

All dianionic zoledronate ionic liquids were more soluble in the tested media than
the monoanionic siblings, with three of them ([TMGH],[Zol], [DBNH],[Zol] and
[CsOMIM],[Zol]) being completely soluble in water and saline solution. For unknown
reasons, [EMIM],[Zol] was the only ionic compound which was less soluble in water than
in saline solution (in which, in fact, it was entirely soluble). Moreover, the monoionic
compounds were found to be between 214 and 624-fold more soluble in water than the

neutral parent drug. With the exception of [C,OHMIM][Zol], the monoionic compounds had
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solubility in saline solution lower than 25 mg/mL with a ratio between 1.5 and 7.0 times in

comparison with zoledronic acid.

3.5 — Toxicity studies on normal and cancer cells

The cytotoxicity (ICso) data of the studies with the prepared zoledronic-containing

ILs in different human cell lines are presented in Table 5.

Table 5- Antitumor activity (IC50) of zoledronate ionic liquids.

ICs0 / M
Skin
IL _ T47D MG63
fibroblasts
Zol 2.43x10°® a) 5.74x10’
[TMGH][Zol] a) a) a)
[TMGH][Zol] 1.02x10° 6.87x10° 6.97x10°
[DBNH][Zol] 2.50x10 1.98x10" 1.65x10°
[DBNH],[Zol] 5.96x10™"° 1.25x10™"° a)
1.51x10
[Ch][Zol] ] B
3.98x10 6.15%x10
[Ch],[Zol] 1.46x10"° 1.69x10° 2.10x10°
[EMIM][Zol] 4.97x10° 2.11x10° a)
[EMIM],[Zol] 1.78x10” 3.82x10° 5.01x10”
[C,OHMIM][Zol] a) 1.84x10° 5.60x10"
[C,OHMIM],[Zol] 1.58x10*° 1.48x10"° 5.58x10°
[C;OMIM][Zol]  1.47x10% 2.01x10° 1.23x10*
3.27x10
[CsOMIM],[Zol] . 6 10
9.71x10 8.02x10

a) Not detected in the tested concentration range.

In general, all monoanionic compounds present lower toxicity to the skin fibroblasts
than the dianionic ones, with the seldom exception of the ILs with [EMIM] cation. More
specifically, the ILs containing [TMGH], [DBNH], [EMIM], and [C;OMIM] were found to be
the least toxic from the tested set towards the non-neoplastic cells, with 1Cs, = 2.5 mM.

These ICsy values are at least three orders of magnitude lower than the one found for Zol
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(2.43 pM). Regarding the effects on breast cancer cells (T47D), all tested ILs, with the
exception of [TMGH][Zol], showed cytotoxic activity whereas Zol was inactive. However,
the profile was similar to the one found with skin fibroblasts, which means that they are
not selective for any of these cells. In the case of the human osteosarcoma cell line
MG63, [Ch][Zol] and [C30MIM];[Zol] showed ICs, values of 0.15 and 0.33 nM, which are
three orders of magnitude lower than for zoledronic acid (57 mM). In addition, their toxicity
towards normal cells was found to be, respectively, four and two orders of magnitude
lower than for the osteosarcoma cells, while for Zol this ratio is only of one order of
magnitude. Finally, [EMIM];[Zol] is also worth considering because, while it has
comparable activity to Zol towards MG63 cell lines (ca. 5x10” M), it has very low toxicity
towards skin fibroblasts (ca. 2x102 M).

The data retrieved from this study may be particularly relevant since osteosarcoma
cells are known to induce disturbances in bone metabolism, with an increase in bone
turnover rate (62, 104, 105). Thus, the synthesis of compounds with a simultaneous
potential inhibitory effect on bone resorption and a selective cytotoxicity against
osteosarcoma cells may represent an important strategy for the development of new

drugs against osteosarcoma.

3.6 — Experimental Section

General procedure (A) for the synthesis of Zol-ILs with organic superbases as cations:

To a dispersion of zoledronic acid (500 mg, 1.84 mmol) in MeOH/H,O (15 mL, 1:1)
a methanolic solution of 1 or 2 molar equivalents of organic superbase (15 mg/mL) was
added dropwise under magnetic stirring. After reacting for 1h the solvent was evaporated

and the desired product was dried under vacuo for 24 h.

General procedure (B) for the preparation of Zol-ILs with ammonium cations:

The halide salts of the selected quaternary ammonium cations were dissolved in
methanol and passed slowly through an anion-exchange column A-26(OH) (3
equivalents). The freshly formed methanolic solutions of the corresponding hydroxide
salts (1 or 2 equivalents) were consequently added dropwise to zoledronic acid (500 mg,
1 equivalent) dispersed in H,O under magnetic stirring. After 1 h, the solvent of the clear

solution was evaporated and the desired product was dried under vacuo for 24 h.
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Materials, experimental procedures, compound characterization data, NMR and FTIR
spectra, and DSC thermograms. X-Ray diffraction data for compound 3. Cytotoxicity data

for the cation halides and Zoledronate.

3.7 - Supplementary Information

3.7.1 - Experimental

Materials

All acquired reagents were used without further purification. Zoledronic acid (=
98.5%) was purchased from Molekula, 1,1,3,3-tetramethylguanidine (TMG, 99%), 1,5-
diazabicyclo(4.3.0)non-5-ene (DBN, 99%), and choline chloride (ChCl, 99%), were
supplied by Sigma-Aldrich. 1-Ethyl-3-methylimidazolium chloride ([EMIM]CI, 99%), 1-(2-
hydroxyethyl)-3-methylimidazolium chloride ([C;,OHMIM]CI], 98%), 1-(2-methoxyethyl)-3-
methylimidazolium chloride ([C;OMIM]CI], 98%) were purchased at Solchemar. Methanol
HPLC grade was acquired from Honeywell and deionized water was processed by Diwer

Technologies water max w2 equipment.

General procedure A for the synthesis of Zol-ILs with organic superbases as cations

To a dispersion of zoledronic acid (500 mg, 1.84 mmol) in MeOH/H,O (15 mL, 1:1)
a methanolic solution of 1 or 2 molar equivalents of organic superbase (15 mg/mL) was
added dropwise under magnetic stirring. After reacting for 1h the solvent was evaporated

and the desired product was dried under vacuo for 24 h.

General procedure (B) for the preparation of Zol-ILs with ammonium cations

The halide salts of the selected quaternary ammonium cations were dissolved in
methanol and passed slowly through an anion-exchange column A-26 (OH) (3
equivalents). The freshly formed methanolic solutions of the corresponding hydroxide
salts (1 or 2 equivalents) were consequently added dropwise to zoledronic acid (500 mg,
1 equivalent) dispersed in H,O under magnetic stirring. After 1 h, the solvent of the clear

solution was evaporated and the desired product was dried under vacuo for 24 h.
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Characterization

The prepared compounds were characterized by 'H and **C NMR recorded on a
Bruker AMX400 spectrometer. Chemical shifts are reported downfield in parts per million
considering the solvent residual signal. **C NMR spectra in D,O were referenced to added
MeOH or MeCN. IR spectra were recorded on a FTIR Bruker Tensor 27 Spectrometer
using KBr matrixes. DSC analysis was carried out using a TA Instruments Q-series TM
Q2000 DSC with a refrigerated cooling system. Between 2 and 10 mg of salt were
crimped into an aluminum standard sample pan with lid which was continuously purged
with nitrogen gas at 50 mL/min. The employed procedure was dependent on the melting
point of the sample. A typical experiment consisted on a heating step (20 °C/min) to 80 or
120 °C (15-20 minutes), cooling (20 °C/min) to -90 °C, heating (10 °C/min) to 200 °C,
cooling (10 °C/min) to -90 °C, heating (10 °C/min) to 200 °C, cooling (10 °C/min) to -90 °C,
heating (20 °C/min) to 200 °C and cooling (20 °C/min) to -90 °C. Glass transition (Tg),
melting (T,) cold crystallization (T..) and decomposition temperatures were determined in
the heating steps, while crystallization temperatures (T.) were acquired in the cooling
steps. The solubility of the salts in water and saline solution was determined by adding 5
to 10 pL of solvent to an Eppendorf containing precisely weighed ca. 30 mg of sample

until a homogeneous solution is obtained upon mixture in a vortex.

Experimental data of the synthesized compounds

Preparation of bis(dimethylaminomethaniminium) hydrogen (1-hydroxy-2-(1H-imidazol-1-
yl)-1-phosphonoethyl)phosphonate, [TMGH][Zol]

YN
€ Q» c \f
N_
+
HoHC}zb oH  HN=g
\ / N—

~0—p 2 ﬁ'~0_

f

f
f

Figure 8 - [TMGH][Zol]

Using tetramethylguanidine (212 mg, 1.84 mmol) [TMGH][ZoIH] was obtained as a
white solid in quantitative yield (712 mg). T, = 225.3 °C; 'H NMR (400.13 MHz, D,0O) &
8.69 (brs, 1H, ¢), 7.51 (br s, 1H, e), 7.34 (br s, 1H, d), 4.66 (d, J = 7.4 Hz, 1H, b,), 4.64 (d,
J = 8.5 Hz, 1H, by), 2.92 (s, 12H, ). *C NMR (100.62 MHz, D,0) & 161.4 (g), 135.7 (c),
123.9 (d), 118.2 (e), 72.9 (t, J = 132.0 Hz, a), 52.6 (b), 38.8 (f) ppm; FTIR (KBr) 3456,
3180, 3114, 2815, 2708, 2363, 1648, 1609, 1579, 1414, 1209, 1173, 1034, 1014, 915,
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889 cm™. Anal. calcd for CioH23NsO;P,.H,0: C, 29.71; H, 5.98; N, 17.32; found: C, 29.77;
H, 6.14; N, 17.36.

Preparation of bis(bis(dimethylamino)methaniminium)  (1-hydroxy-2-(1H-imidazol-1-
yhethane-1,1-diyl)bis(hydrogenphosphonate), [TMGH],[Zol]
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Figure 9 - [TMGH]2[Zol]

Using tetramethylguanidine (423 mg, 3.68 mmol) [TMGH],[Zol] was obtained as a
colorless paste in quantitative yield (922 mg). T4 = 43.8 °C; '"H NMR (400.13 MHz, DMSO-
d® & 7.54 (brs, 1H, c), 7.17 (br s, 1H, e), 6.65 (br s, 1H, d), 4.29 (d, J = 10.9 Hz, 1H, by),
4.27 (d, J = 9.2 Hz, 1H, b,), 2.86 (s, 24H, f). **C NMR (100.62 MHz, DMSO-d°) & 161.4
(9), 138.9 (c¢), 125.9 (d), 121.9 (e), 72.3 (t, J = 120.6 Hz, a), 48.6 (b), 39.3 (f) ppm; FTIR
(KBr) 3410, 3167, 2961, 2817, 2708, 2449, 2358, 1612, 1565, 1351, 1167, 1118, 1044,
973, 879 cm™. Anal. calcd for C1sH36NgO;P,.(H,0),5: C, 32.91; H, 7.55; N, 20.47; found:
C, 32.93; H, 6.71; N, 20.83.

Preparation of (2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium) hydrogen (1-hydroxy-
2-(1H-imidazol-1-yl)-1-phosphonoethyl)phosphonate, [DBNH][ZoI]
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Figure 10 - [DBNH][Zol]

Using 1,5-diazabicyclo(4.3.0)non-5-ene (227 mg, 1.84 mmol) [DBNH][Zol] was
obtained as a white solid in quantitative yield (729 mg). This compound crystallized from
slow evaporation of water at room temperature. T, = 208.7 °C, T4 = 45.7 °C; 'H NMR
(400.13 MHz, D,0) & 8.69 (br s, 1H, c), 7.51 (br s, 1H, e), 7.35 (br s, 1H, d), 4.67 (d, J =
12.1 Hz, 1H, by), 4.65 (d, J = 11.1 Hz, 1H, by), 3.65 (t, J = 7.2 Hz, 2H, 1), 3.40 (t, J = 5.6
Hz, 2H, i), 3.35 (t, J = 5.6 Hz, 2H, ), 2.82 (t, J = 7.8 Hz, 2H, g), 2.10 (quint, J = 7.6 Hz, 2H,
h), 1.98 (quint, J = 5.6 Hz, 2H, k). **C NMR (100.62 MHz, D,0O) & 165.9 (), 137.3 (c),
125.4 (d), 119.7 (e), 74.4 (t, J = 124.3 Hz, a), 54.9 (i), 54.1 (b), 43.7 (j), 39.5 (I), 31.4 (9),
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19.7, 19.7 (h, k) ppm; FTIR (KBr) 3418, 3231, 3133, 2959, 2781, 2360, 1680, 1606, 1309,
1146, 1040, 909 cm™. Anal. calcd for Cy,H2,N,0/P,.H,0O: C, 34.79; H, 5.84; N, 13.52;
found: C, 34.67; H, 6.04; N, 13.32.

Preparation of bis(2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium) (1-hydroxy-2-(1H-
imidazol-1-yl)ethane-1,1-diyl)bis(hydrogenphosphonate), [DBNH],[Zol]
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Figure 11 - [DBNH]2[Zol]

Using 1,5-diazabicyclo(4.3.0)non-5-ene (457 mg, 3.68 mmol) [DBNH],[Zol] was
obtained as a colorless paste in quantitative yield (956 mg). T, = 15.1 °C; 'H NMR (400.13
MHz, D,0) & 8.55 (br s, 1H, c), 7.48 (br s, 1H, e), 7.26 (br s, 1H, d), 4.60 (d, J = 13.4 Hz,
1H, b,), 4.58 (d, J = 12.4 Hz, 1H, b,), 3.64 (t, J = 7.2 Hz, 4H, I), 3.39 (t, J = 5.7 Hz, 4H, i),
3.34 (t, J = 5.6 Hz, 4H, j), 2.82 (t, J = 7.6 Hz, 4H, g), 2.10 (quint, J = 7.6 Hz, 4H, h), 1.98
(quint, J = 5.6 Hz, 4H, k). *C NMR (100.62 MHz, D,0) & 165.9 (f), 137.6 (c), 125.1 (d),
120.7 (e), 74.1 (t, J = 124.6 Hz, a), 54.9 (i), 54.5 (b), 43.7 (j), 39.5 (I), 31.4 (g), 19.7, 19.7
(h, k) ppm; FTIR (KBr) 3415, 3273, 3126, 2961, 2888, 2786, 2671, 2448, 2358, 2103,
1680, 1309, 1118, 1045, 973, 888 cm™. Anal. calcd for C19H34NsO;P,.(H,0)s: C, 39.72; H,
7.02; N, 14.63; found: C, 39.74; H, 7.17; N, 14.55.

Preparation of 2-hydroxy-N,N,N-trimethylethan-1-aminium hydrogen (1-hydroxy-2-(1H-
imidazol-1-yl)-1-phosphonoethyl)phosphonate, [Ch][Zol]
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Figure 12 - [Ch][Zol]

Using choline chloride (257 mg, 1.84 mmol) [Ch][Zol] was obtained as a white solid
in quantitative yield (690 mg). Ty, = 220.4 °C; T4 = 78.4 °C; 'H NMR (400.13 MHz, D,0) &
8.71 (br s, 1H, ¢), 7.53 (br s, 1H, €), 7.36 (br s, 1H, d), 4.68 (d, J = 11.7 Hz, 1H, b,), 4.66
(d, J=12.1 Hz, 1H, b,), 4.10 — 3.99 (m, 2H, f), 3.56 — 3.46 (m, 2H, g), 3.18 (s, 9H, h). **C
NMR (100.62 MHz, D,0) & 136.4 (c), 124.5 (d), 118.8 (e), 73.5 (t, J = 131.8 Hz, a), 68.0 (t,
J=3.1Hz, g), 56.2 (f), 54.5 (t, J = 3.9 Hz, h), 53.2 (t, J = 2.3 Hz, b) ppm; FTIR (KBr) 3251,
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3138, 3062, 2735, 2361, 1642, 1480, 1401, 1165, 1081, 953, 895 cm™. Anal. calcd for
Ci0H23N304P,: C, 32.01; H, 6.18; N, 11.20; found: C, 32.22; H, 6.20; N, 11.07.

