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Sommario

In questo lavoro di Tesi, sono stati impiegati scaffolds di acidi biliari e di anelli indolici per

la sintesi di diverse tipologie di molecole di interesse biologico in tre differenti progetti.

Il primo progetto riguarda la sintesi e la valutazione biologica di nuovi coniugati acidi
biliari-deossiadenosine, ottenuti impiegando una reazione di ‘click’ chemistry per legare i
due derivati biologicamente attivi. In particolare, la cicloaddizione azide-alchino
catalizzata da Cu(l) ¢ stata utilizzata per sintetizzare i nuovi coniugati, partendo da derivati
azidici in posizione C-3 degli acidi biliari e da una serie di deossiadenosine funzionalizzate
in posizione C-8 con residui alchinici terminali di diversa natura e lunghezza. L’ attivita
anti-proliferativa delle nuove molecole sintetizzate ¢ stata testata in vifro in quattro linee
cellulari umane cosi come la citotossicita nei confronti di linee cellulari di fibroblasti
umani. Vari derivati sintetizzati hanno dimostrato una forte attivita anti-proliferativa nei
confronti di alcune linee cellulari leucemiche umane e i risultati migliori sono stati ottenuti
con un derivato basato sullo scaffold dell’acido chenodeossicolico in entrambe le linee
leucemiche, con valori di ICsy fino a 8.51 uM. E’ stata inoltre valutata 1’ attivita apoptotica

dei nuovi coniugati.

I secondo progetto riguarda la sintesi di quattro scaffolds biliari ortogonalmente
funzionalizzabili che presentano un gruppo azide in posizione C-3 ed una funzionalita
tiolica in C-24 legata mediante un residuo di cisteammina. Lo scaffold steroideo dell'acido
chenodesossicolico ¢ stato impiegato per la sintesi di nuovi derivati monofunzionalizzati
acido biliare-bis-fosfonato mediate reazioni ortogonali di ‘click’ chemistry. In particolare
sono state utilizzate le reazioni di cicloaddizione azide-alchino catalizzata da Cu(l) e
I’accoppiamento tiolo-alchene e tiolo-alchino. Inoltre, ¢ stata sintetizzata una serie di nuovi
derivati bifunzionalizzati acido biliare-bis-fosfonato impiegando un tag fluorescente,
sfruttando la stessa strategia di ‘click’ chemistry utilizzata per la sintesi dei derivati
monofunzionalizzati. Infine ¢ stata studiata una metodologia adeguata, basata sulle
condizioni di McKenna, per la deprotezione dell’estere del bis-fosfonato ad acido libero.
Viste le problematiche riscontrate nella purificazione dei nuovi coniugati sintetizzati, ¢

stato impiegato un tag fluorurato per semplificare e velocizzare questo processo.

11 terzo progetto, svolto presso il laboratorio del Professor Matteo Zanda all’Universita di
Aberdeen (UK), riguarda la sintesi di nuovi composti a base indolica modulatori allosterici
positivi (PAMs) dei recettori del cannabinoidi CB; per il trattamento del dolore. Per evitare

effetti collaterali di tipo psicoattivo, abbiamo deciso di concentrarci su il sito di legame



allosterico del recettore CB; usando un modulatore allosterico positivo che presenta il
vantaggio di aumentare |’effetto degli endocannabinoidi solamente nel sito di rilascio,
agendo quindi come pain relief, dove richiesto. ZCZ011 ha dimostrato un’eccellente
attivita in vivo nel trattamento del dolore non adeguatamente controllabile con i normali
antidolorifici. Per poter studiare meglio la relazione struttura-attivita di questo nuovo
composto sono stati sintetizzati una serie di derivati che presentano modifiche a livello
della posizione S5, 6 e 2 dello scaffold indolico. Inoltre ¢ stata studiata anche I’importanza
dei sostituenti sulla catena laterale. I nuovi derivati sintetizzati sono stati studiati in vitro
per testarne la potenza e sono stati evidenziati risultati interessanti: cinque nuovi composti
si sono dimostrati in grado di aumentare il livello massimo di stimolazione sul recettore
CB, causato dal legando endogeno anandamide rispetto al lead compound ed un derivato
in particolare, potrebbe aprire le porte allo sviluppo di un composto che agisca

selettivamente a livello periferico.



Abstract

In this PhD Thesis work, bile acid and indole scaffolds were employed to synthetize new

biologically relevant compounds in three different projects.

The first project is focused on the synthesis and biological evaluation of novel
deoxyadenosine-bile acid conjugates linked through a 1,2,3-triazole ring. A ‘click’
chemistry reaction, namely the Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC), was
employed to achieve the new conjugates, starting from 3-azidobile acid derivatives and 8-
alkynylated deoxyadenosines. All novel molecules were evaluated in vitro for their anti-
proliferative activity against four human cell lines and for their cytotoxicity toward human
fibroblast cells. Several conjugates exhibited strong anti-proliferative activity against
human leukemia T cells. The best cytotoxicity was observed for a chenodeoxycholic acid-
based derivative on both leukemia cell lines with ICso up to 8.51 puM. Furthermore, the
apoptotic activity of several conjugates was established. This work resulted in a scientific

publication.

The second project is focused on the synthesis of four orthogonally functionalized bile acid
scaffolds displaying an azido group at C-3 and a thiol moiety at C-24 through a cysteamine
linker. The chenodeoxycholic-based modified scaffold was employed in ‘click’ chemistry
orthogonal reactions to synthetize a collection of chenodeoxycholic acid-bisphosphonate
tetracthyl esters. Notably, Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC), thiol-ene
coupling (TEC) and thiol-yne (TYC) were used and their effectiveness and flexibility were
demonstrated. Moreover, a series of fluorescently-labelled analogues of these new bile
acid-bisphosphonate derivatives was accomplished with the same methodology.
Deprotection of bisphosphonate esters was studied under McKenna conditions and a new
bile acid-bisphosphonic acid analogue was achieved. On the last note, a fluorous tag
strategy was successfully employed to overcome the purification and separation issues that

limited the isolated yields of all the new bile acid-bisphosphonate derivatives synthetized.

The third project, developed in the laboratory of Professor Matteo Zanda at the University
of Aberdeen (UK), is focused on the use of the indole scaffold for the synthesis of new
positive allosteric modulators (PAMs) of cannabinoid receptors CB; for the treatment of
pain. Targeting the allosteric binding site on the CB; receptors using positive allosteric
modulators (PAMs) is a very promising approach because it would cause activation of the
endocannabinoid system without causing the unwanted psychotropic effects, thus

providing the potential of side-effect-free pain relief where required. In particular, the



structure-activity relationship for ZCZ011, an indole-based new PAM, was investigated
replacing substituents at 2-position, 5-position and 6- position of the indole scaffold as well
as the thienyl side chain. Hence, in order to easily access a good number of analogues for
ZCZ011, a general synthetic strategy was developed. All the new analogues synthetized
were evaluated in vitro for their ability to potentiate the maximum level of stimulation on
CB, receptors caused by the endogenous agonist anandamide and some interesting results
have been highlighted: five new compounds exhibited higher potency than the lead
compound and one in particular could open the possibility to further development, in order

to achieve a peripherally restricted positive allosteric modulator of CB; receptors.
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1 Introduction:

1.1 “Click chemistry”:

In 2001, Sharpless ez al.''! published a landmark review describing the basic elements of a
new style of organic synthesis, or as the authors also presented it, “the reinvigoration of an
old style of organic synthesis”. The name “click chemistry” was coined to describe this
new approach, born to accelerate the discovery of new substances, especially in medicinal
chemistry.
The approach derives from the authors’ consideration that organic chemists have long
made the error of thinking that they should mimic nature in finding ways of creating new
C-C bonds. But most synthetic reactions that exist to do so, have only very modest
thermodynamic driving forces, which means they are inefficient and give only low yields.
That is a huge burden for pharmaceutical chemists because, every low-yield step in a
multi-step synthesis of some biologically active molecules, reduces the final yield of
product, making the synthesis wasteful and costly and slowing down the process of drug
discovery. Hence, Sharpless and his co-workers proposed to focused their efforts on
generating substances, in a very efficient way, by joining small units together with
heteroatom links (C-X-C) while leaving the tough job of C-C bonds synthesis to nature.
A set of stringent criteria that a process must meet to be included in the context of “click
chemistry” has been defined: the reaction must be modular, wide in scope, high yielding,
create only inoffensive by-products and be stereospecific. Hence, a click process proceed
rapidly to completion and it is highly selective for a single product. Moreover, the process
must be orthogonal with other common organic synthesis reactions, simple to perform, in
terms of reaction conditions, with readily available starting materials and reagents,
employing neat conditions or using a solvent that is benign or easy to remove. Purification,
if required, must be non-chromatographic, such as crystallization or distillation, and the
product must be stable under physiological conditions. Last but not least, click reactions
are strongly exothermic processes, either by virtue of highly energetic reactants or strongly
stabilized products.!"
To date, four major classifications of click reactions have been identified:!*!

¢ Cycloadditions reaction e.g., 1,3-dipolar cycloadditions and hetero-Diels-Alder

cycloadditions;



¢ Nucleophilic ring-openings reactions e.g., the openings of strained heterocyclic
electrophiles, such as aziridines, epoxides, cyclic sulfates, aziridinium ions,
episulfonium ions;

e Carbonyl chemistry of the non-aldol type e.g., the formations of oxime ethers,
hydrazones and aromatic heterocycles;

e Additions to carbon-carbon multiple bonds e.g., Michael addition reactions,

epoxidations, aziridinations, sulfenyl and nitrosyl halide additions.

1.1.1 The copper(I)-catalyzed azide-alkyne cycloaddition:

Among all the reactions that achieved the “click status”, the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) has emerged as the quintessential example of a click
reaction and it is often referred to simply as “the click reaction”.

The Huisgen 1,3-dipolar cycloaddition reaction of organic azides and terminal alkynes'! to
afford 1,2,3-triazoles has gained considerable attention since the introduction of Cu(I)
catalysis'* that drastically changed the mechanism and the outcome of the reaction.

Azides and alkynes are easy to install and essentially inert to most biological and organic
conditions, including molecular oxygen and water. In particular, kinetic factors allow
organic azides to remain “invisible” until a good dipholarophile is present."”! In fact, azides
and alkynes, despite being among the most energetic species known, are also among the
least reactive functional groups in organic chemistry, thus their uncatalyzed cycloaddition
requires elevated temperature and long reaction times. Furthermore, the uncatalyzed
Huisgen cycloaddition is not regioselective and usually give a mixture of the 1,4- and 1,5-

regioisomers. (Scheme 1)

1
+ NS
R1\’:‘,N” + Ro—— —_— N + N° >N
\— 5)_—_/
4R, RS
1,4-triazole 1,5-triazole

Scheme 1. Products of thermal 1,3-cycloaddition.

Cu(I)-catalysis dramatically improves regioselectivity to afford exclusively the 1,4-
regioisomer and increases the rate of the reaction by a factor of 107 relative to the thermal
process, eliminating the need for elevated temperatures. Moreover, CuAAC exhibits

several other features that make it unique among other block-ligation reactions: it is not
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significantly affected by the steric and electronic properties of the groups attached to the
azide and alkyne centres, thus primary, secondary and even tertiary, electron-deficient and
electron-rich, aliphatic, aromatic and heteroaromatic azides usually react well with
variously substituted terminal alkynes;'® it is unaffected by most organic functional groups
therefore eliminating the need for protecting groups and proceeds in many protic and
aprotic solvents. However, keeping the reactants soluble throughout the reaction is a key
requirement for a successful outcome.l”! The 1,2,3-triazole unit that results from the
reaction has a high chemical stability, in general, being inert to severe hydrolytic,
oxidizing, and reducing conditions, even at high temperature, it has a strong dipole
moment and a good hydrogen-bond-accepting ability. Thus, 1,2,3-triazole can be useful in
medicinal chemistry serving as non-classical bioisostere of the amide bond."’

CuAAC is an extraordinarily robust reaction, which could be performed under a wide
variety of conditions and with almost any source of solvated Cu(l). Indeed, different
copper(I) sources can be utilised in this reaction: Cu(I) salts (iodide, bromide, chloride,
acetate), in situ reduction of Cu(Il) salts, copper coordination complexes such as
[Cu(CH3CN)4]PF¢ or comproportionation of Cu(0) in the form of wires, turnings, and
powder. Although the procedure based on the use of Cu(0) benefits from high selectivity
that usually provides very pure triazoles with very low copper contamination, making it
convenient for biological systems, it suffers from prolonged reaction times. !

Among the three most common oxidation states of copper (0, +1, +2), the Cu(I) oxidation
state is least thermodynamically stable and cuprous ion can be oxidized to catalytically
inactive cupric species or can disproportionate to a mixture of Cu(Il) and Cu(0). Hence,
some precaution need to be taken to avoid this oxidation.

When the reaction is performed in organic solvents, the most common conditions
employed are Cul in THF, CH3CN, DMSO or DMF in the presence of a basic amine like
DIPEA or TEA.I" In this case, exclusion of oxygen may be required in order to avoid the
oxidation of the reactive Cu(I) catalyst to unreactive Cu(Il) species or a stabilizing ligand
has to be added in the reaction mixture (e.g., TBTA)."”’

When the reaction is performed in aqueous conditions or in a water/alcohol mixtures (e.g.,
water/tert-butanol), most frequently, CuSOy/ascorbate is employed as catalyst.”! In this
case, the catalytically active Cu(l) species is generated in situ by reduction with ascorbate,
a mild reductant, providing a practical alternative to oxygen-free conditions. Of course,
Cu(l) salts can also be used in combination with ascorbate, wherein it converts any

oxidized Cu(II) species back to catalytically active ones.



1.1.1.1 Mechanism of CuAAC:

Before considering the mechanistic pathways of the CuAAC process, it is important to
consider the reactivity of the players: the organic azide and the copper(I) acetylide.

The reactivity of organic azides is dominated by reactions with nucleophiles at the terminal
N-3 atom whereas electrophiles are attacked by N-1 centre.'” (Scheme 2)

5— 5+
Ri—N—N=N <=—— Nu

l+

Scheme 2. Common reactivity patterns of organic azides.

