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Resumen

Resumen

En la presente tesis doctoral se pone en valor el desarrollo de procesos quimicos que sean
sostenibles ambientalmente para la obtencidon de moléculas con interés farmacoldgico. La
qguimica verde surge de la necesidad de reducir residuos y vertidos contaminantes que pongan
en riesgo ecosistemas y rios. Sobre todo, las industrias farmacéuticas generan una gran cantidad
de vertidos debidos en parte por la complejidad de los procesos sintéticos multistep que se
requieren para producir APIs. Los doce principios de la quimica verde propuestos por Anastas y
Warner en 1998 establecen como llevar a cabo el cambio hacia procesos mads sostenibles. Dichos
principios se basan en la reduccién de sustancias auxiliares, como disolventes, la sustitucidn de
reactivos que sean peligrosos o téxicos por otros inocuos, en el uso de catalizadores, en la
reduccion de la energia necesaria y de los residuos generados y en el uso de compuestos
biodegradables que cumplan su funcidn pero que no sean persistentes en el ambiente.

Por ello, en la presente tesis hemos diferenciado dos capitulos en los que hemos implementado
estos principios cuando ha sido posible, disefiando en primer lugar inhibidores de la Colino
Cinasa ampliamente estudiados como compuestos antiproliferativos y sintetizdndolos de
manera sostenible (green-by-design), y en segundo lugar mejorando el proceso de sintesis de
estructuras constituyentes de farmacos ya comercializados, usando procesos cataliticos mas
sostenibles e incorporando la quimica en fujo.

En el primer capitulo, ademas de un detallado analisis de la ruta sintética desarrollada y de las
métricas verdes (E-factor y EcoScale) que garantizan una comparacion objetiva entre procesos,
se ha estudiado la efectividad de dos librerias de compuestos como inhibidores de la enzima
Colino Cinasa. Dicha enzima ha suscitado interés en investigacién como diana terapéutica
debido a su sobreexpresion en células tumorales. Se encuentra en el citosol y esta involucrada
en el primer paso de la ruta de Kennedy catalizando la conversién de la colina a fosfocolina
usando Mg?* y ATP como cofactores. Debido al mayor requerimiento de lipidos de membrana y
agentes mensajeros en las células tumorales, la inhibicién de la Colino Cinasa se plantea como
una estrategia para el tratamiento del cancer de manera mas selectiva.

Se han sintetizado dos librerias de compuestos bioisostéricos que se basan en estructuras ya
testadas por nuestro grupo de investigacion, pero con la introduccién de dtomos de azufre en
el enlazador que une dos aminas cuaternarias cargadas positivamente. La libreria PL contiene
un puente ditioetano y la FP un puente disulfuro.

La actividad inhibitoria en la enzima aislada y el estudio de su posible modo de unidn en el sitio
catalitico, han desvelado dos compuestos como lider, PL 55 y FP 3, ambos con una tieno [2,3-d]
pirimidina sustituida en la posicidn 4 con azepano. El modo de unién de la libreria PL parece
estar correlacionado con su capacidad para desplazar los &tomos de Mg** o crear impedimento
estérico en su lugar de unién inhibiendo la catdlisis enzimatica. Los compuestos FP mas rigidos
y pequefios muestran una mayor insercién en el sitio de la colina lo que les confiere mayores
valores de S-score (similaridad) a nivel computacional.

Sin embargo, es la actividad frente a lineas tumorales la que determina su capacidad para
atravesar la membrana plasmatica y actuar sobre la enzima en cuestién. En este caso, la libreria
PL resulté ser mas activa en la inhibicidn del crecimiento en células neopldasticas mientras que
la libreria FP es menos eficaz posiblemente debido a la ruptura del puente disulfuro.

Ademas, debido a la naturaleza electrénica de los compuestos PL, el candidato PL 68 presentd
una emision de fluorescencia suficiente para su posible seguimiento in vitro usando FLIM. Este
ensayo fue determinante para corroborar un doble modo de accidn, sea a través de la inhibicidn
de transportadores de la colina (dada su acumulacién en la membrana), que a su efectiva
inhibicidn enzimatica dada su acumulacién con el tiempo en el citosol.
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Los compuestos disefiados también fueron usados en un screenning in-silico, para detectar
posibles estructuras interferentes (PAINS) que pudieran dar lugar a una respuesta bioldgica
inespecifica. De hecho, el puente disulfuro y la amina cuaternaria resultaron inadecuados. El
primero podria ser facilmente metabolizado, mientras que el segundo, a pesar de su mayor
reactividad y la posibilidad de formar agregados, es indispensable para la unién selectiva al
enzima en el sitio de la colina.

Sus propiedades farmacocinéticas, preliminarmente obtenidas in-silico, mostraron una
adecuada absorcidn en el tracto gastrointestinal en general, pero poca solubilidad en el caso de
los compuestos lider.

Por tanto, en base a los estudios realizados, esfuerzos futuros irdn dirigidos hacia la sintesis de
compuestos con puentes ditioetano que ademas de ser obtenidos con bajo impacto ambiental
tengan una actividad selectiva por la enzima Colino Cinasa y buenas propiedades ADME que
garanticen su futuro desarrollo en ulteriores fases clinicas.

En el segundo capitulo de la tesis, el objetivo no es la sintesis de un farmaco novedoso sino
mejorar el proceso de sintesis mediante el cual se obtienen estructuras de interés farmacolégico
ya definido. De esta forma, se pretende potenciar el uso de metodologias mas sostenibles que
mejoren la sintesis y reduzcan la gestién de residuos, lo que se traduce en un menor coste del
proceso.

La tematica principal se basa en la implementacidn de catalizadores heterogéneos a base de
Manganeso, en concreto catalizadores de éxido de manganeso con estructura del tipo
criptomelano (OMS-2). Su heterogeneidad y baja lixiviaciéon los hace idoneos para su
implementacion en la industria farmacéutica debido a su poca citotoxicidad, a la abundancia y
al bajo coste de este material. Ademas, este catalizador ha sido ampliamente utilizado en
reacciones de oxidacién, descomposicién, y condensacién oxidativa.

En la presente tesis, se estudia la aplicacién de dicho catalizador como alternativa a reacciones
enzimaticas llevadas a cabo por oxidasas y peroxidasas (como las enzimas Lacasa o HPR), que
dan lugar a la formacién de fenoxacinas y fenacinas a partir de 2-aminofenol, o-fenilendiaminas
y sus derivados. Estas estructuras se encuentran presentes en una gran variedad de farmacos
como agentes quimioterapéuticos y antibidticos.

Basandonos en estudios previamente desarrollados por los colaboradores del Departamento de
Quimica de la Universidad de Perugia, hemos optimizado las condiciones de reaccion con el
catalizador en bafio, usando diferentes solventes considerados sostenibles, diferentes
atmoésferas (inerte u oxidante), temperatura y tiempo que diesen lugar a la conversion
cuantitativa del producto final.

Después, se desarrolld un sistema en flujo en el que la fuerza motriz era un flujo de oxigeno que
guiaba al producto de partida, previamente disuelto en CPME junto al perdxido de hidrégeno, a
través del sistema. Una vez alcanzado el reactor, donde estaba empaquetado el catalizador y
qgue se mantiene la temperatura optimal (50 °C), tiene lugar la C-H activacidn/dimerizacidn,
obteniendo el producto final en el tubo colector con rendimientos cuantitativos.

En esta fase se optimizaron la presidn (bar) de la bombona de oxigeno, el tipo de regulador
contrapresion (psi) y la concentracién del producto de partida en disolucién, para conseguir un
tiempo de retencién suficiente en el reactor para la total conversién del producto de partida.

El sistema resultd eficaz usando 5 bar de oxigeno, un regulador contrapresién de 75 psi y una
concentracién de 2-aminofenol de 0.5 M, obteniendo el producto final en 30 min.
Concentraciones superiores de producto de partida dieron lugar al envenenamiento y
obturacidn del catalizador.
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La regio-selectividad del catalizador en esta transformacion se evalué mediante el ensayo con
derivados del 2-aminofenol en orto, para y N-sustituidos. El catalizador mostré selectividad por
la sustitucion en orto independientemente de la naturaleza electro -donadora o -aceptora del
sustituyente.

Otros productos de partida, substratos de la enzima HPR, se usaron para corroborar la capacidad
de OMS-2 de mimar la reaccidn enzimatica. O-fenilendiaminas y pirogalol fueron convertidos
satisfactoriamente en fenazinas y purpurogalina, respectivamente. Solo el producto de partida
2-amino-3-hidroxipiridina no mostré reactividad.

También se evalud la capacidad del sistema para producir a gran escala, en este caso de modo
continuo, y de recuperar su estructura cristalina gracias al flujo de oxigeno, permitiendo su
reutilizacion. Ademas, se analizé la lixiviacion que con el tiempo que se estabilizé a 0.17 ppm y
garantizé la recirculacion del disolvente utilizado en el sistema.

Los cdlculos de E-factor, AE, TON y TOF confirmaron la competitividad del sistema en flujo y del
catalizador utilizado frente a otros procesos usados en literatura.

En una segunda parte dentro de este capitulo, decidimos estudiar la capacidad del OMS-2 para
oxidar isoquinolinas a isoquinolinones. Al usar como producto de partida la sal, yoduro de 2-
metilisoquinolina, se observd la formacién de tres productos principales, la 2-metil
isoquinolinona, la 4-iodo-2-metil isoquinolinona y la 2-metilftalimida. La facilidad para
derivatizar la 4-iodo-2-metil isoquinolinona y obtener una amplia gama de productos quimicos
de interés, nos llevd a la optimizacion de la reaccidn para lograr una mayor selectividad.

Usando como oxidante el TBHP en decano en lugar de al 70% en agua, no se formaba ftalimida
como subproducto. Se probaron diferentes oxidantes a base de iodo, temperaturas y tiempos
de reaccién. Otras sales y medios de reaccion dieron lugar a conversiones mds bajas, siendo la
reaccion sin disolvente la mejor opcidn.

A pesar de la implementacién de condiciones de reaccidn cataliticas, sin disolvente y al uso de
temperatura y tiempo moderados, la reaccion siempre formaba la 4-metilisoquinolinona como
subproducto. Debido a la necesidad de la separacion mediante cromatografia del derivado
iodado y al moderado rendimiento de la reaccién en comparacién con otros procesos descritos
en literatura, decidimos concluir el estudio. De hecho, ulteriores pruebas se podrian llevar a
cabo con OMS-2 dopados o con H*-OMS-2 obtenido mediante intercambio iénico, que
potenciasen su capacidad oxidativa dando lugar a una completa conversién de la sal.
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Overview

The herein exposed dissertation is conceived based on the implementation and use of Green
Chemistry.

The increased interest in this branch of chemistry has involved not only academia but also
companies that are required to be more environmentally sustainable. The urge to reduce the
environmental impact of the chemical processes and consequently the pollutions sources
related to them has prompted the scientific community to define new greener methodologies
for the synthesis of fine chemicals, pharmaceuticals and polymers.

In a chemical process, the parameters that have to be carefully optimized from a point of view
of sustainability are the chemical efficiency, amount and origin of the solvents, reaction
conditions (e.g. temperature and pressure), the need and the number of purification steps, and
the over stoichiometric use of reagents and promoters.

The present work aims to develop novel synthetic protocols for the synthesis of biologically
active molecules able to minimize energy misuse and waste production.

This PhD thesis is divided into two chapters connected by the common green approach to the
synthesis of molecules of pharmaceutical interest. In Chapter 1, two libraries of antiproliferative
drugs were synthesized using a green by design approach. A thorough study of their biological
efficacy in cells and their Structure-Activity-Relationships (SARs) have been evaluated.

On the other hand, in Chapter 2, well-known drug scaffolds were synthesized using innovative
and greener procedures. In particular, the use of Manganese OMS-2 as heterogeneous catalyst
in C-H activation and oxidative reactions was exploited. Its reusability and low leaching allowed
the integration of such system into a flow apparatus.

The multidisciplinary scenario in which this thesis has evolved is mostly thanks to our
collaborators.

In Chapter 1, the biological assays (enzyme inhibition and cell growth proliferation) were carried
out by Prof. Maria Paz Carrasco Jiménez of the Department of Biochemistry in the Faculty of
Sciences at the University of Granada. The fluorescence spectra and the use of FLIM equipment
were as well the main work of the PhD. Laura Espinar Barranco, who set up the experiment to
be recorded.

In Chapter 2, the first part was developed hand in hand with Dr Francesco Ferlin and under the
supervision of both Prof. Vaccaro of the Department of Chemistry, Biology and Biotechnology at
the University of Perugia and my PhD supervisor Prof. Lanari. However, while | was responsible
for the synthesis of starting materials to be tested, Dr Ferlin designed the flow system and set
up conditions for its use.
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Chapter 1

Introduction

1. Choline Kinase as a therapeutic target for cancer.

One of the most studied disorders in research is the abnormal cell growth, generally known as
cancer. It affects worldwide and like the latest WHO report collects, in 2018, 18.1 million of new
cases and 9.6 million of deaths due to cancer were estimated.?

Responsible for one in six deaths globally, the predicted global burden is not promising.
According to the United Nations projections, based on population growth and ageing, in 2040
about 29-37 million new cancer cases will be diagnosed.

These numbers are also a reflection of the urgent need for investment and effort to take this
disease under control.

A lot of progress has been done in the study of the biological changes that cancer produces, to
design pharmaceutical strategies able to interrupt its development and ultimately induce
apoptosis in neoplastic cells. The origin of this condition seems to reside in personal genetic
factors and their behaviour when interacting with external agents as physical carcinogens (UV
or ionizing radiation), chemical carcinogens (e.g. components of tobacco smoke) and biological
carcinogens (infection from certain viruses, bacteria, or parasites).

Even if the cellular machinery is able to fix the effects of those agents, with ageing the cellular
repair mechanisms are less effective and the risk increases.

Cancer cells follow several strategies that allow their survival and rapid growth. Differences in
their metabolism regarding normal cells surged as an opportunity to develop selective therapies
with fewer side effects than the current chemotherapy. In tumours, there is an upregulated
consumption of glucose, amino acids, and lipids to compensate for the energetic requirements
and synthesize proteins and membranes, respectively. The inhibition of the enzymes that
regulate the synthesis or conversion of such substrates arises as a great therapeutic target. For
example, there are strategies like the use of antimetabolites that inhibits the activity of enzymes
involved in nucleotide base synthesis to produce DNA damage or the inhibition of de novo
synthesis of fatty acids and phospholipids used by neoplastic cells.?

The latter is the object of our study. Numerous articles highlight the presence of high choline
and choline-containing lipids (tCho) levels in different cancer types. It can be effectively
measured using non-invasively techniques like PET (Positron emission tomography) and MRS
(Magnetic Resonance Spectroscopy).>* The choline phenotype has become a common
fingerprint observed in breast, prostate, bladder, colon, and lung tumorigenic cells.”> However,
the importance of lipids was not only due to their role as membrane building blocks but also are
mitogenic agents and second messengers.

One of the biological origins of this lipidic disorder has been assigned to the proto-oncogene
Ras.® The Ras gene encodes for ras proteins, a family of GTPases, that are in charge of the
transduction of the extracellular signals in an intracellular response.

They regulate cell growth, cell motility, metabolism, and communication (through secretion of
microvesicles and exosomes) by an “on” - “off” state.

Those proteins get attached to the plasmatic membrane where they receive the extracellular
signal and activate the intracellular downstream. When the signal is suppressed, the “on” GTP-
bound state of the ras proteins change to the “off” GDP-bound state. The proto-oncogene Ras
and the mutated ras proteins can’t regulate the cell growth due to the permanent GTP bound
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the ChoKal (457 residues), the
ChoKa2 (439 residues), both encoded by splicing of the choK-a gene, and the ChoKp (395
residues) originate by the chok-8 gene. The a and B isoforms are expressed in different tissues,
and in spite of their catalytic site homology (higher than 60%) the B isoform is selective for the
ethanolamine and is not involved in cell transformation and cancer development, while the a
isoform can carry out the phosphorylation of both choline and ethanolamine.'® In the
physiological media the ChoK is not active as a monomer, instead, it is found as a dimer or a
tetramer.