Preparation of bis(2-hydroxy-N,N,N-trimethylethan-1-aminium) (1-hydroxy-2-(1H-imidazol-
1-yhethane-1,1-diyl)bis(hydrogen phosphonate), [Ch],[Zol]

Figure 13 - [Ch]2[Zol]

Using choline chloride (514 mg, 3.68 mmol) [Ch],[Zol] was obtained as a white
paste in quantitative yield (1014 mg). T, = 18.6 °C, T, = 13.2 °C; 'H NMR (400.13 MHz,
D,0) 6 8.67 (br s, 1H, c), 7.52 (br s, 1H, €), 7.33 (br s, 1H, d), 4.64 (d, J = 12.1 Hz, 1H,
b;), 4.62 (d, J = 12.9 Hz, 1H, b,), 4.09 — 4.01 (m, 4H, f), 3.54 — 3.47 (m, 4H, g), 3.18 (s,
18H, h). *C NMR (100.62 MHz, D,O) & 136.4 (c), 124.4 (d), 119.1 (e), 73.2 (t, J = 131.8
Hz, a), 68.0 (t, J = 3.1 Hz, g), 56.2 (f), 54.5 (t, J = 3.9 Hz, h), 53.7 (t, J = 2.3 Hz, b) ppm;
FTIR (KBr) 3379, 3260, 3018, 2958, 2908, 2742, 2355, 1643, 1478, 1405, 1175, 1090,
949, 869 cm™. Anal. calcd for C1sH3sN4OgP,.(H,0)5: C, 33.84; H, 7.95; N, 10.52; found: C,
33.72; H, 7.39; N, 10.89.

Preparation of (1-ethyl-3-methyl-1H-imidazol-3-ium) hydrogen (1-hydroxy-2-(1H-imidazol-
1-yh)-1-phosphonoethyl)phosphonate, [EMIM][Zol]
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Figure 14 - [EMIM][Zol]

Using ethylmethylimidazolium bromide (352 mg, 1.84 mmol) [EMIM][Zol] was
obtained as a white solid in quantitative yield (702 mg). T, = 198.0 °C, T4 = 29.5 °C; 'H
NMR (400.13 MHz, D,0) 6 8.72 (br s, 1H, g), 8.69 (br s, 1H, c), 7.54 (br s, 1H, e), 7.47 (br
s, 1H, i), 7.41 (br s, 1H, h), 7.37 (br s, 1H, d), 4.69 (d, J = 12.4 Hz, 1H, b,), 4.67 (d, J =
12.1 Hz, 1H, by), 4.21 (q, J = 7.3 Hz, 2H, j), 3.88 (s, 3H, f), 1.48 (t, J = 7.3Hz, 3H, k). °C
NMR (100.62 MHz, D,0) & 136.4 (c), 124.5 (d), 124.0 (i), 122.5 (h), 119.8 (e), 73.5 (t,J =
135.0 Hz, a), 53.2 (b), 45.3 (j), 36.2 (f), 15.1 (k) ppm; FTIR (KBr) 3378, 3262, 3099, 2772,
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2320, 1969, 1711, 1565, 1452, 1208, 1162, 1032, 947, 873 cm™. Anal. calcd for
C11H20N4O;P,.H,0: C, 33.01; H, 5.54; N, 14.00; found: C, 32.87; H, 5.64; N, 13.74.

Preparation of bis(1-ethyl-3-methyl-1H-imidazol-3-ium) (1-hydroxy-2-(1H-imidazol-1-
yhethane-1,1-diyl)bis(hydrogen phosphonate), [EMIM];[Zol]
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Figure 15 - [EMIM]2[Zol]

Using ethylmethylimidazolium chloride (703 mg, 3.68 mmol) [EMIM];[Zol] was
obtained as a colorless paste in quantitative yield (905 mg). T, = 31.7 °C; 'H NMR (400.13
MHz, D,0O) & 8.70 (br s, 2H, g), 8.62 (br s, 1H, ¢), 7.52 (br s, 1H, e), 7.47 (br s, 2H, i), 7.41
(brs, 2H, h), 7.31 (br s, 1H, d), 4.64 (d, J = 12.7 Hz, 1H, b,), 4.62 (d, J = 13.2 Hz, 1H, b)),
4.21 (q, J = 7.4 Hz, 4H, j), 3.88 (s, 6H, f), 1.48 (t, J = 7.4Hz, 6H, k). **C NMR (100.62
MHz, D,0) 6 136.5 (c), 124.3 (d), 124.0 (i), 122.5 (h), 119.4 (e), 73.2 (t, J = 124.6 Hz, a),
53.7 (b), 45.4 (j), 36.2 (f), 15.1 (k) ppm; FTIR (KBr) 3417, 3152, 3113, 2961, 2679, 2453,
2359, 2314, 2094, 1654, 1570, 1399, 1169, 1118, 1046, 974, 888 cm™. Anal. calcd for
C17H30NsO+P,.(H,0),: C, 38.47; H, 6.80; N, 15.68; found: C, 38.64; H, 6.49; N, 15.90.

Preparation of (1-(2-hydroxyethyl)-3-methyl-1H-imidazol-3-ium) hydrogen (1-hydroxy-2-
(1H-imidazol-1-yl)-1-phosphonoethyl)phosphonate, [C;,OHMIM][Zol]

Figure 16 - [C20HMIM][Zol]

Using hydroxyethylmethylimidazolium chloride (299 mg, 1.84 mmol)
[C,OHMIM][Zol] was obtained as a white solid in quantitative yield (732 mg). T, = 143.8,
195.9 °C, T, = 170.1 °C; T, = 57.3 °C; *H NMR (400.13 MHz, D,0) & 8.74 (br s, 1H, g),
8.70 (br s, 1H, ¢), 7.53 (br s, 1H, e), 7.50 (br s, 1H, i), 7.44 (br s, 1H, h), 7.36 (br s, 1H, d),
4.68 (d, J =11.4 Hz, 1H, b,), 4.66 (d, J = 12.2 Hz, 1H, by), 4.31 (t, J = 4.7 Hz, 2H, j), 3.99
—3.85 (m, 5H, f, k). *C NMR (100.62 MHz, D,0) & 136.4 (c), 124.5 (d), 124.2 (i), 123.0
(h), 118.8 (e), 73.5 (t, J = 130.9 Hz, a), 60.4 (k), 53.2 (b), 52.1 (j), 36.3 (f) ppm; FTIR (KBr)
3404, 3142, 3112, 2850, 2309, 1962, 1668, 1549, 1410, 1294, 1223, 1146, 1084, 1031,
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949, 902 cm™. Anal. calcd for Cy1H20N4OgP.(H,0)o5: C, 32.44; H, 5.20; N, 13.76; found:
C, 32.26; H, 5.41; N, 13.49.

Preparation of bis(1-(2-hydroxyethyl)-3-methyl-1H-imidazol-3-ium)  (1-hydroxy-2-(1H-
imidazol-1-yl)ethane-1,1-diyl)bis(hydrogen phosphonate), [C,OHMIM],[Zol]
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Figure 17 - [C20HMIM]2[Zol]

Using hydroxyethylmethylimidazolium chloride (598 mg, 3.68 mmol)
[C.OHMIM];[Zol] was obtained as a colorless paste in quantitative yield (965 mg). T4 =
10.8 °C; 'H NMR (400.13 MHz, D,0) & 8.75 (br s, 2H, g), 8.56 (br s, 1H, c), 7.54 — 7.48
(m, 3H, e, i), 7.45 (br s, 2H, h), 7.27 (br s, 1H, d), 4.62 (d, J = 13.1 Hz, 1H, b,), 4.60 (d, J =
13.1 Hz, 1H, b,), 4.31 (t, J = 4.8 Hz, 4H, j), 3.92 (t, J = 4.8 Hz, 4H, k), 3.90 (s, 6H, f). *C
NMR (100.62 MHz, D,O) & 136.7 (c), 124.2 (d, i), 123.0 (h), 119.9 (e), 73.2 (t, J = 124.3
Hz, a), 60.4 (k), 53.5 (b), 52.1 (j), 36.3 (f) ppm; FTIR (KBr) 3417, 3152, 3113, 2960, 2362,
1636, 1566, 1400, 1167, 1118, 1090, 1064, 974, 879, 828 cm™. Anal. calcd for
C17H30NsOgP,.(H-0)s: C, 35.30; H, 6.27; N, 14.53; found: C, 34.94; H, 6.64; N, 14.08.

Preparation of 1-(2-methoxyethyl)-3-methyl-1H-imidazol-3-ium hydrogen (1-hydroxy-2-
(1H-imidazol-1-yl)-1-phosphonoethyl)phosphonate, [C;OMIM][Zol]
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Figure 18 - [C30MIM][Zol]

Using methoxyethylmethylimidazolium chloride (325 mg, 1.84 mmol)
[CsOMIM][Zol] was obtained as a white solid in quantitative yield (758 mg). T,, = 125.9,
185 °C; T, = 139.8 °C; T, = 45.7 °C; "H NMR (400.13 MHz, D,0) & 8.73 (br s, 1H, g), 8.71
(brs, 1H, ¢), 7.53 (br s, 1H, €), 7.49 (br s, 1H, i), 7.44 (br s, 1H, h), 7.37 (br s, 1H, d), 4.69
(d, J =12.1 Hz, 1H, b,), 4.67 (d, J = 11.8 Hz, 1H, b,), 4.38 (t, J = 4.8 Hz, 2H, j), 3.89 (s,
3H, f), 3.82 (t, J = 4.8 Hz, 2H, k), 3.37 (s, 3H, I). *C NMR (100.62 MHz, D,0) & 136.3 (c),
124.5 (d), 124.1 (i), 123.0 (h), 118.7 (e), 73.4 (t, J = 132.2 Hz, a), 70.3 (l), 58.7 (k), 53.2
(b), 49.4 (j), 36.2 (f) ppm; FTIR (KBr) 3424, 3146, 3105, 2836, 2360, 1964, 1647, 1577,
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1401, 1265, 1173, 1084, 890, 850, 771 cm™. Anal. calcd for Cy,H,,N,05P,.H,0: C, 33.50;
H, 5.62; N, 13.02; found: C, 33.44; H, 5.86; N, 12.80.

Preparation of bis(1-(2-methoxyethyl)-3-methyl-1H-imidazol-3-ium) (1-hydroxy-2-(1H-
imidazol-1-yl)ethane-1,1-diyl)bis(hydrogen phosphonate), [C;OMIM],[Zol]

Figure 19 - [C30MIM]2[Zol]

Using methoxyethylmethylimidazolium chloride (650 mg, 3.68 mmol)
[CsOMIM][Zol] was obtained as a white solid in quantitative yield (1016 mg). T, = 3.4 °C;
'H NMR (400.13 MHz, D,0) & 8.73 (br s, 2H, g), 8.57 (br s, 1H, c), 7.55 — 7.46 (m, 3H, e,
i), 7.44 (br s, 2H, h), 7.28 (br s, 1H, d), 4.63 (d, J = 12.2 Hz, 1H, b,), 4.61 (d, J = 13.0 Hz,
1H, b,), 4.38 (t, J = 4.7 Hz, 4H, j), 3.89 (s, 6H, f), 3.82 (t, J = 4.7 Hz, 4H, k), 3.37 (s, 6H, ).
3C NMR (100.62 MHz, D,0) & 136.0 (c), 123.6 (d), 123.5 (i), 122.4 (h), 119.1 (e), 72.5 (t,
J =124.5 Hz, a), 69.8 (l), 58.1 (k), 53.0 (b), 48.8 (j), 35.6 (f) ppm; FTIR (KBr) 3425, 3150,
3113, 2960, 2900, 2830, 2459, 2360, 1635, 1567, 1400, 1169, 1118, 1090, 1044, 973,
829 cm™. Anal. calcd for C1oH34NgOgP,.(H20)e: C, 34.55; H, 7.02; N, 12.72; found: C,
34.83; H, 5.99; N, 13.02.
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NMR spectra of Zol-ILs
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Figure 20 - 'H NMR spectra of [TMGH][Zol]
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Figure 21 - *C NMR spectra of [TMGH][Zol]
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Figure 22 - 'H NMR spectra of [TMGH]2[Zol]
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Figure 23 - 3c NMR spectra of [TMGH]2[Zol]
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Figure 24 - 'H NMR spectra of [DBNH][Zol]
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Figure 25 - *C NMR spectra of [DBNH][Zol]
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Figure 26 - "H NMR spectra of [DBNH]2[Zol]
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Figure 27 - 3c NMR spectra of [DBNH]2[Zol]
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Figure 28 - 'H NMR spectra of [Ch][Zol]
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Figure 29 - 3C NMR spectra of [Ch][Zol]
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Figure 31 - *C NMR spectra of [Ch]2[Zol]
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Figure 32 - 'H NMR spectra of [EMIM][Zol]
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Figure 33 - 'H NMR spectra of [EMIM][Zol]
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Figure 34 - 'H NMR spectra of [EMIM]2[Zol]
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Figure 35 - 3c NMR spectra of [EMIM]2[Zol]
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Figure 37 - 3c NMR spectra of [C20HMIM][Zol]
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Figure 38 - 'H NMR spectra of [C20HMIM]2[Zol]
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Figure 39 - 3c NMR spectra of [C20HMIM]2[Zol]
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Figure 40 - 'H NMR spectra of [C30MIM][Zol]

e 9e —

6E°6Y —

9T'€S —

0,85 —

2e0L
T2,
el —
Lyl

TL8IT~
00°€ct /
wo.vm._” N\
Sv'vel -

0€'9ET —

68

40

45

65 B0 55 50

70

8 80 75

90

130 125 120 115 110 105 100 85

135

Figure 41 - 3c NMR spectra of [C30MIM][Zol]
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Figure 43 - 3c NMR spectra of [C30MIM]2[Zol]
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FTIR spectra of Zol-lls

%
///"

| |
—.._—:
— =
—— .

|
_:E’

Transmittance [%]
60 65 70 75 80 B85 80 95 100
|
T

anamni —

345644
3T —

= —c o
32 93EEEEmﬁ§§:ﬂm;ﬁﬁm:ﬁa—saqaaﬂha%ﬁ:i%_ﬂ
= B n%éﬁﬁ‘sé‘ﬁ‘éi‘? E=pciatalgat el - d et il r b b R g
B 2E38b393INTHRERCRECBIScdnaraopRigraseIy
T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Figure 44 - FTIR spectra of [TMGH][Zol]
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Figure 45 - FTIR spectra of [TMGH]2[Zol]
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Figure 46 - FTIR spectra of [DBNH][Zol]
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Figure 47 - FTIR spectra of [DBNH]2[Zol]
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Figure 48 - FTIR spectra of [Ch][Zol]
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Figure 50 - FTIR spectra of [EMIM][ZoI]
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Figure 51 - FTIR spectra of [EMIM]2[Zol]
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Figure 52 - FTIR spectra of [C20HMIM][ZoI]
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Figure 53 - FTIR spectra of [C20HMIM]2[Zol]
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Figure 54 - FTIR spectra of [C30MIM][Zol]
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Crystallographic data for [DBNH][Zol] (3)

Crystals of 3 suitable for single-crystal X-ray analysis were grown as described in
the synthetic procedures. Selected crystals were covered with Fomblin (polyfluoroether
oil) and mounted on a nylon loop. The data were collected at 110(2) K on a Bruker D8
Venture diffractometer equipped with a Photon 100 CMOS detector and an Oxford
Cryosystems gaseous nitrogen stream Cooler, using graphite monochromated Mo-Ka
radiation (A = 0.71073 A). Data were processed using APEX2 suite software package,
which includes integration and scaling (SAINT), absorption corrections (SADABS) and
space group determination (XPREP). Structure solution and refinement were done using
direct methods with the programs SHELXS-16 inbuilt in APEX and WinGX-Version
2014.1" software packages. All non-hydrogen atoms were refined anisotropically and all
the hydrogen atoms were inserted in idealized positions and allowed to refine riding on the
parent carbon atom, except for the hydrogen atoms attached to 08, O9 and 010 (H,O
molecules) and those attached to N1 and N3 that were deduced by inspection of electron
density maps. The molecular diagrams were drawn with ORTEP-3 for windows? and
Mercury,® included in the software package. Table 3 contains crystallographic
experimental data and structure refinement parameters. CCDC 1587530 contains the
supplementary crystallographic data for this paper. The data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/structures.

Table 6- Crystal data and structure refinement for the title compound

Empirical formula Cis Hos Ny O P,

Formula weight 450.32

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.2649(7) A o = 84.852(4)°,
b = 9.8500(8) A B =9.8500(8)°.
c =11.5844(9) A y = 89.663(3)°.