Whereas ionic azides such as sodium azide are relatively stable compounds, covalently
bound azides are thermally decomposable and in part explosive. For organic azides to be
manipulable or non-explosive, the rule is that the number of nitrogen atoms must not
exceed that of carbon but special care in handling them is always a good practice.!'” Low
molecular weight azides should never be isolated from the solvent, therefore they should
be generated in situ by SN, displacement from organic halides or arylsulfonates by sodium
azide just before the click reaction, considering that CuA AC tolerates a lot of additives or
spectator compounds, including inorganic NaN;.!'!

Copper(I) acetylide species, deriving from Cu(I) insertion into terminal alkynes, are easily
formed and are key components of the CuAAC reaction mechanism.

The proposed mechanism of CuAAC, outlined in Scheme 3 (next page), was recently
elucidated by Worrel ez al.'"* in a publication where it was highlighted the necessity of two
chemically equivalent copper atoms working in concert for the regioselective formation of
1,4-substituted 1,2,3-triazoles. This was proven by the fact that monomeric copper
acetylide complexes were not found able to react with organic azides, unless an exogenous
copper catalyst was added. Hence, the first step (Step A) of the CuAAC reaction is the
formation of the wn-bound copper acetylide 2 from the alkyne and the catalytic copper
species 1, followed by the recruitment of a second s-bound copper atom (step B), forming
the catalytically active complex 3.

Alkyne coordination with copper lowers its pka by 9.8 pH units, which explains the
deprotonation of the m-alkyne-Cu' intermediate in aqueous medium even without the
presence of an additional base. Although, in organic solvents, the formation of 3 is

unfavourable and a base is required for deprotonation.



Ri———H
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Scheme 3. Proposed mechanism for CuAAC.

Step C of the catalytic cycle describes the coordination of the organic azide to the s-bound
copper acetylide bearing a second m-bound copper atom 3, and subsequent formation of
complex 4. The following step (step D) is the nucleophilic attack by the acetylide carbon
C-4 at the N-3 of the azide to form the first covalent C-N bond, generating the
metallocycle 5. This metallocycle positions the bound azide properly for subsequent ring
contraction by a transannular association of the N-1 lone pairs with the C-5-Cu n* orbital
to give the triazole-copper derivative 6 (step E). Protonation of the derivative 6 (step F)
give the desired 1,2,3-triazole and it ends the reaction with regeneration of the catalysts,

ready for another cycle.

1.1.1.2 When the click does not “click”:

Although click reactions, by definition, should occur at room temperature, reach full
conversion within a few minutes, and provide quantitative isolated product yields, the
reality may be quite different and, in some cases, some form of process intensification will
be advantageous.

Non-classical CuAAC conditions are commonly employed when the click process requires
elevated temperature or prolonged reaction times to provide the desired 1,2,3-triazole.
Controlled microwave heating under sealed vessel conditions, by virtue of the “microwave

dielectric heating” phenomena, can dramatically reduce the reaction time and increase the
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purity and the yield of the product compared to traditional CuAAC methods. The literature
reports a vast amount of examples of microwave-assisted CuAAC in organic synthesis,
also for the synthesis of peptides, oligonucleotides, carbohydrates and other
macromolecules.'”!

Moreover, ultrasound irradiation or the use of ionic liquids as reaction medium, can be also
grouped under non-classical CuAAC conditions.!"” The latter are a “green” alternative to
water when the lack of solubility of the organic azide or alkyne in aqueous medium could
prevent the success of the reaction.

In the case of a low-yielding CuAAC reaction, Cu-catalyzed acetylenic homocoupling
should be taken into account. This Glaser-type homocoupling (Scheme 4) is very likely to

happen in the presence of a significant amount of Cu(Il) in the reaction mixture, deriving

from the unwanted oxidation of Cu(I) catalytic species.

Cu(l) cat, base, O,

Scheme 4. Glaser coupling.

In order to avoid the formation these undesired by-products, which may impair the
formation of the triazole product, the oxygen must be excluded from the reaction mixture.
Furthermore, the presence of a small, unhindered amine such as TEA, pyridine or TMEDA
can mediate the oxidative alkyne homocoupling, thus more sterically hindered bases
should be employed."'¥

In the quite unique case of flexible polyalkynes, the proximity of the alkynes saturates
Cu(I) atoms through chelation."™ For a successful outcome of CuAAC reaction, Cu(I)
requires labile ligands to enable competitive azide binding (Scheme 3); so in the presence
of a chelating agent that saturates the Cu(l) catalyst, and thus precluding the binding of the

azide, the triazole formation does not occur efficiently.

1.1.2 Thiol-ene coupling:

Thiol-ene coupling (TEC), known for over 100 years,"®

is simply the hydrothiolation of a
carbon-carbon double bond and it has recently attracted researchers’ attention due to the
recognition of its “click” characteristics.

Two thiol-ene reactions particularly emerged: thiol-ene free radical addition to electron

rich or electron poor C=C bonds (thermally or photochemically induced) and the catalysed
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Michael addition to electron deficient carbon-carbon double bonds. There are several
features associated with these thiol-click processes that make them particularly attractive,
facile, and versatile. First, such hydrothiolation reactions can proceed under a variety of
mild conditions, at room temperature, in highly polar solvents such as water or DMF,
without expensive and potentially toxic metal-based catalysts. Second, they are tolerant to
the presence of ambient oxygen and the radical-mediated process is insensitive to the
presence of polar functional groups; they proceed more rapidly than many other click
chemistry reactions, with near quantitative formation of the corresponding thioether in a
regioselective fashion. Third, virtually any thiol can be employed, including highly
functional species and a wide range of “enes” serve as suitable substrates, including
activated and non-activated species as well as internal olefinic bonds. However, reactivity
can vary considerably depending on reaction mechanism, the thiol employed, and the
substitution pattern at the C=C bond.

What is necessary to bear in mind in dealing with thiol-based chemistry, is that not all
thiols are equal. Essentially, there are four basic types of thiol structures typically
encountered as shown in Figure 1: alkyl thiols, propionate thiols, acetate thiols and
aromatic thiols. Each thiol will participate with different efficiency in radical and Michael
addition reactions: the nucleophilicity of thiolate anions will increase going from alkyl to
aromatic thiols while the electrophilicity of thiyl radical will increase going from aromatic

to alkyl thiols."”

) o _
HS )
HS” NN Hs/\)LOR HS\)LOR @R

alkyl thiol proprionate thiol actetate thiol aromatic thiol

Figure 1. Structures of various thiols.

Some considerations concerning the structure of the alkene involved in the thiol-ene
reaction need to be done: the ene reactivity decreases with decreasing electron density of
the carbon-carbon double bond in the radical-mediated process and, generally, terminal
enes are significantly more reactive towards hydrothiolation compared to internal ones.
Norborene, methacrylate, styrene and conjugates dienes are special cases. Norbornene
exhibits an exceptionally high reactivity toward thiols attributed to bond angle distortion in

association with ring strain relief after TEC processes; methacrylate, styrene and



conjugates dienes produce a very stable radicals that show low hydrogen-abstraction rate
constants.!'®!

Although, in radical-mediated TEC processes, internal 1,2-disubstituted olefins generally
show much lower reactivity towards the hydrothiolation than singly substituted ones, this
is not uniquely due to steric hindrance effects for the approaching thiyl radical. An
isomerization process could play an important role in this reduced reactivity of internal
enes.'™ In fact, the addition of the thiyl radical to cis-double bond is reversible with
efficient isomerization to the less reactive frans structure. This isomerization is best
achieved under irradiation with UV-light and now chemists have taken advantage of this

property to achieve the isomerization of Z-alkenes into the more stable E-isomers.!'*>"

1.1.2.1 Thiol-ene radical click reaction:

TEC reaction proceeds as a typical radical chain process with initiation, propagation and
termination steps. The characteristic two-step mechanism for the hydrothiolation of a
terminal alkene is represented in Scheme 5. The initiation step for the TEC process starts
with the formation of the thiyl radical 7, generated by different methods, that adds to the
alkene with anti-Markovnikov orientation to give the carbon centred thioalkyl radical 8.
This radical abstracts a hydrogen from another thiol, thus forming the final thioether
product 9 and a new thiyl radical, starting the propagation of the radical chain. Possible

termination reactions involve typical radical-radical coupling processes.

Ry SR, Ry—SH
9

hv .
R,—SH + initiator (photo or thermal) — R—S R1/S\/\R2

orA 8
7 /

Scheme 5. The radical-mediated thiol-ene mechanism.

TEC reaction can be initiated by a variety of techniques including photochemical methods,
with or without the addition of a photoinitiator, or under traditional thermal conditions with

common azo species such as 2,2’-azobis(isobutyronitrile) (AIBN).
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In its early implementation, TEC was initiated employing type II photoinitiator such as
benzophenone (Scheme 6, type Il photoinitiator). This diarylketone can be excited to its
singlet state upon irradiation with UV light of sufficient energy. In the presence of thiols,
there is a hydrogen transfer from the thiol to the excited state of benzophenone, resulting in
the formation of a thiyl radical and a semipinacol radical.!'®!

TEC reaction can also be initiated by cleavage photoinitiators (type I), such as 2,2-
dimethoxyphenyl acetophenone (DMPA), which give a benzoyl radical and a tertiary
carbon radical upon the absorption of a photon of light (Scheme 6, type I photoinitiator).
These radicals may insert into a carbon-carbon bond directly or abstract a hydrogen from a
thiol group, thus initiating the radical-chain process. Initiation with cleavage photoinitiator
(type 1) is more efficient than that with hydrogen-transfer photoinitiators (type II) because

the quantum yield for the production of reactive radicals is higher.!'®!

Type Il photoinitiator:

o 0 OH
hv R—SH i
J QU | T RS
benzophenone
Type | photoinitiator:
o (0] OMe
hv | . : R—SH X
—_— . — R-S
OMe MeO
OMe
DMPA
Thermal initiator:
CN CN 4 CN CN R—SH ]
H3C+N:N+CH3 —_ H3C4{' -}»CH3 N ——s R-g
CHj CHj CHj CHj
AIBN

Scheme 6. Mechanism for the photoinitiation of thiol-ene coupling with type II and type I photoinitiators and

thermal initiator.

One of the most unique aspects of the radical TEC click reaction is its ability to self-initiate
the chain reaction in the presence of UV light, due to the homolysis of the labile sulphur-

hydrogen bond; however, this alternative method of initiation often proceeds more slowly



than the initiation through the use of a photoinitiator, which results from lower rates of
radical formation.

TEC reaction is a radical-mediated process and any technique that is appropriate for
generating radicals could be suitable for initiating it. Indeed, TEC coupling induced by
thermal initiators such as AIBN is not uncommon'®" (Scheme 6, thermal initiator).
Nevertheless, the efficiency of thermally and photochemically initiated thiol-ene click
coupling reactions was investigated and the photochemical coupling was found to proceed
with higher efficiency and required shorter reaction time for complete conversion
compared to the thermal counterpart.*>**!

Despite the advantages of free radical TEC reactions that fit the “click” definition, there
are potential limitations of this type of chemistry, which include the formation of unwanted
disulphide by-products through thiyl-thiyl radical coupling or the head-to-head coupling of
the carbon centred radicals. It should be noted, that in case of significant occurrence of side
reactions, the whole process might not be considered a click process anymore, since the
formation of by-products is a direct contradiction of the click concept.*” Thus, TEC may
only serve as an efficient conjugation tool if such reactions can be largely avoided.

Another drawback of TEC coupling is the reversibility of the thiyl radical addition to
alkenes until proton radical abstraction.'”” This means that radical TEC often require an
excess of either thiol or alkene to shift the equilibrium towards the sulfide product.
Consequently, additional work up is necessary to get rid of that excess and this is not in

line with the “click chemistry” principles.

1.1.2.2 Thiol-Michael addition click reaction:

Aside from the radical-mediated thiol-ene reaction, hydrothiolations can be readily
accomplished under mild base or nucleophilic catalysis. Such reactions are commonly
referred to simply as thiol-Michael addition reaction; they are slightly less versatile than
the radical-mediated TEC reaction since to be effective the alkene must be activated, i.e. an
electron-deficient alkene, but recently mild, solventless reaction conditions, using weak
catalysts, have been employed and Michael-thiol reaction became a highly efficient,
modular click method."**

Thiol-Michael addition reactions proceed via ionic mechanism: the use of weak base
catalyst, such as TEA, is usually enough to catalyse the process by virtue of the relatively
low pK, value of most thiols.

As shown in Scheme 7 (next page), the reaction of the thiol with the weak organobase (B)

results in deprotonation of the thiol to the corresponding thiolate anion 10 that, being a
10



powerful nucleophile, attacks the electrophilic B-carbon of the C=C bond to form the
intermediate enolate 11 which is a very strong base. This anion abstracts a proton from
another thiol molecule or from the conjugate acid (BH"), yielding the thiol-ene product 12,
again with regioselective formation of the anti-Markovnikov product, with concomitant
regeneration of the base catalyst.!*”

So, in this process, a relatively weak base is used to generate a much stronger base (the
carbanion 11) in the catalytic cycle.

However, the overall rate and yield of such reactions can be influenced by the polarity of
the solvent employed, the pK, of the thiol or its steric bulkiness, the base catalyst strength
and concentration, or the nature of the electron-withdrawing group (EWG) on the C=C

bond.

Base-catalyzed mechanism: s
R EWG Ry—SH
%
s S
R—SH +  base (catalytic) — R— &£ R ~ T Ewe

10 1

EWG = electon-withdarwing group, e.g.,

g ester, amide, cyano
EWG
Nucleophile-catalyzed mechanism: s
R TEWG R;—SH
12
¢ EWG FIN g EWG 5
Nu r Ri—S—H Q /S\/\
u| e ) @ —= R—S R; EWG
" " * v "
:
EWG

Scheme 7. The proposed base-catalyzed and nucleophile-catalyzed mechanism for the hydrothiolation of

activated alkenes.
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Recently, the nucleophilic thiol-Michael addition pathway has garnered attention as a
means for improving various characteristics of the thiol-Michael reaction. Nucleophilic
catalysts usually employed in nucleophilic thiol-Michael addition reaction are phosphine-
centred nucleophiles such as tributylphosphine and dimethylphenylphosphine or secondary
and tertiary amines such as n-dipropylamine.”® Based on experimental observations,*
the currently accepted mechanism for nucleophile-mediated thiol-Michael addition
reactions is depicted in Scheme 7: the nucleophile initially undergoes conjugate addition to
the activated C=C bond to generate the strong intermediate carbanion 13, which, in turn,
deprotonates the thiol to generate a thiolate anion 10, which subsequently undergoes thiol-
Michael addition. In this case, the nucleophile itself does not catalyse the reaction: it reacts
with the electron-deficient carbon-carbon double bond to generate a strong base (13).
Therefore, in this case, the reaction kinetics depend on the nucleophilicity of the catalyst,
because the higher the nucleophilicity of the catalyst, the larger the number of active
thiolate anion intermediates that can be generated. In comparison with the base-catalyzed
mechanisms, the nucleophilic Michael addition reaction generally proceeds efficiently to
high conversions with relatively low concentrations of the catalyst.