The ChoK catalysed the phosphorylation of choline in the first step of the Kennedy route, with
the ATP and Mg?* as cofactors, and produces phosphocholine (PCho) ( ). Then, the PCho
is transformed in cytidine 5’-diphosphocholine (CDP-Cho) by the enzyme choline phosphate
cytidylyltransferase (CCT). The latter constituted the rate-limiting step and is accomplished
through the dephosphorylation of the CTP. Finally, the CDP-Cho suffer the substitution of the
cytidine monophosphate by DAG (1,2-sn-diacylglycerol) giving room to phosphatidylcholine
(PtdCho), which is mediated by the enzyme diacylglycerol choline phosphotransferase (CPT).!
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In fact, the proposed strategy suggests the inhibition of the first link in the Kennedy route that
will lead to lower levels of PdtCho. It has two important effects, the decrement of scaffolding
building blocks for the cellular membrane and of mitogenic second messengers from the PdtCho
catabolism ( ). For example, it is highlighted the role that the phosphatidic acid, produced
by the phospholipase D (PLD) hydrolysis, has as a growth factor.'? The latter could still be
deacetylated by the phosphatidic acid phosphohydrolase (PAP) giving room to DAG or by the
phospholipase A2 (PLA2) generating lysophosphatidic acid (LPA) and arachidonic acid (AA). Both
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of them DAG and LPA, mainly working as lipidic metabolites with mitogenic activity due to the
activation of protein kinase C (that ultimately induces DNA synthesis).**
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. Catabolism products’ of phosphatidylcholine that are involved in tumor survival.

To further support the focus on the ChoKa inhibition, it was assayed the influence that its
depletion had on normal and tumoral cells. Studies confirmed that the specific blockage of the
ChoKa signalling using shRNA (short hairpin RNA) caused apoptosis in tumoral cells and an arrest
of the cell cycle in the non-tumoral cell of the same type.'* In addition, the overexpression of
ChoKa in normal cells is a sufficient condition to promote neoplastic transformation.'>'®
Actually, in breast cancer cells the ChoK enzyme is 38% overexpressed, and the concentration
of PCho is 26 times higher in comparison with normal cells of the same tissue. As well, in prostate
tumoral cells, ChoK is 48% overexpressed and the production of PCho is 19 times higher than in
normal prostate cells.**’

All this evidence is enough to affirm that the ChoK is a valid therapeutic target, and its inhibition
is a more selective antitumoral strategy than chemotherapy.

2.1 Discovery and structure of the ChoK enzyme.

Wittenberg and Kornberg first isolated the enzyme Choline Phosphokinase from yeast in 1952.
They first evaluated the kinetics of the phosphocholine transformation and determined the
formation of a ternary complex between choline, ATP, and the enzyme, suggesting a random Bi
Bi catalytic mechanism. Meaning that each substrate (choline and ATP) can bind the catalytic
pocket and release it without an established order. Their study also arose light to the hypothesis
that the phospholipid’s precursors were nitrogen bases (as choline and ethanolamine) instead
of phosphoesters.’® At the time, it was already established the importance of the Mg*? ions for
the catalysis, which form a complex with the ATP stabilizing it in the catalytic site. However, the
isolation and purification of the ChoK enzyme from the yeast of brewer was difficult and the
enzyme could suffer from proteolysis giving room to difficult reproducible results.*2°

Nevertheless, with the increasing interest of the human ChoK as an antitumoral target, new
models were studied to try to understand the way the enzyme works. Due to the easy
purification of the Caenorhabditis elegans ChoK (CKA-2) expressed in E. coli, it was first
crystallized to understand the structural characteristics of the enzyme and the mechanism of its
catalysis (PDB: 1INW1).% In that way, the well-studied and conserved regions identified in other
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transferases like the Aminoglycoside 3’-Phosphotransferase and c-AMP Protein Kinase, were
also localized in the CKA-2 structure. Thus, it was identified the phosphotransferase Brenner’s
motif, that forms the ATP binding site, and the choline kinase motif characteristic of the choline/
ethanolamine kinase family.

It was also verified the dimeric nature of the choline kinase and characterized the dimer
interface mostly stabilized by salts bridges, hydrogen bonds and to a lesser extent by
hydrophobic interactions, between the two alpha helixes (Figure 4, left). However, it was still
unknown the catalytic role that the amino acids played in the Brenner and choline pockets.

N-terminal
domain

C-terminal
domain

CKA-2
PDB:TNW1

Figure 4. Cristallografic structure of ChoK isolated in C. elegans. (Left) Dimeric form with
detailed interface-region interactions. (Right) Monomer tertiary structure with N and C
terminal domains from blue to orange.”

Kent and Yuan'’s group carried out mutagenesis studies over CKA-2.2> They recognized the role
of key residues, which was essential for the development of a Human homology model of the
Choline Kinase.?®

For example, it was observed that the Asp305 was necessary for the deprotonation of the
incoming hydroxyl group of the substrate. Arg145 and Ser120 were responsible for binding with
the ATP phosphate groups, while Asn310 and Asp329 were involved in binding to the ATP-Mg
complex via coordination with the Mg*? ions. The mutation of those residues was translated into
a lack of catalytic activity and improved the understanding of the enzymatic model existing at
that moment.

2.2 The Human Choline Kinase structure and its mechanism.

All the structural data already available, and the CKA-2 crystal structure served as a guideline to
the consolidation of the Human ChoKa2 crystal.?* The difference between the ChoK isoforms al
and a2, reside in a sequence of 18 amino acids missing in the latter. However, those residues do
not take part in the conformation of the catalytic pockets.

The HChoKa2 was crystallized in its apo form (PDB: 2CKO) and as a complex with ADP and PCho
catalysis products (PDB: 2CKP and PDB: 2CKQ, respectively). It was confirmed that each
monomer of the dimeric enzyme, was constituted by two main domains. A smaller N-terminal
domain and a larger C-terminal domain are connected by a short B-strand. Residues of both N
and C-lobes form a large cavity where the nucleotide (ATP or ADP) binds at the N-terminal
domain. Howbeit the choline-binding site was placed in a hydrophobic groove with a rim
composed of negatively charged residues in the C-terminal domain.

As so the ATP binding site was mainly constituted by interactions in which the adenine rest of
ADP or ATP was stabilized by H-bond with Glu206, GIn207 and 1le209, by hydrophobic
interactions with Leul44 and Leu313, and by m-1t interaction with Phe208. The ribose also
interacts with the active site by H-bonds (Ser211 and Arg213) and hydrophobic interactions
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(Leu124 and Leu313). Finally, the phosphate groups are mainly recognized by the enzyme
through H-bond with residues Argl117, Asn122 and Argl46, and metals bonds by coordination
with the two Mg*? ions.

Potential structural roles of some residues near the nucleotide binding site were highlighted for
Arg117 that pointed toward the B-phosphate thereby positioning the nucleotide for enzymatic
catalysis and Asp330 that participate directly in the coordination of the magnesium ions.

The choline pocket was constituted by hydrophobic residues as Tyr333, Tyr354, Trp420, Trp423,
Tyr440 and Phe435, with whom the substrate could establish m-cation interactions and the
positive charge was also stabilized by negative residues as Glu215, 217, 218, 309, 349, 357, 434
and Asp353, 306.

The crystals of the ChoKal and ChoKp in complex with the HC-3 inhibitor arrived in 2010 (PDB:
3G15 and PDB: 3FEG, respectively).” They constituted the first crystals in complex with a ChoK
inhibitor and supported the hypothesis of a binding mode similar to the choline substrate. The
biscationic HC-3 was observed in the choline pocket mainly interacting with one oxazinium ring
while the other remained exposed to the solvent.

Interestingly, the inhibitor was phosphorylated when crystallized in the ChoKp isoform, even if
it showed a less binding affinity for it. The reason for this behaviour was that the steric hindrance
caused when the HC-3 was binding the B isoform gives room to a flip out of the loop connecting
helices a9 and a10. This affected the overall contact of the protein with the inhibitor molecule,
giving an extra space where the HC-3 opened conformation fixes better and was easily attacked
for phosphorylation. The ChoKa isoform, instead, is able to hold the inhibitor due to the more
flexible residues (Leu419 in al and Phe352 in B).

As usually observed in the kinase family the conformational changes of the tertiary structure
regulate the catalytic activity, and it was also evidenced in the ChoK.

The N-terminal domain changed its orientation from an open to a close conformation when was
in complex with the PCho.?* In that way, the choline substrate enters the active site when the
N-terminal domain is opened and once phosphorylated the N-lobes turn out to the close
conformation ( , land Il).

This open-close regulatory mechanism was further studied. Using MD (Molecular Dynamics) and
ENM (Elastic Network Model), it was observed an allosteric negative cooperativity and a broken
symmetry between the monomers of the dimeric unit. For that study, it was used the inhibitor
1 able to interact with both the choline and the ATP binding sites (Figure 5, Ill). This inhibitor
first binds to one monomer, reducing the binding at the active site of the coupled monomer,
due to a conformational change that goes through the dimeric interface to the catalytic site of
the second monomer. The two monomers alternatively assume an open/semi-open or closed
state with a fast interconversion rate, recovering on average the symmetry. In the open
conformation, there are more water molecules inside the catalytic site that make the binding of
the inhibitor to the choline pocket less effective.?®
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ChoK beta
open

conformation

open

onformation

QU
PDB: 3FEG

PDB: 2CKQ PDB: 2CKP

Figure 5. (I) Monomeric crystallographic structure of ChoKal (/eft) and ChoKp (right) and their
different conformational change in the catalytic site to place the HC-3 (a9 and a10 helices are
in orange colour). (Il) Conformational change in the N-terminal domain when the choline is
phosphorylated. (Ill) Allosteric negative cooperativity and a broken symmetry between the
monomers of the dimeric unit.”’

Contemporary, in 2013 Pollard et al. broach again the mechanistic issue. The kinetic studies
showed parallel double reciprocal plots, which is indicative of a ping-pong mechanism. Thus,
classifying the Choline Kinase as an “atypical” kinase because they usually form ternary
complexes.

ChoK is able to form firstly a phosphorylated intermediate that subsequently is transferred to
the choline and that goes with a conformational change able to release the phosphorylated
product. It was highlighted the role of Asp 306, located in the catalytic surroundings, and was
proposed as a key residue for the phosphotransfer activity, also verified by mutagenesis
studies.?>?* Asp 306 is able to form H-bonds with the y-phosphate of the ATP, giving room to the
enzyme intermediate. The ADP is released and the phosphated-enzyme interacts with the
choline assuming a new conformation that changes the pKa in the catalytic site, breaking the H-
bond with Asp 306 and releasing the phosphocholine (Figure 6).%8
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Figure 6. Ping-pong enzymatic mechanism of action proposed by Pollard et al.”®

All these conclusive discoveries together with the availability of crystal structures to make
docking studies allows for the determination of new potent inhibitors.

3. Development-Timeline of the ChoK inhibitors.

The first ChoK inhibitor dates back to 1994 and since then, the rational design of more potent
and selective inhibitors has not stopped. The initial rational design of inhibitors has evolved with
technological advances. The availability of crystal structures of the ChoK isoforms allows the
implementation of docking, MD and computational studies. Those have developed at the same
time in the massive computational screening of chemical fragments and databases able to select
chemical entities that best fits the catalytic pocket. The latter high-tech methodologies
constituted a big step towards resource harnessing due to the synthetic libraries reduction
previously optimized in-silico.?*

3.1 Derivatives of Hemicolinium-3.

The HC-3 (hemicolinium-3) was first proposed inhibitor of the HChoK enzyme.*° Structurally, it
consists of a biphenylic ring with two choline chains in para-position, that in solution cyclized
forming oxazinium rings (Figure 7). The aromatic rings have a quaternary ammonium and a
hydroxyl group that makes the molecule very polar and able to cross the BBB (blood-brain-
barrier). Thus, it shows toxicity in the therapeutical window as well as interference with the
cholinergic system and competitive inhibition with the choline transporters. However, it was
used as a template for further pharmacomodulation in an effort to obtain safer and selective
molecules.®! Two significant features involved in the efficacy: the biphenyl “spacer” that ensures
the distance between the positive charges and the oxazinium rings, whose polarity strongly
influences the activity were distinguished.
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. Hemicolinium-3 chemical structure in its open and cyclized forms.

The first efforts towards structural improvements were done together with in-vitro inhibitory
and antiproliferative assays to completely understand the behaviour of the drug. Hernandez-
Alcoceba et al.*? ruled out the adequacy of the pyridinium cationic heads ( , left).
Regardless of the linker, the pyridinium heads showed to have a targeted effect over the ChoK
inhibition in accordance with the reduction in the cell growth and avoiding the side effects
presented in HC-3. Then, the necessity of the two cationic charges was questioned. Half
monoquaternized derivatives were synthesized, showing moderated activities as ChokK
inhibitors ( , right). In fact, also the natural substrate choline has only one positive charge,
but it was emphasised that the biscationic inhibitors allowed better affinity.

+~OH
. 0300y o
|C50 =3.5uM |C50 =>100 uM

. FK-7 (left) and HC-15 (right) inhibitors of the first pharmacomodulation stage.

A huge effort was carried out to rationally explain, using QSAR analysis 3, how the linker and
the heteroaromatic heads modulation could lead to a hit. Starting from the dibenzyl scaffold,
several heads were tested ( , up). From pyridinium, quinolinium and isoquinolinium
heads derivatives, it was concluded the favourable substitution of the pyridinium
heteroaromatic head, substituted in para position by electro-releasing groups able to delocalize
the charge.?* Overall, cyclic or aromatic amines in 4-position improve the antiproliferative values
due to their greater lipophilicity. The next step was the size optimization of the linker ( ,
down). A series of six different spacers from cyclopropane to biphenyl were tested with the
previously screened heads. The results pointed out toward the biphenylic spacer substituted in
3- or 4-position as the better spacer for inhibition and antitumoral potency.**

ICs0=60pM 34 M 5.19 uM
R R R R R "
B |3‘© ol R 7N
\ S X
R VYR, W WG &

IC50=100-48 M 84-7 uM 38-29 uM 58-043 uM 11.1-1.8 uM
. Screening of the most suitable heads (up) and linkers (down) structures.

However, further QSAR studies concluded that the antiproliferative behaviour was not so
dependent on the latter parameters. On the contrary, it was highlighted the role of lipophilicity
over cell growth that improved when using quinolinium and longer linkers.®

As a result of all this research, two potent inhibitors were discovered ( ). MN58b and
TCD-717 became the new hits to lead for further development. They inhibited the enzyme
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activity at 5 and 2 micromolar, respectively, and shed light on the biological mechanism of
action.?”3® TCD-717 also known as RSM932A, showed the best results in vitro and in vivo,
becoming the first HChoKa inhibitor reaching Phase | clinical trials for advanced solid tumour
treatment.®
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Glgg/(HT-29) = 1.9 uM Glsg (HeLa) = 0.83 uM

Glsg (HT-29) = 0.4 uM
Figure 10. Chemical structure of the hit to lead MN58b and TCD-717.

3.2. Different strategies based on SARs.

Meanwhile the crystallographic structures of ChoK were resolved, other strategies were tested
to increase the affinity towards the catalytic pocket.

The insertion of a third cationic charge gave room to compounds with higher affinity towards
the enzyme (Figure 11, left). Nevertheless, they were so polar that couldn’t pass through the
membrane and were worse antiproliferative inhibitors.*° Then, rigid scaffolds were synthesized
to lock a particular inhibitor conformation and reduce the side effects, but they just showed
moderate antiproliferative values (Figure 11, middle).** In addition, it was also tested a mix of
both proposals, a triple-bridged triscationic bicyclophanes (Figure 11, right). However, the latter
compounds were inactive both as enzyme inhibitors and antiproliferative.*?
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Figure 11. Example of the triscationic (/eft), cyclophanes (middle) and biscyclophanes (right)
structures.
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3.3. Inhibitors based on the crystal structure.

At the beginning of the first decade of the XXI century, the crystallographic model of the ChoK
and its different isoforms were resolved. Since then, the design approach had been based on
the crystallographic information of the binding sites. The proximity of the choline and ATP
regions make researchers think about the possibility of new inhibitors able to bind both pockets.