' L. J. Farrugia, J. Appl. Cryst., 2012, 45, 849-854.

2L. J. Farrugia, J. Appl. Cryst., 1997, 30, 565.

®C. F. Macrae, P. R. Edgington, P. McCabe, E. Pidcock, G. P. Shields, R. Taylor, Towler
and van der Streek, J. Appl. Crystallogr., 2006, 39, 453-457.
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z
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F(000)
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Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.069°
Refinement method

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

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

1022.25(14) A3
2
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Figure 57 - ORTEP-3 diagram of [DBNH][Zol] (3), using 30% probability level ellipsoids.
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Figure 58 - MERCURY packing diagram of [DBNH][Zol] (3) showing hydrogen bonds (represented by
dashed light-blue lines) and co-crystallized H,O molecules.

Table 7 - Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103) for
[DBNH][Zol] (3). U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X y z U(eq)
P(2) 5951(1) 2834(1) 1651(1) 11(1)
P(1) 7796(1) 5130(1) -95(1) 10(1)
0o(2) 9147(2) 5237(2) -1133(2) 13(1)
o(1) 6268(2) 3202(2) -758(2) 12(1)
0o(3) 6533(2) 6022(2) -270(2) 13(1)
o(7) 5037(2) 1616(2) 1566(2) 16(1)
o(5) 4921(2) 4102(2) 1966(2) 15(1)
0(6) 6913(2) 2695(2) 2523(2) 15(1)
0(4) 8226(2) 5449(2) 1084(2) 13(1)
0o(8) 9868(3) 2165(3) 2389(2) 26(1)
N(2) 7982(3) 957(3) -81(2) 12(1)
0(9) 3750(3) -381(3) 3307(2) 31(1)
N(1) 6893(3) -876(3) -335(3) 18(1)
0(10) 677(3) -51(3) 3790(3) 45(1)
N(4) 7722(3) 5614(3) 5420(3) 30(1)
c(2) 8431(3) 2406(3) -205(3) 11(1)
c(1) 7104(3) 3343(3) 125(3) 10(1)
c@3) 8200(4) -29(3) 781(3) 17(1)
c(5) 7175(3) 412(3) -738(3) 16(1)
C(4) 7522(4) -1175(3) 612(3) 21(1)
N(3) 6819(4) 4969(4) 3836(3) 40(1)
c(6) 7414(4) 4670(5) 4718(3) 39(1)
c(9) 8348(4) 4960(5) 6366(3) 36(1)
c(?) 7860(4) 3235(4) 5134(3) 29(1)
C(8) 8029(5) 3454(5) 6374(4) 43(1)
c(12) 6454(6) 6378(4) 3577(4) 45(1)
C(10) 7514(5) 7066(5) 5221(4) 48(1)
C(11) 7384(7) 7373(6) 3877(6) 71(2)
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Table 8 - Bond lengths [A] and angles [°] for [DBNH][Zol] (3).

P(2)-0(7)
P(2)-0(6)
P(2)-0(5)
P(2)-C(1)
P(1)-0(3)
P(1)-0(2)
P(1)-0(4)
P(1)-C(1)
O(1)-C(1)
O(1)-H(1)
O(5)-H(5B)
C(2)-H(2A)
C(2)-H(2B)
C(3)-C(4)
C(3)-H(3)
C(5)-H(5)
C(2)-H(2A)
C(4)-H(4)
N(3)-C(6)
N(3)-C(12)
N(3)-H(3B)
C(6)-C(7)
C(9)-C(8)
C(9)-H(9A)
C(9)-H(9B)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-H(8A)
C(8)-H(8B)
O(7)-P(2)-C(1)
0O(6)-P(2)-C(1)
O(5)-P(2)-C(1)
O(3)-P(1)-0(2)
O(3)-P(1)-O(4)
0(2)-P(1)-O(4)
O(3)-P(1)-C(1)
0(2)-P(1)-C(1)
O(4)-P(1)-C(1)
C(1)-O(1)-H(1)
P(2)-O(5)-H(5B)

H(10D)-O(10)-H(10C)

C(6)-N(4)-C(10)
C(6)-N(4)-C(9)
C(10)-N(4)-C(9)
N(2)-C(2)-C(1)

H(10D)-O(10)-H(10C)

N(2)-C(2)-H(2A)
C(1)-C(2)-H(2A)
N(2)-C(2)-H(2B)
N(1)-C(5)-H(5)
N(2)-C(5)-H(5)
C(3)-C(4)-N(1)
C(3)-C(4)-H(4)
N(1)-C(4)-H(4)
N(1)-C(5)-H(5)
N(4)-C(9)-C(8)
N(4)-C(9)-H(9A)
C(8)-C(9)-H(9A)

1.496(2)
1.496(2)
1.583(2)
1.860(3)
1.500(2)
1.511(2)
1.569(2)
1.852(3)
1.439(3)
0.8200
0.8200
0.9700
0.9700
1.346(5)
0.9300
0.9300
0.9700
0.9300
1.284(5)
1.448(5)
0.946(19)
1.539(6)
1.512(6)
0.9700
0.9700
1.516(5)
0.9700
0.9700
0.9700
0.9700
107.23(13)
110.00(13)
104.15(13)
114.57(12)
109.03(12)
110.59(12)
107.35(12)
107.77(13)
107.24(12)
109.5
109.5
112(10)
124.7(4)
110.3(3)
124.9(3)
112.5(2)
112(10)
109.1
109.1
109.1
125.8
125.8
107.3(3)
126.3
126.3
125.8
104.9(3)
110.8
110.8

O(4)-H(4B)
O(8)-H(8C)
O(8)-H(8D)
N(2)-C(5)
N(2)-C(3)
N(2)-C(2)
0(9)-H(9C)
0(9)-H(9D)
N(1)-C(5)
N(1)-C(4)
N(1)-H(1B)
0(10)-H(10D)
0(10)-H(10C)
N(4)-C(6)
N(4)-C(10)
N(4)-C(9)
C(2)-C(1)
N(3)-C(6)
C(12)-C(11)
C(12)-H(12A)
C(12)-H(12B)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-H(11A)
C(11)-H(11B)
C(12)-C(11)
O(7)-P(2)-0(6)
O(7)-P(2)-0(5)
0(6)-P(2)-O(5)
0O(1)-C(1)-C(2)
O(1)-C(1)-P(1)
P(1)-O(4)-H(4B)
H(8C)-O(8)-H(8D)
C(5)-N(2)-C(3)
C(5)-N(2)-C(2)
C(3)-N(2)-C(2)
H(9C)-0(9)-H(9D)
C(5)-N(1)-C(4)
C(5)-N(1)-H(1B)
C(4)-N(1)-H(1B)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(1)-P(1)
O(1)-C(1)-P(2)
C(2)-C(1)-P(2)
C(4)-C(3)-N(2)
C(4)-C(3)-H(3)
N(2)-C(3)-H(3)
N(1)-C(5)-N(2)
C(6)-N(3)-C(12)
C(6)-N(3)-H(3B)
C(12)-N(3)-H(3B)
N(3)-C(6)-N(4)
N(3)-C(6)-C(7)
C(6)-N(3)-C(12)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(7)

0.8200
0.94(2)
0.941(19)
1.333(4)
1.379(4)
1.474(4)
0.94(2)
0.96(2)
1.317(4)
1.370(4)
0.88(4)
0.94(2)
0.96(2)
1.363(6)
1.447(6)
1.459(5)
1.527(4)
1.284(5)
1.428(8)
0.9700
0.9700
1.593(8)
0.9700
0.9700
0.9700
0.9700
1.428(8)
117.33(12)
110.46(12)
106.91(12)
105.1(2)
106.51(18)
109.5
104(4)
108.5(3)
124.6(3)
126.7(3)
106(9)
109.0(3)
121(3)
130(3)
109.1
107.8
108.62(19)
110.75(19)
111.4(2)
106.7(3)
126.6
126.6
108.5(3)
118.4(4)
114(3)
127(3)
123.1(4)
125.7(4)
118.4(4)
111.6
109.4
106.4(3)
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N(4)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7A)
C(6)-C(7)-H(7A)
C(8)-C(7)-H(7B)
N(4)-C(9)-C(8)
N(3)-C(12)-H(12A)
C(11)-C(12)-H(12B)
N(3)-C(12)-H(12B)
N(4)-C(6)-C(7)
C(11)-C(10)-H(10A)
N(4)-C(10)-H(10B)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11A)

110.8
110.8
108.8
100.8(3)
111.6
111.6
111.6
104.9(3)
108.4
108.4
108.4
111.1(3)
110.3
110.3
110.7(4)
109.5

C(10)-C(11)-H(11A)  109.5

C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(11)-C(12)-N(3)
C(11)-C(12)-H(12A)
C(6)-C(7)-H(7B)
H(12A)-C(12)-H(12B)
N(4)-C(10)-C(11)
N(4)-C(10)-H(10A)
N(4)-C(6)-C(7)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(12)-C(11)-H(11B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)

110.4
110.4
110.4
110.4
108.6
115.7(5)
108.4
111.6
107.4
107.3(4)
110.3
111.1(3)
110.3
108.5
109.5
109.5
108.1

Table 9 - Torsion angles [°] for [DBNH][Zol] (3).

C(5)-N(2)-C(2)-C(1)
C(3)-N(2)-C(2)-C(1)
N(2)-C(2)-C(1)-O(1)
N(2)-C(2)-C(1)-P(1)
N(2)-C(2)-C(1)-P(2)
O(3)-P(1)-C(1)-O(1)
0(2)-P(1)-C(1)-O(1)
O(4)-P(1)-C(1)-0(1)
O(3)-P(1)-C(1)-C(2)
0(2)-P(1)-C(1)-C(2)
O(4)-P(1)-C(1)-C(2)
O(3)-P(1)-C(1)-P(2)
0(2)-P(1)-C(1)-P(2)
O(4)-P(1)-C(1)-P(2)
O(7)-P(2)-C(1)-0(1)
O(3)-P(1)-C(1)-O(1)
0O(6)-P(2)-C(1)-0(1)
O(5)-P(2)-C(1)-0(1)
O(7)-P(2)-C(1)-C(2)
O(6)-P(2)-C(1)-C(2)
0(5)-P(2)-C(1)-C(2)
O(7)-P(2)-C(1)-P(1)
0O(6)-P(2)-C(1)-P(1)
0(5)-P(2)-C(1)-P(1)
C(5)-N(2)-C(3)-C(4)
C(2)-N(2)-C(3)-C(4)
0(6)-P(2)-C(1)-0(1)
C(4)-N(1)-C(5)-N(2)
C(3)-N(2)-C(5)-N(1)
C(2)-N(2)-C(5)-N(1)
N(2)-C(3)-C(4)-N(1)
C(5)-N(1)-C(4)-C(3)
C(12)-N(3)-C(6)-N(4)
C(12)-N(3)-C(6)-C(7)
C(10)-N(4)-C(6)-N(3)
C(9)-N(4)-C(6)-N(3)
C(10)-N(4)-C(6)-C(7)
C(9)-N(4)-C(6)-C(7)

65.2(4)
-108.7(3)
-65.2(3)
-178.81(19)
54.8(3)
44.2(2)
-79.7(2)
161.19(17)
156.85(19)
33.02)
-86.1(2)
-78.30(17)
157.82(14)
38.73(18)
39.2(2)
44.2(2)
167.79(18)
-77.9(2)
-77.4(2)
51.3(2)
165.52(19)
159.26(14)
-72.10(18)
42.16(18)
0.8(4)
175.5(3)
167.79(18)
0.5(4)
-0.8(3)
-175.6(3)
-0.5(4)
0.0(4)
-0.2(6)
179.3(4)
-4.2(6)
178.2(4)
176.3(3)
-1.3(4)
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C(6)-N(4)-C(9)-C(8) -14.4(4)
C(10)-N(4)-C(9)-C(8) 168.0(4)
N(3)-C(6)-C(7)-C(8) -163.4(4)
N(4)-C(6)-C(7)-C(8) 16.1(4)
N(4)-C(9)-C(8)-C(7) 24.5(4)
C(6)-C(7)-C(8)-C(9) -24.1(4)
C(6)-N(3)-C(12)-C(11) 30.1(6)
C(6)-N(4)-C(10)-C(11) -17.7(6)
C(9)-N(4)-C(10)-C(11) 159.5(4)
N(3)-C(12)-C(11)-C(10) -51.4(6)
N(4)-C(10)-C(11)-C(12) 43.4(6)

Table 10 - Hydrogen bonds for platon_sq [A and °] for [DBNH][Zol] (3).

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
01-H1...03 0.82 1.91 2.7208(2) 169
N1-H1B...03 0.88 2.57 3.0674(2) 117
N1-H1B...07 0.88 1.87 2.6800(2) 152
N3-H3B...06 0.95 1.87 2.8074(2) 173
04-H4B...02 0.82 1.72 2.5346(2) 174
O5-H5B...03 0.82 1.85 2.6456(2) 162
08-H8C...06 0.94 1.81 2.7547(2) 177
08-H8D...02 0.94 1.95 2.8678(2) 165
09-H9C...O7 0.94 1.80 2.7429(2) 177
09-H9D...010 0.96 1.85 2.7902(2) 165
010-H10D...08 0.94 1.92 2.8075(2) 155
08, 09 and 010 belong to co-crystallized H,O molecules.
DSC thermograms of Zol-ILs
|
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Figure 59 - DSC thermogram of [TMGH][Zol]
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Figure 61 - DSC thermogram of [DBNH][Zol]
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Figure 63 - DSC thermogram of [Ch][Zol]
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Figure 67 - DSC thermogram of [C20HMIM][Zol]
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Figure 68 - DSC thermogram of [C20HMIM]2[Zol]
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Figure 69 - DSC thermogram of [C30OMIM][Zol]
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Figure 70 - DSC thermogram of [C30MIM]2[Zol]

Cytotoxicity studies

The synthesized Zol-ILs were evaluated for their antiproliferative activity against
the human cancer cell lines T47D (ductal breast epithelial tumor) and MG63
(osteosarcoma). Human primary skin fibroblasts were used as a non-neoplastic control.
Cells were maintained in a-minimal essential medium (a-MEM) containing 10% fetal
bovine serum, 100 IU/mL penicillin, 2.5 pg/mL streptomycin, 2.5 pg/mL amphotericin B,
and 50 pg/mL ascorbic acid. Cells were seeded at 10* cells/cm?® After 24 h of cell
attachment, the culture medium was renewed and supplemented with the Zol-containing
ILs. Cell cultures were maintained in a 5% CO, humidified atmosphere at 37°C. Cellular
viability/proliferation was assessed by MTT assay. This assay is based on the reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to a purple formazan product
by viable cells. Half-maximal inhibitory concentration (ICsy) values were obtained by
nonlinear regression analysis of concentration-effect curves, using GraphPad Prism

software (version 2012).
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Table 11- Cytotoxicity results for isolated Zol and halide cations used to synthesize the ILs

ICs0 / M
lons S_kin T47D MG63
fibroblast
[Zol] 2.43x10° a) 5.74x10”
[TMGH]CI 1.47x10° 1.94x10™" 2.46x10”
[DBNH]CI 3.80x10® 2.78x10”’ 9.79x10™*
[Ch]CI a) a) 1.07x10*
[EMIM]Br 3.58x10° 4.30x10° a)
[C,OHMIM]CI 5.61x10" 2.22x10°® 1.91x10°
[C;OMIMICI 1.47x10° 1.37x10° 1.40x10”

a) Not detected in the tested concentration range.
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Chapter 4 - Alendronic acid as ionic liquid: new

perspective on osteosarcoma

This chapter contains parts of a submitted article in:

International Journal of Pharmaceuticals

“Alendronic acid as ionic liquid: new perspective on osteosarcoma”
S. Teixeira, M.M. Santos, M.H. Fernandes, J. Costa-Rodrigues, L.C. Branco

(authorized reproduction)
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4.1 — Introduction

Alendronic acid is an aminobisphosphonate derivative which has shown efficacy in
postmenopausal osteoporosis, malignant hypercalcemia and Paget's disease (106).
Alendronate localizes preferentially at active sites of bone resportion, and bone resorption
has been inhibited at doses that have no effect on bone mineralization (107).