Noteworthy, both pathways, nucleophile- and base-catalyzed, could be affected by the
presence of external acidic protons other than the thiol in the reaction, but the nucleophilic-
mediated process seems to be more impaired by the presence of external proton species.*®!

In fact, in extreme cases, the presence of protic species could completely inhibits the

nucleophile-mediated thiol-Michael reaction.
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1.1.3 Thiol-yne click reaction:

Thiol-yne coupling (TYC) is the radical addition of thiols to alkynes and it should be
considered a sister reaction of the TEC reaction as well as a complimentary process to the
CuAAC cycloaddition. This reaction, discovered in the 1930s,*”! allows for the
introduction of two thiol fragments across a carbon-carbon triple bonds through the free-

radical mechanism shown in Scheme 8.

1,2-bis-sulfide product
Ry

. .S Ry
Ry—— R4 S
H R;—SH
/ TYC chain \ .
4R1 R1_S

/ \ )
TEC chain
S R
Rz\%"\,‘ s R1/ \'/I\S, 1

o o

H 15

vinyl sulfide product

Scheme 8. Accepted mechanism for the double hydrothiolation of a terminal alkyne bond under radical

conditions.

The first step is the addition of a thiyl radical, generated by any of the conventional
methods,""” to the C=C bond to afford an intermediate p-sulfanyl-substituted vinyl radical
14 that can abstract a hydrogen from the starting thiol to give the vinyl sulphide 15 (TYC
product) and a new thiyl radical to continue the chain reaction. The vinyl thioether 15 is
also highly reactive towards thiyl radicals and can undergo a subsequent addition of a
second sulfanyl radical to give the bis-sulfide bis-adduct 17 as final product (TYC-TEC
sequence, Scheme 8).[3 % Indeed, kinetics indicate that the addition of a thiyl radical onto a
vinylsulfide is very rapid, about 3 times faster than the addition onto the starting alkyne.""!
The structure of the alkyne employed plays a very important role on TYC outcome: the

reaction is sensitive to steric hindrance with internal alkynes reacting more slowly than

terminal ones, in addition, sulfanyl radicals are electrophilic in nature and react more
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readily with electron-rich alkynes. However, such behaviour is not universal to all alkynes
and some unexpected results have been found."”

Although the use of UV-light irradiation in the presence of a sensitizer is a very common
way to initiate these coupling reactions, radical TYC can be initiated using a variety of
radical initiation methods that have been recently reviewed.!'”"

Some other considerations about the TYC reaction need to be done: the TYC process is
usually poorly stereoselective, since it affords the vinyl sulfide product as mixtures of both
E- and Z-stereoisomers losing one of the main requirements of click chemistry reactions,
i.e. stereoselectivity. Furthermore, the double hydrothiolation (TYC-TEC sequence)
generates a new chiral centre without any stereoselectivity, and this is an important thing to
consider in the preparation of small molecules and especially those of biological relevance.
On the other hand, although the radical addition to alkynes is generally slower than that to
alkenes, it occurs in an irreversible manner and thus, it does not require an excess of
thiol/alkyne to reach completion. In addition, the possibility of a TYC-TEC sequence is a
very interesting feature of this process because it allows the preparation of highly
crosslinked, polymeric networks in polymer science.””*! In fact, contrary to the related TEC
reaction, which leads to a linear linkage between the thiol and the alkene counterpart, the
bis-addition of thiols to alkynes gives a branched linkage. More interesting, under the
appropriate reaction conditions, the reaction could be stopped after TYC sequence, at the
vinyl sulfide stage, and a second, different thiol could be inserted through a subsequent

3331 Tndeed, it was demonstrated

TEC reaction to obtain a bis-functionalized molecule.!
that the experimental conditions (e.g., temperature, solvent, alkyne/thiol ratio) can be
properly adjusted to achieve selective production of the mono-coupling product followed
by the insertion of a second thiol on the TYC product via TEC coupling.”?> *”! This dual

modification methods can be a very attractive tool for bioconjugation.

1.1.4 Orthogonal click reactions and biorthogonality:

The concept of orthogonality has been applied to many areas of chemistry. It was
introduced by Barany and Merrifield”® in 1977 as a protecting group removal strategy
where each of the deprotection reactions occurs by a different mechanism, so a specific
protecting group could be removed exclusively in the presence of all others. It was a
simple but strong concept and since then, the use of the term orthogonality has broadened

dramatically.
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Avoiding the protection-deprotection steps can drastically improve the synthesis of
complex molecules and the use of orthogonal coupling reactions is a powerful strategy to
do that.

Click chemistry, in its definition, provides a set of powerful orthogonal coupling reactions
with a high tolerance to broad range of reagents, solvents, and other functional groups.
Several examples can be found in the literature describing the great potential of click
chemistry, combining multiple click reactions, either performed simultaneously or in
tandem, to synthesize complex structures and materials, hence demonstrating the

orthogonality among them."”!

In 2008, Campos and co-workers'*

investigated the efficiency and orthogonality of thiol-
ene and CuAAC reaction. They synthetized the asymmetric polymer 18, having a single
alkene at one chain end and a single azide unit at the other chain end and they performed
TEC under thermal conditions with thioglycholic acid followed by CuAAC with propargyl
alcohol and vice versa, thus, demonstrating the othogonality of these two click processes
(Scheme 9). The authors explained their choice of the thermal TEC reaction over the
photochemical process due to the potential sensitivity of azides under UV illumination for

an extended period of time.

o Thermal TEC o
N
n- -
Ph  Ph Ph " Ph
18 19
l CuAAC

o
HOOC\/ S \/\(\j/\o
8 n-1
Ph  Ph

20

-N

;/)\/OH

Z~z

Scheme 9. Synthetic sequence TEC-CuAAC.

A couple of years later, Javakhishvili et al.'*! demonstrated the orthogonality of CuAAC
and photochemically induced-TEC reaction in the preparation of a linear dendritic
macromolecule. In this work, the starting substrate was bearing a C=C bond at one end and
C=C bond at the other end and CuAAC and TEC were performed sequentially in this
order.

The same approach was used for the modification of alkyne and alkene side chain moieties
of polycarbodiimide 21: CuAAC with benzyl-azide and photochemical TEC with 2-
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mercaptoethanol were employed in a consecutive manner yielding the new functional

polycarbodiimide 23 in a short synthetic route.l*' (Scheme 10)

Scheme 10. Modification of the side chains of 21.

More recently,**! bis-functionalized PEGs displaying alkenes and azides have been
synthetized and used for the fabrication of bioactive hydrogels via CuAAC click chemistry
and UV-initiated TEC chemistry, demonstrating once again the orthogonality and
robustness of these methodology.

The ready available alkyne building blocks of CuAAC click chemistry can be employed to
accomplish also sequential TYC and CuAAC reactions.

In a very elegant work, Hensbergen ef al.'"**! described the synthesis of a series of alkyne-
containing copolymers. These copolymers were subjected to TYC obtaining quantitative
modifications of the alkyne side groups in the presence of internal backbone alkenes. More
interestingly, a TYC-CuAAC sequence to modify the alkynes in a different manner was
accomplished. First, copolymer 24 was reacted with benzyl mercaptan under TYC radical
conditions controlling stoichiometry and reaction time to limit conversion of the yne
groups to c.a. 33%.

Second, a following CuAAC coupling of the residual yne groups of 25 with benzylazide
was performed (Scheme 11, next page).

After the CuUAAC reaction there was no evidence of remaining alkyne groups and polymer
26 was recovered. The authors were also very pleased to detect no significant change in the
signals associated with the backbone-alkene functional groups, further highlighting the

selectivity of this approach.

16



CuAAC

Ph (0] stat (6] radical TYc Ph o) stat
0.1 0.9 —— 0.1
o o (e} ¢} o} e}

©) stat le)
N

L
-
ﬂ%

|

CuAAC
0.1

(6] o} N )

)
S___Ph
N
— N/\
AN
Ph" s 26 =N

Scheme 11. Sequential radical thiol-yne and Cu-mediated alkyne-azide coupling reactions in copolymer post-

polymerisation modification.

Due to different mechanisms for reactions within the thiol-click toolbox, it is expected that
nucleophile-mediated and radical-mediated reactions of thiols can be conducted in an

orthogonal fashion. Indeed, Lowe!*"

and co-workers reported the first example of
sequential thiol-Michael/TYC reactions to prepare highly functional materials under facile
conditions (Scheme 12). The authors combined the extremely rapid and quantitative
reaction of thiol 27 with the activated alkene 28 under nucleophile-initiated conditions, in
the presence of dimethylphenylphosphine (Me,PPh) as the initiator, to give product 29,
with the radical-mediated TYC reaction between 29 and 30, which proceeds rapidly to

yield the 1,2-addition product 31 exclusively and quantitatively.

(o} o Me,PPH (¢} (¢} HS OH
_
R. — R. N ‘>_/
OJ\/\ S 07 ThiokMicheal OJ\/\S/\)J\O/\\\ TYC-TEC

| HO

27 28 29 30

homosequence

TYC-TEC

homosequence
OH
HO

31

O (e}
—_ R‘OJ\/\S/\)J\O/\/\SMOH
S OH

Scheme 12. Sequential thiol-Michael and thiol-yne reactions.
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Bioorthogonal reactions are chemical reactions that neither interact with nor interfere with
a biological system.

These reactions are now used for in vivo bioconjugation, therefore they must fulfil a
number of requirements: they must form covalent linkages between two functional groups
that are bioinert and ideally nontoxic, they must have fast kinetics even with very low
reactant concentrations, as required in many biological labelling experiments, and they
must be achieved in the physiological ranges of pH and temperature.'*”’

A subclass of click reactions, whose components are inert to the surrounding biological
environment, is termed bioorthogonal. Copper-free click chemistry methodologies that still
take advantage of the azido group, a small, abiotic, and bioinert reaction partner, such as
the Staudinger ligation and strain-promoted azide-alkyne cycloaddition (SPAAC) depicted

in Scheme 13, are considered bioorthogonal and they avoid the presence of copper-

catalysts that can have sever cytotoxic effects. These bioorthogonal reactions have been

. 45 48
recently developed and reviewed.!*® **
A)
(0] (e} (e}
- R
L™ = O = OO
¢ Q
PPh, -N; ’,%\/ NSk -MeOH /P/i o
PN Ph Ph
B) R N

Scheme 13. A) Staudinger ligation, B) SPAAC
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1.2 Bile acids:

1.2.1 Chemistry of primary and secondary bile acids:

Bile acids (BAs) are the end products of cholesterol metabolism with multiple
physiological functions. All bile acids consist of a rigid steroid nucleus with polar hydroxyl
functions and a short aliphatic side chain. The steroid nucleus is a saturated
cyclopentanoperhydrophenanthrene containing three six-member rings (A, B, and C) and a
five-member ring (D). In most natural bile acids, A and B rings are in a cis-fused
configuration denoted by a 5f hydrogen atom (Figure 2). “Allo” bile acids, in which the
A/B junction is trans, are much rarer and they are found mainly in lower vertebrates. The
angular methyl groups at C-18 and C-19 positions determine the stereochemistry of
substituent on the nucleus, whether it is a (in trans relationship, projecting in opposite

direction as regard the general plane of the tetracyclic nucleus) or B (in cis relationship).

Figure 2. Numbering system of steroid nucleus. (a) chemical structure; (b) perspective structure (A/B cis).

Bile acids contain hydroxyl groups in the steroid nucleus mainly at positions C-3, C-7, C-6
or C-12 and they differ in the distribution, number, and stereochemistry among the
common bile acids.

Reactions of the BAs might be expected at their various functional groups. The carboxylic
acid group may be esterified, reduced, amidated, or subjected to salt formation with metal
ions, alkaloids, or organic bases. The reactivity of the hydroxyl groups towards oxidation is
C-7 > C-12 > C-3 and C-6 > C-3, while the order of acetylation, hydrolysis, vis-a-vis
reduction, or hydrogenation is C-3 > C-7 > C-12.1*"]

Natural bile acids are planar amphipathic molecules having a hydrophobic face (B side)
containing no substituent and a hydrophilic face (o side) containing the hydroxyl groups
combined with the negatively charged side chain.

The nomenclature of BAs is complex for historical reasons; trivial names were given in the
19™ century long before their structures were determined. The bile acids and bile alcohols,

also named cholanoid and cholestanoid, are divided in three great classes based on the side
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chain structure: the C,7 bile alcohols, the C,7 bile acids, and the C,4 bile acids (Figure 3).
The C,; bile alcohols and the C,; bile acids contain the Cg side chain of cholesterol while
the C,4 bile acids contains a saturated Cs side chain. As suggested by their name, the side
chain of each class may end in either a primary alcohol group or a carboxyl group. There is
a clear evidence of evolution of bile acids through the stages: C,7 alcohols — C»7 acids —

C,4 acids.P”

R, COOH

COOH °°
pOoOS

C,7 bile alcohol C,7 bile acid Cy bile acid

Figure 3. Chemical structure of C,; bile alcohols, C,; bile acids and C»4 bile acids.

The BAs present in the human bile have two sources: those synthetized from cholesterol in
the hepatocytes are called primary bile acids, while those produced from primary bile acids

in the intestine by bacterial modification are called secondary bile acids.