Rubio et al. first synthesized asymmetrical inhibitors that connected an adenine and a
pyridinium moiety as heads, with the purpose of seeing if the inhibitors could bind the ATP and
choline binding sites (Figure 12, left).* Those derivatives show proper inhibitory values but were
not as actives as previous inhibitors. Trousil et al. also synthesized a family of similar derivatives
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with longer linkers and demonstrated that their low activity was due to the inability to displace
and compete with the ATP in its active site ( , right).**
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. ATP-mimicking inhibitors de5|gned to bind both choline and ATP catalytic pockets.

In this direction, new modifications in the adenine head were introduced, i.e. the replacement
by 3-aminophenol or benzylthiopurine substituents as an attempt to reach a better
antiproliferative profile ( ). However, this strategy was not successful and some of them
show cytotoxicity.**® Nevertheless, further experiments were recently carried out in the
aminophenol asymmetrical inhibitors to determine their SARs.*” It was observed that N-atom
connected to the linker derivates were better as ChoK inhibitors while the O-connected were
better antiproliferative compounds, which comes together with their higher lipophilicity. Also,
it was observed an improvement in their inhibitory and antiproliferative values due to the use
of a purer ChoK enzyme instead of cell homogenates, and the wide range of neoplastic cells
studied, respectively.
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. ATP-mimicking derivatives of aminophenol and benzylthiopurine.

These results gave room to the design of new non-symmetrical biscationic compounds. Due to
the inability to occupy the ATP site, the new inhibitors were designed with the objective of
binding new cavities in the surroundings of the choline pocket. Those compounds bind deeply
in the hydrophobic groove of the choline pocket and when substituted with the 4-chloro-N-
methyl aniline showed the opening of a new cavity at the back, with whom that fragment is able
to bind ( , left). The access of this new binding site was enhanced by longer linkers and
allows for better antiproliferative and inhibitory values without showing cytotoxicity.*®

In 2018, this strategy was redefined and asymmetrical biscationic molecules were designed
using a (7-chloro)-4- substituted quinolinium and pyridinium moieties ( , right). Longer
linkers gave room for better results, and inhibitory and antiproliferative values in the low
micromolar range, inducing senescence in tumoral cells.*
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. Asymmetrical biscationic compound’s chemical structure.

An interesting methodology adopted in the last years has been the design of bioisosteric
inhibitors ( ). Bioisosterism consists of the replacement of some atoms of the structure
by others that will allow the establishment of new H-bonds or could improve the lipophilic-
hydrophilic balance enhancing the solubility and the pharmacodynamic of the molecule. In 2015,
Castro-Navas et al synthesized a new library of compounds by the replacement of the biphenyl
linker with a bipyridinic one ( , left).>° Unfortunately, the inhibition towards the enzyme
didn’t improve with respect to its bioisoster TCD-717, but the antiproliferative values and the
safer profile of non-tumoral cells did.

Similarly, in the search for newer anchor points to establish H-bonds, it was synthesized an
oxygen-containing linker diphenoxyethane ( , right). It consisted of a longer spacer
between the biphenylic rings in which two carbon were replaced by two oxygen atoms with free
electron pairs able to interact with the enzyme pocket and improve the solubility while
maintaining the activity of its predecessors.’! The linker adopted a gauche conformation that
favours a deep insertion in the choline pocket improving its inhibitory and antiproliferative

potency.
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. Bioisosteric inhibitors strategy. (Left) Compound 9h bioisoster of TCD-717 and
(right up) compound 10a bioisoster of MN58b and (right down) 10l successfully improved
the parent drugs potency.
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Lately, a small molecule library of inhibitors comes to prove the suitability of the rational design
(two cationic heads better than one or the linker improvement of affinity). It was declared that
a greater contribution to the antiproliferative activity was due to the choline uptake inhibition
rather than to a targeted effect.>?

Most of the contribution to the drug design and optimization has been done by the Department
of Organic and Pharmaceutical Chemistry at the University of Granada (Spain), but also other
groups have proposed new inhibitors from different scaffolds or using the HC-3 as a template.

For example, the group of Estévez-Braun et al. tested the efficacy of triterpene quinone
methides (TPQ) bioactive compounds isolated from plants of the Celastraceae family and its
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derivatives ( , right). They thought that due to the hydrophobic characteristics of the
choline active site, this family of 5 fused aromatic rings could work as potent inhibitors. They
observed that the most active compounds were able to bind similarly to the HC-3 and formed a
cluster with the Mg?* atoms hindering the ATP stabilization.>*

Other groups build their libraries from the HC-3 as template, giving room to different structures.
For example, a family of 4,4’-bispyridyl-2,2’-bisoxazoles derivatives were synthesized due to the
biological activity of oxazole and bisoxazole building blocks ( , left up). Those
compounds showed potency as ChoK inhibitors and antiproliferative agents in the micromolar
range, but SARs were difficult to establish.>*

An interesting proposal was also the design of a carbocyanine equivalent of the symmetrical
biscationic ChoK inhibitors, able to emit fluorescence when irradiated with NIR light ( ,
left down).>® The synthesized compound JAS239 showed comparable potency with MN58b and
allowed tracking the accumulation of the inhibitor in the cell and evaluating the membrane
permeability (by passive transport) using fluorimetry and confocal microscopy.
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. (Left up) Bioxazole derivate, (/eft down) JAS239 fluorophore chemical structure and
(right) natural products derivatives from plants.

3.4. New approaches towards drug design from Academia to Pharma.

Along with the rational design based on the crystal and docking studies of the ChoK, the
computational screening of databases took part in the research for newer and more potent
inhibitors. The first trial was made in 2011 by the collaboration between the University of
Louisville and the Advanced Cancer Therapeutics, LLC company (US).>**’ They developed a new
potent inhibitor termed CK37 ( ), by a receptor-based computational screening of the
ZINC Library. It was smaller than the previous inhibitors and uncharged. However, like its design
was done over the in-silico choline pocket template, it was obtained a molecule able to compete
with the choline substrate. In addition to the structural adequacy, it was good as
antiproliferative affecting other biological pathways (MAPK and PI3K/AKT) involving tumoral
growth. All this opened a window of possibilities as the structural prototype was not as limited
as thought.

In 2012, Vertex Pharmaceuticals Incorporated (US) carried out a High-throughput screening of
130.000 compounds from their compound collection.”® The developed library of compounds
showed high potency, in the nanomolar range, as ChoK inhibitors. As so, one of them ( ,
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V-11-023907) was used by the Pollard group to study the kinetic mechanism of the ChoK.?® Its
crystal structure in complex with enzyme was resolved, showing that the molecule’s
quinuclidine fragment was attached to the Asp 306 (a key amino acid residue that should be
phosphorylated in the ping-pong mechanism) and blocked its action as phosphor-transfer.
However, even though their high inhibitory activity, they were not good antiproliferative and
promoted only a reversible effect.

All these promising results prompted Serran-Aguilera et al. group, to the in-silico evaluation of
the key scaffolds shared among the rationally designed molecules.”® The pharmacophoric
evaluation had the objective of identifying the key moieties responsible for the antiproliferative
and inhibitory activities. For that purpose, 83 HC-3 actives and inactive derivatives were used in
the pharmacophore’s design. They were docked in the choline binding site and the method was
optimized to be able to correlate the activity and the energetic fitness score. Then the Enamine,
Chembridge and Life Chemicals virtual libraries of compounds were docked in the catalytic site
and compound 10 arise as a new hit ( ). That compound had the pharmacophore
characteristics and was able to compete with the Mg-ATP complex and or with the choline.

The Ariad Pharmaceuticals, INC also developed a new hit to lead molecule by fragment-based
screening. They first evaluated the most potent structural fragment and studied their
biophysical adequacy using ST NMR (Saturation Transfer Nuclear Magnetic Resonance). The
remaining fragments were docked in the ChoK crystal and only those who show binding in the
choline pocket were able to increase their potency by further modification of the solvent-
exposed fragment. It was highlighted the fact that none of the final compounds had a charge,
and symmetry of the molecule was not necessary. The diazepine arises as a high-affinity moiety
towards the choline groove that could be protonated in the intracellular pH and interact with
the catalytic amino acid Asp 306. The final hits were excellent ChoK inhibitors in the nanomolar
range and effective antiproliferative in breast cancer cells ( , comp 67).6061

Finally, the Nerviano Medical Sciences S.R.L. (IT) company joined the ChoK research synthesizing
two libraries. The first one was based on purine and 3-deazapurine derivatives, ®* whose
structure was developed through QSAR studies ( , comp 114). The carbanucleoside
scaffold was obtained by an in-silico analysis of antitumoral drugs and it showed activity in
tumoral cells where the ChoK is also overexpressed.®® The second one was based on pyrazolo-
quinazoline derivatives ® as a result of a combinatorial chemistry implementation ( ,
comp 39). This group, previously search for new scaffolds able to bind ATPases and kinases
because of their role in cellular differentiation, proliferation, and apoptosis regulation.® Due to
the multitarget capability of this kind of structure, they also measure the selectivity for ChoKa
and Chop isomers and obtained potent inhibitors in the nanomolar range.

31



Chapter 1: Introduction

? LN ’_Q
N"N =) : =~ -NH
/Q \ Sz rj'“‘/
SN Comp. 10
Ov H OH 5
= University of Granada and

NH / University of Perugia

CK37 N = NH,

cC

University of Louisville and ! N N
the Advanced Cancer V-11-023907 ¢
Therapeutics, LLC IC50=0.1-1uM N

E Vertex Pharmaceuticals
Incorporated
eV y
8 “ J
CN N o
N
N \/> H

I
N¢I\m
D I
N
(~N i HN—(/N s ~cl
| Y s Comp 114

g Comp 67
.
ICs0 = 0.27 pM HZN\WNH 0 IC5, = 0.034 uM
ICs50 (MDA-MB-468) = 7 uM N # Comp 39 Nerviano Medical Sciences S.R.L

|C50 =0.032 LLM

Ariad Pharmaceuticals, INC
. Compounds developed using in-silico methods by Pharmaceuticals Companies and/or
in collaboration with academia.

Looking at that extensive inhibitors-timeline, it is possible to appreciate how the increasing
interest of the topic and the industry involvement have provided a large number of molecules.
More than 1000 ChoK inhibitors have been synthesized up to date. This success resides in the
high number of pathologies in which the ChoK is overexpressed or dysfunctional, becoming a
wide spectrum therapeutic target.

4. Biological effects of the inhibitors.

Hand to hand in the drug discovery process; it has been also studied how the dysregulation of
the phosphocholine metabolisms affects the tumoral cells. Some inhibitors can cause apoptosis
in neoplastic cells and a reversible arrest of the cell cycle in the normal ones.

While testing MN58b, it was observed those different modes of action. Rodriguez-Gonzalez et
al determined that the imbalance of phosphocholine due to the enzyme inhibition caused the
hydrolysis of sphingomyelin (SM) producing phosphocholine and ceramides.?’ The lethal
metabolite accumulation is responsible for triggering apoptosis and stress in the tumour or cell
arrest in normal cells through the ceramides activated effectors.

On the other hand, inhibitors as 10a, also known as EB-3D, cause senescence in tumoral cells.
Mariotto et al. discovered that this last effect was related to the activation of the AMPK-mTOR
pathway. AMPK is the main regulator of energy homeostasis in eukaryotic cells and becomes
activated under metabolic stress conditions, which in turn represses the downstream effectors
of mTORC1 required for protein synthesis. Moreover, it was still appreciated the lower toxicity
towards non-tumoral cells.®®®” The suppression of PA also inactivates the MAPK (mitogen-
activated protein kinase) and PI3K/AKT (phosphatidylinositol 3-kinase) signalling pathways that
lead to tumoral cell survival.®®

As a result of the cellular deregulation in the lipidic components, it was also noticed endoplasmic
and mitochondrial stress without the formation of ROS (reactive oxygen species). The
mitochondrial membrane depolarization gives room to the release of cytochrome c, which
activates the caspase-3 apoptotic promoter.5°7°
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The choline kinase inhibitors also sensitized cancer cells towards chemotherapeutics showing
synergism even in resistant neoplastic cell lines.

However, the larger size of the latest inhibitors designed to improve the contact in the enzyme
catalytic site usually leads to inconsistency between the antiproliferative and inhibitory values.
This effect has been finally attributed to their capability to also inhibit the choline transporters.
In that way, the biological effect is still the same, as the seize of choline produces the substrate
unavailability to be transformed into phosphocholine. There are 4 different types of choline
transporters: the high-affinity choline transporters (CHTs), choline transporter-like proteins
(CTLs), organic cation transporters (OCTs) and organic cation/carnitine transporters (OCTNs),
whose expression levels in tumoral cells can vary.* Some inhibitors as HC-3, EB-3D (10a), EB-3P
(101), Ff-35, ICL-CCIC-0019, T and V among others ( ), showed some choline uptake
inhibition after tumoral cell exposure. Nevertheless, it has been determined that they could
work following a double mechanism of inhibition: over the transporter and the enzyme, without
causing cytotoxicity in normal cells.
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. Compounds that can inhibit the choline uptake through the membrane’s
transporter.
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A recent research article, proposed the use of bio-magnetic nanocarriers to couple the ChoK
inhibitors as a method to avoid the pass across the membrane transporters of compound Ff-35
and thus be incorporated by endocytosis.”

Finally, the scaffolding role of the Choline Kinase has been considered as important as its
catalytic function. Indeed, the TCD-717-ChoKa crystal showed that the inhibitor is superficially
bound in the dimer interface, and not in the choline pocket as was previously supposed. This
event modifies the conformation of the enzyme, affecting protein-protein interactions.”?
Moreover, the depletion of the enzyme by siRNA knockdown produced the cell death by
apoptosis while its inhibition causes just a reversible growth effect that disappeared when the
drug is removed in most cases.”® In fact, the overexpression of the mutated enzyme catalytically
inactive is enough to induce tumorigenesis.”* Further evidence in the last years, confirmed that
the ChoK bind with the EGFR through the c-Src mediation, which lastly induce DNA synthesis
and promote tumour progression.””

5. The ChoKa involvement in other pathologies.

Dysregulation of lipid metabolism has also been associated with the ChoKa function in other
pathologies and organisms that harm human being health. For example, in rheumatoid arthritis,
the hypoxia conditions of this inflammatory disease, also present in cancer environments,
suggested the implication of an aberrant ChoK metabolism. Thus, it was determined that the
inhibition of ChoKa leads to the attenuation of the MAPK and PI3K/AKT pathways that regulates
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synoviocyte function of FLS (fibroblast-like synoviocytes), involved in cartilage destruction,
reducing cell migration and inducing apoptosis.”®

Also, in the HBV (Hepatitis B virus) infection treatment development was studied the metabolic
changes in the host cells that could promote the virus replication and expression. As result, it
was concluded that the knockdown of the ChoKa, and thus the reduction of PA second
messengers, reduces the levels of HBV DNA. In this way, new metabolic targets were determined
for the HBV infection, able to stop the virus development.”’

On the other hand, bacterial pathogens as Streptococcus pneumoniae and Haemophilus
influenzae also express ChoK, which have a well-conserved catalytic site with the HChoK. The
enzyme function is involved in the LTA (lipoteichoic acid) synthesis that constituted part of the
bacterial cell wall. The chemical inhibition of the enzyme produces a block of the cell division
and distortion of the cell barrier that lastly could lead to less adherence to alveolar cells. All this
open new opportunities to deal with bacterial resistance, but further studies need to be done
to not affect the human microbiome and normal cells proliferation.”®

However, after cancer, Malaria is the most studied illness in which the ChoK inhibition raised as
a promising therapeutical target. Nowadays, Malaria is a hot spot in science and research, as it
has been launched the first approved vaccine against Malaria, Sanaria PfSPZ Vaccine, over this
year. The vaccine contains radiation-attenuated sporozoites form of the parasite, that is the
disease-causing agent. The parasite reaches the liver where develops but is unable to pass
through the bloodstream. To avoid a real infection, the vaccine is given in combination with
pyrimethamine or chloroquine to kill the parasite in a specific development stage. That
promotes sterile immunity in nearly 90% of vaccinated persons. Even if it is a promising step
towards malaria eradication, there are still some drawbacks as there are many different strains
of the parasite, the need for a drug combination treatment and that parasite production is
obtained from live mosquitos which limited the scale-up of the process.”*#°

Malaria is a disease caused by the Plasmodium spp. parasites (P. falciparum, P. vivax, P. malariae
and P. ovale), which is transmitted by the bite of the Anopheles mosquito. As expected, the
world regions where this mosquito lives are the most beaten by the disease as are Sub-Saharan
Africa, South-East Asia, Eastern Mediterranean, Western Pacific, and the Americas. A situation
that comprises nearly half of the world population and that gets worse with climate change. In
2020 there were 241 million cases of malaria, being the most fragile population of children under
5 years old.®!