Bisphosphonates bind at the bone mineral surface, where they potently inhibit
osteoclast mediated bone resorption and subsequently embed in the bone, being released
only during subsequent resorption (108). In contrast to other antiresorptive agents,
Bisphosphonates with the greatest binding affinity to bone (zoledronic acid > alendronate
> ibandronate > risedronate) may persist in bone, and patients continue to be exposed to
the pharmacologic effects of these drugs several years after discontinuation.

All bisphosphonates rapidly reduce bone resorption, which leads to decreased
bone formation because resorption and formation are coupled. Within three to six months
equilibrium is reached at a lower rate of bone turnover (66).

It is described that alendronate in rats exhibited 200 to 1000 times more potency
than etidronate and approximately 100 times comparing to clodronate or tiludronate (64).
It is recognized that the presence of amino group side-chain from alendronate chemical
structure contributes for greater potency and specificity. (64, 66, 108)

The introduction of specific functional groups in the BPs structure can lead to
modifications in their physicochemical, biological, therapeutic and toxicological proprieties.
In recent studies in the literature, it is reported the use of Alendronate as FDA drug
already approved for the prevention and treatment of postmenopausal osteoporosis,
treatment of osteoporosis in men, and treatment of glucocorticoid induced osteoporosis in
men and women. (103)

The combination of lonic Liquids (defined as organic salts with melting point below
100 °C) as an attractive class of materials with some peculiar properties such as negligible
vapor pressure, high thermal and chemical stability and the possibility to tune their
physical-chemical properties according the adequate combination of organic cations and
anions; or molten salts with active pharmaceutical ingredients (APIs) can offer novel and
distinctive properties compared to the solid neutral original APIs (8, 90, 91). This novel
API-ILs can improve the drug performance in terms of its stability, solubility, permeability
and delivery (92, 93, 95, 97, 99, 100).

Recent achievements showed the suitable combination between pharmaceutical
drugs such as anti-inflammatory (e.g. ibuprofen and naproxen) and antibiotics (e.g.
ampicillin, amoxicillin, penicillin derivatives; ciprofloxacin, moxifloxacin and norfloxacin

derivatives) and biocompatible counter-ions. According with these approaches, novel
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pharmaceutical drugs based on ionic liquids or molten salts have been synthetized (101,
102). Elimination of original polymorphism drug behavior, significant improvement into
water, biological fluids solubility and permeability as well as therapeutic efficiency were
observed for these innovative salts (109).

Hence, in this paper we report the synthesis of eight new lonic Liquids and salts
from the BP alendronic acid in quantitative yields by following two distinct sustainable and
the All

bisphosphonate-based ILs were characterized by spectroscopic techniques and their

straightforwvard methodologies, according to type of cation. prepared

solubility in water and biological fluids was determined. An additional evaluation of the
toxicity towards human healthy cells was performed. Figure 71 depicts the structure of the

cations used in the synthesis of the bisphosphonate-ILs.

monoanion or dianion superbases
NMGQ N
+
T TR O
NMGQ H'
PR g . [TMGH] [DBNH]
'¢ HO\ .’ '4 OH .
! ‘O—IIZI' i E‘—O' quaternary ammonium cations
‘. Oo" 'Q ¢"
____________ ~* OH [\
[ALN] |
[Ch] [C2OHMIM]

Figure 71- Structure of mono- and dianionic alendronate, protonated superbases and organic
quaternary cations used to prepare the ALN-ILs.

4.2 — Synthesis and Characterization of ALN-ILs

In this work we synthesized four new lonic Liquids and salts from alendronic acid
(ALN) by combination with the organic superbases 1,1,3,3-tetramethylguanidine (TMG)
and 1,5-diazabicyclo(4.3.0)non-5-ene (DBN) in 1:1 or 1:2 stoichiometry so that only one or

the two bisphosphonate groups are deprotonated (general procedure A from scheme 2).
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H,O/MeOH
[TMGHJIALN] (1) | [ [C,OHMIMJ[ALN] (5)
[TMGH]5[ALN] (2) [CoOHMIM]S[ALN] (6)
[DBNH][ALN] (3) [Ch][ALN] (7)
[DBNH]5[ALN] (4) [Ch],[ALN] (8)

\

Scheme 2 - Methodologies A and B for the preparation of ALN-ILs.

With the exception of [TMGH][ALN] (1), all compounds were obtained as Room
Temperature lonic Liquids (RTILS).

On the other hand, quaternary ammonium and imidazolium cations were used to
yield four more ALN-based ILs by combination with 1 and 2 equivalents of [C,OHMIM] and
[Ch] through a methodology already described by our group for the preparation of
Ampicillin-based lonic Liquids and Salts (general procedure B from scheme 1) (102). In
this case, quaternary ammonium hydroxide cations are previously prepared by the
corresponding halide exchange with hydroxide exchange resins (e.g. Amberlyst A26-OH)
in methanolic solution. The very basic solutions were then neutralized by addition to an
aqueous solution of bisphosphonate yielding the desired salts in quantitative yields. From
the four synthesized compounds, one - [Ch],[ALN] (8) — is a RTIL and the remaining 5-7
were obtained as foams.

All products were characterized by NMR (*H and **C) and FTIR spectroscopic
techniques, as well as elemental analysis. The thermal properties were evaluated by DSC
and the solubility in water and saline solution was determined for all compounds.

The NMR spectra of the ALN-ILs were acquired in D,O taking advantage of their
high solubility in water (see below). In all cases the *H NMR spectra showed that the
cation/anion proportion is strictly 1.0:1.0 or 2.0:1.0, in agreement with the intended
stoichiometry. In addition, only one set of signals was found meaning that the reactions
were complete and only one product was formed. No comparison with alendronic acid is
achievable because of its lack of solubility in the same solvents as the ALN-ILs. In the **C
NMR spectra, the resonance of the quaternary carbon atom of Ale appears at ca. 74 ppm,

with no particular difference if only one or the two neighboring phosphonate groups are
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deprotonated. Similarly, the 'H NMR data is also irreflective of the ionic state of the
bisphosphonates and also of the cations. On the other hand, the collected FTIR spectra
show pristine variations between the neutral bisphosphonates and the ALN-ILs, as well as
between mono- and dianions. The FTIR spectra of Ale show two characteristic regions,
namely a weak and undefined structure at 2400-2000 cm™ with maximum intensity at
2256 cm™, and also very intense multiple peaks at 1250-900 cm™. While the first one
accounts for O—H stretches from the O=P-OH groups, the second region contains peaks
attributable to the stretch of both P=O and P-OH bonds (110). In the spectra of the
synthesized ALN-ILs, the peaks in the first region become sharper and much weaker, and
two other sets of peaks appear in the vicinity (at ca. 2600-2500 cm™ and 2200-2100 cm™)
which are more intense for the dianionic ALN-ILs than for the monoanionic. This is in
complete agreement with changes in the vibrational modes of the OH groups from the
phosphonate moieties that are particularly enhanced when both groups are deprotonated.
This corollary is also sustained by the changes observed in the second region of peaks,
which in general display two very intense broad peaks at ca. 1160 cm™ and 1060 cm™,

and one or two of medium intensity between 960-900 cm™.

4.3 — Thermal analysis of ALN-ILs

All prepared ILs from alendronic acid were studied by Differential Scanning
Calorimetry (DSC) techniques. Table 12 contains the data obtained, namely melting,
crystallization and glass transition temperatures, as well as the physical state of the
analyzed compounds.

In general, the dianionic ALN-ILs are foam-like solids while the monoanionic ones
were obtained as thick colorless pastes at room temperature, thus being considered
Room Temperature lonic Liquids (RTILS). The exceptions to this rule are the compounds
with the [C,OHMIM] cation, where the mono- and dianionic are respectively a paste and a
foam. This inversion of the trend is probably related with specific interactions of ALN with
the electron-rich imidazolium ring.

In comparison with sodium alendronate, which presents a melting temperature of
259.3 °C (111), all solid compounds melt at lower temperatures, more specifically between
48.1 and 162.7 °C. Curiously, both these limits belong to [TMGH][ALN], in whose DSC
thermogram (Figure 101) a first melt (48.1 °C) and cold crystallization (107.1 °C) were
observed in the first cycle. This cycle consists on heating to 120 °C and isotherm for 10

minutes in order to evaporate the residual water that exists in these hygroscopic
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compounds. After cooling to -90 °C and subsequent heating to 175 °C, another
endothermic signal was observed at 162.7 °C consistent with a melting temperature from
the differently organized solid formed after the cold crystallization. No glass transition was
observed in the following cooling/heating cycles.

In its turn, the first heating cycle to 175 °C in the DSC experiment with the
dianionic [TMGH]-based ALN-IL (2) showed an endothermic signal at ca 150 °C that could
be assigned to a melting process. However, it is preceded by a glass transition at ca 40 °C
in the same cycle, meaning that the compound is in an amorphous state. So, the referred
endothermic signal is most likely due to evaporation, in consistency with the irregular
shape of the curve caused by the formation of bubbles in the thick pasty compound. A
similar observation can also be performed to [C,OHMIM][ALN] (Figure 110).

From the set of eight compounds, [DBNH][ALN] is the only one that possesses a
polymorphic structure, given by the two melting temperatures at 130.3 and 133.2 °C
recorded in the DSC thermogram. The remaining RTILs, more precisely [DBNH],[ALN]
and [Ch],[ALN] show well defined glass transitions confirming their amorphous nature at
room temperature. Finally, the solid compounds [C,OHMIM],[ALN] and [Ch][ALN] become

supercooled products, i.e. amorphous after melting.

Table 12 - Physical state, melting (Tm), cold crystallization (Tcc) and glass transition (Tg)
temperatures of the prepared ALN-ILs

Salt Physical state T,/°C T /°C Tg4/°C
_ ) 48.1
[TMGH][ALN] White solid 107.1*
162.7
Colorless
[TMGH],JALN] - - 97.5
paste
_ ) 130.3
[DBNH][ALN] White solid - -
133.2
Colorless
[DBNH],JALN] - - 45.7
paste
Colorless
[C,OHMIM][ALN] - - 64.5
paste
[C,OHMIM],JALN] White solid 153.0 - 46.3
[Ch][ALN] White solid 141.2 - 74.9
Colorless
[Ch],JALN] - - 63.8
paste

* cold crystallization
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4.4 — Solubility Studies

As expected, all ionic liquids and salts were more soluble in water and saline
solution at 37 °C than neutral alendronic acid. Figure 72 contains the data obtained from
the solubility studies.
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Figure 72 - Solubility in water and saline solution at 37 °C of ALN and corresponding ALN-ILs
(detection limit is 5 g/mL, represented by the upper threshold).

With the exception of the [DBN]- and [C,OHMIM]-containing ILs, the dianionic
ALN-ILs are equally or more soluble than the monoanionic siblings in the tested media. In
further detail it is noteworthy that [TMGH],[ALN], [DBN][ALN] and [Ch],[ALN] are
completely soluble in both water and saline solution in the tested conditions. Moreover,
the [C,OHMIM]-, [C,OHMIM],- and [Ch]-based ALN-ILs are also fully soluble in saline
solution while the solubility in water was found to be between 392 and 918 times higher in
comparison with the parent drug. In addition, [DBN],[ALN] presents full water solubility
and a 1682-fold increase in solubility in saline solution. Finally, [TMGH][ALN] shows the

lowest solubility in both media from the set of eight compounds.
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4.5 — Cytotoxicity on human cells

The cytotoxicity of the different ALN-ILs was determined on human cells, by means
of ICsy calculation. The analysis was performed on human gingival fibroblasts and on
different cancer cell lines, namely T47D, A549 and MG63. The results are presented in
Table 13.

Table 13 - Cytotoxicity of the ALN-ILs on different human cell types.

ICso / MM Gingival
_ T47D A549 MG63
IL fibroblasts
ALN 3.17x10% 4.09x10° 8.10x10° 5.55x10™
[TMGHI][ALN] 7.19x10° 8.23x10° 2.54x10°  9.23x10°
TMGH],[ALN 1.11x10° 3.16x10° 5.14x10*  7.11x107
[
[DBNH][ALN] 7.20x10° a) 6.14 a)
2 .01x10 a .12x10° .
DBNH],[ALN 6.01x10” 3.12x10° 1.02
2 . .92x10° .10x10° .16x10°
[C,OHMIM][ALN] 2.19 5.92x10° 2.10x10° 5.16x107
[C,OHMIM],[ALN] 4.07x10™* 3.28x10° a) 7.84x10°
87x10 . .66x10° .10x10°
[Ch][ALN] 1.87x10* 3.14 6.66x10°  4.10x10*
2 .92x10° .64x10° A1x10° .01x10
[Ch],[ALN] 4.92x10® 2.64x10° 5.41x10° 1.01x10%

a) Not determined in the tested concentration range.

Globally, it was observed that the monoanionic ILs elicited a lower cytotoxicity than
the corresponding dianionic versions. Regarding gingival fibroblast cell cultures, the ILs
containing [TMGH], [TMGH],, [DBNH],, [C,OHMIM], and [Ch], appeared to be more
deleterious than alendronic acid. Comparatively, ILs containing [TMGH)],, [C,OHMIM] and
[C,OHMIM], seemed to be more cytotoxic to breast cancer T47D cells. In the case of lung
cancer A549 cell line, a high cytotoxic activity was observed in cell cultures supplemented
with ILs containing [TMGH],, [C;,OHMIM]. Finally, osteosarcoma MG63 cell line seemed to
be particularly sensitive to ILs containing [TMGH],, [C;,OHMIM] and [C,OHMIM]s.

Taken together, among the tested set of ALN-ILs, [TMGH],[ALN], [C,OHMIM][ALN]
and [C,OHMIM],[ALN] displayed ICs, values selectively lower, and, thus, a higher
cytotoxicity, in the case of the neoplastic cells, compared to the control (gingival
fibroblasts). The highest effect was observed in ILs containing [C,OHMIM], with a

decrease in ICg of at least 3 orders of magnitude.
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Breast and lung cancers are often associated to bone osteolytic metastases (60,
112, 113) and also osteosarcoma is usually a cause of disturbances in bone metabolism
and increases in bone turnover rates. (62, 103) Thus, the development of ILs with a high
cytotoxicity towards the tested cancer cell types, and containing an anti-resorbing
molecule (alendronate) may represent a promising strategy for the development of new

pharmacological tools to be used in those pathological conditions.

4.6 - Experimental Section

General procedure (A) for the synthesis of ALN-ILs with organic superbases as
cations:

To a dispersion of alendronic acid (400 mg, 1.61 mmol) in MeOH/H,O (15 mL, 1:1)
a methanolic solution of 1 or 2 molar equivalents of organic superbase (15 mg/mL) was
added dropwise under magnetic stirring. After reacting for 1h the solvent was evaporated

and the desired product was dried under vacuo for 24 h.

General procedure (B) for the preparation of ALN-ILs with ammonium cations:

The halide salts of the selected ammonium cations were dissolved in methanol
and passed slowly through an anion-exchange column A-26(OH) (3 equivalents). The
freshly formed methanolic solutions of the corresponding hydroxide salts (1 or 2
equivalents) were consequently added dropwise to alendronic acid (400 mg, 1.61 mmol)
dispersed in H,O under magnetic stirring. After 1 h, the solvent of the clear solution was

evaporated and the desired product was dried under vacuo for 24 h.

Toxicity studies are described as supporting information.

4.7 - Supplementary Information

4.7.1 - Experimental

Materials

All acquired reagents were used without further purification. Alendronic acid (ALN,
> 98.5%) was purchased from Molekula, 1,1,3,3-tetramethylguanidine (TMG, 99%), 1,5-
diazabicyclo(4.3.0)non-5-ene (DBN, 99%), and choline chloride (ChCl, 99%), were
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supplied by Sigma-Aldrich, and 1-(2-hydroxyethyl)-3-methylimidazolium chloride
([C.,OHMIMICI], 98%), was purchased at Solchemar. Methanol HPLC grade was acquired
from Honeywell and deionized water was processed by Diwer Technologies water max w2

equipment.

General procedure (A) for the synthesis of ALN-ILs with organic superbases as cations:
To a dispersion of alendronic acid (400 mg, 1.61 mmol) in MeOH/H,O (15 mL, 1:1)

a methanolic solution of 1 or 2 molar equivalents of organic superbase (15 mg/mL) was

added dropwise under magnetic stirring. After reacting for 1h the solvent was evaporated

and the desired product was dried under vacuo for 24 h.