OH OH

Cholic acid, human Chenodeoxycholic acid, human Deoxycholic acid, human

OH

Lithocholic acid, human Ursodeoxycholic acid, bear, nutria a~Hyocholic acid, pig

OH

B—Hyocholic acid, rat B—Muricholic acid, rat Avicholic acid, birds

Figure 4. Chemical structure of some of the bile acids in vertebrate bile.
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The most common primary BAs in man are cholic acid (CA, 3a,7a,12a-trihydroxy-5p-
cholan-24-oic acid) and chenodeoxycholic acid (CDCA, 3a,7a-dihydroxy-5p-cholan-24-
oic acid). In the intestine, these BAs are transformed into secondary bile acids, such as
deoxycholic acid (DCA, 3a,12a-dihydroxy-5p-cholan-24-oic acid) and lithocholic acid
(LCA, 3a-hydroxy-5B-cholan-24-oic acid) by a bacterial 7a-dehydroxylase. Further
removal, oxidation or epimerization of the nuclear hydroxyl groups or desaturation of the
side chain, may occur in some species depending on the prevailing bacterial population,
generating a novel “tertiary” bile acid.”" (Figure 4)

Ursodeoxycholic acid (UDCA, 3a,7B-dihydroxy-5B-cholan-24-oic acid), as its name
suggests, is prevalently found in the bile of bears and it plays a role in human cholesterol
regulation and it has several medical applications.””” Bile is thus a mixture of primary bile
acids formed in the hepatocyte and secondary bile acids formed in the colon. All bile acids
involved in the enterohepatic circulation, whether primary or secondary, do not occur as
free carboxylic acids but they are conjugated with either the amino acid glycine or taurine.
The taurine and glycine conjugates are often called bile salts by virtue of the fact that they
are completely ionized at physiological pH. Conjugation of newly synthesized bile acids
can occur in other four modes: sulfation, glucuronidation, conjugation with glutathione
(GSH) and conjugation with N-acetylglucosamine.””*! In vertebrates, the only sulfate that
occurs in appreciable proportions in biliary bile acids is the 3-sulfate of toxic lithocholic
acid, combined with its amidation at C-24 position. Glutathione conjugates of bile acids
(presumably as thioesters) have been identified in human infant bile, but the concentration
of GSH conjugates of chenodeoxycholic and lithocholic acid was several orders of

magnitude less than natural bile acid N-acylamidates."

Conjugation with N-
acetylglucosamine was found at C-7 in UDCA, in addition to amidation with glycine or
taurine at C-24.1°"

It is important to note that these modifications are essential in humans; in fact conjugations
increase the polarity and the solubility of these molecules while in their unconjugated
form, primary bile acids are only poorly soluble at physiological biliary pH. Furthermore,
conjugations reduce the intrinsic toxicity of BAs, hence, conjugate bile acids are always
negatively charged and therefore impermeable to cell membranes being too large to diffuse
through the paracellular junctions of the biliary tract and small intestine. Moreover,

conjugated bile acids are more efficient promoters of intestinal absorption of dietary lipid

than unconjugated ones.
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1.2.2 Micelle formation:

The essential physiological action of bile acids is to enhance the absorption of dietary
lipids and fat-soluble vitamins by virtue of their ability to spontaneously form micelles in
aqueous solutions. As aforementioned, bile acids are molecules with a rigid steroid
backbone with methyl groups on the B-face and hydroxyl groups and the highly polar side
chain on the a-face. Moreover, the 5f configuration of the junction between rings A and B
bends the steroid nucleus into an L shape and enhances the separation of polar and
nonpolar regions of the molecule. Bile acids therefore are amphiphilic and have detergent
properties. Above a certain concentration, BAs aggregate to form micelles; the midpoint of
this concentration range is called critical micellar concentration (CMC) and it is dependent
on temperature, the chemical structure of the bile acid, and the electrolyte concentration.”®
In bile acids micelles, the hydrophobic portions of the bile acid molecule form the interior
of the particle, while polar groups are at the surface and are free to interact with the
aqueous environment. Micelles composed by only bile acid anions are called simple
micelles but they do not occur in biological systems, where bile acids are mixed with other
polar lipids to form mixed micelles. In the bile, the major component of mixed micelles is
phosphatidylcholine. Through these mixed micelles, bile salts can solubilise important
biological amphiphilic molecules that are otherwise water insoluble e.g., cholesterol,
lipovitamins, lecithin, fatty acids, monoglycerides, etc. and thus greatly accelerate their

absorption.””!

1.2.3 Biosynthesis of bile acids:

Cholic acid and chenodeoxycholic acid are synthesized from cholesterol in the liver.
Several structural modifications are necessary to convert cholesterol, with its 27 carbon
atoms, C-5,6 double bond and 3B-hydroxyl group (Figure 5), into a C,, saturated,
3a,7a,12a-trihydroxyl bile acid. The steps leading to the formation of these molecules can
be divided into two broad categories: those that modify the steroid scaffold and those that

oxidize and shorten the Cy side chain of cholesterol.>®

HO

Cholesterol

Figure 5. Chemical structure of cholesterol.
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The rate-controlling step is the first introduction of a hydroxyl group in the axial
configuration at C-7 position of cholesterol to give 7a-hydroxycholesterol. This reaction is
catalysed by a cytochrome P-450 enzyme called cholesterol 7a-hydrolase. Further
metabolism of 7a-hydroxy-cholesterol involves oxidation of the 3B- hydroxyl group and
isomerization of the double bond from C-5,6 to C-4,5, yielding 7a-hydroxy-4-cholesten-3-
one. (Figure 6)
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Cholesterol 7a-hydroxycholesterol 7a-hydroxy-4-cholesten-3-one

Figure 6. First steps of bile acid biosynthesis from cholesterol. (i) 7a-hydrolase; (ii) oxidation/isomerization.

This unsaturated oxo derivative is the branching point for cholic and chenodeoxycholic
acid biosynthesis. If this intermediate undergoes a second hydroxylation at C-12, by a
second microsomal enzyme, sterol 12o-hydroxylase, then the resulting product is
ultimately converted into cholic acid. On the other hand, if 7a-hydroxy-4-cholesten-3-one
serves as a substrate for a different enzyme, A*-3-oxosteroid 5B-reductase, the sterol
intermediate will be finally converted into chenodeoxycholic acid.”®! Further multiple
sequential steps lead to the formation of the these primary bile acids.

Bile acid biosynthesis plays an important role in maintaining cholesterol homeostasis and it
is regulated by the amount of bile acid returning to the liver via the enterohepatic
circulation. Experimental evidences demonstrated that the biosynthetic pathway is
controlled by a negative feedback mechanism involving the rate-limiting enzyme of bile

acid synthesis, cholesterol 7a-hydroxylase."”!

1.2.4 The enterohepatic circulation of bile acids:

After synthesis and conjugation, biliary BAs are stored into the gallbladder and discharged
into the intestinal lumen upon ingestion of a meal. The bile acids are efficiently resorbed
from the intestine, return to the liver and are resecreted into bile, resulting in the
accumulation of a certain mass of BAs within the body, referred to as the BA pool. This

cyclical movement is called the enterohepatic circulation (Figure 7).
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Intestinal conservation is extremely efficient and most of the bile acids present in bile have
undergone multiple cycles of the enterohepatic circulation. Only a relatively small amount
of these molecules is synthesized de novo each day to replace that which escape absorption
and so are excreted into faeces. Indeed, almost 90% of bile acids entering the intestine are

resorbed by active or passive mechanism.

Srntho‘sis

Fecal
s Excretion

Figure 7. Schematic enterohepatic circulation of C,4 bile acids in man.

The passive uptake of conjugates BAs in the ileum or jejunum depends on the dissociation
constants of the individual bile acid and on the intraluminal pH while the active resorption
requires, in the ileal enterocytes, an apical Na'-dependent bile acid transport system
(ASBT) and a basolateral anion exchanger, (Ost)a-Ostp.*'! After resorption, bile acids are
transported by portal venous blood, partially bound to albumin, back to the liver.
Hepatocyte uptake is mediated by the Na'-dependent bile acid transport system NTCP
(sodium taurocholate cotransporting polypeptide) and by an Na'-independent transport
systems such as OATP (organic anion transport protein). These four transporters are
involved and explain the enterohepatic cycling of conjugated bile acids.*”

Nevertheless, a major fraction of bile acids returning from intestine escapes hepatic uptake
and spills over into the systemic circulation.”] However, these bile acids are again
presented to the liver in the blood so the residence time of any of them in the systemic
circulation is only few minutes.

During enterohepatic cycling, C,4 primary bile acids are “damaged” by bacterial enzymes
in the intestine to form secondary bile acids, and after their return to the liver, they are
“repaired” partly or completely by hepatocyte enzymes. Intestinal microbial metabolism
consists mainly of deconjugation and hydroxyl group oxidation.!®” Minor changes include
epimerization of the hydroxyl groups, isomerization of the A/B ring juncture or

desaturation of the side chain, which may happen in some species. The majority of
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deconjugated bile acids are reabsorbed and return to the liver, where they are efficiently
reconjugated with glycine or taurine. 7a-Dehydroxylated bile acids are not rehydroxylated
but they are reabsorbed and transported to the liver to be conjugated with glycine or
taurine. Furthermore, bile acids with 3B-hydroxyl group are re-epimerized to a-orientation
and oxo groups are reduced to hydroxyl moieties. The end result of this “repairing” system
is that, in the bile, BAs are mostly in amidated form and only trace amount of iso bile acids
or hydroxy-oxo bile acids are present.

As previously mentioned, the enterohepatic circulation of bile acids and their biosynthesis
are tightly connected. Indeed, bile acids must serve as the end products of cholesterol
metabolism and their excretion is necessary for cholesterol balance. For this function, the
enterohepatic cycling is irrelevant. On the other hand, the intestinal resorption of bile acids
is needed to provide the BAs pool for efficient lipid digestion, and in this case their
excretion is unimportant. Given these conflicting aims, the enterohepatic circulation of bile
acids as well as their biosynthesis are strictly regulated processes. The present view is that
bile acid synthesis is regulated at the level of the hepatocyte and their conservation is

regulated at the level of the ileal enterocyte.!*!

1.2.5 Pharmacological application of bile acids, some examples:

The therapeutic use of bile acids has been recognised since ancient times. Bile acid therapy
is based on their use as agonists or antagonists. Bile acid agonists (e.g., bile acids or their
derivatives) are used in replacement therapy to correct a deficiency in bile acids because of
defective biosynthesis or intestinal conservation and thereby to restore bile acid
function !

In contrast, bile acid antagonists are used in displacement therapy where the aim is to alter
the composition of circulating bile acids and hence to modulate cholesterol metabolism
and/or decrease the cytotoxicity of the circulating bile acid pool.’®” For example, UDCA
was found to be effective in causing the dissolution of cholesterol gallstones in the
gallbladder without hepatotoxicity.!®™

The literature describes a vast amount of pharmacological applications of bile acids and
their derivatives. Some attractive recent developments in BAs medicinal chemistry have
been reviewed.[*”!

One of the most interesting therapeutic applications of bile acid derivatives and/or bile acid
prodrugs are their employment as liver-specific drug carries taking advantage of the

physiology of bile acid enterohepatic circulation, with the exclusive involvement of the

liver and the small intestine. For this purpose, some crucial structural properties of BAs for
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bile acid transporters recognition should be preserved: the negatively charged side-chain of
the natural bile acids, the cis-configuration of rings A and B of the steroid skeleton, and at
least one axial hydroxyl group on the steroid nucleus at position 3, 7 or 12.7 Examples of
bile acids as liver-specific carries of active principles could be found in the literature.l”" !

BA derivatives were successfully employed to improve the intestinal absorption of poorly
or non-absorbed drugs. For example, enzymatic hydrolysis and poor oral bioavailability
are the major drawbacks, when considering the use of peptide drugs. Conjugation of
peptides to bile acids was found to increase their metabolic stability as well as to improve
their absorption from the intestine.””*! Other examples of drugs conjugated to bile acids in
order to increase their bioavailability include anticancer treatments, antibiotics, GABA (y-
aminobutirric acid), L-DOPA (L-dihydroxyphenilalanine), as well as other active

731 Furthermore, bile acids

principles used in the treatment of Parkinson’s disease.
conjugates were favourably employed for enhancing absorption of some antiviral
treatment, |®

Taken together, the efficiency and organ specificity of enterohepatic circulation of bile
acids with its numerous transport proteins is an intriguing target in designing prodrugs with
a view of improving intestinal absorption, increasing the metabolic stability of

pharmaceuticals, specifically targeting drugs to organs involved in enterohepatic

circulation, as well as reducing systemic side effects.
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1.3 Bisphosphonates:

Bisphosphonates (BPs) are stable analogues of naturally occurring inorganic
pyrophosphate (PPi). Stability is due to the replacement of the oxygen atom that connects
the two phosphates of pyrophosphate (P-O-P) with a carbon atom (P-C-P). This render BPs
resistant to chemical and enzymatic hydrolysis. Thus, all the BPs of clinical interest have
the P-C-P backbone and two other substituents R; and R, sharing the central carbon atom.

(Figure 8)
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Figure 8. Chemical structure of pyrophosphate and bisphosphonate.

Bisphosphonates have high affinity for hydroxyapatite (HAP) and bone mineral. They
inhibit the osteoclast-mediated resorption of living bone.””! Over the past 40 years, BPs
have revolutionised the treatment of patients suffering from bone resorption disorders,
indeed they are now the gold standard for the treatment of osteoporosis, Paget’s disease
and other diseases in which there is an increase in the number or in the activity of
osteoclasts, including tumour-associated osteolysis and hypercalcemia.!”®"’

Bisphosphonates have been known to chemists since the middle of the 19™ century. They
were employed in industrial processes mainly as corrosion inhibitors or as complexing
agents in the textile, fertilizer and oil industries.’”! They were also used as “water
softeners”, due to their ability to inhibit calcium carbonate precipitation, in the prevention
of scaling in domestic and industrial water installations. In the early 1960s, Fleisch ez al.'*"
studied the mechanism of calcification induced by collagen and proposed that naturally
occurring polyphosphates might be the body’s own natural “water softeners”, preventing
calcification of soft tissues and regulating bone mineralization. It subsequently become
clear that calcification disorders might be linked to disturbances in inorganic
pyrophosphate (PPi) metabolism.™®"] However, when given by mouth, pyrophosphates and
polyphosphates were inactive because of their fast hydrolysis in the gastrointestinal tract.
During the search for more stable analogues of pyrophosphate, BPs became a very
interesting class of compounds since they are characterized by the antimineralization

properties typical of PPi and by a greater metabolic stability. In fact, early studies
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demonstrated that these compounds bind to bone mineral and were found able to prevent
calcification both in vitro and in vivo when orally administrated to rats.”®* This property of
being active after oral administration, was the key to their future use in man. Nevertheless,
the most important step toward the clinical use of BPs occurred when it was found that this
class of new compounds, also showed a good ability to inhibit hydroxyapatite (HAP)
crystals breakdown and bone resorption.™ Consequently, BPs became the most widely
used and effective antiresorptive agents for the treatment of osteoporosis and other bone

disorders.