The complex parasite’s life cycle and infection have been well studied. First, the parasites enter
the human system through the Anopheles mosquito bitten and release through its saliva. The
sporozoites cross the skin and enter the bloodstream to arrive at the liver. There, in the
hepatocytes, the parasite establishes a parasitophorous vacuole where can replicate asexually.
In the next stage of development, the now termed merozoites in the pre-erythrocytic stage are
released into the bloodstream. They are able to invade the red cells, within which takes place
the second cycle of asexual replication developing from ring stages to trophozoites and then to
schizonts. Mature schizonts cause the rupture of the cell blood membrane and become
merozoites able to infect new red blood cells ( ).82 That is the reason why malaria can
cause anaemia and fever episodes related to the parasite blood cell breakout and invasion.

A lot of effort has been done to block the parasite infection and progression, from prevention
barriers as insecticides and the use of screens, to the development of antimalarials as
artemisinin and chloroquine. However, it is worth noting the resistant development that led to
combined therapy usage. This fact justifies the urgent need for new drugs but overall, of new
therapeutic targets to fight Malaria without producing resistance.
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With this scenario, Vial et al. proposed a new strategy based on the different metabolic
requirements between the parasite and the host. They realized that parasite replication requires
the formation of new lipidic membranes that cover each member of the new progeny.

As the erythrocyte is enucleated and does not have enzymatic machinery to produce the lipidic
demand, it is the own parasite metabolism that works using the host starting materials.®

The host-directed therapy (HDT) was based first on the inhibition of the choline and
ethanolamine uptake that are precursors of phospholipids.®* However, other studies are focused
on the inhibition of transporters for salvage purine bases # and glucose 2, as the parasite is
unable to produce them de novo.

The lack of phospholipids precursors cause the parasite sexual reproduction, 8 which means less
erythrocytic infection. The formed gametocytes that remain in the bloodstream will lastly
disappear from the circulation if not taken up by a mosquito.
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Figure 19. The cycle of infection and reproduction of the Plasmodium falciparum parasite.
It is also highlighted the replication inhibition step due to the enzymatic inhibition of
choline in the parasite.

In line with the foregoing, the Plasmodium falciparum Choline Kinase (PfChoK) arise as a
promising target to block the parasite infection through enzymatic inhibition. The complete
crystallographic structure in complex with Mg?* and ATP as cofactors was recently solved (PDB:
6YXS Apo form and 6YXT ADP bond form). Its similarity with the HChoK supported the use of
already developed inhibitors as antimalarials. Zimmerman et al. started using the HC-3, MN58b
and TCD-717 as antimalarials. They carried out kinetic studies and recognized that the PfChoK
has also a ping-pong mechanism of action. As so, while HC-3 and MN58b were competitive with
choline, the TCD-717 bind to the phosphorylated-enzyme intermediate by an allosteric pocket
and lastly inhibited the choline phosphotransfer.?® Most importantly, all of them showed
inhibition in resistant strains to chloroquine.

Inhibitors as BR-23 and BR-25 (Figure 20), caused a detriment of phosphatidylethanolamine (PE)
biosynthesis as a consequence of the PfChoK inhibition, which is able to use ethanolamine or
choline as substrates.”® Other asymmetrical ATP-mimicking inhibitors showed good potency at
nM concentrations and optimal selectivity (Figure 20).°* Also, recently (in 2021) bioisosteric
molecules with innovative thienopyrimidine heads and linkers of variable length and
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bioisosterically decorated were tested but without improving the potency showed by previous
inhibitors as 10j (Figure 20, Fg 15).9%%3

The described inhibitors used to work in the blood stages of the parasite, delaying the asexual
development towards schizonts forms and blocking the intraerythrocytic development.
Moreover, it is also thought to have a possible role as choline transporters inhibitors both in the
erythrocyte and the parasite membrane.
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Figure 20. ChoK inhibitors used also as antimalarials.

Vial et al rationally designed compounds as actives as G25, °* which was used as a hit for further
modification (Figure 21). They substituted the quaternary amines for thiazolium rings, a scaffold
present in biological molecules and that offer less toxicity.” From this research came up
Albitiazolium, which is in phase Il of clinical trials (Figure 21). However, the cationic charges are
a drawback to allowing oral administration and be further developed as a drug. In fact, Caldarelli
et al. developed neutral related prodrugs able to get charged after crossing the Gl barrier but
that resulted to be fewer actives than the parent drug, Albitiazolium.%®°’

The presented drugs act over the inhibition of the choline uptake in the parasite within the
erythrocyte, accumulating in higher concentration in the infected blood cells in an irreversible
way and also interacting with the plasmodial digestive vacuole.®* Thus allowing new therapeutic
pathways to blockage the parasite asexual reproduction and avoid chemical resistance.
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Figure 21. Compounds designed to selectively inhibit PfChoK.

On the left the hit to lead G25 (up) and the less toxic derivative Albitiazolium (down). On the
right, the prodrug TE3 (up) was designed to improve the per os (orally) administration.

However, it results to get charged in the Gl tract and does not develop further. Compound 39
(down) is the result of the linker pharmacomodulation.

The synthesis of new molecules with better pharmacodynamics properties is still needed for

Malaria eradication. They should guarantee the availability of a scalable synthetic process and
an easily and safely administration.
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Aims

Over the years, a large variety of ChoK inhibitors have been synthesized and their biological
activities tested. Nevertheless, the need for novel and more potent molecules is still a subject
of research.

In this Chapter of the thesis, the synthesis of two new libraries of ChoK inhibitors have been
studied. In the effort to obtain molecules with better activity keeping the symmetrical and
biscationic structure, the introduction of sulphur atoms in the linker to replace carbon or oxygen
atoms have been envisaged. Sulphur atoms are able to establish new bonds in the enzyme
pocket and improve the compounds solubility. They occupy almost double of the space of a
carbon one, so with this change, we are able to design bigger molecules that will occupy a major
area.

Furthermore, special attention has been devoted to the synthetic protocol, so that the principles
of green chemistry were applied when possible. Such an approach gives an added value to the
whole study since the sustainable synthesis of molecules for pharmaceutical use is, nowadays,
mandatory in order to define efficient and green protocols.

The biological evaluation of the new inhibitors (enzymatic and antiproliferative assays) has been
done in collaboration with Prof. Maria Paz Carrasco Jiménez of the Department of Biochemistry
at the University of Granada.

And finally, in order to assess a correlation between the structure and activity of the synthesized
molecules, docking studies have been carried out using the FLAP software in collaboration with
Prof. Laura Goracci of the Department of Chemistry at the University of Perugia.

38



Chapter 1: Materials and methods

Materials and methods

1. Synthesis of Choline Kinase inhibitors. General conditions.

Chemicals commercially available were purchased from: Sigma-Aldrich, Fluorochem, Acros
Organics, Alfa Aesar and VWR Chemicals; and used without further purification unless specified.

Control of reactions progress was performed by thin-layer chromatography (TLC). The used TLC
Silica gel 60 F254, 25 Aluminium sheets 20x20 cm purchased by Merck KGaA, are revealed with
a UV lamp or by the later coverage on a KMnQ, stain solution (to see amines and oxidable
groups).

Purifications were carried out using flash column chromatography of silica gel (40-63 um, VWR
Chemicals) or aluminium oxide (activated, neutral, Brockmann Activity ) as the stationary phase.
On the other hand, organic solvents (hexane or petroleum ether, ethyl acetate,
dichloromethane, and ethanol) were used in different volumetric proportions as the mobile
phase. However, purification by recrystallization was always preferred becoming a sustainable
alternative to the latter, where the final product is precipitated in a solution of acetonitrile or
methanol with diethyl ether.

Uncorrected melting points were measured with the Stuart Scientific SMP3 equipment.

Microwave reactions were performed in the Initiator 2.0 microwave synthesizer (Biotage AB,
Upsala), which produces controlled radiation of 2.450 GHz.

The H and *C-NMR spectra were recorded at ambient temperature on a BRUKER Avance NEO
(400 or 500 MHz) spectrometer at the CIC (Centro de Instrumentacion Cientifica) in the
University of Granada. The used deuterated solvents were methanol-d,, chloroform-d, DMSO-
ds and deuterium oxide, and the spectra were calibrated using their residual peaks. Chemical
shifts (6) are reported in ppm and coupling constants (/) in Hz. The aspect and multiplicity of the
reported signals are indicated with the following abbreviation: (s) singlet; (bs) broad singlet; (d)
doublet; (dd) doublet of doublets; (t) triplet; (q) quartet; (quint) quintet; (m) multiplet. The
spectra were interpreted using MestReNova v14.2.0-26256 of Mestrelab Research S.L.

High-Resolution Mass Spectrometry (HRMS) was conducted using a Waters LCT Premier XE
Spectrometer at the University of Granada (CIC).

Elemental analysis was made using a FISONS instrument EA 1108 CHNS, with sulfanilamide as
standard and wolframium oxide as comburent.

2. Enzyme-based ChoK activity assays (ICso).

The inhibitory effect of the synthesized compounds was assayed over the HCKal purified
enzyme, following the procedure previously described.*

All the inhibitors were first diluted in DMSO preparing stock solutions of 25 mM. Compounds
unable to be dissolved in DMSO (PL 40, PL 46 and FP 14) were rejected and not tested. From the
DMSO stock, serial dilutions in water were done reaching the concentration of 2.5 mM and then
250 pM. From this final dilution were prepared the test concentrations at 0.2 uM, 1 uM and 5
UM, each of them in duplicate.

In each experiment, DMSO-assays were consistently run in parallel as control and H,0-assays as
blank. DMSO in no case exceeded a concentration of 0.1% in order to avoid unspecific ChoK
inhibition.

The purified enzyme HCKal was provided by the Latvian Institute of Organic Synthesis & Istituto
Italiano di Tecnologia of Milan from Prof. Emilio Parissini, following the reported procedure?®,
The enzyme was prepared in vials of 10 mg/mL and conserved in aliquots of 1 uL at -80 °C for its
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use. For the inhibition assay, the pure enzyme aliquots (1 pL) are added with 1 mL of Tris-HCI 25
mM mixed with Tris-HCI 25 mM plus 150 mM of NaCl, to adjust the pH at 7.5. From this solution
(CK 1/1000), 100 pL are taken and added together with 900 pL of Tris 200 mM reaching a final
dilution of 1/10000. In this manner, 20 pL corresponds to 20 ng of HCKal enzyme in agreement
with its basal activity.

ChoK activity was assayed by measuring the rate of incorporation of *C from [methyl-*C]
choline (Perkin Elmer, MA, USA) into phosphocholine both in the presence or absence of
different inhibitor concentrations. Briefly, the final reaction mixture contained 100 mM Tris (pH
8.5), 10 mM MgCl, and 10 mM ATP, and 20 ng of purified ChoKal. After the samples were
preincubated at 37 °C for 5 min, the reaction was initiated with 1 mM [methyl-1*C] choline (4500
dpm/nmol) and incubated at 37 °C for 10 min, the final volume being 55 puL. The assay was
stopped by immersing the reaction tubes in boiling water for 3 min. Aliquots of the reaction
mixture were applied to the origin of Silica Gel plates (Analtech, NJ, USA) in the presence of
phosphocholine (0.1 mg) and choline (0.1 mg) as carriers. The chromatography was developed
in methanol/0.6% NaCl/28% NH;OH in water (50:50:5, v/v/v) as solvent for 2.5 h.
Phosphocholine was visualized under exposure to iodine vapour, and the corresponding spot
was scraped and transferred to scintillation vials for measurement of radioactivity by a Beckman
6000-TA (Madrid, Spain) liquid-scintillation counter. At least three experiments were performed
in all assays.

The inhibitory concentration (ICso values) is a measure of a compound (drug) concentration
needed to inhibit a given biological activity by 50%. It was determined from the percentage
activity of the enzymes at different concentrations of synthetic inhibitors by using a sigmoidal
dose-response curve (the ED50plus v1.0 software).

3. Computational studies.

Docking analyses were performed using FLAPdock implemented in FLAP 2.0 (Fingerprint for
Ligands and Proteins), developed and licensed by Molecular Discovery Ltd.%

The crystal structure of human choline kinase alpha in complex with Hemicholinium-3 and ADP
(PDB ID: 3G15) was chosen as the template for docking due to its semi-open binding site, and
because the catalytic site is conserved in all the enzyme’s crystallographic structures with a
binding inhibitor. Docking was performed in the catalytic site of chain A because it is the
monomer best resolved of the dimeric unit (see Appendix 1 for details).

For each ligand, 25 conformers were automatically generated to take into account flexibility.
The ligands were docked in the absence of their counterions and conformations at a min RSM
of 0.3 A were generated. The Molecular probes used to analyse the binding in the catalytic site
in terms of GRID MIFs were: H (shape), DRY (hydrophobic interactions), N1 (H-bond donor), O
(H-bond acceptor) and NM3 (trimethyl ammonium cation) interactions. The MIFs were
generated using a grid resolution of 0.75 A. The five highest S-score poses of each ligand are
analysed and classified according to their probability (see Appendix 2).

The Log P was calculated using http://www.swissadme.ch/ *° as an average of five predictions
methods.

Figures were done using PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC.
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4. Growth inhibition assay (Glso).

All compounds were evaluated for their antiproliferative activity towards the human tumour-
cell line MCF-7, of human breast adenocarcinoma and the hepatocellular carcinoma cell line
HepG2, supplied by the Cell Bank of the CIC (Centro de Instrumentacion Cientifica) at the
University of Granada and from the European Collection of Animal Cell Cultures (Salisbury, UK),
respectively.

The MCF-7 cell line was grown in DMEM medium (Gibco, Milan, Italy) and supplemented with
10% fetal bovine serum (FBS) (Invitrogen, Milan, Italy), 115 units/mL of penicillin G (Gibco, Milan,
Italy) and 115 pg/mL of streptomycin (Invitrogen, Milan, Italy).

On the other hand, the HepG2 cell line was cultured in MEM containing 10% heat-inactivated
FBS from Biowest (Nuaillé, France) supplemented with 2 mM L-glutamine, 1% non-essential
amino acids, 100 units/mL of penicillin (Gibco, Milan, Italy) and 100 pg/mL streptomycin
(Invitrogen, Milan, Italy).

MCF-7 and HepG2 cell lines were tested for mycoplasma contamination every 6 months by the
RT-PCR analysis. Individual wells of 96-well tissue-culture microtiter plates were inoculated with
100 pL of complete medium containing 8 x 10® and 10 x 10° cells per well, respectively. The
plates were incubated at 37 °Cin a humidified 5% CO; incubator for 18 h (in MCF-7) and 48 h (in
HepG2) before the experiments. After medium removal, 100 pL of fresh medium containing the
test compound at different concentrations was added to each well and incubated at 37 °C for
48 h (in MCF-7) and 24h (in HepG2).

Cell viability was assayed by the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
test (MTT) as previously described elsewhere 1,

The Glso is defined as the compound concentration required to inhibit cell proliferation by 50%,
in comparison with cells treated with the maximum amount of DMSO (0.25%) and considered
as 100% viability.>10*

5. Physico-chemical studies.

UV-visible absorption spectrophotometry and steady-state fluorimetry were carried out using a
Lambda 650 UV-visible spectrophotometer (PerkinEImer, Waltham, MA, USA) and a Jasco FP-
8300 spectrofluorometer (Jasco, Tokyo, Japan), respectively. The samples were prepared at 25
UM in dioxane and water from a mother solution of 2.5 mM in 1DMSO/9H,0.