General procedure (B) for the preparation of ALN-ILs with ammonium cations:

The halide salts of the selected ammonium cations were dissolved in methanol
and passed slowly through an anion-exchange column A-26(OH) (3 equivalents). The
freshly formed methanolic solutions of the corresponding hydroxide salts (1 or 2
equivalents) were consequently added dropwise to alendronic acid (400 mg, 1.61 mmol)
dispersed in H,O under magnetic stirring. After 1 h, the solvent of the clear solution was

evaporated and the desired product was dried under vacuo for 24 h.

Characterization

The prepared compounds were characterized by 'H and **C NMR recorded on a
Bruker AMX400 spectrometer. Chemical shifts are reported downfield in parts per million
considering the solvent residual signal. **C NMR spectra in D,O were referenced to added
MeOH or MeCN. IR spectra were recorded on a FTIR Bruker Tensor 27 Spectrometer
using KBr matrixes. DSC analysis was carried out using a TA Instruments Q-series TM
Q2000 DSC with a refrigerated cooling system. Between 2 and 10 mg of salt were
crimped into an aluminum standard sample pan with lid which was continuously purged
with nitrogen gas at 50 mL/min. The employed procedure was dependent on the melting
point of the sample. A typical experiment consisted on a heating step (20 °C/min) to 80 or
120 °C (15-20 minutes), cooling (20 °C/min) to -90 °C, heating (10 °C/min) to 200 °C,
cooling (10 °C/min) to -90 °C, heating (10 °C/min) to 200 °C, cooling (10 °C/min) to -90 °C,
heating (20 °C/min) to 200 °C and cooling (20 °C/min) to -90 °C. Glass transition (Tg),
melting (T,,) cold crystallization (T.;) and decomposition temperatures were determined in
the heating steps, while crystallization temperatures (T.) were acquired in the cooling

steps. The solubility of the salts in water and saline solution was determined by adding 5
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to 10 pL of solvent to an Eppendorf containing precisely weighed ca. 30 mg of sample

until a homogeneous solution is obtained upon mixture in a vortex.

Experimental data of the synthesized compounds

Preparation of bis(dimethylamino)methaniminium hydrogen (4-amino-1-hydroxy-1-
phosphonobutyl)phosphonate, [TMGH][ALN] (1)

H,N
d e
c \N_e
HO 4
Ho N/ " OH  HeN=
HO—p” 2 ~p~0" N"e

1l e

Figure 73 - [TMGH][ALN]

Using tetramethylguanidine (185 mg, 1.61 mmol) [TMGH][ALN] was obtained as a
white solid in quantitative yield (585 mg). T, = 48.1, 162.7 °C, T.. = 107.1 °C; '"H NMR
(400.13 MHz, D,0) 6 3.07 — 2.99 (m, 2H, d), 2.93 (s, 12H, e), 2.06 — 1.92 (m, 4H, b, c).
3C NMR (100.62 MHz, D,0) & 162.0 (f), 74.1 (t, J = 135.3 Hz, a), 40.6 (d), 39.5 (e), 31.2
(c), 22.8 (t, J = 6.8 Hz, b) ppm; FTIR (KBr) 3407, 3112, 2966, 2818, 2337, 2137, 1649,
1610, 1566, 1412, 1164, 1064, 1039, 955, 916 cm™. Anal. calcd for CoH,sN4O-P,.2H,0: C,
27.00; H, 7.55; N, 14.00; found: C, 27.60; H, 8.02; N, 14.25.

Preparation of bis(bis(dimethylamino)methaniminium) (4-amino-1-hydroxybutane-1,1-
diyl)bis(hydrogen phosphonate), [TMGH],[ALN] (2)

HoN
e d e
i HO )b N
f>:N H2 HO /OH H2N:<f
_ N _ _
e N\ O—p” 38 "p-0O /N e
e 1 I N
@] O

Figure 74 - [TMGH]2[ALN]

Using tetramethylguanidine (370 mg, 3.22 mmol) [TMGH],[ALN] was obtained as a
colorless paste in quantitative yield (770 mg). T, = 148.8 °C, T4 = 97.5 °C; 'H NMR
(400.13 MHz, D,0) 6 3.07 — 2.98 (m, 2H, d), 2.93 (s, 24H, €), 2.02 — 1.88 (m, 4H, b, c);
13C NMR (100.62 MHz, DMSO-d®) & 162.1 (f), 74.2 (t, J = 135.1 Hz, a), 40.7 (d), 39.5 (e),
31.7 (c), 23.1 (t, J = 7.1 Hz, b) ppm; FTIR (KBr) 3282, 3109, 2955, 2908, 2808, 2658,
2520, 2330, 2136, 1956, 1648, 1609, 1561, 1413, 1318, 1168, 1086, 1039, 970, 927 cm™.
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Anal. calcd for C;4H51N;0,3P,.6H,0: C, 28.62; H, 8.75; N, 16.69; found: C, 28.58; H,
8.86; N, 16.69.

Preparation of 2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium hydrogen (4-amino-1-
hydroxy-1-phosphonobutyl)phosphonate, [DBNH][ALN] (3)
HoN

Figure 75 - [TMGH]2[ALN]

Using 1,5-diazabicyclo(4.3.0)non-5-ene (199 mg, 1.61 mmol) [DBNH][ALN] was
obtained as a white solid in quantitative yield (598 mg). T, = 130.3, 133.2 °C: 'H NMR
(400.13 MHz, D,0) 6 3.64 (t, J = 7.3 Hz, 2H, k), 3.39 (t, J = 5.6 Hz, 2H, h), 3.34 (t, J = 5.6
Hz, 2H, i), 3.07 — 2.98 (m, 2H, d), 2.82 (t, J = 8.0 Hz, 2H, f), 2.10 (quint, J = 7.6 Hz, 2H, g),
2.04 —1.92 (m, 6H, b, ¢, j). *C NMR (100.62 MHz, D,0) & 165.1 (e), 74.2 (t, J = 134.0 Hz,
a), 54.1 (h), 42.9 (i), 40.7 (d), 38.7 (k), 31.3 (c), 30.7 (f), 22.8 (t, J = 5.5 Hz, b), 18.9, 18.9
(9, j) ppm; FTIR (KBr) 3423, 3125, 2965, 2885, 2804, 2580, 2360, 1680, 1648, 1588,
1399, 1310, 1146, 1068, 926, 877 cm™. Anal. calcd for Cy;HpsN3;0,P,.2H,0: C, 35.39; H,
6.75; N, 11.26; found: C, 35.58; H, 6.09; N, 11.39.

Preparation of bis(2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium)  (4-amino-1-
hydroxybutane-1,1-diyl)bis(hydrogen phosphonate), [DBNH],[ALN] (4)
H>N
i j i
c
h —N +>I-< HO Db k+< N—h
[):N HO OH N:O
g e ) \ 0" H €M ¢

Figure 76 - [DBNH]2[ALN]

Using 1,5-diazabicyclo(4.3.0)non-5-ene (399 mg, 3.22 mmol) [DBNH],[ALN] was
obtained as a colorless paste in quantitative yield (800 mg). T, = 45.7 °C; 'H NMR (400.13
MHz, D,0) 6 3.64 (t, J = 7.2 Hz, 4H, k), 3.39 (t, J = 5.7 Hz, 4H, h), 3.34 (t, J = 5.7 Hz, 4H,
i), 3.06 — 2.97 (m, 2H, d), 2.82 (t, J = 8.0 Hz, 4H, f), 2.09 (quint, J = 7.6 Hz, 4H, g), 2.02 —
1.90 (m, 8H, b, ¢, j). *C NMR (100.62 MHz, D,0) & 165.0 (e), 74.2 (t, J = 127.4 Hz, a),
54.0 (h), 42.8 (i), 40.7 (d), 38.6 (k), 31.6 (c), 30.6 (f), 23.1 (t, J = 7.0 Hz, b), 18.8, 18.8 (g, j)
ppm; FTIR (KBr) 3425, 3224, 3127, 2966, 2887, 2785, 2652, 2555, 2360, 2342, 1681,
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1648, 1590, 1401, 1309, 1166, 1069, 979 cm™. Anal. calcd for C;5HsNsO;P,.5H,0: C,
36.80; H, 8.06; N, 11.92; found: C, 36.88; H, 7.97; N, 12.01.

Preparation of (1-(2-hydroxyethyl)-3-methyl-1H-imidazol-3-ium) hydrogen (4-amino-1-
hydroxy-1-phosphonobutyl)phosphonate, [C,OHMIM][ALN] (5)
HaN

3 J—oH
he=
HO A/ ® oH N(\N_/._
HO—p~ @ >p—O &

Figure 77 - [C20HMIM][ALN]

Using hydroxyethylmethylimidazolium chloride (261 mg, 1.61 mmol)
[C.OHMIM][ALN] was obtained as a colorless paste in quantitative yield (660 mg). Ty =
64.5 °C; '"H NMR (400.13 MHz, D,0) & 8.73 (br s, 1H, f), 7.49 (br s, 1H, h), 7.43 (br s, 1H,
9), 4.29 (t, J = 4.9 Hz, 2H, i), 3.98 — 3.84 (m, 5H, €, j), 3.09 — 2.97 (m, 2H, d), 2.08 — 1.91
(m, 4H, b, c) ppm. **C NMR (100.62 MHz, D,0) & 124.2 (h), 123.1 (g), 74.1 (t, J = 134.5
Hz, a), 60.4 (j), 52.1 (i), 40.6 (d), 36.3 (e), 31.2 (c), 22.8 (t, J = 6.7 Hz, b) ppm; FTIR (KBr)
3418, 3156, 3112, 2960, 2785, 2552, 2359, 2341, 1640, 1575, 1339, 1167, 1066, 917 cm’
. Anal. calcd for CioH,3N3OgP,.2H,0: C, 29.20; H, 6.62; N, 10.22; found: C, 29.13; H,
6.71; N, 10.01.

Preparation of bis(1-(2-hydroxyethyl)-3-methyl-1H-imidazol-3-ium) (4-amino-1-
hydroxybutane-1,1-diyl)bis(hydrogen phosphonate), [C,OHMIM],[ALN]

H,N
d
HO—{_ S~ HOC b = fOH
N HO OH N—/
i =N \ /o N/ i
; _

Figure 78 - [C20HMIM]2[ALN]

Using hydroxyethylmethylimidazolium chloride (522 mg, 3.22 mmol)
[C,OHMIM],JALN] was obtained as a white solid in quantitative yield (921 mg). T, = 153.0
°C, Ty = 46.3 °C; 'H NMR (400.13 MHz, D,0) & 7.49 (br s, 2H, h), 7.43 (br s, 2H, g), 4.30
(t, J=4.9 Hz, 4H, i), 3.96 — 3.84 (m, 10H, e, j), 3.09 — 2.97 (m, 2H, d), 2.05 — 1.87 (m, 4H,
b, ¢) ppm. *C NMR (100.62 MHz, D,0) & 124.2 (h), 123.0 (g), 74.2 (t, J = 127.1 Hz, a),
60.3 (j), 52.1 (i), 40.7 (d), 36.3 (e), 31.6 (c), 23.1 (t, J = 7.1 Hz, b) ppm; FTIR (KBr) 3388,
3149, 3107, 2961, 2881, 2658, 2543, 2360, 2340, 2128, 1645, 1575, 1451, 1398, 1340,
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1169, 1072, 976 cm™. Anal. calcd for CygH33NsOgP,.H,O: C, 37.00; H, 6.79; N, 13.48;
found: C, 36.65; H, 7.09; N, 12.87.

Preparation of 2-hydroxy-N,N,N-trimethylethan-1-aminium hydrogen (4-amino-1-hydroxy-
1-phosphonobutyl)phosphonate, [Ch][ALN] (7)

H:N
d
° ?

HO, ISy 8
HO, OH Mgy
HO—p” 2 ~p~0 9 f

o)

Figure 79 - [Ch][ALN]

Using choline chloride (224 mg, 1.61 mmol) [Ch][ALN] was obtained as a white
solid in quantitative yield (623 mg). T, = 141.2 °C; T4 = 74.9 °C; 'H NMR (400.13 MHz,
D,0) & 4.08 — 4.00 (m, 2H, e), 3.53 — 3.46 (m, 2H, f), 3.18 (s, 9H, g), 3.06 — 2.98 (m, 2H,
d), 2.05 — 1.93 (m, 4H, b, c). *C NMR (100.62 MHz, D,0O) & 74.1 (t, J = 133.1 Hz, a), 68.0
(t, J = 3.1 Hz, f), 56.2 (e), 54.5 (t, J = 4.0 Hz, g), 40.6 (d), 31.2 (c), 22.8 (t, J = 6.8 Hz, b)
ppm; FTIR (KBr) 3423, 3253, 3019, 2967, 2923, 2857, 2785, 2550, 2359, 2341, 2101,
1646, 1489, 1478, 1400, 1163, 1059, 956, 919 cm™. Anal. calcd for CoH,sN,OgP,.2H,0: C,
27.84; H, 7.79; N, 7.21; found: C, 27.43; H, 7.74; N, 6.91.

Preparation of bis(2-hydroxy-N,N,N-trimethylethan-1-aminium) (4-amino-1-hydroxybutane-
1,1-diyl)bis(hydrogen phosphonate), [Ch],[ALN] (8)

Figure 80 - [Ch]2[ALN]

Using choline chloride (447 mg, 3.22 mmol) [Ch];[ALN] was obtained as a
colorless paste in quantitative yield (848 mg). T, = 63.8 °C; 'H NMR (400.13 MHz, D,0) &
4.10 — 4.02 (m, 4H, e), 3.55 — 3.48 (m, 4H, f), 3.19 (s, 18H, g), 3.08 — 3.00 (m, 2H, d),
2.03 — 1.93 (m, 4H, b, c). *C NMR (100.62 MHz, D,0) & 74.2 (t, J = 127.0 Hz, a), 68.1 (t,
J = 3.8 Hz, f), 56.2 (e), 54.5 (t, J = 4.0 Hz, g), 40.7 (d), 31.6 (c), 23.1 (t, J = 7.0 Hz, b)
ppm; FTIR (KBr) 3266, 3018, 2959, 2901, 2785, 2663, 2528, 2357, 2342, 2137, 1646,
1478, 1346, 1267, 1167, 1090, 1057, 1006, 970, 949 cm™. Anal. calcd for
C14H39N306P,.7H,0: C, 28.92; H, 9.19; N, 7.23; found: C, 28.48; H, 9.02; N, 6.90.
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NMR spectra of ALN-ILs
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Figure 81 - 'H NMR spectra of [TMGH][ALN]
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Figure 82 - 3c NMR spectra of [TMGH][ALN]
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Figure 83 - 'H NMR spectra of [TMGH]2[ALN]
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Figure 84 - 3c NMR spectra of [TMGH]2[ALN]
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Figure 85 - 'H NMR spectra of [DBNH][ALN]
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Figure 86 - 3c NMR spectra of [DBNH][ALN]
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Figure 87 - 'H NMR spectra of [DBNH]2[ALN]
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Figure 88 - 3c NMR spectra of [DBNH]2[ALN]
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Figure 89 - 'H NMR spectra of [Ch][ALN]
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Figure 90 - *C NMR spectra of [Ch][ALN]
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Figure 91 - 'H NMR spectra of [Ch]2[ALN]
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Figure 92 - *C NMR spectra of [Ch]2[ALN]
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Figure 93 - 'H NMR spectra of [C20HMIM][ALN]

0L'¢ce
9L2e
€8'¢ce
LTTE—

£€°9¢

95°0¥ —

0567 —
eTes —

8€°09 —

LLel~
oTv.—
vr'sL—

90°€CT ~
€CveT—

40

45

70

75

110 105

115

125

Figure 94 - 3c NMR spectra of [C20HMIM][ALN]
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FTIR spectra of ALN-ILs

g ~ A
y = |
-t@l ,\ xr\/ \\ |\ }\l |r |L.|-\I |
21 ! J ) [N Y
'|! JJ.-*‘ \\l I| | i | III [l-l I| Hlll
@ |Il /'J 1 / l",l' ! llllll | ‘
= 'n £ I L
8 e \ / ! | ” \I | ||||
s \ P |l o
g 3 \ ff/u H l| J \ I
= ) ! i F | _||
(=] y { | | { !
© \ e | | INEY!
N \-,\}I ||H i Iﬁ
=] i
L L
‘ ‘ ‘ AR 1
ag 82 E 5 8 &5 3 53 30w 23
| & i EH : o o : : Zmm HE
3500 3000 2500 2000 1500 1000
VWavenumber cm-1
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DSC thermograms of ALN-ILs
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Figure 106 - DSC thermogram of [TMGH][ALN]
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Figure 107 - DSC thermogram of [TMGH]2[ALN]
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Figure 108 - DSC thermogram of [DBNH][ALN]
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Figure 110 - DSC thermogram of [C20HMIM][ALN]
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Cytotoxicity studies

The antiproliferative effects of the developed ILs was assessed on different cell
types: human gingival fibroblasts (non-neoplastic control), ductal breast epithelial cancer
cells (T47D cell line), lung carcinoma cells (A549 cell line) and osteosarcoma cells (MG63
cell line). Cells were seeded at 10* cells/cm?, and maintained in a-minimal essential
medium (a-MEM) supplemented with 10% fetal bovine serum, 100 IU/mL penicillin, 2.5
pg/mL streptomycin, 2.5 pg/mL amphotericin B, and 50 pg/mL ascorbic acid. After 24 h of
incubation, culture medium was renewed and supplemented with the different ALN-
containing ILs. Cell cultures were maintained in a 5% CO, humidified atmosphere at 37°C.