1.3.1 Classification of bisphosphonates:

The P-C-P moiety of bisphosphonates is responsible for their strong affinity and binding to
bone mineral and allows for a number of variations in structure based on substitution in the
R, and R, side chains which, in turn leads to the large range of activity observed among
BPs. Structure-activity relationship (SAR) studies highlighted that: 1) the P-C-P backbone
is necessary for in vitro and in vivo antiresorptive effect that indeed, cannot be achieved
with monophosphates, P-C-C-P or P-N-P compounds;**! 2) the presence of a hydroxyl
group in the R; side chain enhances the ability of the BPs to bind to HAP crystals,
preventing both crystal growth and dissolution, and increases the affinity for bone mineral
through a tridentate binding with calcium;'® 3) BPs antiresorptive potency is greatly
enhanced by the presence of a primary, secondary or tertiary nitrogen function in the R,
side chain.® Hence, now BPs are divided in two categories: nitrogen-containing

bisphosphonates (N-BPs) and non-nitrogen-containing bisphosphonates (Figure 9).
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Figure 9. Clinically used bisphosphonates.
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First-generation BPs, like clodronate and etidronate, contain simple substituents like short
alkyl side chains or Cl atoms, and are now almost completely replaced by N-BPs for the
treatment of osteoporosis. Second-generation compounds, such as alendronate and
pamidronate, display alkyl chains with a basic NH, terminal group and are known as
aminobisphosphonates (N-BPs). Risedronate and zoledronate, third-generation
bisphosphonates, which are 10,000-fold more potent than first-generation BPs, are
characterized by the presence of a nitrogen atom within a heterocyclic ring and so they are
known as heterocyclic N-BPs.

The further analysis of SAR data, regarding the inhibitory potency of N-BPs, revealed that
the basic nitrogen in the R, side chain must be in a specific spatial configuration and it
must also have a critical distance from the P-C-P group. Furthermore, it was found that the
geminal hydroxyl group has little or no influence on N-BPs inhibitory activity, in fact,
analogues lacking this moiety retain biological activity but have reduced bone affinity.
This characteristic may have therapeutic potential in situations when decreased drug
retention is potentially advantageous, such as the treatment of bone disorders in childhood

or metastatic breast cancer.’®®

1.3.2 Mechanism of action of bisphosphonates:

BPs are preferentially incorporated into active sites for bone remodelling in the skeleton.
This selective uptake brings them in close contact with osteoclasts and some osteocytes but
prevents prolonged contact with other type of cells. During bone resorption, the BPs are
released from the bone surface and taken up by osteoclasts by endocytosis along with other
products of resorption. Coxon et al.®”! confirmed that osteoclasts are able to take up large
amounts of BPs by pinocytosis, due to their secretion of acid into the bone mineral as part
of the active resorption process, causing BPs release from the dentine surface. By contrast,
non-resorbing cells take up only small amounts of these drugs that become available due to
natural desorption from the dentine surface.

Since the early 1990s there has been a systematic effort to elucidate the molecular
mechanism of action of BPs and it has been found that they act on the osteoclast cells by
two different mechanism, depending on whether they are nitrogen-containing or not.
Non-nitrogen containing BPs, such as clodronate and etidronate, are incorporated into a
newly formed analogue of adenosine triphosphate (ATP) where the P-C-P moiety of the
bisphosphonate is in place of the B,y P-O-P moiety of ATP, resulting in the formation of a
metabolite (AppCp-type) resistant to hydrolysis (Figure 10). The incorporations of simple
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BPs to achieve AppCp-type nucleotides is carried out by members of the family of type 11

class aminoacyl-tRNA synthetases.™
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Figure 10. The structure of ATP and AppCp-type metabolite of clodronate.

Intracellular accumulation of these non-hydrolysable ATP analogues within osteoclasts is
cytotoxic and cause the inhibition of ATP-dependent enzymes, such as adenine nucleotide
translocase (ANT), a central component of the mitochondrial permeability transition
pore.* This results in the collapse of the mitochondrial membrane potential, leading to
the release of cytochrome-C, caspase activation and other steps of the apoptotic
programme. Hence, first-generation BPs suppress bone resorption by causing osteoclast
cells death without affecting other cell types due to their specific targeting to bone and
selective uptake. The nitrogen-containing BPs (N-BPs), such as pamidronate, alendronate
or risedronate, are not metabolised and do not inhibit the activity of aminoacyl-tRNA
synthetase, still they are several orders of magnitude more potent than simple BPs at
inhibiting bone resorption. This suggest that they work on a different molecular target with
a different mechanism of action. N-BPs act, indeed, by inhibiting farnesyl diphopsphate
synthase (FPPS), a key enzyme of the mevalonate pathway (Figure 11).
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Figure 11. Schematic diagram of mevalonate pathway.
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In 1992, Amin et al.® reported that ibandronate and incadronate inhibited squalene
synthase and possibly other enzymes of the mevalonate pathway (cholesterol synthesis) in
J774 macrophages. On the contrary, pamidronate and alendronate were not potent
inhibitors of squalene synthase but they were able to inhibit cholesterol biosynthesis
anyway, suggesting that an enzyme upstream in this pathway, controlling both cholesterol
synthesis and isoprenylation, is the critical target of the N-BPs in the osteoclast. This study
raised the possibility that cholesterol biosynthetic pathway could be involved in the effect

1951 {6 the

of N-BPs on bone resorption, leading, only in the late 1990s-early 2000,
identification of farnesyl diphosphate synthase (FPPS) as the relevant molecular target for
all N-BPs.

The primary function of mevalonate pathway is the production of cholesterol as well as the
synthesis of isoprenoid lipids such as farnesyl diphosphate (FFP) and geranylgeranyl
diphosphate (GGPP). These isoprenoids lipids are building blocks for the production of a
variety of metabolites, but are also required for post-translational modification of proteins
called prenylations.”" The inhibition of FPPS prevents the prenylation of important
signalling molecules (small GTPases such as Ras, Rac, Rho and Rab), thereby disrupting
several pathways that are involved in cytoskeletal organization, cell survival and cell
proliferation which lead to osteoclasts apoptosis. The importance of prenylated proteins for
osteoclasts function has been confirmed using specific inhibitors to prevent either protein
farnesylation or protein geranylgeranylation and it was found that loss of
geranylgeranylated proteins causes disruption of actin rings leading to osteoclasts
apoptosis, highlighting the fundamental importance of geranylgeranylated small GTPases
rather than farnesylated proteins in these bone resorbing cells.””!

More detailed studies,”**® displayed that N-BPs have an inhibition of FPPS in the
nanomolar range of concentrations and that there is a highly significant correlation
between the order of potency for inhibiting FPPS in vitro and anti-resorptive potency in
Vivo.

The incorporation in toxic, non-hydrolysable ATP analogues and the inhibition of FPP
synthase are the two main mechanisms accounting for the anti-resorptive effects of BPs on
osteoclasts and they also explain some of the adverse effects. Recent data”®>! demonstrated
that the inhibition of FPPS causes the accumulation of isopentenyl pyrophosphate (IPP),
the metabolite immediately upstream in the mevalonate pathway. This accumulation
causes the acute-phase reaction to N-BPs, a common side effect involving “flu-like”
symptoms that are temporary and usually occurs soon after the first intravenous

administration of these drugs.
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1.3.3 The importance of fluorescent analogues:

In order to study uptake by osteoclasts, distribution in the skeleton and binding to
hydroxyapatite, many fluorescently-labelled analogues of bisphosphonates have been
developed.”””® One powerful method for producing fluorescent analogues was introduced
by McKenna at al.®” in 2008 and it employs an epoxide ring-opening reaction, under mild
conditions, to introduce a primary amine functionality on the more recent heterocyclic N-
BPs. This “magic linker” strategy is based on the concept of designing a universal linker
which would permit a simple conjugation of N-BPs with any fluorophore activated ester
while retaining significant affinity for bone mineral and ability to inhibit protein

prenylation. (Figure 12)
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Figure 12. “Magic linker” synthesis of fluorescent risedronate conjugates. A few examples.

Another advantage of this linker is the permanent positive charge on the pyridinium
nitrogen since recent investigations, using modern molecular modelling techniques,
showed the importance of a positive charge feature at a relatively localized position in the
bisphosphonate side chain and consequently, a number of pyridinium-bisphosphonates
were synthetized.!'"”

Fluorescent-analogues have been used to study the skeletal distribution and uptake of
bisphosphonates by various cell types in vivo, giving insight into their mechanisms of

U0 L abelling of drugs using dyes with distinguishable

action and potential effects.
fluorescent emission ranges allow simultaneous studies of multiple BPs with different bone
affinities to elucidate their relative distributions in bone, bone tissues and cells. These kind
of studies can shed light on reasons why different drugs have different efficacy or side-
effect profiles. For example, fluorescently-labelled BPs were employed to study different
responses of bone-site-specific osteoclast precursors (jaw and long bone) to

bisphosphonates for better understanding a side-effect associated with bisphosphonates
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192] This condition is defined as the

which is the osteonecrosis of the jaw (ONIJ).!
persistence of exposed bone in the maxilla or mandible for at least 8§ weeks and its
prevalence is low in osteoporotic patients but a little higher in the oncological setting. The
results obtained suggested that bisphosphonates have distinct effects on both populations
of osteoclast precursors, indeed long-bone and jaw osteoclasts responded differently to BPs
exposure.

With frequent use of BPs in multiple clinical settings, a growing body of evidence supports
the notion that some N-BPs cause side-effects that are specific to soft tissues."”*! Recently,
a fluorescent zoledronate analogue was employed to investigate whether N-BPs may have
preferential cytotoxic effects to these tissues and indeed, some interesting evidences of N-

BPs localization in soft tissue were provided.!'*"

1.3.4 Bioavailability, drug delivery and complexation with bile acids:

The chemical structure of BPs, with two phosphate groups and two side chains (R; and R»)
bound to a central carbon atom, provides highly selective localization and retention in
bone, and it also prevents enzymatic breakdown in the gastrointestinal tract by
phosphatases. Despite these physiochemical advantages, the bioavailability remains a
critical feature of BPs since they are poorly absorbed after oral administration, generally

1% In general, a drug may be

with absorption from 0.6% to 1.5% of the administered dose.!
absorbed through the intestine by either transcellular or paracellular route depending on its
physiochemical properties. In the transcellular transport, compounds cross the epithelial
cells by traversing the intestinal cell membrane mainly by passive diffusion. Drugs with
structures similar to those of nutrients may be taken up by carrier-mediated transport
systems while in the paracellular route substances travel through epithelium tight junctions
into the blood stream and can only move by passive diffusion. Bisphosphonates absorption
occurs via the paracellular route since their hydrophilic, negative charged nature prevent
transcellular transport, thus lowering absorbtion and oral bioavailability."® Moreover,
oral administered BPs have gastrointestinal adverse effect like esophagitis, ulceration of
esophagus, abdominal pain and nausea. The dose needs to be administered after overnight
fasting with a glass of water at least 30 min before ingesting food, drinks, or other
medications and additionally patients must remain upright for at least 30 minutes
afterwards in order to prevent any gastroesophageal reflux. Bisphosphonates may be given
also parenterally but, as previously mentioned, the main side effect of N-BPs given
intravenously is an acute phase reaction (fever, myalgia, lymphopenia, etc.) due to the

release of pro-inflammatory cytokines.””!
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A vast number of delivery systems have been investigated to overcome bioavailability
limitations of BPs and to minimise their side effects making them more patient compliant.
These novel drug delivery systems include nanoparticles and liposomes but also the co-
administration of bisphosphonates with absorption enhancing agents such as bile salts and
their analogues, chelating agents, salicilates and the design of lipophilic prodrugs have
been investigated as well.!' %!

Park et al."""! developed a new ibandronate-DCK (N“-deoxycholyl-L-lysyl- methylester)
complex and evaluated the in vitro permeability and the in vivo oral bioavailability of this
new formulation showing that these features were in fact enhanced by complex formation
with DCK. In a different work"?!, they employed DCK and another bile acid derivative,
N*-deoxycholyl-L-lysyl- hydroxide (HDCK) as oral absorption enhancers for risedronate.

(Figure 13)

DCK N HDCK Na

Figure 13. Structural diagram of ionic complexation of risedronate with DCK and HDCK.

The best results were obtained with risedronate/DCK complexed. In vitro permeability of
this complex was significantly enhanced due to its higher lipophilicity. Furthermore, the
complexed molecule interacted well with bile acid transporters, present mainly in the
ileum, increasing the concentration gradient of the drug across the intestinal membrane. As
a result, the oral bioavailability increased by 267% compared with that of the free
risedronate.

In this work, it was demonstrated that drug modification by attaching a recognition carrier
molecule, such as a bile acid, can specifically deliver target molecules. Moreover, this
ionic complex approach has some notable advantages such as, the possibility to be
prepared as enteric-coated oral formulation, which will not disintegrate in the stomach and
will not cause irritation of mucous membranes. Besides, this delivery strategy does not

require the employment of an absorption enhancer that modifies junctions or epithelial
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layers causing irritation because of their surfactant properties or absorption of undesired

substances.
In conclusion, this strategy may improve patient compliance and therapeutic efficacy by

reducing dose and/or frequency and adverse reactions.
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1.4 The indole scaffold and its reactivity:

Indole is an aromatic organic compound consisting of a six-membered benzene ring fused
to the a,B-positions of a five-membered pyrrole ring (Figure 14). It is a heterocyclic system
with ten m-electrons free to circulate throughout the molecule which originate from four
double bonds and the lone pair of the nitrogen atom. The participation of the nitrogen lone
pair in the aromatic ring means that indole is not a base, and it does not behave like a

simple amine.
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Figure 14. Indole chemical structure.