MCF-7 breast adenocarcinoma cells were provided by the Cell Bank of the CIC (Centro de
Instrumentacion Cientifica) at the University of Granada. MCF-7 cells were grown in DMEM
medium (Gibco, Milan, Italy) and supplemented with 10% fetal bovine serum (FBS) (Invitrogen,
Milan, Italy), 115 units/mL of penicillin G (Gibco, Milan, Italy) and 115 pg/mL of streptomycin
(Invitrogen, Milan, Italy) in a humidified 5% CO, incubator at 37°C. For the FLIM microscopy
experiments, cells were seeded onto 25 mm coverslips in 6-well plates at a density of 22.5x10*
cells/well and an 80% of cellular confluence. For their visualization, the samples were washed
three times using phosphate-buffered saline (PBS). The tested compound was added in a 25 uM
concentration in PBS from a stock solution of 2.5 mM in 1DMSO/9H,0.

FLIM images were recorded on a MicroTime 200 fluorescence-lifetime microscope system
(PicoQuant) using as excitation source a pulsed diode laser, LDH-375 (PicoQuant), operated at
a repetition rate of 20 MHz. The light beam passed through a dichroic mirror (375dcxr, Chroma)
and through the oil immersion objective (1.4 NA, 100X) specific to an inverted microscope
system (IX-71, Olympus). The fluorescence emitted light was collected back through the
objective, filtered by a long-pass filter (405LP, AHF/Chroma), and directed to a 75-um confocal
aperture. The light was transmitted to a 500/40 bandpass filter (Thorlabs) and focused on single-
photon avalanche diodes (SPCM-AQR 14, PerkinElmer). The data were collected by a TimeHarp
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200 TCSPC module (PicoQuant), and raw fluorescence lifetime images were acquired by a
scanner with 512x512-pixel resolution. To obtain the fitted FLIM images, a spatial binning of 2x2
pixels was performed with SymphoTime software, and the matrix data were exported and
analysed with the Fiji ImagelJ program.

PAINS filters and pharmacodynamics in silico predictions were carried out using the free website
(http://www.swissadme.ch). It was developed by the SIB Swiss Institute of Bioinformatics using
free of charge databases, and algorithms from the literature or developed in-house. It allows for
the in-silico prediction of pharmacokinetics (gastrointestinal absorption, brain blood barrier
permeability, susceptibility by the Pgp pumping out the cell and cytochrome metabolism), drug-
likeness (using the Lipinski rule-of-five but also Ghose, Veber, Egan and Muegge models
variation of those rules) and the medicinal chemistry friendliness (as the PAINS and structural
alerts implemented by Brenk R. et al'®?) of molecules under an early biological assessment.”

6. Figures and Graphics.

Biological representations were designed using the online and free of charge version of
Biorender.

Graphics and bar chats were done with the program OriginPro 8.5.
The chemical structures were designed with ChemDraw 20.0.

The cell fluorescence images collected with FLIM were analyzed using the program Fiji-Image J.

42



Chapter 1: Results and discussion

Results and discussion.

1. Sustainable Synthesis of Choline Kinase inhibitors

In recent years, the demanding change of chemical processes towards more environmentally
friendly transformations that reduce the use of hazardous reagents and solvents has become a
priority to accomplish the target of sustainability.

That is especially a concern in the pharmaceutical industry, where the low quantity of APIs
production makes difficult the implementation of green processes, becoming one of the most
contaminating ones. For that reason, the current “green by design approach” considers the
reaction sustainability from the beginning allowing a faster industrial implementation and giving
an extra value to the product.

With that philosophy in mind, we carried out the green synthesis of two new libraries of Choline
Kinase inhibitors. This type of biscationics and symmetrical libraries have demonstrated
selectivity towards the choline catalytic site, which constituted an advantage with respect to
other kinase inhibitors. Most of them are designed to bind to the ATP pocket common to all this
regulatory family of enzymes and thus showing less selectivity.*

The rational design behind the synthesis of this new inhibitors is the bioisosteric replacement of
C atoms of the linker, in already good inhibitors developed by our group.

For years, it has been optimized the chemical structure’s characteristics of size, chemical charge
(mono-, bis- or tris-cationic), symmetrical or asymmetrical compounds, and the different
polarities of the cationic head. However, we reached an activity plateau, where no improvement
was observed when further structural modifications were done, and in addition, SARs were
difficult to determine as the inhibitory and antiproliferative values divergence in some cases.
This could be caused by the difficulty of those molecules passing through the membrane and
reaching the target ChoK. To avoid this drawback, we designed molecules with heteroatoms (N,
O and S in the present work) in the linker able to improve the hydrophilic/lipophilic balance and
with free electron pairs able to further improve the enzyme affinity.

With respect to the latest bioisosteric diphenoxyethane linker ( , right), the proposed
dithioethane and disulphide linkers enhanced the lipophilicity, are less prone to solvation with
structural water in the enzyme, more flexible due to the higher atomic size, and they could
protect the inhibitor metabolism by esterases.

There are several examples of drugs where the bioisosteric exchange of oxygen by a sulphur
atom improves the activity for which they were designed. We could highlight the case of the
monastrol and oxomonastrol, in which the higher nucleophilicity of the S atom seems to be the
key to a better anchor over the Mitotic Kinesin Eg5.'%* Its allosteric binding leads to an enzyme
conformational change that traps the ATP in the catalytic pocket and avoids the release of ADP
to gain the energetic requirements for cellular division, leading to an antiproliferative function.

Also, the bioisosteric change of an hydroxyl group by a sulfhydryl one in cinnamic systems
showed enhancement of the antioxidative properties protecting neuroblastoma cells from
radicals’ damage.® Or the glycan replacement of the O-Glycosidic linkage by an S-Glycosidic
one, which protects the molecule from enzymatic hydrolysis and reactivity. The bioisosteric
change allowed for size adequacy and hydrophobic enhancement for an optimum binding with
CR3 and dectin-1 targeting the regulation of phagocytosis.'®

The general structures of the whole inhibitors bearing the new linkers are reported in Figure 22.
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Disulphide linker-containing molecules Dithioethane linker-containing molecules

Pyridine (X=C), quincline (X=C), thienopyrimidine (X=N) and thienopyridine (X=N)

Cycloalkyl amine (azepane, piperidine or pyrrolidine) and
aromatic amines (/N-methylaniline or p-chloro-N-methylaniline)

Figure 22. General structure of the new inhibitors.

Concerning the chosen heteroaromatics quaternary amines, they are a representative sample
of the most efficient heads. We used pyridines and quinolines that were previously reported to
have good inhibitory values due to their size and lipophilicity respectively. The pyridine was small
and allowed the inhibitor to easily pass through the membrane giving good inhibition values
while, on the other hand, the bigger quinoline showed difficulties to pass the lipidic membrane
because of its hindrance, but it could establish more interactions with the choline pocket due to
its hydrophobic nature. Furthermore, in the latter case, it was observed the opening of a new
binding site when substituted with para-chloro-N-methyl-aniline.*®

Moreover, we have introduced new isosteric changes in the quinoline ring. As recently reported,
thienopyridine and thienopyrimidine are scaffolds with an interesting antitumoral activity while
inhibiting multiple enzymes or modulating the activity of receptors.’”” For example, those
scaffolds were reported as inhibitors of the FAK (Focal Adhesion Kinase) ' and the EGFR kinase
transmembrane receptor ', affecting the cellular adhesion, motility, proliferation and survival
in neoplastic cells. Thienopyrimidine isomers [2,3-d] and [3,2-d], were used to explore the best
spatial arrangement suitability.

The following displayed results are still unpublished, but they will be shortly submitted to a
relevant journal in the field due to the results’ novelty.
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1.2. Optimization of the dithioethane and disulphide linkers.

Similar to the reported synthetic procedure for the diphenoxyethane linker %, the strategy to
assemble the linker and the cationic heads pass through the linker bromide functionalization. As
so, the dithioethane synthetic approach was first conducted using the 4-methylbenzylthiol 1 as
starting material. First, we carried out the bridge formation and next, the radical bromination
with dbp and NBS in the MW 0 (Scheme 1, a). However, the thioether group in 2 is more
reactive due to the presence of a less electronegative and "larger" (more polarizable) sulphur
atom in comparison to the ether. As so, the first is more reactive to the electrophilic attack and
the oxidation reactions. Therefore, the radical bromination occurred on the dithioethane bridge
2 yielding a lot of by-products and a crude mixture difficult to purify.

Moreover, it was also tested the bromination of the 1,2-bis(p-tolylthio)ethane 2 at room
temperature with bromine and MnO, ! (Scheme 1, b). Even in those soft conditions, we just
observed the oxidation of the bridge and its breaking.

As an alternative pathway, we next tried the protection of the thiol group to allow the 4-
methylbenzylthiol 1 to selectively react at the 4-methyl group. We tried to protect it with a
thiourea '*? 4 and with a benzoyl group ** 6 (Scheme 1, c). Unfortunately, the hydrolysis of the
protecting groups needs strong basic conditions (reflux in a NaOH solution at 100 °C for 4 hours)
and did not allow an efficient reconversion to the thiol.

The protection of the 4-methylbenzylthiol 1 with the tert-butyldimethylsilane ** 7 successfully
led to the bromide monomer 8 by radical bromination with NBS and AIBN using microwave
irradiation (85 °C for 20 min). In addition, we decided to run first the nucleophilic substitution
with DMAP, also under microwave irradiation (130 °C for 28 min), and then to form the bridge
(Scheme 1, d). However, this last step did not proceed as expected due to the formation of the
dimeric disulphide once the thiol was deprotected and preventing the dithioethane formation.
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Scheme 1. Attempts for the synthesis of sulphur —containing linkers.
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All the reported reactions did not give the desired dibromide linker and also presented several
critical aspects from the point of view of the sustainability. The observed reactivity of the thiol
group leads us to choose another starting material that could allow the synthesis of the bromo-
functionalized linker using greener reaction conditions. It was finally found out the suitability of
the 4-mercaptobenzoic acid, which after a series of derivatization steps gives the final product
in good yields and in agreement with the green requirements. (Scheme 2)

o]
” COOH = OH
NaOH / MeOH Q Ethanol / H' PBrs
EE—

S R o
1,2-dibromoethane ¢ MW 100 °C, ge LiAIH, 1M ‘/‘ CH,Cl, ‘/-S

O~ 0OH rt, overnight S for 2h S in THF S rt for 3h S
100% @ 75% 3hatrt !
Starting (o) 68% 78%
material from HOOC 0

commercial 10 —~ 11 OH 4o 3

sources

Scheme 2. Dithioethane linker synthetic pathway.

The dithioethane bromide linker 3, was finally obtained while reacting the 4-mercaptobenzoic
acid via the dimeric assembly using 1,2-dibromoethane (0.5 eq) in a basic solution of NaOH (2.4
eq) in methanol (5 mL), to form the bridge in 10. Then followed the esterification with ethanol
using microwave irradiation and sulfuric acid as catalyst. Finally, it took place the reduction to
diol with LiAlH4 (6 eq) and the nucleophilic substitution with PBr; (1.3 eq).

The overall chemical yield of the linker synthesis resulted to be of 40%. (For the detailed
synthetic protocol see the Experimental section 1.2).

A similar approach has been applied to the synthesis of the dibromo-disulphide linker as
reported in Scheme 3.
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from commercial 13 14 15 16

sources

Scheme 3. Disulphide linker synthetic pathway.

This time the acid (6.5 mmol) was firstly transformed in the methyl ester 13 by refluxing
overnight with methanol (5 mL) and sulfuric acid as the catalyst (2 drops). Then, followed the
reduction to alcohol with LiAlH,; 1M in THF (1.8 eq) under an inert atmosphere for 2 hours at
room temperature in THF (4 mL). Next, the dimerization with lodine (0.5 eq) and triethylamine
(0.3 eq) in ethanol (16 mL) and finally, the nucleophilic bromination with PBr; (1.3 eq) in
dichloromethane (25 mL) for 3 hours at room temperature.

The dibromide linker was obtained with a 60% yield. However, the overall chemical yield of the
linker synthesis was of 35%. (For the detailed synthetic protocol see the Experimental section
1.3).
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1.3. Optimization of the final nucleophilic substitution.

The last step of the Choline Kinase inhibitors synthesis, consist of the nucleophilic substitution
of the dibromide linker with the corresponding heteroaromatic heads. In literature, this step is
carried out in a sealed tube with an aprotic solvent (acetonitrile or 2-butanone), and a
stoichiometric quantity of reagents, that were allowed to react under stirring for 3 to 5 days at
100 °C in an oil bath.4-51,115-116

In an attempt to improve the low energetic efficiency of this reaction that follows an Sn2
mechanism, we used other techniques that could shorten the time of heating. We tested the
reaction under microwave irradiation, using a Q-tube apparatus (that allows heating at higher
pressures than the MW), the autoclave, and also in a sealed tube heated on an oil bath as the
reference. We also tested different solvents and solventless reactions, lower times and
temperatures, and the use of inert atmosphere to see in which conditions we can still obtain the
desired product in good yields while reducing time and energy costs.

We started the optimization process with the 4-pyrrolidinopyridine head because it is
commercially available. As said, different methods were employed for heating the reaction
( , entry 1-10), and it was found out that we could push the reaction towards a 53% of
conversion just only in 24 hours when no solvent was used ( , entry 10). It was almost as
efficient as the literature methodology ( , entry 4) but spent a fifth part of the time.

The use of an argon atmosphere just enhances the conversion in a 9% with respect to an air
atmosphere ( , entry 7 vs entry 8).

In the same way, the use of green solvents as the GVL 78 rather than acetonitrile was not

suitable because it was difficult to separate from the final product ( , entries 5 and 6). The
polar aprotic solvents like acetonitrile and 2-butanone did not speed up the reaction and the
substitution seem to be mostly dependent on time ( , entries 3 and 4).

In the dibromide dithioethane linker, the B-carbon attached to the primary halides is very
hindrance (a phenyl group), making slower the reaction rate. The difficulty to interact increases
when the nucleophilic head is also sterically hindrance and vice versa when they are smaller.
This is also reflected in the chemical yields obtained, which are lower in the first and greater in
the latter for the same reaction’s conditions ( , entries 16 and 18).

Thus, when we tried to apply the Q-tube or the MW methodologies with quinoline-based heads
( , entries 12 and 13), the monosubstituted intermediates were mixed with the main
product in the crude mixture, remaining with the final product when the recrystallization
purification was performed. The steric hindrance and the higher hydrophobicity of such heads
give room to uncompleted reactions. In fact, to avoid the formation of monobromated
intermediates of reaction it was added 3 eq of the heteroaromatic head, to push the substitution
in both parts of the linker.

The microwave started giving good results with the pyridinic head in the “cooling on” mode that
allows continuous heating of the vial increasing the reaction efficiency *° ( , entry 11).
Unfortunately, this microwave set-up was no longer available and the alternative “cooling off”
mode ( , entries 1 and 12) was inefficient.

In conclusion, we just found reproducibility and wide applicability with the solventless sealed
tube methodology heated over an oil bath for 24 hours at 120 °C and under an inert atmosphere.
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B Entry = Instrument Solvent Atm. Heating Time Yield
Br C % C Br 1 MW CHsCN Air 100°C ~ 2h30min  9-17°%
=N+ N 2 Autoclave CH3CN Air 110 °C 24 h 9%
\_7 _ Q 3 Q-tube CHsCN = Air 100 °C 2 days 11%
| R 4 Sealed tube © CHsCN = Air 100 °C 5 days 55%
5 Sealed tube GVL? Air 70 °C 1 day 33%
6 Sealed tube GvL? Air 150 °C 2 days 37%"
7 Sealed tube no Argon 100 °C 5 h 30 min 50%
(entry 1-10) (entry 11) 8 Sealed tube no Air 120 °C 5h 41%
9 Sealed tube no Air 120 °C 14 h 51%
10 Sealed tube no Air 120 °C 24 h 53%
11 MWs¢ CHsCN Air 85 °C 1 h 30 min 52%
g 12 MW 2-butanone Air 140 °C 3h 9%
_ _ 13 Q-tube 2-butanone Air 100 °C 5 days 6%
Br@ Iy Br S 14  Sealed tube no Air 120°C  24h  61%
=N + +N}D
\ ,.f o (fq-- 15  Sealed tube no Air 120°C  16h = 40%
R i} _ _ R 16 Sealed tube no Air 120 °C 24 h 54%
=0 o A 17  Sealed tube no Air 120 °C 15h 31%
. 18  Sealed tube no Air 120°C  24h  38%

(entry 15 - 16) (entry 17 - 18)

Table 1. Optimization of the last synthetic step.