Cellular viability/proliferation was evaluated by MTT assay, which relies in the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to a purple
formazan product by viable cells. Half-maximal inhibitory concentration (ICsg) values were
calculated by means of a nonlinear regression analysis of concentration-effect curves,

using GraphPad Prism software (version 2012).
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Table 14- Cytotoxicity data for isolated ALN and halide cations used to synthesize the ILs.

|C50/mM

Skin
lons _ T47D A549 MG63

fibroblast
[ALN] 3.17x10* 4.09x10° 8.10x10° 5.55x10™
[TMGH]ICI 1.47x107 1.94x10* 4.98x10* 2.46x10™
[DBNH]ICI 3.80x10° 2.78x10™ 9.13x10° 9.79x10®
[Ch]CI a) a) 5.99x10° 1.07x10°
[C,OHMIM]CI 5.61x10™ 2.22x10°° 7.19x10° 1.91x10”

a) Not detected in the tested concentration range.
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Chapter 5 - Etidronate-based ionic liquids: in vitro

effects on bone metabolism

This chapter contains parts of a submitted article in:

European Journal of Medicinal Chemistry

“Etidronate-based ionic liquids: in vitro effects on bone metabolism”

S. Teixeira, M.M. Santos, L.C. Branco, M.H. Fernandes, J. Costa-Rodrigues

(authorized reproduction)
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5.1 — Introduction

Bone metabolism requires an intricate and well-controlled balance between bone-
resorbing activity, mediated by osteoclasts, and bone-synthesizing activity, mediated by
osteoblasts (114-116). Osteoclasts promote bone resorption by secreting to bone surface
H* cations, which erode the mineral component of bone matrix, mainly hydroxyapatite,
and also cathepsin K and other proteases to digest organic molecules (117). Bone
anabolism starts with the synthesis of extracellular organic matrix, mainly composed by
collagen type. After that, hydroxyapatite nanocrystals start to be layed down over collagen
fibers (118).

Bisphosphonates are a class of drugs widely used in bone metabolic pathologies
with a marked osteolytic activity, like osteoporosis, Paget's disease and bone osteolytic
metastasis (13). They were firstly described 40 years ago, being etidronate (Eti) one of the
first developed compounds. Bisphosphonates are molecules that display a central carbon
atom linked to two phosphate groups (P-C-P) that are responsible for one of their most
important properties, their high affinity to bone tissue (119, 120). The accumulation in
bone is particularly relevant since bisphosphonates present a low bioavailability. Mainly
due to their low bioavailability, a lot of effort has been conducted since mid-90's, to
improve their biological properties, giving rise to second- and third-generation
Bisphosphonates (119-121). These changes focused on the remaining two positions of
the central carbon, which can be occupied by different chemical groups (119, 120).

lonic Liquids as organic salts with melting point below 100 °C possess some
peculiar properties such as negligible vapor pressure, high thermal and chemical stability
and the possibility to tune their physical-chemical properties according the adequate
combination of organic cations and anions (62). The third generation of ILs, API-ILs
(active pharmaceutical drugs based ionic liquids) have attracted several studies including
the drug performance in terms of its stability, solubility, permeability and delivery (122-
127).

The present work aimed to develop several Eti-containing ILs, in order to improve
not only its chemical properties but also its biological effects. The developed ILs were
characterized by 'H and *C NMR, and FTIR spectroscopic techniques, as well as
elemental analysis. The thermal properties of the synthesized Eti-ILs were determined by
Differential Scanning Calorimetry (DSC) techniques. Their cytotoxicity was evaluated on
different human cell types; furthermore, their specific effects on bone metabolism were

assessed on human osteoclast and osteoblast cells.
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5.2 — Materials and methods
5.2.1 — Synthesis
Materials

All acquired reagents were used without further purification. Etidronic acid (ETI, =
98.5%) was purchased from Molekula, 1,1,3,3-tetramethylguanidine (TMG, 99%) and 1,5-
diazabicyclo(4.3.0)non-5-ene (DBN, 99%). Methanol HPLC grade was acquired from
Honeywell and deionized water was processed by Diwer Technologies water max w2

equipment.

General procedure (A) for the synthesis of Eti-ILs:

To a dispersion of etidronic acid (500 mg, 2.43 mmol) in MeOH (15 mL) a
methanolic solution of 1.0 or 2.0 molar equivalents of organic superbase (0.5 mmol/mL)
was added dropwise under magnetic stirring. After reacting for 1h the solvent was

evaporated and the desired product was dried under vacuo for 24 h.

Characterization

The prepared compounds were characterized by 'H and **C NMR recorded on a
Bruker AMX400 spectrometer. Chemical shifts are reported downfield in parts per million
considering the solvent residual signal. **C NMR spectra in D,O were referenced to added
MeOH or MeCN. IR spectra were recorded on a FTIR Bruker Tensor 27 Spectrometer
using KBr matrixes. DSC analysis was carried out using a TA Instruments Q-series TM
Q2000 DSC with a refrigerated cooling system. Between 2 and 10 mg of salt were
crimped into an aluminum standard sample pan with lid which was continuously purged
with nitrogen gas at 50 mL/min. The employed procedure was dependent on the melting
point of the sample. A typical experiment consisted on a heating step (20 °C/min) to 80 or
120 °C (15-20 minutes), cooling (20 °C/min) to -90 °C, heating (10 °C/min) to 200 °C,
cooling (10 °C/min) to -90 °C, heating (10 °C/min) to 200 °C, cooling (10 °C/min) to -90 °C,
heating (20 °C/min) to 200 °C and cooling (20 °C/min) to -90 °C. Glass transition (T4) and

melting (T,,) temperatures were determined in the heating steps.

124



Experimental data of the synthesized compounds

Preparation of bis(dimethylamino)methaniminium hydrogen (1-hydroxy-1-
phosphonoethyl)phosphonate, [TMGH][Eti] (1)

c
\
Ho! ' "oH o, N
HO—p~ 2 p—0~ H2N:<d
1] I / —C

Figure 114 - [TMGH][Eti]

Using tetramethylguanidine (280 mg, 2.43 mmol) [TMGH][ETI] was obtained as a
white solid in quantitative yield (779 mg). T, = 166.6, 189.9 °C, T4 = 38.5 °C; 'H NMR
(400.13 MHz, D,0) & 2.93 (s, 12H, c), 1,56 (t, J = 15.6 Hz, 3H, b). **C NMR (100.62 MHz,
D,0) & 162.0 (d), 71.2 (t, J = 144.3 Hz, a), 39.5 (c), 20.0 (b) ppm; FTIR (KBr) 3404, 3357,
3112, 2965, 2817, 2360, 1671, 1649, 1612, 1573, 1408, 1228, 1076, 921 cm™. Anal. calcd
for C;H,1N3O,P,: C, 26.17; H, 6.59; N, 13.08; found: C, 27.20; H, 6.94; N, 13.86.

Preparation of bis(bis(dimethylamino)methaniminium) (1-hydroxyethane-1,1-
diyl)bis(hydrogen phosphonate), [TMGH],[Eti] (2)
Vi N
c HO
N HO N oM L N
:J>:NH2 “0-p e p-0° H2N2<rf1
- 1l Il —
AN 0] /¢
c c

Figure 115 - [TMGH]2[Eti]

Using tetramethylguanidine (559 mg, 4.85 mmol) [TMGH],[ETI] was obtained as a
colorless paste in quantitative yield (1060 mg). *H NMR (400.13 MHz, D,0) & 2.95 (s,
24H, c), 1.52 (t, J = 15.1 Hz, 3H, b).; *C NMR (100.62 MHz, DMSO-d®) & 162.0 (d), 71.8
(t, J = 136.0 Hz, a), 39.5 (c), 20.3 (b) ppm; FTIR (KBr) 3282, 3108, 2952, 2910, 2808,
2719, 2360, 2341, 1648, 1609, 1563, 1413, 1169, 1064, 1039, 894 cm™. Anal. calcd for
C14H51N;043P,.6H,0: C, 33.03; H, 7.85; N, 19.26; found: C, 33.15; H, 8.14; N, 19.91.

Preparation of 2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium hydrogen (1-hydroxy-1-
phosphonoethyl)phosphonate, [DBNH][ELi] (3)

Ho "/ ® on

i € N— f
HO—p~ 2 p0" +N:©
I 1l { C e
0 0

Figure 116 - [DBNH][ELi]
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Using 1,5-diazabicyclo(4.3.0)non-5-ene (301 mg, 2.43 mmol) [DBNH][ETI] was
obtained as a white solid in quantitative yield (800 mg). T, = 195.2 °C; T4 = 27.7 °C. 'H
NMR (400.13 MHz, D,0) 8 3.65 (t, J = 7.2 Hz, 2H, i), 3.40 (t, J = 5.6 Hz, 2H, f), 3.35 (t, J =
5.6 Hz, 2H, g), 2.83 (t, J = 8.0 Hz, 2H, d), 2.11 (quint, J = 7.6 Hz, 2H, e), 1.99 (quint, J =
5.8 Hz, 2H, h), 1.57 (t, J = 15.7 Hz, 3H, b). **C NMR (100.62 MHz, D,0) & 165.0 (c), 71.2
(t, J = 143.8 Hz, a), 54.0 (f), 42.8 (g), 38.6 (i), 30.6 (d), 20.0 (b), 18.8, 18.8 (e, h) ppm;
FTIR (KBr) 3394, 3238, 3134, 2985, 2894, 2812, 2385, 1680, 1600, 1400, 1311, 1154,
1069, 926 cm™. Anal. calcd for CoH,oN,0-P,.2H,0: C, 32.74; H, 6.10; N, 8.48; found: C,
33.63; H, 6.31; N, 8.73.

Preparation of bis(2,3,4,6,7,8-hexahydropyrrolo[1,2-a]pyrimidin-1-ium) (1-hydroxyethane-
1,1-diyl)bis(hydrogen phosphonate), [DBNH],[Eti] (4)

Figure 117 - [DBNH]2[Eti]

Using 1,5-diazabicyclo(4.3.0)non-5-ene (603 mg, 4.85 mmol) [DBNH],[ETI] was
obtained as a colorless paste in quantitative yield (1102 mg). T, = 0.68 °C; 'H NMR
(400.13 MHz, D,0) 6 3.67 (t, J = 7.2 Hz, 4H, i), 3.42 (t, J = 5.6 Hz, 4H, f), 3.37 (t, J = 5.6
Hz, 4H, g), 2.85 (t, J = 8.0 Hz, 4H, d), 2.13 (quint, J = 7.6 Hz, 4H, e), 2.01 (quint, J = 5.6
Hz, 4H, h), 1.53 (t, J = 15.0 Hz, 3H, b). *C NMR (100.62 MHz, D,0) & 165.0 (c), 71.8 (t, J
= 136.3 Hz, a), 54.0 (f), 42.8 (g), 38.6 (i), 30.6 (d), 20.2 (b), 18.8, 18.8 (e, h) ppm; FTIR
(KBr) 3419, 3326, 3125, 2961, 2884, 2786, 2355, 2339, 1679, 1588, 1423, 1308, 1174,
1066, 893 cm™. Anal. calcd for CygH3oN,0-P,.H,O: C, 40.68; H, 7.25; N, 11.86; found: C,
40.06; H, 7.74; N, 11.38.

5.2.2 — Cell cultures

Human gingival fibroblasts (Fibro), used as a non-neoplasic control, human ductal
breast epithelial cancer cells (T47D cell line) and human osteosarcoma cells (MG63 cell
line) were obtained from ATCC. Cells were cultured in [I-MEM supplemented with 10%
fetal bovine serum, 100 IU/mL penicillin, 2.5 pg/mL streptomycin, 2.5 pg/mL amphotericin
B, and 50 pg/mL ascorbic acid. When reached a confluence of about 70%, cells were
detached with 0.05% trypsin + 0.5 mM EDTA and seeded at 10* cells/cm?® in the same
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culture medium described before. In the following day, culture medium was renewed and
supplemented with Eti, TMGH, DBNH and the different Eti-containing ILs at
concentrations of 0.15-15mM. Cell cultures were maintained in a 5% CO, humidified
atmosphere at 37°C.

Cell viability/proliferation was evaluated at day 1, and the half-maximal inhibitory
concentration (IC50) values were calculated by means of a nonlinear regression analysis

of concentration-effect curves, using GraphPad Prism software (version 2012).

Osteoclastic cells

Human peripheral blood mononuclear cells (PBMC), used as osteoclastic
precursors, were isolated from the blood of healthy donors with 25-35 years old, as
described previously (128). Briefly, blood was diluted with PBS + 2mM EDTA (1:1), and
applied on top of Ficoll-Paque™ PREMIUM (GE Healthcare Bio-Sciences). After
centrifugation at 400g for 30 min, PBMC were collected, washed twice with PBS + 2mM
EDTA and counted with a cytometer (Celltac MEK-5103).

Cells were seeded at 1.5x10° cells/cm® in a-MEM supplemented with 30%
autologous human serum, 100 IU/ml penicillin, 2.5 pg/ml streptomycin, 2.5 pg/ml
amphotericin B and 2 mM L-glutamine. Cell cultures were maintained for 21 days in a 5%
CO, humidified atmosphere at 37 °C, and culture medium was replaced once a week.

After overnight cell attachment, PBMC were treated with different concentrations
(10°-10"'mM) of Eti and the Eti-containing ILs. The tested concentration range was
selected in order to include the plasma levels normally achieved following the therapeutic
usage of etidronate (129). In parallel, the isolated compounds used to synthesize the ILs
(TMGH and DBNH) were also included in the experimental procedure. Cell cultures were
also supplemented with the osteoclastogenic enhancers M-CSF (25 ng/mL) and RANKL
(40 ng/mL) (123). The ILs and the pro-osteoclastogenic growth factors were renewed at
each medium change.

Cultures were assessed at days 7, 14 and 21 for total protein content and TRAP
activity. Cultures treated with the minimum tested concentration of each IL that caused a
significant effect in osteoclastic response (Eti(TMGH),, Eti(DBNH) and Eti(DBNH),: 10
*mM; Eti and Eti(TMGH): 10°mM; TMGH and DBNH: 10"mM), were characterized for
apoptosis, the expression of osteoclastic genes and for the involvement of several

intracellular pathways on cell behavior.

Osteoblastic cells
Human mesenchymal stem cells derived from bone marrow (HMSC, Innoprot,

Bizkaia, Spain), were used as osteoblastic precursors. Cells were cultured in a-MEM
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supplemented with 10% foetal bovine serum, 100 1U/ml penicillin, 2.5 pg/ml streptomycin,
2.5 pg/ml amphotericin B and 50 pg/mL ascorbic acid. Cells were detached with 0.05%
trypsin + 0.5 mM EDTA after reaching ~70% confluence. HMSC were seeded at 3.3x10°
cells/cm? and maintained for 21 days in the same culture medium, in a 5% CO, humidified
atmosphere at 37 °C. Culture medium was replaced once a week.

After cell attachment of 24h, cell cultures were exposed to different concentrations
of the Eti-ILs (10°-10"mM), as well as the pro-osteogenic molecule dexamethasone (10
nM) (130). Both the ILs and the dexamethasone were renewed at each medium change.
Cultures were assessed at days 7, 14 and 21 for total protein content and ALP activity.