The chemistry of indole is extremely vast and, from a certain point of view, well

1991197 Tndoles typically function as excellent nucleophiles

established and consolidated.!
that readily participate in electrophilic aromatic substitutions that constitute by far the
largest and most important group of indole reactions. These reactions commonly occur in a
high regioselective fashion leading to C-3 substituted indoles. However, if the indole
already bears a substituent in that position, then products of electrophilic substitution at C-
2 are generally found. The N-1 position is next most active, but many of the reactions on
the nitrogen are reversible. Thus, the chemistry of indole functionalization is based on the

"1"and commonly employed reaction in indole

enhanced reactivity toward electrophiles!
functionalization are Friedel-Crafts acylation using electron-poor alkenes, which may
require a tunable activation by Lewis or Brensted acids depending on the electrophilic
properties of the olefin used, the Vilsmeier-Haack reaction, and Mannich and related
reactions. The Friedel-Crafts-type 1,4-addition of indoles to unsaturated carbonyl
compounds and their derivatives can be considered as Michael reaction'''* and recently

enantioselective alkylations of indoles have gained attention.!''>''¥

1.4.1 Methods for indole synthesis, two examples:
1.4.1.1 The classical Fischer indole synthesis:

For over a hundred years, the synthesis and functionalization of indoles has been a major
area of focus for synthetic organic chemists, and numerous methods for the preparation of

indoles have been developed and reviewed.!''"'?"! Key factors, including starting material
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availability and functional group tolerance, often dictate which particular indole synthesis
will be suitable.

The Fischer indole synthesis, first reported in 1883,""*""'**! remains an essential methods for
the synthesis of indoles and it is routinely employed in the large-scale production of indole
pharmaceutical intermediates. This reaction consists of the condensation of an aromatic
hydrazine with a ketone to form an arylhydrazone, followed by a [3,3]-sigmatropic
rearrangement, subsequent ammonia elimination and aromatization. In many cases, the
reaction is carried out by simply heating the ketone and the arylhydrazine in acidic solution
without isolation of the intermediate hydrazone. In details, the mechanism of the Fischer
indole cyclization depicted in Scheme 14 begins with formation of the phenylhydrazone 34
through the acid catalysed reaction of the phenyhydrazine 32 with the ketone 33. Then, the
phenylhydrazone get protonated and rearranges to the ene-hydrazine 35. A [3.3]-
sigmatropic rearrangement leads to the formation of the imine 36 that undergoes re-
aromatization to give the aminal 37. Finally, acid-catalysed decomposition of the aminal

and subsequent loss of ammonia provide the indole product 38./'*’]
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Scheme 14. Mechanism of Fisher indole synthesis.
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This reaction is often catalysed by acids, including: mineral acids such as polyphosphoric
acid (PPA), weak acids i.e. acetic acid, solid acids such as montmorillonite, KSF clay or
acidic Zeolite catalysts, and Lewis acids. The most frequently employed Lewis acid is zinc
chloride, either with no solvent or in ethanol or acetic acid. The use of a Lewis acids
allows to run reactions at room temperature and therefore these conditions are much milder
than other Fischer protocols. Moreover, Fischer methods for indole synthesis has also been
applied to solid-phase synthesis.!'*"

Advantages of the Fischer reaction include the easy functionalization of an inactivated
aromatic C-H position by virtue of the [3,3]-sigmatropic shift and the acceptance of a wide

range of compatible functional groups around the aromatic ring. Even though the Fischer

indole synthesis is one of the most common methods for indole preparation, it also has
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some potential problems and it is not suitable for all indoles. The major drawbacks of the
Fischer indole reaction are the relatively small range of arylhydrazines that are
commercially available and the low yields with numerous by-products often formed if the
reaction involves unsymmetrical hydrazines or ketones. In this case, usually mixtures of
regioisomers are obtained. For examples, when the phenylhydrazine is meta-substituted
both the 6- and 4-substituted indoles will be achieved in an average ratio of 7:3,
respectively.!'**! Because indole is ubiquitous among a wide range of natural products, this
reaction has been extensively investigated, ameliorated, and widely applied to

12571271 Asymmetric

pharmaceutical and medicinal chemistry as well as organic synthesis.!
versions of the Fischer indole synthesis have been developed and optimised. Key features
of this process was the introduction of the new and powerful chiral phosphoric acid
catalyst as well as the identification of a cation exchange resin for the efficient removal of

. . . 128
ammonia from the reaction mixture.!'*®!

Indeed, Brensted acidic catalysts must be
employed in stoichiometric amount because of the stoichiometric formation of ammonia
during the reaction, causing the poisoning of catalyst by salt formation. Furthermore, new
mild, efficient and environmentally-friendly catalysts for Fischer indole synthesis have

129]

been studied. For example, Li et al.''* employed an acidic ionic liquid as catalysts while

130

Gore and co-workers!*” used low melting L-(+) tartaric acid (TA)-dimethyl urea (DMU)

mixture in which the melt plays a dual role as solvent and as catalyst.

1.4.1.2 The Larock indole synthesis:

131

Since its first report in 1991,!°' the Larock indole synthesis has become one of the most

attractive and practical method for the preparation of 2,3-disubstituted indoles and it has

"] This approach to indoles involves a palladium-catalysed

been extensively studied.!
heteroannulation of internal alkynes using o-iodoanilines in the presence of a base and a
lithium halide. As shown in Scheme 15 (next page), the catalytic cycle begins with the
reduction of the palladium-catalyst to Pd(0), then the oxidative addition of the aryl halide
to Pd(0) catalyst gives the intermediate 40.

The next step is the m-coordination of the palladium to the alkyne (41) and subsequent
regioselective syn-insertion into the arylpalladium bond to afford the vinylic palladium
intermediate 42. The following nitrogen displacement of the halide, bound to the Pd,
results in the formation of the palladacycle 43 and the final reductive elimination affords
the desired 2,3-substituted indole product regenerating the Pd(0) catalyst.

This reaction is affected by various factors, including an added base, lithium halide and its

stoichiometry, the presence or absence of ligand PPh;, and the reaction temperature.''*
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Alternative methods which enable the use of o-bromo- or o-chloroanilines as well as

triflate as precursors have been developed to overcome the problem of the high cost and

the low stability of o0-iodoanilines.!'*”!
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Scheme 15. Mechanism of Larock indole synthesis.

Other alternatives to the original Larock synthesis are based on the utilization of o-
iodobenzoic acid"** or N-aroylbenzotriazole!'*) as synthetic equivalents of o-iodoanilines.
A major drawback of Larock protocol arises in the control of the regioselectivity when
unsymmetrical alkynes are used. The carbopalladation step is crucial to the regiochemical
outcome of the reaction that depends on the nature of the substituents bound to the carbon-
carbon triple bond. Normally, the more sterically bulky group ends up attached at position
C-2 in the indole product.!*®! Nevertheless, with alkynes bearing substituents with similar
steric demands, mixtures of regioisomers are obtained. Despite the possible disadvantages,
the Larock annulation reaction was widely employed for the preparation of indole
derivatives and it is especially useful for preparing acid-sensitive substances where Fischer
indole synthesis, for instance, would fail.l'*”]

Larock synthesis and other palladium-catalysed methods are particularly useful approaches
to the synthesis of substituted indoles, and a large number of applications were developed

based on this synthetic protocol. Furthermore, palladium is not the only metal found to be

effective for indole synthesis but various transition-metal-catalysed synthesis of indoles
138]
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1.4.2 Indole as a privileged scaffold and its biomedical importance:

The term privileged structure was introduced in medicinal chemistry by Evans ez al.!'* in
1988 and it was defined as “a single molecular framework capable of providing useful
ligands for more than one receptor and that judicious modification of such structures could
be a viable alternative in the search for new receptor agonists and antagonists”. Hence,
privileged structures are able to bind with a given protein family, i.e. GPCRs, and the
generation of vast libraries based on these structures could allow the discovery of new
biologically relevant compounds, interacting with different members of the same protein
family, in a shorter time. Since 1988, the concept has been widely exploited in the

]

literature,*” some organic scaffold were classified as privileged structures and indoles fall

into this category.!'*!]

The indole scaffold is probably the most widely distributed among heterocyclic
compounds in nature having medicinal importance. Notably, the indole structure is found
in naturally occurring molecules such as the essential amino acid tryptophan that is also the
precursor of the neurotransmitter serotonin. Moreover, the indole scaffold is found in the
hormone melatonin that plays an important role in the circadian rhythm regulation (Figure

15).

COCH
NH; NH, HO NHy MeO NH\H/
N\ \
N N\ ) ) o
N
H H H H
tryptophan tryptamine serotonin melatonin

Figure 15. Structure of some naturally occurring indoles.

Metabolic decarboxylation of tryptophan leads to tryptamine which is very important in the
plant kingdom, since it represents the biosynthetic precursor of many indole alkaloids.!**!
Most of these alkaloids are biologically active with complicated frameworks and, together
with their synthetic derivatives, show remarkable pharmacological activities. An
interesting review!'**! highlights all the different medical purposes for indole alkaloids that
go from drugs for the treatment of Parkinson’s disease such as bromocriptine to
ergotamine for treatment of acute migraine attacks or vincristine and vinblastine that are
antineoplastic agents. Thus, the indole scaffold has attracted a great deal of attention

among the scientific community and the indole-based pharmaceuticals constitute a very

important class of therapeutic molecules.
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Table 1 lists some important indole ring-containing marketed drugs and their associated

biological activities.!

144]

Drug Application Drug Application  Drug Application
Vincristine Anticancer Vincamine Antihypertensive Roxindole Antipsychotic
Vinblastine Anticancer Reserpine Antihypertensive  Delavirdine Anti-HIV
Vinorelbine Anticancer Peridopril Antihypertensive  Atevirdine Anti-HIV
Vindesine Anticancer Pindolol Antihypertensive  Arbidol Antiviral
Mitraphylline ~ Anticancer Binedaline Antidepressant Zafirlukast Anti-asthmatic
Etodolac Antiarthritis Amedalin Antidepressant Bucindol -Blocker
Panobinostat  Anti-leukamic Oxypertine Antipsychotic Pericine Opioid agonist
Tropisetron Antiemetic Siramesine Anxiolytic Mitragyne Opioid agonist
Ondansetron  Antiemetic Indolmycin Antibiotic Pravadoline Analgesic
Sumatriptan Antimigraine Yohimbine Sexual disorder ~ Bufotenine Toxin
Oglufanide Immunomodulatory Indomethacin ~ NSAID Proamanullin ~ Toxin

Table 1. Indole-containing drug molecules.
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1.5 The endocannabinoid system:

The endogenous cannabinoid system, named after the plant that led to its discovery, is one
of the most important physiologic systems involved in establishing and maintaining human
health. Cannabinoids are a class of chemical compounds that include the
phytocannabinoids, synthetic cannabinoids, and endogenous cannabinoids also called
endocannabinoids.

Phytocannabinoids, found in Cannabis sativa, encompass A’-THC, that is the primary
psychoactive componentof the cannabis plant, !'**! cannabidiol (CBD), and cannabinol
(CBN). They are the most prevalent natural cannabinoids and have been largely
studied.'"*! Synthetic cannabinoids include a variety of distinct chemical classes: the
classical cannabinoids structurally related to A’-tetrahydrocannabinol (A’-THC), the non-
classical cannabinoids including the aminoalkylindoles, 1,5-diarylpyrazoles, quinolines,
and arylsulfonamides, as well as eicosanoids related to the endocannabinoids.!"*”! The two
best-studied endocannabinoids isolated to date are arachidonoylethanolamine (anandamide

or AEA) and 2-arachidonoylglycerol (2-AG) (Figure 16).

Anandamide (AEA) 2-Arachidonoyl gycerol (2-AG) AS-THC
O i O
N N
N Cl
HN 0
) N B \CE\Q( /\/©/
N
~ N NH
N H
al \©
Cl

% a

(-) CP55940 WIN 55,212-2 Rimonabant Org 27569

Figure 16. Chemical structures of the major plant cannabinoid (A’-THC), the two best-studied

endocannabinoids (AEA and 2-AG) and some synthetic cannabinoids.

The endocannabinoid system is implicated in different physiological and pathological

functions such as nociception (pain sensation), appetite, lipid metabolism, gastrointestinal

148]

motility, cardiovascular modulation, motor activity, mood, and memory.[ Pain
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management is the most important among the medicinal purposes, and has been drawing
intense attention following the discovery of cannabinoid receptors and their endogenous

ligands.

1.5.1 Cannabinoid receptors:

Cannabinoids produce their effects through the activation of various receptors. Classical
cannabinoid receptors are the CB; and CB, receptors that have been identified as members
of the superfamily of seven-transmembrane-spanning G protein-coupled receptors.!'*”’

CB; receptors are found predominantly in the central nervous systems (CNS) and, to a
lesser extent, in certain peripheral tissues. They are highly expressed in regions of the
brain, such as the cortex, limbic system, hippocampus, cerebellum, brainstem, and several
nuclei in the basal ganglia that are associated with emotion, cognition, memory, motor and
executive function. More specifically, they are expressed in brain areas involved in pain
transmission and modulation, in addition to the dorsal horn of the spinal cord and dorsal
root ganglion (DRG).

CB; receptors are found mainly, but not exclusively, outside the CNS, in fact, they are
primarily localized on cells of the immune system. CB, receptors in the brain can be found
in the perivascular microglial cells and astrocytes, where they modulate the immune
response.

Activation of both cannabinoid receptor subtypes triggers a number of signal transduction
pathways via the Gy, family of G proteins. CB; receptors generally mediate the inhibition
of neurotransmitter release by the inhibition of adenylate cyclase, and consequent
inhibition of cyclic adenosine monophosphate (cAMP) production, through the o subunit
of the G-protein-signalling complex while they mediate the activation of extracellular-
signal-regulated kinase (ERK) and mitogen-activated protein kinase (MAPK) through the
By subunit of this complex.!">" Furthermore, CB receptors modulate synaptic transmission
by inhibiting calcium channels and activating potassium channels on presynaptic terminals.
Similar to CB; receptors, CB, receptors are also able to inhibit adenylate cyclase, but they
are not involved in the regulation of calcium and potassium conductance.