In yellow is highlighted the reported methodology and in green is
highlighted the best conditions obtained for each of the studied heads.?
Gamma-valerolactone. ° Difficult to remove the solvent. ¢ Cooling ON
mode.

Then, this protocol has been applied to a variety of cationic heads to yield the desired inhibitors
as reported in Scheme 4.

F
. S S_Q_‘ + 3eq ,_Q_ _@_\
e No solvent R R
3 R = Cationic head 120 °C for 24 h
i 1 1 | 1 |
e d I -N ) SN N ) .
o RO oS, Y
P -~ P N _= - S g
NN N N N
O O U Q @' &
: =i

FPL 40 18 PL

26%  53% 61%  54% 38/ '4'3% A% 745

(—>© @CIQCIQ

19% 43% 26% 59% 99%

Scheme 4. Yields of the final products obtained with the dithioethane linker.
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Similarly, the disulphide linker has successfully reacted while using the optimized procedure,
allowing the obtention of derivatives with different quaternary amines heads (Scheme 5).

Sealed tube \
. /‘@‘S“S'Q_\ + 3eq |nert atm ’_Q_ ©
’ No solvent R
o R = Cationic head 120 oC for 24 h

1 | 1 ]
Ny tes Nes Mool o,
A0~ Y aJe e © .
R =]
O .
FP2 FP3 FP4 FP5 FP

F
25% 51% 33%  48% 36%

FP14 FP15 FP16 FP17
42% 37% 55% 44%

Scheme 5. Yields of the final products obtained with the disulphide linker.
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1.4. Green metrics, quantification of sustainability.

Over the years there has been a lot of discussion about the definition of a green process. Initially,
a green process was defined as the one that follows the Twelve Principles of Green Chemistry,
proposed by Anastas and Warner in 1998 *?°, Nevertheless, it was still very subjective to compare
processes based on them.

Which is greener, a multi-step reaction with higher yields or another one with lower yields but
that avoids the use of toxic solvents? To objectively respond to this question arose the green
metrics. Several modes of quantification appeared that could be grouped in those that focus on
the maximum transformation of the starting materials (as reflected in the Atom  Economy) 2!
or those that focus on the quantity of waste generated (as calculated with the E(nvironmental)-
factor) 122, The latter became one of the metrics most used as an E-factor equal to zero means
zero waste, being more intuitive to interpret. However, it was not enough because it was not
only important the quantity (Kg) but also the nature of that waste and its environmental impact.

Then the problem was the lack of data about the toxic effects of chemicals on human’s health
and their accumulation in nature. Hopefully, in the era of big data lot of solutions appears based
on the massive data collection of known environmental risk, cost, and impact of chemicals. For
example, we can point out the software EATOS (Environmental assessment tool for organic
synthesis) '2* developed by Eissen and Metzger in 2002 or the free webpage EcoScale calculator
124 developed by van Aken and co-workers in 2006 and used herein.

In the first part of the environmental impact assessment, we decided to compare the syntheses
of the disulphide linker following both a retrosynthetic methodology and a green by design
approach (Scheme 6, a and b) to assess the pros and cons and using some green metrics for
evaluation. The retrosynthetic process, was usually used with other linkers as the
phenoxyethane °! and the bipyridinic *° through a one-step radical bromination of the
commercially available starting materials.

We used the green metric E-factor for the measurement of the waste produced and the EcoScale
calculator to estimate the environmental impact.

a) Synthetic pathway 1: Retrosynthetic approach

NBS, AIBN
C D in dry CHCl5 " “
Reflux overnight L@'S S g @\
Starting material from 26% (6.5%)

commercial sources

b) Synthetic pathway 2: Green by design approach 16

LiAIH; 1M
Metharol/H' T TT_'F I, Ethanol *@A OH a g
Reﬂux 80 - 83 °C, ohatrt litj EtsN, rt ‘/©' PBr3, CH,Cl, S
0> OH overnlght 0%0” 89% overmght rt for 3h
83% 60%

Starting material
from commercial 13 14 15 16
sources

Scheme 6. Traditional (a) and proposed sustainable (b) procedure to achieve the brominated
disulphide linker.

The traditional retrosynthetic method started from the commercially available p-tolyl disulfide
(1eq), that together with NBS (2.04 eq) and AIBN (0.08 eq) in anhydrous chloroform (30 mL) was
refluxed during one day under an Argon atmosphere. Then, the crude solvent was removed
under pressure and the remaining red oil was extracted with CH,Cl,/H,O/brine (x3). The organic
phase was dried with Na,SQO,, filtered, and removed under pressure. However, the radical
bromination is not selective and several subproducts were formed. Thus, the obtained crude
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was purified by chromatographic column in silica gel as stationary phase and 9.75 Hex/0.25
EtOAc as mobile phase. The pure product was difficultly isolated and a mixture of the dibromide
16 and the oxidated subproduct 4-methyl-phenyl-disulfoxide 17 was obtained in a 26% yield as
a light-yellow solid.'*

Taking into account that the dibromide linker 16 had a 25% of impurity of an unreactive by-
product 17, the final yield decreases until 6.5% (Scheme 6, a).

The E-factor was calculated for each synthetic step (Scheme 6) as the coefficient between the
total mass of waste and the mass of the final product, in mg. The advantage of this metric is that
could be easily applied to a multistep process, that we report as Total in the bar chart. However,
unlike the AE, the E-factor could be calculated just once the reaction is experimentally done and
so, is not a good tool for waste prediction. Its strength is that it takes into consideration the use
of auxiliary solvents of workup and purification. Solvents have been demonstrated to strongly
matter in the environmental damage, waste and cost generated in an industrial process.*?® That
is why we chose to measure the E-factor rather than the Atom Economy. (For a detailed
calculation of the E-factor see Experimental section 1.9).

On the other hand, the free software EcoScale calculator
(http://ecoscale.cheminfo.org/calculator) is based on assigning a range of penalty points to six
parameters that can be: the yield, cost, safety/hazards, technical setup, reaction conditions,
workup and purification, but also can be included others by the user if needed. The software
subtracts points from a total of 100 when conditions are not green, establishing the value of a
particular synthesis. In that case, lower values mean harmful procedures. The EcoScale value
was calculated for each synthetic step reported in Scheme 6. (For a detailed calculation of the
EcoScale values see Experimental section 1.10).

30000
27677 27677 100
27000 | 90 |-
24000 80l
(o]
£ 21000} 5 70}
£ e
. 18000} » 60|
= ]
= =
E 15000 T 50}
£ 12000} 2 40}
5 &
.g 9000 3 30}
< oo} M o201 16,2 16,2
0 0
Step 1 Total Step 1 Mean

Figure 23. Disulphide linker E-factor (left) and EcoScale value (right) for the
retrosynthetic pathway.

51



Chapter 1: Results and discussion

1100 100
1000 [ ool
900 | I
800 |-
700 |
600 [
500 |
400 |
300
200 |
100 [

E(nvironmental) - factor
EcoScale values (%)

Step 1 Step 2 Step 3 Step 4

Stey
Figure 24. Disulphide linker E-factor (left) and EcoScale value (right) for the
green-by-design pathway.

As represented in Figures 23 and 24, it was satisfactory disclosed that the disulphide linker
synthetic pathway 2 (Scheme 6, b) produces 29 times less waste than the synthetic pathway 1
(Scheme 6, a), and that there is a 46% improvement in the choice of eco-friendly reagents and
reaction conditions.

It can be highlighted the evident contribution that solvents have on synthetic pathway 1 due to
the need for chromatographic purification after the radical bromination that produces lots of
subproducts (Step 1). The bar chart allows us to quickly recognize which step of the synthesis
could be further improved. For example, the synthetic Step 2 in the green by design pathway
(Figure 24) produced the biggest quantity of waste of the overall process.

That step corresponds to the reduction from ester to alcohol, which needs acidic solutions to
dissolve the lithium salts and their separation of the final product by several extractions with
water to clean the organic phase of the aluminium hydroxide and lithium alkoxide rests.

In addition, it could be also pointed out Step 3 of the green procedure, which has the best E-
factor but the worst EcoScale value in comparison with the other reaction steps. As so, it could
be thought a change in the dimerization step in which instead of iodine, we could use an oxidant
catalyst more environmentally benign, as the K-OMS-2. Actually, we tested it using strong reflux
conditions (105 °C for 6 hours) with CPME but the reaction was not completed.

As expected, lower E-factor and higher EcoScale values are obtained for the synthetic pathway
2 (961.6 vs 27677 and 62.6 vs 16.2, for the E-factor and EcoScale values in pathways 2 and 1,
respectively).

The overall chemical yield for the disulphide linker synthesis is 6.5% in pathway 1 and 35% in
pathway 2 (Scheme 6). Therefore, together with an improvement in sustainability, we reach a
28.5% increment of the chemical yield.

In conclusion, longer multi-step synthesis doesn’t mean more waste if reactions are selective
and there is no need for intermediates purification.

Next, to further evaluate the suggested improvement, we compare the dithioethane synthesis
with the synthetic pathway reported in the literature for the homologous linker
diphenoxyethane >, which led to the dibromide derivative 19 in an overall chemical yield of
23% (Scheme 7, d).

From the efficiency point of view, our designed pathway (Scheme 7, c) with an overall yield of
40%, seems to be superior to the reported in the literature. However, the diphenoxyethane
linker has less derivatization and intermediates, obtaining the product in two steps while 4 steps
are needed for obtaining the dithioethane product.
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c) Dithioethane linker synthetic pathway.
o]
SH COOH i OH
NaOH / MeOH Q Ethanol / H* PBrs
—_— S—— .
S S : g
1,2dibromoethane MW 100 °C, 4 UURIEE S CH,Cl, Ay
O0“"OH . overnight S for 2h S in THF S rt for 3h S
100% @ 75% 3hatrt j
Starting 0 68% 78%
material from HOOC o 1
commercial 10 st 11 OH 12 ! 3
sources
«yethane linker synthetic pathway reported in literature.
OH NaOH / MeOH NBS, dbp
30 min — CHCl,
1,2-dibromoethane MW 130°C /—Q—O 0—@—\
MW 130 °C, 28 min for 21 min t
C'I] 00
Starting a0% 18 b 19
material from
commercial
sources

Scheme 7. Comparison of the bioisosteric linkers’ synthesis.
(c) Dithioethane and (d) diphenoxyethane homologous

Despite that, sustainability also considers the toxicity, the environmental effect of the waste
generated and the energy usage so that, we similarly calculated the E-factor and Eco values as
reported before.

1100 100
1000 - 9591 90 |
900 E 80 |
s 8001 70 69 695 71
g F 693 ) 7
o /00 - o 7
= | o 60 %
= 600 | 2 49 |
g | « 50 2
5 500 , = _
S 400 ;“/ 3 0 "
Z 300l 250,5 a 30
o [
200 - / 20 ) -
100 |+ 10 4t Z
I 8 96 .
0 L L L 0 _l | W 2 via
Step 1 Step 2 Step 3 Step 4 Total Step 1 Step 2 Step 3 Step 4 Mean
200 100
180 |- 90 |
160 80 |
5 140 .10
Q L = +
< 120 » 60
= g H
2 100 5 50
(0] ° L
g 80 w© 40
s @
S B0 g 30
£ i} L
w40 20
20 10
| Mt | 1

Step1 Step 2 Total i Step1 Step 2 Mean
Figure 25. Dithioethane linker (green bar charts) and diphenoxyethane linker (blue
bar charts) representation of calculated E-factor (right part) and EcoScale (left part)
values for each synthetic step.
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The published synthesis of the diphenoxyethane derivatives °! has improved using microwave
irradiation, which allows for selectivity and obtain the purified products just by precipitation.
Thus, this time higher derivatization means more waste and so, our proposed green synthesis
produces 6 times more residues than the reported in the literature for its oxygen homologous
(Figure 25, right part).

Also, we have to consider the different reactivity of the O and S that limits the synthetic
methodologies comparison.

Nevertheless, even with the higher levels of waste produced in the dithioethane synthesis, we
get a 15% improvement in the whole environmental impact generated (Figure 25, left part). That
percentage makes the difference between an acceptable (EcoScale value > 50) and an
inadequate (EcoScale value < 50) reaction, for the dithioethane and diphenoxyethane linkers,
respectively.

In conclusion, our synthesis generates more residues for unit of product, but those are less
harmful to the environment in comparison with the reported pathway in literature.
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2. HChoKa enzymatic inhibition.

As a mandatory step in drug design, it is necessary to test if the new drugs synthesized are able
to effectively improve the predecessor’s activity towards the biological target. The in-vitro
inhibition of the isolated enzyme is a key assay that gives information about the suitability of
structural binding without taking into account the biological barriers as the cell membrane
permeation.

These experiments were developed in collaboration with Prof. Maria Paz Carrasco Jiménez of
the Department of Biochemistry and Molecular Biology | at the University of Granada during the
PhD abroad period.

Compounds were prepared at different concentrations by serial dilutions of a stock in DMSO.
The prepared inhibitors together with a buffer solution, cofactors (ATP and Mg?*) and
radiolabelled **C (from methyl) choline, were incubated with the pure enzyme (37 °C for 15 min).
After this time, the enzyme was denaturalized immersing the vials in boiling water. The quantity
of labelled choline transformed into labelled phosphocholine was determined by the reaction’s
aliquots separation by chromatography in silica gel plates, and then, their exposure to iodine
vapour, to identify the phosphocholine and choline spots. Finally, the phosphocholine in the
silica plates was scraped and quantified by the measurement of radioactivity in a liquid-
scintillation counter.

Regarding the inhibitory values of the dithioethane library, reported in (at the top), we
decided to discuss the results classifying the compounds based on the cationic heteroaromatic
heads. Starting with the pyridine cationic heads, compounds PL 40 and PL 46 showed poor
solubility in DMSO and water, so that they were discarded as the results would not be reliable
because the concentration homogeneity was not guaranteed.

The thieno[2,3-d] pyrimidine cationic head of compounds PL 54, PL 55, PL 71 and PL 73, shows
a wide range of ICsp values from 0.66 to 4.37 uM. When the cationic head is substituted by a
cycloalkyl amine (PL 54 ICso = 4.37 uM and PL 55 ICso = 0.66 uM), the inhibition drastically
improves with the size of the ring. On the other hand, when the cationic head is substituted by
an aromatic amine (PL 71 I1Cso = 1.43 uM and PL 73 ICso = 0.71 uM), lipophilicity seems to play a
key role as the introduction of a chlorine atom double the inhibitory activity (PL 71 cLog P = 7.07
and PL 73 cLog P = 8.03).

The thieno[3,2-d] pyrimidine cationic head of compounds PL 67 and PL 68, shows an unexpected
behaviour as they are, in general, less potent than their isomers. However, they follow the trend
(PL68 ICs0 = 1.35 uM and PL 67 ICso = 2.6 uM), and the substitution in 4 with a cycloalkyl amine
drives to better inhibitory values than with an aromatic amine.

The thieno[3,2-b] pyridine cationic head of compounds PL 65 ICso = 1.01 uM and PL 69 ICso = 0.64
UM, shows a higher activity than their isosteric counterparts PL 68 (ICso = 1.35 uM) and PL 55
(ICso = 0.66 uM), respectively. The slightly inhibitory improvement is in agreement with an
increase of the lipophilic profile due to the absence of the N3 of the pyrimidine isosteres. The
inhibitory activity is in line with the increasing size of the para-substituted cycloalkyl amine ring.

Finally, the quinolinic cationic head of compounds PL 48, PL 70 and PL 72, shows good inhibitory
values in the range of 0.66 to 1.72 uM. In this subfamily of compounds, the substitution with a
cycloalkyl amine in PL 48 gives to higher inhibitory values (ICso = 0.66 UM) as previously noted.