Furthermore, HMSC were treated with the minimum tested concentration of each
IL that elicited a significant effect in osteoblastogenesis (10°mM for all the tested
compounds, except for Eti(TMGH), and Eti(DBNH),, which were used at 10*mM), and
were characterized for apoptosis, the expression of osteoblastic genes and for the

involvement of several intracellular pathways on cell behavior.

5.2.3 — Characterization of cellular responses

Cell viability/proliferation

Cell viability/proliferation was assessed by MTT method. Shortly, cells were
incubated for 3h at 37 °C with tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]. Following, the product of the reaction was solubilized with
DMSO and the absorbance was measured at 550 nm on a microplate reader (Synergy
HT, Biotek).

Total protein content

Protein quantification was performed by Bradford’s method (131), using bovine
serum albumin as a standard. Briefly, cells were washed twice with PBS and solubilized
with 0.1M NaOH. Then, Coomassie Protein Assay Reagent was added and the samples
were incubated for 2 min at room temperature. The absorbance was quantified at 695nm

in an ELISA plate reader (Synergy HT, Biotek).

Tartrate-resistant acid phosphatase (TRAP) and alkaline phosphatase (ALP) activities
TRAP and ALP activities were evaluated by the para-nitrophenilphosphate (pNPP)
hydrolysis assay. Cells were washed twice with PBS, and solubilized with 0.1% (V/V)

Triton X-100. For TRAP activity measurement, cellular extracts were incubated at 37°C
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(30 min) with 12.5 mM pNPP prepared in 0.04 M tartaric acid and 0.09 M citrate (pH 4.8);
for ALP activity quantification, cellular extracts were incubated at 37°C (30 min) with 12.5
mM pNPP in bicarbonate buffer solution, pH 10.3. After incubation, the reaction was
stopped with 5 M NaOH and the absorbance of the samples was measured at 400 nm in
an ELISA plate reader (Synergy HT, Biotek). TRAP and ALP activities were normalized

with total protein and results are expressed as nmol/min.pgprotein'l.

Apoptosis quantification.

Cells were washed twice with PBS and caspase-3 activity was quantified with
EnzCheck® Caspase-3 Assay Kit #2 (Molecular Probes, Eugene, USA), according to
manufacturer’'s  instructions.  Fluorescence was measured at 496/520 nm
(excitation/emission) in an ELISA plate reader (Synergy HT, Biotek). Results obtained in
each experimental condition were normalized with the value obtained in the corresponding
control (absence of any IL). Results are expressed as a % of response compared to the

control.

Osteoclast and osteoblast gene expression.

Gene expression was analyzed by quantitative real-time PCR (qPCR). The tested
housekeeping genes were beta-glucuronidase (GUSB) and proteasome subunit beta
type-6 (PSMB6). The osteoclast-related genes were TRAP, cathepsin K (CATK) and
carbonic anhydrase 2 (CA2) (126) and the osteoblast-related genes were collagen type 1
(COL1), ALP and bone morphogenetic protein 2 (BMP2) (118). RNA was isolated with
RNeasy® Mini Kit (QIAGEN) according to manufacturer’s instructions. cDNA synthesis
was performed by reverse transcription with DyNAmo cDNA synthesis kit (Finnzymes,
Finland) and random hexamers according to the manufacturer’s instructions. Two ng of
each cDNA sample was amplified with a DyNAmo Flash SYBR green gPCR kit
(Finnzymes) on a Rotor-Gene thermocycler (Qiagen). The annealing temperature was 55
°C and the extension time was 15 seconds. The primers used are listed in Table 1. The
values obtained were normalized with the results obtained for the two tested

housekeeping genes.

Intracellular signalling pathways.

The ability of Eti-ILs to interfere with several signalling pathways involved either in
osteoclastogenesis (127, 132) and osteoblastogenesis (118, 133) was determined. PBMC
and HMSC cultures were supplemented with the minimum concentration of each IL that
elicited a significant response on each cell type. In addition, cells were further treated with

commercial signalling pathway inhibitors (which were renewed at each medium change).
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The tested pathways were: MEK (inhibitor U0126, 1 uM), NFkB (inhibitor PDTC, 10 pM),
PKC (inhibitor GO6983, 5 uM) and JNK (inhibitor SP600125, 10 pM). Cultures were
assessed for TRAP (PBMC cultures) and ALP (HMSC cultures) activities.

5.2.4 — Statistical analysis

Data presented in this work are the means of three independent experiments.
Statistical differences were assessed using an unpaired Student’s t-test with Bonferroni
correction for multiple comparisons. All data are presented as the mean * standard

deviation\error. For values of p < 0.05, differences were considered statistically significant.

5.3 — Results

5.3.1 — Synthesis and characterization of Etidronate-containing ILs

Four novel etidronate-containing ionic liquids (Eti-ILs) were prepared by mixing 1
or 2 equivalents of organic superbases, more specifically 1,1,3,3-tetramethylguanidine
(TMG) and 1,5-diazabicyclo(4.3.0)non-5-ene (DBN), with etidronic acid in methanol
(Scheme 3).
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Scheme 3 - Synthetic methodology for the synthesis of Eti-ILs using organic superbases (SB).

This straightforward synthetic methodology produced two monoanionic and two
dianionic Eti-ILs by proton transfer from one or the two phosphonate groups to the imine
functional group of the superbases. The 'H and *C NMR spectra obtained upon drying of
the samples revealed that the reactions reached completion, as only one set of signals
was present, and the cation-anion stoichiometry was stricktly in agreement with the

intended. On the other hand, the presence of anionic phosphonate groups was observed
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in the collected FTIR spectra, more specifically by changes in the 2500-2100 cm™ (O-H
bond stretch) and 1200-900 cm™ (P=0 and P—OH bonds stretch) regions.

Both dianionic compounds are Room Temperature lonic Liquids (RTIL), while the
monoanionic compounds were obtained as protic organic solid salts. Differential Scanning
Calorimetry techniques were employed to determine the thermal properties of the

synthesized Eti-ILs, and the data obtained is presented in Table 15.

Table 15 - Physical state, melting (Tm) and glass transition (Tg) temperatures of the Eti-ILs

Salt Physical state Tn/°C  T4/°C
_ _ ) 166.6
[TMGHI][ELi] White solid 38.5
189.9
[TMGH][Eti] Colorless paste - -
[DBNH][ELi] White solid 195.2 27.7
[DBNH],[Eti] Colorless paste - 0.68

Through DSC it was possible to determine the melting temperatures of both
monoanionic compounds. Curiously, [TMGH][Eti] showed two distinct endothermic peaks
at 166.6 °C and 189.9 °C in the first heating cycle suggesting that this salt was obtained in
different crystalline states. However, in the following heating/cooling cycles no
crystallization peaks were observed and, in addition, glass transitions were determined,
meaning that they become amorphous upon first melt. One glass transition temperature

was also determined for [DBNH],[Eti], in agreement with the amorphous state of RTILs.

5.3.2 — Cytotoxicity of Eti-ILs

The cytotoxic potential of Eti-containing ILs was evaluated in one non-neoplastic
cell type (human gingival fibroblasts) and two neoplastic cell lines (T47D and MG63). Cell
viability/proliferation was determined and the observed cell response was used to

calculate the IC50 values of each of the tested compound (Table 16).
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Table 16 - Cytotoxic of Eti-containing ILs

Added IC50/ mM
molecule Fibroblasts T47D MG63
Eti 15.6 48.9 61.1
TMGH 1.5x10° 1.9x10™ 2.5x10™
DBNH 3.8x10” 2.8x10™ 9.8x10°
Eti(TMGH) a) 2.7x10”7 1.6
Eti(TMGH), 1.4x107° 9.1x10™ 12.0
Eti(DBNH) 11.4 9.3x10™ 2.0x107°
Eti(DBNH), 18.6 a) 2.0x10°

a) Not determined in the tested concentration range.

It was observed that etidronate appeared to be more cytotoxic to fibroblasts than to
T47D and A549 cells. Comparatively, [TMGH]CI and [DBNH]CI displayed a significantly
higher cytotoxicity for all the tested cell types. T47D cell line appeared to be particularly
sensitive to [TMGH][Eti] and [TMGH],[Eti], while MG63 revealed the opposite behavior
(even less sensitive than fibroblasts). Regarding [DBNH][Et]] and [DBNH],[Eti] their

cytotoxicity was similar to Eti in fibroblastic cell cultures, but it was higher in T47D and

MG63 cell lines.

5.3.3 — Modulation of osteoclastogenesis by Eti-ILs

PBMC cultures were supplemented with a wide range of concentrations of the
different ILs, and total protein content (Fig. 118A) and TRAP activity (Fig. 118B) was

assessed at days 7, 14 and 21.

132



Eti TMGH DBNH Eti(TMGH)
- el
E & ~
g ~ M PN
= [+ -, = - -
5 - %_ == . = -
g | : 1 b i
=
2
0.0 : ] |
7 14 29 14 ol 14 a7 14 al
Days Days Days Days
Eti(TMGH), Eti(DBNH) Eti(DBNH),
- 032
E ’ — Control
2 — — 10"mM
E |l
=1
5 = = 10"mM
§ 10 mh
= 107 mM
[ T
14 2
Days
B TMGH DBNH
z ===, pap )
z ] it '
- | o
5 e /
® s
0 ( ] !
7 14 27 14 3 14 2
Days Days Days
EtiTMGH), Eti(DBNH) Eti(DBNH),
: — Cuntrol
.'é‘ - = 10%mM
§ E= = — 10*mM
B - = 10*mM
-
- 10*mM
107 mM
14 FT 14 21
Days Days

Figure 118 — Dose-response curves of PBMC cultures treated with Eti-ILs. A — Total protein content. B
— TRAP activity. *Significantly different from the control

Globally, total protein content decreased with the increase in the culture period.
The presence of [TMGH]CI and [DBNH]CI did not affect cell response. On the other hand,
Eti and [TMGH][Eti] caused a significant decrease in protein content of cell cultures, when
present at 10"mM (~21-29%). A similar behavior was observed in the presence of the
remaining ILs, although in these cases the decrease (~20-36%) was observed even at
lower concentrations (10°mM for [TMGH],[Eti] and [DBNH][Eti]; 10°mM for [DBNH],[Eti].
Considering TRAP activity, cell response increased during the 21 days of culture.
[TMGH]CI and [DBNH]CI elicited a significant decrease (~14-18%) only when present at
10™"'mM, while Eti and [TMGH][Eti] appeared to inhibit TRAP activity (~15-19%) since 10
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mM. Finally, cultures supplemented with [TMGH],[Et]], [DBNH][Et] and [DBNH],[Ei]
revealed lower enzyme activity values (~19-22%) for concentrations = 10°mM.

Having established the dose-response curves for the Eti-ILs, their effects on
apoptosis (Fig. 119A) and on gene expression (Fig. 119B) were evaluated. The tested
concentrations were: [TMGH],[Eti], [DBNH][Et]] and [DBNH],[Et] — 10°mM; Eti and
[TMGH][Eti] — 10°mM; [TMGH]CI and [DBNH]CI — 10"mM. Furthermore, the modulation

of several intracellular signaling pathways was also investigated (Fig. 119C).
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Figure 119 - Effects of Eti-ILs on PBMC cultures. A — Apoptosis. B — Expression of osteoclast-related
genes. C — Modulation of MEK, NFkB, PKC and JNK signalling pathways. Cell response was evaluated
by TRAP activity. *Significantly different from the control.

[TMGH]CI and [DBNH]CI did not promote any significant effect on caspase-3
activity. However, the remaining tested compounds caused an increase on apoptosis,
particularly [TMGH],[Eti] and [DBNH],[Eti], with an increase of about 65% and 72% at day
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21, respectively. Regarding gene expression, TRAP and CATK were less expressed in
the presence of [TMGH],[Eti] and [DBNH],[Et] (~35-41% for TRAP and ~48-51% for
CATK), followed by Eti, [TMGH][Eti] and [DBNH][Eti] (~14-28% for TRAP and ~25-38% for
CATK); isolated [TMGH]CI and [DBNH]CI did not affect cell response. CA2 expression
was similar in all experimental conditions. Considering the intracellular mechanisms, it
was observed that in the control condition all the tested inhibitors promoted a significant
decrease in TRAP activity, being almost total in the presence of PDTC. The inhibition
associated with U0126 was lower in the presence of [TMGH]CI and [DBNH]CI (in this case
it did not cause any significant inhibition), and higher in the presence of [TMGH][Eti] and
[TMGH],[Eti]. GO6983 inhibitory effect was decreased in cell cultures supplemented with
Eti and [TMGH],[Eti], while an opposite situation was observed with [DBNH][Et]] and
[DBNH][Eti]. Finally, SP600125 did not affect TRAP activity in [TMGH)]CI-treated cell

cultures.

5.3.4 — Modulation of osteoblastogenesis by Eti-ILs

The effects of Eti-containing ILs on osteoblastogenesis were evaluated using
HMSC as precursor cells. Dose response curves for total protein content (Fig. 120) and
ALP activity (Fig. 121) were established.
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Figure 120 - Dose-response curves of HMSC cultures treated with Eti-ILs. A — Total protein content.
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Figure 121 - Dose-response curves of HMSC cultures treated with Eti-ILs. B — ALP activity.
*Significantly different from the control.

HMSC cultures revealed an increase on total protein content over culture period.
The presence of Eti, [TMGH][Eti] and [DBNH][Eti] at 10°mM caused a significant increase
on cell response (~29-34%); in cultures supplemented with [TMGH],[Eti] and [DBNH],[Eti]
the increase was also observed at 10*mM (~32-34%). [TMGH]CI and [DBNH]CI did not
affect cell behavior. Regarding ALP activity, once again [TMGH]CI and [DBNH]CI did not
elicit any significant effect. Supplementation with Eti and [TMGH][Eti] at 10°mM and 10°
’mM increased cell response (~22~33%). An increase in ALP activity was also observed
in the presence of 10°mM [DBNH][Eti] (~27%) and 10“mM and 10°mM [TMGH],[Eti] and
[DBNH],[ELti] (~21-39%).

After the characterization of the dose-dependent effects of the Eti-ILs on HMSC
cultures, cell behavior was further analyzed regarding apoptosis (Fig. 122A), osteoblast-
related gene expression (Fig. 122B) and modulation of several intracellular pathways
involved in osteoblastogenesis (Fig. 122C). The following concentrations were used for
these analyses: 10°mM for all the tested compounds, except for [TMGH],[Et] and
[DBNH],[Eti], which were used at 10*mM.
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Figure 122 - Effects of Eti-ILs on HMSC cultures. A — Apoptosis. B — Expression of osteoblast-related
genes. C — Modulation of MEK, NFkB, PKC and JNK signalling pathways. Cell response was evaluated
by ALP activity. *Significantly different from the control.

All the tested compounds, except isolated [TMGH]CI and [DBNH]CI, promoted a
significant decrease on apoptosis (~18-33%); this effect was only observed at day 21.
Considering gene expression, the same set of tested compounds elicited a significant
increase in all the analyzed genes, namely, COL1 (~24-42%), ALP (~56-93%) and BMP-2
(~35-84%). Both in apoptosis and in gene-expression evaluation, the highest effects were
observed in the presence of [DBNH],[Et], followed by [TMGH],[Et]. Regarding the
modulation of signaling pathways by the Eti-ILs, it was observed that in the absence of
any compound, all the tested inhibitors elicited a decrease in ALP activity. The inhibitory
profile of U0126 was potentiated by [TMGH][Et]] and [TMGH],[Eti], while an opposite
behavior was observed in the presence of [DBNH]CI. PDTC-induced decrease on ALP
activity was lower in cell-cultures supplemented with [DBNH][ELti]; a similar situation was
observed for GO6983 in the presence of [DBNH],[Eti]. Finally, the inhibitory effect of
SP600125 was abolished by Eti and [TMGHICI, and significantly diminished by
[TMGH],[Eti].
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5.4 — Discussion

In the first half of the 40-year bisphosphonate life, there were important technical
limitations that impaired a more accurate improvement in bisphosphonate composition
and structure. Nowadays, this represents a very promising field, aiming to create new
bisphosphonate molecules with better chemical and biological properties. The central
carbon atom on P-C-P bisphosphonate core has been modified (either in one or in the two
lateral chains, called R1 and R2) in the last decades, giving rise to different generations of
Bisphosphonates (121). Small changes in those R groups are associated to profound
differences in bisphosphonate physicochemical and biological characteristics. One of the
most significant chemical modifications performed on bisphosphonates was the
introduction of a lateral chain with at least one nitrogen atom, which was responsible for a
dramatic increase in their inhibitory effects on bone resorption (119-121).
Bisphosphonates with this kind of change acquired a new intracellular target, namely, the
mevalonate pathway, which proved to be extremely important for their biological effects
(120). It is undeniable that bisphosphonate utilization in clinical practice has a profound
impact in bone disorders management, particularly those associated to a higher catabolic
state, such as osteoporosis, Paget’s disease and osteolytic metastases (121, 134, 135).
Moreover, it is becoming now clear that at least theoretically, some of the developed
drugs may also be effective in other clinical contexts, namely, in some types of cancer,
immunomodulation and in many viral and protozoan infections, being associated to a
decrease in overall mortality (136-142).