Pharmacological evidence also supports the existence of one or more additional receptors
for cannabinoids distinct from CB; and CB, receptors, such as the orphan-related receptors
GPR55 and GPRI18 that are also seven-transmembrane GPCRs and have been

. 150-152
reviewed.! l
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1.5.2 Endocannabinoids:

The endocannabinoids are a family of compounds which may be agonists, antagonists or
even inverse agonists depending on the dose, cannabinoid receptor, conformational state of
the receptor, disease state as well as interactions with various ion channel. They include
ethanolamine derivatives, such as anandamide (AEA) that was the first endocannabinoid
isolated from the brain, and glycerol derivatives, i.e. 2-arachidonoyl glycerol (2-AG)
shown in Fig. 16. 2-AG is a full agonist at CB; and CB; receptors while AEA is a partial

(131 Other endocannabinoids

agonist when intracellular calcium is the measured response.
have been isolated, such as N-arachidonoyldopamine (NADA), 2-arachidonoylglyceryl
ether (2-AGE, noladin ether), and O-arachidonoylethanolamine (OAE, virodhamine)."'*”
Strong pharmacological and biochemical evidences have demonstrated that
endocannabinoids are also able to interact with non-cannabinoids receptors, increasing the
complexity of endocannabinoid system and thus its molecular pathways. In particular, their
best known non-cannabinoid target is the transient receptor potential vanilloid type 1
(TRPV1) channel, which is activated by both AEA and 2-AG. Other receptors activated by
endocannabinoids are peroxisome proliferator-activated receptor (PPAR), the
aforementioned orphan-related receptors and others.!'>"

The endocannabinoids are endogenous metabolites generated from hydrolysis of
membrane polyunsaturated fatty acids and are not stored in vesicles but synthetized on
demand in postsynaptic neurons and released immediately upon neuron activation. In the
CNS, they act as neurotransmitters, thus they are released from depolarized postsynaptic
neurons and travel to presynaptic terminals where they activate CB; receptors through a

1551 Their overall effect may be excitatory or inhibitory,

retrograde signalling mechanism.
mainly resulting in suppression of neurotransmitters release, especially GABA (y-
aminobutirric acid) and glutamate.

A two-step process has been suggested for the biosynthesis of AEA. First,
phosphatidylethanolamine, a membrane phospholipid, is converted to N-acyl-
phosphatidylethanolamine (NAPE) by a calcium-dependent N-acyltransferase (NAT).
Then, NAPE is hydrolysed to AEA by a specific phospholipase D (NAPE-PLD).!"*]

For 2-AG, the major pathway also consists of a two-step process: diacylglicerol (DAG) is
initially produced from inositol phospholipids by the phospholipase C enzyme, and

subsequently hydrolysed to 2-AG by diacylglycerol lipase (DAGL).!"*"! (Figure 17)
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Figure 17. Endocannabinoids synthesis.

After activating cannabinoid receptors, endocannabinoid signalling functions are
efficiently terminated by cellular uptake and rapid, enzyme-hydrolytic inactivation.
Neuronal uptake for AEA occurs by facilitated diffusion rather than employing a specific

transport mechanism.!'>*!

This process is saturable, temperature-dependent, does not
require ATP and is driven by a transmembrane concentration gradient. However, the
existence of an endocannabinoid-specific transporters remains controversial and the
mechanism of re-uptake is not fully understood. After re-uptake, anandamide is rapidly
catabolyzed by fatty acid amide hydrolase-1 (FAAH-1) to arachidonic acid and
ethanolamine. Not much is known about the uptake of 2-AG but, after exerting its activity,
it is rapidly metabolized to yield arachidonic acid and glycerol by intracellular

monoacylglycerol lipase (MGL).!">”!

1.5.3 Modulation of endocannabinoid system:

Analgesia is one of the principal therapeutic targets of cannabinoids. Animal studies have
firmly established cannabinoid-induced analgesia in a wide array of pain models."*"! In
models of acute or physiological pain, cannabinoids are highly effective against thermal,
mechanical, and chemical pain, and typically, cannabinoids are comparable with opiates,
both in potency and efficacy, in producing antinociception. On the other hand, in models of
chronic pain, both inflammatory and neuropathic, cannabinoids have shown even greater
potency and efficacy. Neuropathic pain is defined as pain arising as a direct consequence
of a lesion or disease affecting the somatosensory system. It can be caused by several
disorders, like nerve injury, diabetes, viral infection, and chemotherapic agents. Currently
available compounds (cannabinoid agonists) include Sativex”, a cannabis extract approved
in UK and Canada for the treatment of spasticity and pain in multiple sclerosis, and

medical cannabis, approved for prescription by Health Canada. Nevertheless, central
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psychoactive side effects of these exogenous cannabinoids, most of which are related to
CB, receptors activation in the CNS, directed researchers to look for alternative strategies.
One approach may be to develop cannabinoid receptor agonist that selectively target non-

160,161] were

CNS cannabinoid receptors. For example peripherally restricted CB; agonists!
designed to control neuropathic pain. Targeting of non-CNS cannabinoid receptors could
be also desirable when antagonism is the required effect. Rimonabant, an anti-obesity CB;
inverse agonist depicted in Figure 16, was launched in Europe in 2006 but soon withdrawn
in 2008 due to severe CNS adverse effects, including depression, anxiety, and stress
disorders. Peripherally selective CB; antagonists for the treatment of obesity could cause
weight loss and improve related metabolic disorders without additional CNS-mediated
behavioural effects.! %%

Selective CB, receptor agonists also deserve attention, since they are expected to minimise
unwanted CNS effects mediated via CB; receptors activation, and this make them very
promising candidates for the treatment of pain. Thus, selective CB, agonists with analgesic
effects in human chronic inflammatory and joint related pain have been developed.!'**'®”]
Another approach for increasing the level of endocannabinoids may be to inhibit their
uptake. Thus, inhibitors of endocannabinoid cellular uptake have been identified.!'*!
However, the major issues concerning a better development of these inhibitors is the fact
that the mechanism underlying endocannabinoid cellular uptake has not been fully
elucidated yet.

Furthermore, compounds which increase levels of endocannabinoids by preventing their
breakdown (FAAH and MGL inhibitors)!'®" have aroused a lot of interest, hence more and
more of such inhibitors have been developed, including both reversible and irreversible
inhibitors. Unfortunately, there are several drawbacks to cannabinoid-hydrolyzing enzyme
inhibitors. One of these worth mentioning is the analgesic tolerance as a consequence of
chronic administration of these inhibitors, through plastic changes in the endocannabinoid

sys‘[em.[1 >3]

1.5.3.1 Allosteric modulation of cannabinoid receptors:

It is now acknowledged that numerous GPCRs contain allosteric binding sites for
endogenous and/or synthetic ligands, which are topographically distinct from the agonist-
binding site, known as the orthosteric site. The binding of allosteric modulators delivers a
conformational change which affects the affinity and/or efficacy of the orthosteric ligand,

thereby fine-tuning the pre-existing actions of the endogenous ligands, in fact allosteric
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modulators have no effect in the absence of agonist. The first evidence of an allosteric
binding site at the cannabinoid CB, receptor was reported by Price et al.'®® in 2005.

The identification of the CB, allosteric binding site prompted the search for allosteric
ligands as new therapeutic tools since allosteric enhancement has the advantage of
increasing endocannabinoid effects only at the site of release (e.g., in the spinal cord or at
the site of inflammation), thus providing side-effect-free pain relief where required.
Positive allosteric modulators (PAMs; allosteric enhancers) of the CB; receptor are
predicted to have therapeutic potential similar to that of cannabinoid agonists, but again
lacking the side effects of indiscriminate systemic activation of the cannabinoid system.

To date, a number of PAMs of the CB, receptor have been identified.

For example, Org 27569!"%! shown in Figure 16, was proved to be a PAM modulator, its
binding site of CB; receptor was recently elucidated and its activity evaluated in in vivo

170,171

models.! I Furthermore, indole-based positive allosteric modulators of CB; receptors

have been identified and patented.! "> (Figure 18)
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Figure 18. Chemical structure of some of the indole-based patented PAMs of cannabinoid CB; receptors.

47



2 Project 1: “Synthesis and in vitro cytotoxicity of
deoxyadenosine-bile acid conjugates linked with 1,2,3-

triazole”

2.1 Aim of the project:

Among the variety of molecular scaffold employed as building block for the design and
synthesis of novel conjugates, bile acids and their derivatives have received a great deal of

$TLITHTI The interest in this class of natural compounds is

attention in many fields."
explained by the peculiar combination of features as rigidity, chirality, amphiphilicity and
modularity, together lipophilicity another well-known feature of bile acid structure, that is
believed to be correlated with induction of cytotoxicity and apoptosis in several human
cancer cells. Indeed, synthetic derivatives of chenodeoxycholic acid and ursodeoxycholic
acid conjugates, significantly inhibit cell growth and induce apoptosis in various human

1781811 The literature also describes a vast amount of bile acid conjugates with

cancer cells.|
improved pharmacological profiles in terms of bioavailability and biostability which
demonstrate the further potential of modified bile acids to act as hybrid molecules and

711 The expanding number of applications employing

prodrug moieties in drug discovery.!
bile acid templates has stimulated the development of new conjugates with enhanced
properties, obtained using specific and in some cases orthogonal reactions. The copper(I)-
catalyzed Huisgen-1,3-dipolar cycloaddition!'**! between alkynes and azides (CuAAC) to
form 1,4-disubstituted 1,2,3-triazoles linker, is a well- established reaction for the
preparation of bioconjugates and 1,2,3-Triazole moieties are attractive linkers, because
they are stable under typical physiological conditions and form hydrogen bonds which can
be suitable for solubility enhancement and for binding of biomolecular targets.” Few
examples of bile acid-nucleoside conjugates have been reported in literature,”®'**'** and
to the best of our knowledge there are no synthetic approaches with 1,2,3-triazoles as
connecting units, nor about the cytotoxic evaluation of bile acid-nucleoside conjugates as
new potential anticancer drugs.Purine nucleoside analogues are a pharmacologically
interesting class of compounds with a long history for treatment of various viral and tumor

[185-187

diseases. I Particularly, several deoxyadenosine nucleoside analogues represent a

group of cytotoxic agents with high activity in lymphoid and myeloid malignancies.!**'*"!
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With all this in mind, we considered of interest the synthesis and biological evaluation of

bile acid-deoxyadenosine conjugates 3 (Scheme 16).

N=N
D e D
44 43 45

Scheme 16. d-A = deoxyadenosine derivative, BA = Bile Acid part.

2.2 Synthesis of C-3a-azide derivatives:

In our approach to synthesize these new conjugates using “click” chemistry, three bile
acids with different hydrophobic nature were converted into their 3a-azido derivatives. As
outlined in Scheme 17, azido derivatives 51, 52, and 53 were prepared in two steps starting
from the methyl esters''*” of commercially available cholic acid (CA), chenodeoxycholic
acid (CDCA), and ursodeoxycholic acid (UDCA), respectively. Introduction of 3a-azides
was accomplished through a double nucleophilic displacement, i.e., with retention of

Y11 with small modifications. Thus, 3-

configuration, according to a literature procedure,!
iodides 48, 49, and 50 were generated upon treatment of the corresponding unprotected

bile acid methyl esters with I, and PhsP in the presence of imidazole and 1,3-dioxolane.

45R = OH, C, a-OH CA-OMe 48 R = OH, C7 0-OH |-CA-OMe 51 R = OH, C7 a-OH N3-CA-OMe
46 R = H, C; o-OH CDC-OMe 49 R = H, C; «-OH I-CDC-OMe 52 R =H, C7 a-OH N;-CDC-OMe
47 R = H, C, B-OH UDC-OMe 50 R = H, C; B-OH I-UDC-OMe §3 R =H, C;7 B-OH N3-UDC-OMe

Scheme 17. Synthetic sequence for preparation of 3-a azide derivatives.(i) I,, PPhs, imidazole, 1,3-dioxolane,

25 °C, 30 min, 55-67% ; (ii) NaN;, DMF, 25 °C, 6 h, 80-94%.

Although the conversion of bile acid methyl ester substrates was almost quantitative in all
the cases, the lengthy separation of 3B-iodides from small quantities of not well-recognized
by-products lowered the isolated yields ranging from 55 to 67%. However, the
nucleophilic displacement with iodide was selective for the less hindered 3a-OH of CA

1741921931 £ the introduction of methane-sulfonic

and CDCA esters, as previously reported!
acid as a nucleophile, under Mitsunobu conditions. In contrast, in the case of UDCA

methyl ester 47, the formation of small amounts (less than 10%) of a diiodide derivative
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was pointed out according to the increased reactivity of the equatorial 73-OH, and the
further lowering of isolated yield (55%). The 3B-iodides 48-50 were used for back
displacement with NaN3 in DMF to give the desired 3a-azides 51-53 in 80-94% isolated
yields (Scheme 2).

2.3 Synthesis of 8-aklynyl deoxyadenosine:

For the “click” conjugation, a series of three deoxyadenosines bearing a different alkynylic
substituent on the C-8 position was selected (Fig. 19). Lastly, in order to further explore
the requirements for bile acid-based conjugate cytotoxicity, propargyl alcohol 57 was

added to the series of terminal alkynes.

NH, NH,
N N N
\\H/\ 2R D/
s s AL =
HO N HO
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k_J N
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Figure 19. Alkynes used for click reactions.

The thiopurine 54 was prepared by coupling of 8-bromodeoxyadenosine 58 with hexyne

thiol as shown in Scheme 18.

NH; NH,
N NN \\
Br’</N | /) \H/\S’</ )
N
HO s [ HO
© /\/\/ H - (0]
+ //
OH OH
58 59 54

Scheme 18. Synthesis of alkynyl-deoxyadenosine 54. (i) H,O, TEA, 100 °C, 2h, 30%.

This reaction can be smoothly performed in water and leads to a simple purification of the
thioalkylated nucleoside 54 that only requires the extraction of the compound with warm
EtOAc from the aqueous crude mixture and the removal of the solvent by evaporation

50



under reduced pressure. However, the desired product was recovered in low yield,
probably due to the poor hydrofilicity of the hex-5-yne-1-thiol 59.

The synthesis of the 8-substituted adenosine 55 and 56 were carried out by a palladium
catalysed cross-coupling reaction starting from commercially available 8-bromoadenosine

14 Thus, a Sonogashira coupling!”*! of 58 with

58 as reported in a literature procedure.!
protected alkynes 60 in DMF in the presence of 0.06 equivalents of Pd(PPh;3)Cl,, 0.16
equivalents of Cul, and 10 equivalents of TEA afforded the corresponding protected
alkynyl-adenosine that was desilylated with NH4OH in MeOH to obtain the desired
product 55 in 63% isolated yield. As mentioned above, the same reaction conditions were
applied for the synthesis of modified adenosine 56 that was obtained in 73% yield.