Otherwise, the para substitution with an aromatic amine shows less inhibitory potency (PL 70
ICso = 1.72 uM and PL 72 ICso = 1.02 uM) but agrees with the lipophilicity values so that the
introduction of a chlorine atom in PL 72 improves the lipophilicity and also the inhibition.
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% Inhibition Human ChoKa1
Compound 0.2 uM 1uM 5uM ICsq (M) Mw *Log P
INSOLUBLE @ 676.57 3.41
INSOLUBLE « 728.65 4.12
PL 48 30.54+£3.02 63.39+£2.18 100 0.658 + 0.067 89765 7.07
PL 54 ND 52.65+4.07  86.48+2.37 4.373+0.605 870.84 5.96
PL 55 30.09+6.94 79.03+098 9520%0.14 0.658 +£0.079 898.90 6.50
PL 65 ND 5719+ 11.65 9040+0.18 1.013+0.147 840.81 6.06
PL 67 1523 +4.81 58.44 £ 0.17 ND 2.595+0.658 914.86 6.84
PL 68 16.11+£5.62 70.96 £9.56 | 8763+ 151, 1.351+0.041 84279 528
PL 69 409+279 6697+491  9748+055 0.638+0.111 896.92 7.12
PL70 28.52+441 5567119 9196013 1.723+£0.021 900.84 7.69
PL 71 5169+1.02 7496755 9244 +£+1.37 1426 +0.270 914.86 7.07
PL 72 66.31 £2.67 87.14+4.04 9758 +£0.38 1.024 £0.117 969.72 ' 8.7
PL73 992+047 64.38+039 9243 +0.38 0.709 +0.067 ' 983.74 8.03
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% Inhibition Human ChoKa.1
Compound 1 uM 5uM ICso (uM) Mw  *Log P
FP2 70.29+0.34 87.98+0.66 ND 70060 | 3.15
FP3 88.01 £0.93 | 96.28 + 0.01 ND 870.84 6
FP4 76.12+4.08  89.47 +4.55 ND 84279 | 541
FP5 54.91+052 87.56+0.30 ND 869.60 = 6.39
FP7 72974641 97.28+0.80 ND 94167 = 7.86
; INSOLUBLE 868.87 = 6.64
FP15 7896209 92231 0.05 ND 812.76 = 5.5
FP16 51.45+11.75 ND ND 648.52 = 2.90
FP17 6543+0.88 86.57 +0.33 ND 814.74 = 4.79

*Calculated with http://www.swissadme.ch/as an average measure of five predictions methods.

Table 2. Dithioethane (at the top) and disulphide (at the bottom) libraries’ inhibitory activity

and cLog P. Insoluble molecules are coloured in red.
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To sum up, best results are obtained with compounds PL 55 (thieno[2,3-d]_pyrimidine family),
PL 69 (thieno[3,2-b]_pyridine family) and PL 48 (quinolinic family) with an ICso in the low pM
range (from 0.64 to 0.66 uM). As a common feature, we can highlight the presence of a cycloalkyl
amine at 4 position, being the azepane the most suitable one.

As a general trend, it is possible to point out that the aromatic amine (N-methyl aniline) and its
derivatives are worse substituents at the para position of the cationic head than the cycloalkyl
amines (pyrrolidine, piperidine or azepane). The activity of the cycloalkyl amines substituents
improves with the size of the ring (azepane > piperidine > pyrrolidine), and in the aromatic
amines with the increased lipophilicity.

Regarding the disulphide library of compounds, the inhibitory values also reported in (at
the bottom), were discussed following the previous classification.

This time, the pyridine family was able to be tested. Compounds FP 2 and FP 16 (70.29% and
51.45% of inhibition at 1 uM, respectively) show better inhibition when a cyclic amine
(pyrrolidine) rather than an aliphatic one is used as the para substituent.

The thieno[2,3-d] pyrimidine cationic head of compounds FP 4 and FP 3 (76.12 % and 88.01% of
inhibition at 1 uM, respectively), shows an increase of activity while the cycloalkyl amine ring
size does (from piperidine to azepane).

The thieno[3,2-d] pyrimidine cationic head of compound FP 17 shows a 65.43% of inhibition at
1 uM. It is an isomer of the previously mentioned family and in comparison to them; the
inhibitory activity is lower due to the smaller cycloalkyl amine (pyrrolidine). Also, the cationic
head lacks binding affinity as is noticed in the dithioethane library counterparts (PL 67 and PL
68).

The thieno[3,2-b] pyridine cationic head of compound FP 15, with a 78.96% of inhibition at 1
UM, is substituted at the para position by the cycloalkyl amine pyrrolidine. The compound FP 14
with the cycloalkyl amine azepane, was insoluble and thus, unable to be tested. As previously
noted, this family shows better results than its isoster FP 17 that is less lipophilic.

Finally, the quinolinic cationic head of compounds FP 5 and FP 7 (with 54.91% and 72.97% of
inhibition at 1 pM, respectively), show a cycloalkyl amine (pyrrolidine) and an aromatic amine
as a substituent, respectively. However, contrary to the dithioethane library, the aromatic amine
in FP 7, is a better substituent for the enzymatic inhibition. Although these compounds’ family
are the most lipophilic of this series, they are not the most actives.

The best inhibitory activity was achieved with compounds FP 3 (thieno[2,3-d]pyrimidine family)
and FP 15 (thieno[3,2-b]pyridine family). We can highlight the presence of a cycloalkyl amine at
4 position in both of them, bigger (azepane) when the cationic head is more polar (in FP 3) and
smaller (pyrrolidine) when it is more lipophilic as in FP 15.

In general terms, the disulphide library shows greater inhibition when the cycloalkyl amine ring
of the para substituent increase in size. The thieno[3,2-d] pyrimidine is the worst cationic head
while the isomer thieno[2,3-d] pyrimidine is the best. Quinolinic derivatives, however, are more
actives when are substituted in para position with aromatics amines.

Both libraries concur with the lead compound chemical structure. The most actives compounds
PL 55 and FP 3 agree on the structural features that give room to high inhibitory potency in both
series.

The dithioethane library is, however, more lipophilic than the disulphide one due to the linker
nature, and the antiproliferative assays in tumour-cell lines would be essential to emphasize one
library to the other.
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Comparing the homologous inhibitors in both libraries (Figure 26), it is a remarkable fact that at
5 UM the % of ChoK inhibition is almost equivalent inside each pair of homologous.
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Figure 26. Comparison between the dithioethane and
disulphide library’s homologous inhibitors.

Inyellow is represented the inhibitory activity at 1 uM
and in teal the inhibitory activity at 5 puM.

Nevertheless, when they are tested at 1
UM, the % of ChoK inhibition is higher in
the disulphide library. The exceptions to
this trend are compounds PL 72, PL 48
and PL 68 from the quinolinic and
thieno[3,2-d]___ pyrimidine  families,
respectively. For compounds PL 72 and
PL 68, it could be proposed an allosteric
binding due to the disagreement
between their physicochemical
properties and the inhibition rate in
comparison with the rest of the group.

For example, the more lipophilic
quinolinic family show less inhibitory
activity while in the other families an
increase of lipophilicity is translated
into a better inhibition.

In the thieno[3,2-d]_pyrimidine family,
however, the sulphur arrangement
gives room to a loss of activity, which

may be caused for a lost interaction inside the catalytic side or an allosteric and less effective

binding.

To conclude, we would like to compare the inhibition rate of the previously synthesized
bioisosteres with the aim of analysing the improvements achieved with the proposed linker.

BIOISOSTERIC CHANGE IN THE LINKER
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Figure 27. Effect of the linker bioisosteric exchange in the inhibitory activity

towards the ChoK.

For that purpose, we have chosen two substituents present in all the discussed libraries. As
reported in the Figure 27, starting with the general scaffold of HC-3 with the biphenyl linker 3¢,
several modifications have been proposed to increase the inhibitory activity passing through
bipyridinic *°, diphenoxyethane *! and our proposed dithioethane linker.
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All of them are symmetrical and biscationic compounds and, with respect to the ICso values, it is
observed a remarkable improvement when using our designed linker (Figure 27, d). The key to
success resides in the hydrophilic/lipophilic equilibrium and the sulphur free-electrons pairs,
that can further interact in the catalytic site.
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3. Modelling compound-protein interactions.

Computational studies are gaining importance nowadays as most accurate algorithms have been
developed and easier to handle software are at the service of little expertise public.

In collaboration with Prof. Laura Goracci of the Department of Chemistry, Biology and
Biotechnology at the University of Perugia, preliminary computational studies have been
performed using Flapdock, with the aim of gaining information on the potential binding mode
of synthesized compounds of interest over the enzyme catalytic pocket and hypothesizing how
their binding interactions relate to the in vitro inhibitory activity.

In this study, the FLAPdock module in the FLAP (Fingerprints for Ligands and Proteins) software
was used. Briefly, FLAPdock is an algorithm for flexible fragment-based docking based on GRID
Molecular Interaction Fields (MIFs) similarities, '2”'?® combined with classical energetics.*?
Indeed, the docking option in Flap divides the ligand into fragments and dock them in the target,
basing on the affinity between their molecular interaction fields. In this manner, the most
suitable conformation is adopted for the first fragment and consecutively until the whole
molecule is docked. Then, the predicted poses are scored according to the MIFs similarity and
dissimilarity, and the energetic terms (internal and external Lennard-Jones terms and
Electrostatic terms).*°

Although FLAPdock allows to use the WaterFLAP waters to guide the docking, in this preliminary
study structural waters were not considered in docking. In addition, during GRID MIFs
generation the flexibility of aminoacidic residues is taken into account, but the backbone is
maintained fixed. Therefore, the backbone of the catalytic pocket as in the crystal structure of
human choline kinase alpha in complex with HC-3 and ADP (PDB ID: 3G15) was used as a rigid
entity in docking, possibly limiting the interaction towards the new ligands especially if very
different from the X-ray ligand.

We assumed that binding occurs in the choline catalytic pocket without considering possible
allosteric interactions. In the enzyme pocket, apart from choline coexist the Mg atoms and ADP
cofactors, in a more deeply cage (ATP binding site) that is opened and intercommunicated with
the catalytic pocket. For that reason, we decided to maintain the Mg atoms attacked when doing
the docking studies (see the Experimental section 1.11 for details).

In an effort to mimic the biological events, we determine that docking an empty cavity without
cofactors could lead to an erroneous model. Considering that in the inhibitory assays it is used
ATP and Mg over the Km concentration, it could be thought that the active enzyme is
phosphorylated. For that reason, in the following study, the most vicinal Mg atoms are
considered in terms of spatial volume and interaction with the library of compounds.

Several examples about Flapdock applications on ligand-protein interactions are available,
proving its reliability as a docking method.1?9131-132
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3.2 Dithioethane library of compounds.

The library of compounds with the dithioethane linker will be first discussed. It is composed of
biscationic symmetrical molecules that occupy the whole choline-binding site and, in most cases,
shown one half of the molecule exposed to the solvent.

A general overview of the compound’s classification according to its mode of binding and the
values herein discussed are reported below (Table 3).
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* Calculated using http://www.swissadme.ch/ as an average of five predictions methods.
Table 3. Classification of the dithioethane library binding mode and reported S-score, 1Cso and
cLog P values for comparison.

Compounds PL 46, PL 48, PL 65 and PL 68 are docked in the catalytic pocket in the same way as
the template inhibitor HC-3. They adopted an extended conformation that points the half of the
ligand outside the pocket. In the outer fragment, no binding or slightly interaction with the
residues of the enzyme surface was observed.

This group of ligands get well inserted in the deep hydrophobic cavity of the choline pocket, as
the HC-3 template does. They established n-it stacking and cation-mt interactions with residues
Trp 420, Trp 423, Tyr 333, Tyr 354, Try 440 and Phe 435.

At the bottom of such cavity, there is a cationic acceptor region as shown by the NM3 probe
(see Experimental part section 1.11), to which all heads stay anchored due to the cationic charge
resonance. This part of the pocket is enriched by acidic residues (Asp 306 and Glu 349) that are
deprotonated at physiological pH, and as so negatively charged.
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From this group, compound PL 68 is the one with a higher S-score (0.987). The 4-(1-pyrrolidinyl)
thienopyrimidine moiety overlaps well with two H-bond donors MIFs of the enzyme, at the
sulphur and the N3 atom of the thienopyrimidine, that could correspond to interactions with Tyr
437 and, Tyr 354 or GIn 308, respectively (Figure 28, a). For that reason, it could be more
stabilized in the catalytic site than its isoster PL 65 (S-score: 0.885) with the 4-(1-pyrrolidinyl)
thienopyridine moiety (Figure 28, b). However, this fact seems not to be relevant in the
biological media. Compound PL 65 has an ICse= 1.01 uM and a cLog P= 6.06, while PL 68 has an
ICso=1.35 uM and a cLog P=5.28. The lipophilicity plays a bigger role than the H-Bond formation
in the pocket binding.

Regarding compound PL 46, it is mainly stabilized by nt-rt and cation-it hydrophobic interactions
with the catalytic site as previously reported and could form an H-bond with the Tyr 354 (S-
score: 0.863; cLog P= 4.12) (Figure 28, c). However, it was insoluble, and its inhibitory activity
couldn’t be tested.

Finally, compound PL 48 is also well inserted in the choline hydrophobic cage. The pose obtained
exposes the chlorine atom of the 7-chloroquinoline moiety towards the Mg ions and the ADP (at
5 A of distance) (Figure 28, d). The S-score with a value of 0.698, is the lowest of the group but
however, it shows the highest ICso= 0.66 uM. This disagreement could be explained due to the
presence of a hindrance group (the chlorine) near to the Mg atoms, that could displace the
attached coordination water, destabilizing their binding to the enzyme. Another hypothesis is
the formation of a complex with the Mg cations, blocking the phosphor-transfer. The clLog
P=7.07 is the highest of this series, which seems to be the key for the best anchor in the binding
site and thus the best inhibition.

The linker dithioethane can adopt an anti or synclinal conformation. It confers to the
compounds’ second half a wide range of interactions in the inter-loop environment (Loop 1
between sheet B1 and 32 in the N-terminal domain, Loop 9 between helix a9 and a10 in the C-
terminal domain and Loop 8 between sheet B11 and B12 in the C-terminal domain), adopting
different orientations in each pose. As a common feature, the outer cationic heads do not
interact much and are exposed to the solvent getting oriented towards the Glu 357 or Glu 434
negatively charged residues. However, the phenyl groups attached to the linker can still make
hydrophobic interactions with Leu 120 (loop 1), lle 433 (loop 9) or Phe 361 (loop 8).
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. Inhibitors” mainly interactions inside the catalytic pocket.

a) Compound PL 68 (carbon atoms in yellow color), b) compound PL 65 (carbon atoms in green-
cyan color), ¢) compound PL 46 (carbon atoms in green color), d) compound PL 48 (carbon
atoms in magenta color) and e) compound PL 69 (carbon atoms in red color). Mg ?* cations are
represented as yellow spheres, hydrophobic residues are in blue-white color, H-bond donor
residues are in light pink color, ATP pocket residues are in deep-teal color. Dash lines are red
when H-bond formation, yellow when m-mt or cation-m stacking and blue-white when
electrostatic interactions. Delimited loops are coloured in red.

Compound PL 69 constituted a subgroup in this classification, because it deeply interacts with
the hydrophobic catalytic cage as HC-3 but presents a folded conformation ( , €). This
disposition allows further interactions of the second cationic head in the pocket which is also
captured in the S-score value of 1.007. The flexibility of the linker allows this synclinal
conformation that is also observed in compound PL 65. Nevertheless, the probability of PL 65 to
adopt a folded conformation is lower than the extended one (see Appendix 2).

Compound PL 69 is also an isoster of PL 65. The introduction of azepane instead of pyrrolidine
as the cycloalkyl amine moiety has a significant influence on the inhibition behaviour. As
previously pointed out, the increase of lipophilicity is again related to a greater inhibition. For
PL 69, the cLog P is equal to 7.12 while for PL 65 it is equal to 6.06, showing ICso values of 0.64
UM and 1.01 uM, respectively.

This enhancement of the inhibitory activity could be explained as the consequence of the
orientation of the second cationic head towards a new anionic enriched region. The cationic
charge is stabilized by Glu 309, Asp 353 and Arg 117 residues. The last one is an essential residue
for the anchoring of the B-phosphate of the ATP to the enzyme and could form an H-Bond with
the tertiary amine azepane. Moreover, the cycloalkyl amine is introduced in the ATP pocket
causing steric hindrance and ousting the stabilization water from the Mg atoms surroundings.
This moiety is also stabilized by hydrophobic residues, as Leu 124 and lle 329. ( , e)

The rest of this library’s compounds PL 54, PL 55, PL 71 and PL 73 are not docked as the template
inhibitor HC-3. These compounds are quite outside of the hydrophobic cage of the choline-
binding site, where there is interaction just with the cycloalkyl amine in PL 54 and PL 55, and the
aniline moiety in PL 71. All of them have an extended conformation and expose half of the
molecule to the solvent.