However, despite all the important findings and advances in the field,
bisphosphonates are a class of drugs that still needs to be improved. The use of
bisphosphonate-containing ILs may represent a very important way to overcome some of
their present clinical limitations, such as their very low bioavailability and limited biological
effects. Furthermore, since these molecules present a high affinity to bone tissue, their
conjugation with ionic counterparts is a potentially unique opportunity to selectively deliver
other compounds to bone. Thus, combining chemical with biological properties to create
new and improved drugs may unravel new opportunities for drug design and
development, aiming to improve therapeutic approaches and clinical outcomes.

Etidronate is a first generation bisphosphonate, presenting the simplest chemical
composition among them. More precisely, it displays only a hydroxyl group attached to the
central carbon atom (119). Due to its resemblance to inorganic pyrophosphate, it is
incorporated into ATP molecules, leading to the formation of derivatives that impair
osteoclast function (143). In the present work, the combination of etidronic acid with TMG

and DBN in a straightforward fashion led to the formation of four new ionic liquids with
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increased solubility in water and saline solution in comparison with the parent drug. Thus,
the oral bioavailability of such compounds may be particularly enhanced, leading to a
lower dose to be taken by the patients with particular decrease in side effects. In addition,
both dianionic compounds are amorphous, i.e. do not tend to form polymorphic structures
with various pharmacological activities during their shelf life.

Regarding the biological activity of the developed ILs, it was observed that
etidronate revealed cytotoxicity against all the tested cell types, in the mM range, as
described previously (144). However, some of the Eti-ILs displayed an increased
cytotoxicity against human cancer cells, while maintaining a similar response in the
fibroblast cell cultures. This behavior was particularly evident in the case of ILs containing
DBNH. These observations may suggest some selectivity in the cytotoxicity of the ILs.
Further studies are required in order to unravel the involved mechanisms. This work is
underway.

Considering the effects on human bone cells, the present results point to specific
effects of etidronate on osteoclastogenesis and osteoblastogenesis which are in line with
previously published data. It was observed that Eti promoted a decrease on the
functionality of mature osteoclasts isolated from rabbit bones, and an increase in
apoptosis (145). In that study, the effects were observed for concentrations = 100x10°uM,
a value significantly higher than the minimum Eti concentration with biological effects
observed in the present work (10uM). Besides the origin of the osteoclasts, also the fact
that the starting point of that study were mature osteoclasts, and no observations were
made regarding the osteoclastogenesic process, may account for the differences in the
values between both studies. In another study, Eti at 1uM was able to decrease the
differentiation and function or rat osteoclasts obtained in co-cultures with a rat osteoblastic
cell line (146). The in vivo effects of Eti are also well-studied. It was demonstrated that Eti
can prevent thyroid hormone induced-bone loss, regulating the development of both
osteoclasts and osteoblasts (147). Eti was also able to promote osteoclastic degeneration
in samples obtained from individuals with Paget's disease (148). In the present work,
etidronate was used as a starting molecule to create different ILs. Globally, some the
developed Eti-ILs seemed to affect cell density in wither PBMC or HMSC cultures. In the
first case, cell density decreased over the culture time, as expected by the cellular fusion
involved in the osteoclastogenic process (62, 127). The presence of Eti-ILs appeared to
further decrease total protein content. In parallel, an increase in caspase-3 activity was
observed, suggesting that the developed compounds may compromise cell survival by
stimulating apoptosis. In HMSC cultures, it was observed an opposite behavior, that
means, cell density increased over culture period, and treatment with Eti-ILs caused an

additional increase. Once again, apoptosis appeared to be, at least partially, responsible
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for these effects, since in this case caspase-3 activity was decreased by Eti-ILs.
Considering cell differentiation, the Eti-ILs displayed increased anti-osteoclastogenic and
pro-osteoblastogenic effects when compared to etidronic acid alone, particularly in the
case of [TMGH],[Eti] and [DBNH],[Eti]. The results obtained with TMGH-ILs appeared to
involve a downregulation of MEK pathway, while PKC appeared to lose relevance in the
presence of ILs containing DBNH. Considering the results obtained with Eti, [TMGH]CI
and [DBNHI]CI alone, and the corresponding ILs, the observed effects of the latter group
seemed to be caused by the overall combination of the cation and the anion, rather than a
sum of their individual effects.

Taken together, the synthesis of ILs containing Eti allowed the creation of
compounds with different characteristics, compared to the isolated base molecules. In
more detail, some of the developed Eti-ILs appeared to be not only highly water soluble
etidronic acid analogues with diminished or absent polymorphic structures, but also
revealed better biological properties, with an apparent increase in cytotoxicity against
cancer cells, an increase in osteoclast-inhibitory behavior and a stimulatory effect over
osteoblasts. Since, at least in some cases, the developed ILs displayed better biological
properties, those compounds may represent important starting points for the development
of new drugs aiming to modulate bone metabolism, particularly in the case of increased

bone resorption.
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Chapter 6 - Discussion and Conclusion
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6.1 - Discussion

The following discussion focuses essentially on the data presented in the previous
chapters. In this thesis, each chapter is reported, as an accepted or submitted paper,
which includes a comprehensive discussion and/or conclusion of the work presented.

The bone, like mentioned before, is a common site for the appearance of
metastasis: between 65 to 75% in breast and prostate cancer, 60% in thyroid cancer and
40% in lung cancer (19). Bone metastasis may lead to many types of symptoms and
complications like severe pain, pathological fractures, spinal cord and nerve compression,
hypercalcemia of malignancy and bone marrow aplasia (1, 13, 19, 27, 58)

The elite choice of treatment for this kind of disorders is BPs, because of their
ability to regulate bone metabolism. But since their bioavailability is very low, clinical
applications are sill very limited. So the objective of this work was to chemically change
the BPs, in order to make lonic Liquidos (ILs) and/or molten salts, using BPs as cations or
anions combined with appropriate biocompatible counter-ions. The developed compounds
were expected to: present an enhanced solubility and permeability; avoid the problems of
polymorphism; present improved biological proprieties, acting on human cancer cells and
bone cells.

The counter-ions were selected to establish a stronger interaction with the
bisphosphonates (BPs) scaffolds as well as to improve the original bioavailability of the
BPs. In this context, it is considered that the organic superbases such as TMG and DBN
can promote higher interaction with phosphonate groups while the other organic cations
such as Choline, EMIM, CH,OMIM, C3OMIM can be relevant to improve the bioavailability
behavior. In general, the organic cations such as choline and imidazolium structures
showed a good biocompatibility and interesting recent applications in the pharmaceutical
field; the choline has an important contribution in both proliferative growth and
programmed cell death, while the imidazolium are one of the most common cations that
are being applied as an antibacterial, antifungal and anti-tumor in ILs field (8, 149-151).

So, the present work was focused on the synthesis of ILs based on BPs belonging
to the 1% 2" and 3™ generation, namely Etidronate, Alendronate and Zoledronate
respectively; and their action on different types of human cells. All of them were analysed
for their cytotoxicity on human cancer cells. The cancer cells lines selected for these
studies were osteosarcoma cells (MG63) because their known ability to disturb bone
metabolism and increase bone turnover (112, 113, 124), and breast cancer (T47D) and
lung cancer cells (A549), because of their association with bone osteolytic metastasis (62,
103, 105).
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The combination of an API, either as a cation or as an anion, with a suitable
biocompatible counter-ion can increase the water solubility of the parent drug and even
change its biological effect, so this suggests that the oral bioavailability of the new API-ILs
may be particularly enhanced (60, 103, 112, 113). This is in accordance with the recently
proposed idea that neutral ionic liquids can modulate the BCS system of an API and
therefore enhance its membrane transport (6, 7). So based on this idea, it was possible to
prepare and characterize twelve Zoledronate-based ILs or molten salts; eight
Alendronate-based ILs or molten salts and 4 Etidronate-based ILs or molten salts.

The optimized methodology for the synthesis of these compounds was based on
the direct protonation in the case of organic superbases (TMG and DBN based salts) or
acid-base neutralization reactions in the case of choline and imidazolium based salts. In
general, all prepared salts showed a significant improvement of water and saline solubility
comparing to the starting ones. Some of the new compounds were not considered RTILs
or ILs, but organic salts, because their melting temperatures (Tm) are higher than 100°C.
It is important to note the presence of amorphous structures for many of the prepared
salts indicated by the detection of the characteristic glass transition temperature (Tg) and
not tendency for crystallization (melting and crystallization temperatures not detected by
calorimetric studies). It is particularly interest the case of [DBNH][Zol] which it showed a
crystalline structure solved by Crystal X-Ray Diffraction analysis. It seems that the
presence of the DBN as protic cation allowed the formation of the crystalline salt while in
the case of larger organic cations such as choline or methylimidazolium structures the
crystallization should be avoided. In parallel, [DBNH][ALN] was the unique example
possessing a polymorphic behavior. These observations can proof that the suitable
combination between APl and counter-ions is relevant to modulate the physical-chemical
as well as biological properties of the final salts.

All the products were completely characterized by NMR and FTIR spectroscopic
techniques, as well as elemental analysis (C, H, N). *H-NMR spectra is an important
technique in order to elucidate the final chemical structure of the salt as well as the
presence of impurities (e.g. solvents or starting materials) and the cation:anion proportion.
FTIR analysis is an additional characterization technique for the validation of specific
functional groups ( e.g. hydroxyl, carbonyl or phosphonate groups) or bonds in the cation
or anion structures. Elemental analysis (C, H, N) is a complementary analysis in order to
proof the expected salt by simple comparison between theoretical and experimental
percentages of C, H, N in the molecules. In the case of ILs and organic salts is considered
that the difference between theoretical and experimental percentages should be lower
than 0.5%.
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Overall, it was possible to make almost all amorphous compounds and avoid the
polymorphism, a great problem in the pharmaceutical industry with a real reduction of the
therapeutical drug efficiency. Additionally, it was also possible to increase significantly
their solubility in water, with a possible improvement on their bioavailability. The
complementary permeability studies using octanol-water partition coefficients can
elucidate the ability of the new salt to cross the membranes.

On a general way, the cytotoxic analysis demonstrated that some of the developed
compounds presented better biological properties. More precisely, the monoanionic
compounds presented lower cytotoxicity to the fibroblasts (non-neoplasic control) than the
dianionic ones. It was also reported that the [Ch][Zol] and [C;OMIM],[Zol] demonstrated
the highest cytotoxicity against MG63 cells, the [EMIM],[Zol] evidenced some cytotoxicity
against MG63 (lower than previous compounds) and average cytotoxicity against T47D
cells. The [C,OHMIM][ALN] showed the highest cytoxicity against A549 cells with a good
response to MG63 cells and T47D cells in comparison with non-neoplasic control.

In addition to the analysis of cytotoxicity on human cancer cells, the Eti-ILs were
also evaluated regarding their ability to modulate human osteoclastogenesis and
osteoblastogenesis. For osteoclastogenesis, it was analysed: the total protein content, the
TRAP activity and the caspase-3 activity. The TRAP (Tartrate-Resistant Acid
Phosphatase) is an iron-containing enzyme, highly expressed in chondroclasts as well as
osteoclasts and, therefore, used as a specific histochemical marker for these cells (152).
Caspase-3 is an enzyme encoded by the CASP3 gene, a member of the Caspase family
(Cysteine-Aspartic cid Protease), which its sequential activation plays a central role in the
execution-phase of cell apoptosis (153). Besides that, and in order to have a more
detailed perspective about osteoclast differentiation, it was also evaluated the expression
of several genes related to osteoclasts, namely the TRAP, cathepsin K (CATK) and
Carbonic Anydrase 2 (CA2).

The results obtained consisted in a decrease of the protein content in the
compounds that contained Eti with high concentrations; an inhibition of TRAP activity by
[TMGHI][Et], [TMGH],[Et]] and [DBNH][Et]; an increase on apoptosis quantificated
through the activity of caspase-3 specially evidenced by [TMGH],[Eti] and [DBNH],[Eti].
The inhibitory effects on osteoclastogesis were also demonstrated by a decrease in the
expression of the osteoclast-related genes. Moreover, the different ILs appears to
modulate differentially some of the tested signaling pathways.

For osteoblastogenesis it was analysed: the total protein content, the ALP activity
and the caspase-3 activity. The ALP is an enzyme, secreted by activated osteoblasts,
when is needed to produce new bone tissue, for example, to regenerate a defect or a

depleted bone matrix (154) Besides that, and in order to game some insights about

144



specific effects on osteoblastogenesis, the expression of genes related to osteoblasts was
evaluated, namley the Collagen type 1 (COL1), ALP and Bone Morphogenetic Proteins 2
(BMP2).

The results obtained consisted in an increased of the protein content, an increased
activity of the ALP enzyme and a decrease apoptosis especially evidenced by
[DBNH][Eti] and [TMGH],[Eti]. The results regarding the gene expression, demonstrated
a significant increase in all the analyzed genes (COL1, ALP and BMP-2), whose highest
effects were observed in the presence of [DBNH],[Eti] followed by [TMGH],[Eti]. The
observed effects appeared to be caused, at least partially, by differential effects on some
of the tested intracellular signaling pathways.

The results obtained both with osteoclast and osteoblast cell cultures suggested
that some of the tested compounds may affect both cell types in an opposite way,
decreasing osteoclastogeneis and increasing osteogenesis. That means, the results
strongly suggest that those compounds may shift bone metabolism to an anabolic state,
which may be very relevant in contexts where bone resorption may be elevated, such as,

for example, bone osteolytic metastasis.

6.2 — Conclusion

In general, it was possible to make almost all amorphous compounds and avoid
the original polymorphism, improve the solubility in water and biological fluids, with a
possible enhancement of their bioavailability.

Taken together, the results obtained from the present work may be relevant
because some of the new compounds synthesized were ILs or molten salts, which
demonstrated average-to-high cytotoxicity against cancer cells lines from cancers that are
known for their association with bone metastasis; comparatively, some of them revealed
low cytotoxicity toward fibroblasts. Furthermore, some of the developed ILs containing Eti
also appeared to directly modulate bone metabolism. More precisely, they seemed to
promote bone anabolism, by inhibiting osteoclastogenesis and promoting
osteoblastogenesis.

Therefore, the development of ILs or molten salts with a simultaneous potential
inhibitory effect on bone resorption and a selective cytotoxicity towards types of cancer
cells may represent an important strategy for the development of new pharmacological
tools to be used in pathological conditions associated to high bone turnover rates, like for

example bone metastasis. Since bone is a very common site for the appearance of
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metastasis, it is extremely important to develop new drugs containing molecules that may
selectively accumulate in bone tissue, as it happens with BPs, but without all of their

adverse effects and with improved bioavailability and biological effects.

6.3 - Future Work

The developed work may be regarded as a starting point for many other
experiments, in order to continue to investigate the properties and potential of BPs-
containing ILs. For this, it would be interesting to proceed investigating further the cellular
response of the other compounds in human bone cells, especially the Zoledronate-based
ILs, like for example, the [Ch][Zol], the [C;OMIM],[Zol] and the [EMIM],[Zol], which were
the ones that revealed the more promising cytotoxic results against osteosarcoma and
breast cancer cells.

And after this work, if the results continues to be promising, it woud be interesting
to invest in the synthesis of ILs and/or RTILs based on BPs conjugated with antitumoral
drugs, normally used in Breast Cancer, Prostate Cancer, Osteosarcoma or any other

Cancer related with bone metastasis.
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