(Scheme 19)

NH, NH,
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Scheme 19. Synthesis of alkynyl-adenosine 55 and 56. (i) dry DMF, TEA, Cul, Pd(PPh;)Cl,, 50 °C, 15 min,
60%; (ii)) NH4OH, MeOH, 10 min, 50 °C, 63 %, (iii) dry DMF, TEA, Cul, Pd(PPh;)Cl,, 50 °C, 15 min, 73%.

2.4 Synthesis of bile acid-deoxyadenosine conjugates:

Having the corresponding sets of 3-azidobile acids 51-53 and 8-alkynylated
deoxyadenosines 54-56 in hand, our next aim was to synthesize target bile acid-
deoxyadenosine conjugates linked with a 1,2,3-triazole moiety.

Azide 52 and terminal alkyne 54 were selected to explore the feasibility of the “click”
chemistry for the construction of novel conjugates. The cycloaddition reaction was
attempted under commonly used conditions: the /BuOH-H,O mixture in the presence of

the CuSO, catalyst and sodium ascorbate.”! At first, using 0.04 molar equivalents of the
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catalyst and 2 molar excess of sodium ascorbate, only a small amounts of conversion
compound was observed by TLC and 'H-NMR analysis, even after 72 h at room
temperature. An analogous experiment with Cul and DIPEA"™ did not improve the
conversion. The best result were obtained using 0.4 molar equivalents of CuSO4 5H,0

relative to the alkyne, in the THF-fBuOH-H,0O mixture (Scheme 20).

Scheme 20. (i) CuSO4 5H,0, sodium ascorbate, THF/fBuOH/H,0 (1.5:1:1), 25 °C, 18 h, 70 %; or microwave
80 °C, 30 min, 73%.

THF was the most effective co-solvent tested to dissolve lipophilic azide 52 in
combination with water and /BuOH. The conversion was complete after 18 h and allowed
the synthesis of the desired conjugate 62 in 70% yield after chromatographic purification.
The same protocol to perform “click” conjugation was carried out for all terminal alkynes
shown in Fig. 19 with azidobile acid derivatives shown in Scheme 17. All reactions
proceeded to completion with isolated yields of conjugates ranging from 68 to 85% as

summarized in Table 2.

Azide 51 52 53
(N3-CA-OMe) (N3:-CDC- (N3-UDC-
OMe) OMe)
Alkyne

54 63 (68%) | 62 (70%) | 64 (73%)
55 65 (75%) | 66 (80%) | 67 (75%)
56 68 (70%) | 69 (75%) | 70 (68%)
57 71 (85%) | 72 (80%) | 73 (83%)

Table 2. Isolated yields (%) of conjugate compounds.
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Despite the satisfying results, the “click” reaction investigated was under microwave
conditions with the aim to improve the yields of conjugate compounds.

The CuAAC reaction of 54 with 52 under microwave irradiation at 80 °C for 30 min with a
1:1.5:0.4:2 molar ratio of alkyne, azide, CuSO4 5H,0, and sodium ascorbate in the THF-
BuOH-H,O mixture (1.5:1:1, v/v) proceeded with complete conversion, nevertheless
affording conjugate 62 in 73% isolated yield. Other optimization attempts failed, so only a

rate enhancement of microwave assisted conjugation reaction was observed.
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2.5 Biological evaluation:

The conjugated compounds reported in Table 1, as well as the free alkynyl
deoxyadenosines 54, 55, and 56 shown in Fig. 19, were evaluated for their cytotoxic
activity against human cells of different histopathological origin: two leukemia cell lines
(Jurkat and K562), a colon cancer cell line (HCT116), an ovarian cancer cell line (A2780)
and, as a control, normal human skin fibroblast cells. Cisplatin served as a reference
compound. The cytotoxicity was evaluated using MTT assay''*® and cell growth inhibition

was determined at concentrations of 200, 100, 50, and 10 uM for all compounds after 72 h.

The estimated ICs values in comparison with that for cisplatin are shown in Table 3.

K562 Jurkat HCT116 A2780 Human
compound Log P’ IC5 (nM) ICs (nM) ICs (nM) ICy (uM)  Fibroblast
ICs5o (M)

CA series

68 2.97 141.79 £2.49  168.97 +1.99 >200 >200 >200

65 4.77 131.90 £9.29 86.18 £ 7.32 >200 >200 >200

63 4.62 172.36 £9.60  35.86 + 11.60 >200 >200 >200

128.79 £

71 2.35 51.06 +4.24 77.80 + 0.54 96.93 £9.00 84.47+£3.90 19.09
CDC series

69 4.28 2325+4.32 21.88+1.16 146.32 = 7.34 >200 155.2+3.15

66 6.08 8.51+4.05 10.47 +2.64 >200 >200 >200

62 5.94 22.05 +0.61 16.76 = 3.06 >200 >200 >200

72 3.66 38.84 £2.50 5143 +7.57 7549 +£11.70  69.88 £13.85 79.01 £3.90
UDC series

70 428 35.65+2.23 36.17+£1.51 >200 >200 3636 +1.21

67 6.08 102.35 £2.05 24.57+2.31 >200 >200 >200

12533 +
64 5.94 23.93+£0.98 >200 >200 >200
26.87
73 3.66 4723 £0.52 36.44+£18.07 6537 +26.02 84.61 £1.39 80.18 +1.47
Alkynyl-
deoxyadenosine

55 0.19 >200 >200 >200 >200 >200

56 224 156.63£14.76  123.48+19.09 112.58+5.75 107.01+1.27 >200

54 2.09 174.87£15.06  183.35+£17.06 110.69+3.44 131.67+1.94 >200
Cisplatin® 5.35+1.01 2.21£1.51 8.47+1.20 0.95+0.35 25.38+3.51

*ICso values were determined from the dose-response curves using MTT assay. Results are expressed as the mean of three independent

experiments = SD. ® Log P was determined by MarvinSketch program. © Used as a reference compound.

Table 3. Cytotoxic activity of bile acid-based conjugates and alkynyl deoxyadenosines 54-56 on human

cancer cell lines and human fibroblast cells.
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Data for all the conjugated compounds against the K562 line as the mean of three

independent experiments are graphically represented in Fig. 20.
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Figure 20. Anti-proliferative activity of conjugated compounds against the K562 cell line. Mean of three

independent experiments + SD.

Similar results were obtained for the Jurkat cell line as shown in Figure 21 (next page).

No cytotoxicity was observed with modified deoxyadenosine-bile acid conjugates 62-70 on
HCT116 and A2780 cell lines up to 200 mM concentration. In contrast, some of these
conjugates showed a significant concentration-dependent anti-proliferative effect on both
leukemia cell lines. The highest activity was obtained with CDC-derivatives. Particularly,
the best cytotoxicity was observed for 69 on Jurkat and K562 cell lines with ICs values of
10.47 and 8.51 uM respectively. These values were quite close to the cisplatin ones,
whereas 69 was not toxic against healthy fibroblast cells. Conjugate 62 also displayed a
substantial activity with ICsy 16.76-22.05 uM. Otherwise, UDC-based conjugates 64, 67
and 70 showed good cytotoxicity only on Jurkat line.
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Figure 21. Anti-proliferative activity of conjugated compounds against the Jurkat cell line. Mean of three

independent experiments + SD.

A poor anti-proliferative effect was observed on the leukemia cell lines with compounds
63, 65, and 68 including a cholic acid scaffold. On the other hand, the lipophilicity (log P)
of all bile acid conjugates was predicted from structures using the MarvinSketch program
(Table 2) and the data found showed that compounds 62 and 69 containing CDC scaffold,
and 64 and 70 containing UDC scaffold, have the highest lipophilicity, suggesting that a
relationship between bile acid lipophilicity and cytotoxic activity of these conjugates can
be assumed. This is consistent with several studies on bile acid derivatives, recently

SISLITL Eyrthermore, it is worth noting that, in the test on

reported in the literature.!
human fibroblast cells, no significant cytotoxic effect was observed for modified
deoxyadenosine-bile acid conjugates 62-70, with compound 67 as the only exception (ICsg
36.36 uM). As far as 54, 55, and 56 are concerned, no considerable cytotoxic activity was
detected in all lines tested (ICsy ranging from 107.01 to >200 uM).

Finally, it can be seen that propargyl alcohol-bile acid conjugates 71, 72 and 73 caused cell
death at a quite similar concentration in all cell lines tested including healthy fibroblast

cells, suggesting that these conjugates showed a non-structure-specific cytotoxic
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mechanism. Taken together these results, the following general structure-cytotoxicity
observations can be made: (i) the activity of conjugated compounds was suppressed when
the steroid moiety possessed the hydroxyl group in the C-12 position (cholic acid
structure); (ii) comparing CDC-based with UDC-based conjugates the activity was
enhanced with the 7-OH group in the alpha stereochemistry; (iii) the substitution of a
sulphur with an alkynyl moiety increased the cytotoxic activity against the K562 cell line;
(iv) comparing propargyl acohol-bile acid with deoxyadenosine-bile acid compounds, it
can be concluded that the conjugation to a C-8 alkynylated deoxyadenosine derivative
played a crucial role in the selectivity of the cytotoxic process. Following the results
obtained, the mechanism of K562 cell death was analysed. For this purpose, it was
investigated whether the anti-proliferative effects of 62 and 69 and propargyl acohol-based
compound 72 were due to apoptosis.

As shown by the annexin V test (Fig. 3), the percentage of dead cells significantly
increased after 24 h treatment with 50 uM of 62 and 69, but this effect was not present with
72. The percentage of specific apoptosis was found to be 96% for 69 and 46% for 62.
These data are in accordance with ICsy values. The low percentage of specific apoptosis of

72 (9%) suggested that this conjugate induced K562 cell death through a necrosis process.
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Figure 22. Percentage of apoptotic K562 cells determined after 24h treatment with 62, 69 and 72 (50-10 pM)

by annexin V staining.
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2.6 Conclusions:

In conclusion, twelve novel bile acid-based conjugates were synthesized by using a “click”
chemistry approach. Their in vitro anti-proliferative activity on four human cell lines and
cytotoxicity toward human fibroblast cells were evaluated. Some of them strongly and
selectively inhibited cell proliferation and induced apoptosis in cultured human leukemic
K562 cells. The best activity shown by CDC-based derivatives 62 and 69 depicted in
Figure 23, seemed to be correlated to the lipophilicity and to the 7a-OH group orientation.
Furthermore, except conjugate 67 (UDC-series) and propargyl alochol-bile acid series, all

new conjugates did not show any significant cytotoxicity to the human fibroblast cells.
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Figure 23. Bile acid-deoxyadenosine conjugate 62 and 69.

Therefore, these derivatives constitute a starting lot of candidate drugs toward the
development of promising chemical entities that, including a nucleoside-bile acid moiety in
their structure, specifically target human cancer cell lines by triggering an apoptotic
process.

This work resulted in a scientific publication. For all the details concerning the

experimental part, see the paper in attachment.
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3 Project 2: “Use of steroid scaffold in “click chemistry”
orthogonal reactions for the synthesis of new fluorescent

bisphosphonate conjugates”

3.1 Aim of the project:

Bisphosphonates are metabolically stable analogues of pyrophosphates. These compounds
are formed by formal replacement of the P-O-P linkage with the P-C-P bond which allows
additional structural modifications that would be impossible in the pyrophosphate
structure. These agents, by virtue of their backbone P-C-P structure and ability to chelate
calcium ions, target rapidly to bone mineral hydroxyapatite (HAP), moreover they are
powerful inhibitors of bone resorption'’” affecting osteoclast recruitment, differentiation,
resorptive activity and apoptosis. For this reason, bisphosphonates are used in both
prevention and treatment of osteoporosis and other bone diseases such as Paget’s disease,

myeloma and hypercalcemia.”""

Bortolini et al!'®!

recently reported the synthesis of a series of bile acid-derived
bisphosphonates and demonstrated that these new conjugates exhibit an affinity to HAP
much higher than neridronate or clodronate (Fig.24), drugs currently approved for the

treatment of bone diseases.
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Figure 24. Chemical structure of bisphosphonates currently approved for the treatment of bone diseases.

Furthermore, cytotoxicity screening performed on these new analogues showed that bile
acid-containing bisphosphonate salts are significantly less cytotoxic than neridronate in
L929 murine fibroblast culture cells. These new compounds also decreased the formation

of human osteoclasts, increasing the percentage of apoptotic cells compared to neridronate.
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The chenodeoxycholic-derived bisphosphonate salt reported in Figure 25 showed the
highest affinity to hydroxyapatite and the best biological activities.

Figure 25.

Following up these new results, we envisaged the synthesis of four orthogonally
functionalized bile acid scaffolds (cholic, chenodeoxycholic, lithocholic, and
ursodeoxycholic series) to achieve a small collection of new bile acid-based

bisphosphonates by using a “click chemistry” approach.
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3.2 Synthesis of bile acid scaffolds:

3.2.1 Synthesis of C-3a-azide derivatives:

In our approach to synthetize new bile acid-bisphosphonate conjugates, two human
primary bile acids, cholic acid and chenodeoxycholic acid, one secondary human bile acid,
lithocholic acid, and the ursodeoxycholic acid (Fig. 26) were selected for the scope. Bile
acids were functionalized at C-3 with an azide moiety and C-24 with a thiol group through

a cysteamine linker.

HO™

74 75

COOH COOH

HO" HO™ OH

76 77
Figure 26: cholic acid (74), chenodeoxycholic acid (75), lithocolic acid (76), urodeoxycholic acid (77)

Introduction of 3-a-azide functionality was accomplished through a double nucleofilic
displacement, with retention of configuration, according to our previous procedure,®”
with small modifications.

First, the bile acids 74-77 (Figure 26) were converted into the corresponding methyl esters
45, 46, 47 and 78 using the classical Fisher esterification method; then, the 3-B-iodides 48-
50 and 79 were generated upon treatment of these esters with the
triphenylphosphine/iodine/imidazole reagent systemin 1,3-dioxolane.*® Although the
conversion into 3-B-iodides was almost quantitative, the difficulty in chromatographic
purification of 48-50 and 79 from not well-recognized byproducts lowered the isolated
yields. To overcome this limitation, the expensive and time-consuming chromatographic
step was replaced by a crystallization procedure in MeOH/EtOAc that led to a significant
improvement of the isolated yields. The resulting 3-B iodides 48-50 and 79 were then
subjected to the second nucleophilic substitution with sodium azide in DMF at room
temperature to give the 3-a-azide compound<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>