Compounds PL 54, PL 55 and PL 71 are similarly anchored to the catalytic site while their
different inhibition values should be derived from the cLog P values and the further stabilization
of the molecule in the enzyme surface. In all three, the bound cationic head is very close to the
Mg atoms and repulsion between the cationic charges can cause instability. There is still rt-1t
stacking with Trp 420, Trp 423 and interaction with the residue Tyr 333 which is faced towards
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the tertiary amines. The inner cationic heads occupy the space where the transferred phosphate
should be placed. The thieno[2,3-d] pyrimidine group in these compounds, can also be stabilized
by H-bond interactions between the pyrimidine N* atom and the GIn 308 residue (Figure 29, f, g
and h).

Compound PL 55 has the best S-score value 1.062 of the three; a cLog P= 6.5 and an ICso= 0.66
uM . Compound PL 54 follows with an S-score: 1.052, a cLog P=5.96 and an |Cso=4.37 uM. Finally,
compound PL 71 has an S-score of 1.007, a cLog P=7.07 and an ICsp= 1.43 uM.

In this case activity and lipophilicity are not correlated. The most lipophilic molecule PL 71 is not
the most active; furthermore, it could be stabilized in the outer by weak interactions with Arg
117, lle 433, Leu 120, Glu 434 and Phe 361 (Figure 29, h). In comparison, compound PL 54 only
interacts in the outer space with Glu 434 and Phe 361 (Figure 29, f) while compound PL 55 in
addition to Glu 434 and Phe 361 also interacts with lle 433 (Figure 29, g). Incomprehensibly,
compound PL 55 is more active than PL 71 even if the latter interact better and closer with the
enzyme.
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Figure 29. Inhibitors” mainly interactions inside the catalytic pocket.

f) Compound PL 54 (carbon atoms in blue color), g) compound PL 55 (carbon atoms in dark-
pink color), h) compound PL 71 (carbon atoms in yellow-orange color), i) compound PL 73
(carbon atoms in purple color) and j) compound PL 40 (carbon atoms in green color). Mg
cations are represented as yellow spheres, hydrophobic residues are in blue-white color, H-
bond donor residues are in light pink color, ATP pocket residues are in deep-teal color and
surface residues are in grey color. Dash lines are red when H-bond formation, yellow when
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T-Tt or cation-mt stacking, green when CI-X interactions and blue-white when electrostatic
interactions. Delimited loops 1 and 9 are coloured in red.

By the docking visualization, this behaviour could be attributed to the perpendicular disposition
of the aniline ring and the cycloalkyl amine of PL 71 and PL 54, respectively, in the hydrophobic
cage regarding compound PL 55. However, further research needs to be done to clarify if
compound PL 71 interacts with another cavity of the enzyme not considered in our study.

On the other hand, compound PL 73 is discussed separately because of its unique mode of
binding. This molecule has the cationic head inserted in the ATP binding site, leading to steric
hindrance in the Mg surroundings. The para chlorine is oriented towards the Arg 146, competing
with the ADP phosphate oxygens to bind. In addition, interacts with Tyr 333, Trp 423, Tyr 437
(H-bond interactions), lle 433, Phe 361 (hydrophobic interactions), Glu 357 (electrostatic
interaction) and Arg 146 or Asp 330 (Cl bond) residues ( ,i). It shows an S-score of 0.958,
which value is lower than the obtained for its counterpart compound PL 71, due to the loss
interaction with the hydrophobic cage in the choline pocket. It has a cLog P= 8.03 and an ICsp=
0.71 uM, exhibiting 2-fold more inhibitory activity than compound PL 71 just by the addition of
chlorine in the para position.

The last inhibitor of this series is compound PL 40, with the smaller and most polar cationic head
(dimethylamine) which is reflected in the cLog P value of 3.41. Due to its polar nature, it is not
inserted in the hydrophobic cage but for the linker, which adopts a gauche conformation
addressing the cationic heads outside the pocket which is also captured in the low S-score value
of 0.902. Compound PL 40 interacts with Tyr 333, Tyr 354, Tyr 437 (H-bond interactions), Trp
423, Tyr 354, Phe 435 (hydrophobic interactions) and Glu 434 (electrostatic interactions) (

, j). However, due to the insolubility in DMSOQ its inhibitory activity was not determined.

To sum up, it is highlight that the inhibitors that show the highest S-score values (PL 55, PL 54,
PL 71, PL 69), and as so best fit in the pocket are those interfering with the Mg atoms. It is
remarkable that to synthesized better inhibitors we need to match the phospho-transfer region
rather than occupy the whole hydrophobic cage of choline. With this strategy, we could design
molecules able to stay in the pocket even in the closed enzyme conformation.

We also realized that interactions with the sulphur atoms in the dithioethane linker slightly
improve the binding by interactions with the amine backbone functions of residues in the inter-
loop region but gives the necessary compound’s flexibility to get inserted in the pocket. In

addition, this linker shows a good balance between lipophilicity and solubility ( ).
PREVIOUS LINKER BIOISOSTERIC LINKER
" LogP=434 :
,—@ § s ) LogP=500
O sy
Log P=4.65 /—Q @—\ Log P=3.83

r._\_\—._\ F\J/ 2 Log P=2.47
Log P= 530

. (Left part) cLog P of the linkers mainly used as part of the Choline Kinase
inhibitors. (Right part) Bioisosteric changes in the linker.
The linker cLog P in decresing order: diphenylbutane > bis(phenylthio) ethane >
diphenylethane > diphenyldisulfane > biphenyl > diphenoxyethane > bipyridine.
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Regarding the cationic heads, the [2,3-d] thienopyrimidine group successfully interacts through
H-bond formation with the enzyme residues. This head becomes a hit to further research in
comparison with pyridine and quinoline derivatives that show less binding with the enzyme.

For compounds PL 70 and PL 72, quinolinic derivatives unable to be docked in the catalytic
pocket (Figure 30, left part), is proposed a similar mode of binding than to the inhibitor TCD-717,
in the inter-dimer region of the enzyme.”?

The same happens to compound PL 67, an isoster of compound PL 71 (Figure 30, right part). It
was not able to be docked even if it occupies the same volume as PL 71. The differences in the
dipolar moment between them could justify the lack of an optimal binding with the enzyme in
PL 67. This different dipolar moment is particularly important when the thienopyrimidine
scaffold is substituted in 4 by an N-methylaniline.

When it is substituted by a cycloalkyl amine, there is almost no difference in the inhibition
activity (see Table 3, PL 68 vs PL 65 or PL 55 vs PL 69).
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Figure 30. Undocked compounds 70, 72 and 67. Compound 71, an isoster of 67, can
be docked and is also doubly active than 67.

@;g; @5\*"

66



Chapter 1: Results and discussion

3.3 Disulphide library of compounds.

On the other hand, the second library of compounds is characterized by a disulphide linker. This
time, the molecules can be classified by those that mainly bind the enzyme in an extended
conformation transversally to the catalytic pocket and those that adopt a horizontal disposition
regarding the catalytic site.

For clarity of reading, a general overview of the compound’s classification according to its mode
of binding and the values herein discussed are reported below (Table 4).
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FP 2 0.756  7029+0.34  3.15
FP 3 1265  88.01+0.93 6
FP 4 1184  7612+4.08 @ 541
FP 5 0.997  5491+052  6.39
FP 7 0.532  72.97 +6.41 7.86
FP 14 1.015  INSOLUBLE = 6.64
FP 15 0.885  78.96+2.09 @ 555
FP 16 1.013 5145+11.75  2.90
FP 17 1138  6543+0.88  4.79

*Calculated using http://www.swissadme.ch/ as an average of five predictions methods.

Table 4. Classification of the disulphide library binding mode and reported S-score, ICso
and clLog P values for comparison.

The first group is composed of compounds: FP 4, FP 17, FP 14, FP 5, FP 15, and FP 7, which mostly
constituted this library. As previously noted, the extended conformation leaves one half of the
molecule exposed to the solvent, slightly interacting with the pocket’s surface residues.

From this group, compounds that contain the thienopyrimidine or thienopyridine moiety as
cationic head show the highest S-score values.

Starting with them, compounds FP 4, FP 14 and FP 15 show an optimal insertion of the cationic
heads in the hydrophobic cage. There are n-it and cation-nt stacking with residues Trp 420, Trp
423, Phe 435, Tyr 440, Tyr 354, and Tyr 333 (Figure 31, a, b and c¢). Compound FP 4 with a
thienopyrimidine group can establish more H-bond interactions in the pocket than compounds
FP 14 and FP 15 with a thienopyridine group, which is written on the S-score values.
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FP 4 interacts with Tyr 437 at the sulphur and with Gln 308 at the N3 atom of the
thienopyrimidine moiety (Figure 31, a), while FP 14 and FP 15 only show an interaction between
the Tyr 333 and the sulphur of the thiophene group (Figure 31, b and c).

As said, FP 4, FP 15 and FP 14 show decreasing S-score values of 1.184, 1.015 and 0.885,
respectively. Also, in these compounds, the linker's phenyl ring establishes hydrophobic
interaction with lle 433 and the disulphide group could interact with the amine backbone
function in Arg 117 (FP 14 and FP 15) or Phe 435 (FP 4). The cationic head expose to the solvent
is oriented towards Glu 434 and the cycloalkyl amine interacts with Leu 120 in FP 4 and FP 14
(Figure 31, a and b), and with Phe 361 in FP 15 (Figure 31, c).

The last compound included in this subgroup is FP 17. It is an isoster of FP 15, with a pyrimidine
group instead of pyridine. In fact, as well as in FP 4 (which also has the pyrimidine moiety), the
S-score is higher than the counterparts FP 15 and FP 14, with a value of 1.138.

However, FP 17 shows a different mode of binding. Only its pyrrolidine moiety interacts with the
choline hydrophobic cage residues Trp 423 and Trp 420. The rest of the cationic head is displaced
towards the Mg atoms, seated in a region surrounded by several negatively charged residues as
Glu 332, Asp 330 and Asp 306. H-bond interactions are observed between Tyr 333 and GIn 308
with the N3 and the sulphur atom of the thienopyrimidine moiety, respectively. The phenyl linker
and the disulphide group interact with lle 433 and the amine backbone function of Arg 117,
while the outer cationic head is oriented towards the Glu 357 residue (Figure 31, d).

TRP{A23 sog” 4

Figure 31. Inhibitors” mainly interactions inside the catalytic pocket.
a) Compound FP 4 (carbon atoms in cyan color), b) compound FP 14
(carbon atoms in red color), c) compound FP 15 (carbon atoms in
orange color) and d) compound FP 17 (carbon atoms in blue color).
Mg ?* cations are represented as yellow spheres, hydrophobic
residues are in blue-white color, H-bond donor residues are in light
pink color, ATP pocket residues are in deep-teal color and surface
residues are in grey color. Dash lines are red when H-bond formation,
yellow when mn-m or cation-m stacking and blue-white when
electrostatic interactions. Delimited loops are coloured in red.
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However, the best Similarity-Scores do not come with the best inhibitory activity. To a large
extent, it seems to depend on the compound’s lipophilicity.

The thienopyrimidine cationic heads show less inhibition than the thienopyridine, being the size
of the cycloalkyl amine ring that determines the different activity between them.

Compound FP 4, with a piperidine ring, has a cLog P=5.41 and inhibits the enzyme a 76.12% at
1 uM, while compound FP 17 its isomer with a pyrrolidine ring has a cLog P=4.79 and inhibits
the enzyme 2 65.43% at 1 uM.

Compound FP 15, the isoster of FP 17, with the thienopyridine moiety has a cLog P= 5.55 and
inhibits the enzyme a 78.96% at 1 uM. Its counterpart FP 14, with an azepane group at 4 position,
has a cLog P=6.64 but was insoluble and its inhibition was not able to be tested.

The last compounds comprised in this classification are FP 5 and FP 7 ( , eand f). These
compounds have quinolinic cationic heads substituted in 4 position by a cycloalkyl amine in FP
5 and an aniline derivative in FP 7. In general, the S-score values are lower than in the previously
discussed compounds, but they present more lipophilic structures. Compound FP 5 has an S-
score= 0.997 and a cLog P=6.39, and compound FP 7 has an S-score= 0.532 and a cLog P=7.86.

Both of them are well inserted in the hydrophobic cage of the catalytic site. There are
hydrophobic and m-mt interactions with Trp 420, Trp 423, Tyr 354 and Tyr 440. The chlorine at
the para position in FP 7 could establish a CI-O bonding with Glu 349 or Asp 306, which play a
key role in the phospho-transfer enzymatic activity ( , f). On the other hand, the chlorine
at 7 position of the quinolinic ring in FP 5, is oriented towards the Mg atoms and could create
hindrance avoiding the stabilization of the cofactors and slightly interacting with Arg 117 or Glu
332 ( , €).

The linker’s phenyl and disulphide groups are mostly stabilized in FP 5, by means of Phe 435 and
the amine backbone function of the Glu 434 residue, respectively ( , e). Otherwise, the
disulphide group in FP 7 could interact with the amine backbone function of the Arg 117 residue
( , f). In both inhibitors, the exposed part to the solvent is oriented towards Glu 434 and
Phe 361.

Compound FP 5 seems to fit best the pocket because it interacts closer with the hydrophobic
residues, also around the linker, showing a higher S-score value. However, it is not reflected in
the inhibitory activity. Compound FP 5 inhibits the enzyme a 54.91% at 1 uM while compound
FP 7 inhibits the enzyme a 72.97% at 1 uM, according to the cLog P values.
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e)

FELu-434

e) Compound FP 5 (carbon atoms in green color) and f) compound FP 7 (carbon atoms in
brown color). Mg?* cations are represented as yellow spheres, hydrophobic residues are
in blue-white color, ATP pocket residues are in deep-teal, negatively charged residues in
the choline pocket are in yellow and surface residues are in grey. Dash lines are red when
H-bond formation, yellow when n-it or cation-m stacking, green when CI-X interactions
and blue-white when electrostatic interactions. Delimited loops are coloured in red.

Finally, we discuss the compounds of this library that mainly bind the enzyme in a folded
conformation or cross horizontally the pocket. To this group belong compounds: FP 3, FP 16 and
FP 2 (Figure 33, i, hand g).

Compounds FP 16 and FP 2 have a pyridine cationic head substituted in para position by an
aliphatic (dimethylamino) and a cyclic (pyrrolidine) tertiary amine, respectively. Both are smaller
and more polar than the previously reported inhibitors, with cLog P values of 2.90 for FP 16 and
3.15 for FP 2. Due to the hydrophilicity of these compounds, they are not well anchored to the
hydrophobic cage of the choline-binding site and adopt two different conformations.

Compound FP 2 crosses the pocket horizontally. It is not inserted in the hydrophobic cage, but
there are -1t and cation-mt interactions with Phe 435 and Tyr 354 residues. The disulphide linker
is stabilized by H-bond interaction with Tyr 437, Tyr 333 and Trp 423 residues. One half of the
molecule is out of the pocket and interacts with the inter-loop residues as Leu 120 (hydrophobic
interaction), Ser 432 and Ser 431 (H-bond formation). The other symmetrical half is inserted in
a new cavity closer to the ATP binding site. This cavity is enriched by polar and negatively
charged amino acids like Ser 355, Arg 213, Asp 215, Asp 353 and Glu 309, where the cationic
moiety is stabilized (Figure 33, g).

On the other hand, compound FP 16 is folded over itself. The disulphide linker forms an H-bond
with Tyr 333 and is exposed towards the Mg atoms, with who could be coordinated blocking the
phosphate group transfer to the Asp 306. In addition, this compound is deep introduced in the
catalytic pocket establishing r-it interactions with Trp 423 and Phe 435 and intramolecular nt-it
and cation-mt interactions between the compound’s phenyl and pyridine moieties. Both cationic
heads are oriented towards the new polar cavity (Figure 33, h).

Compound FP 16 has an S-score value higher than FP 2, 1.013 and 0.754, respectively. It could
be due to the fact that FP 16 is completely inserted in the pocket while FP 2 has one cationic
head exposed to the solvent. However, the opposite trend is observed regarding inhibitory
activity. Compound FP 16 inhibits the enzyme a 51.45% at 1 uM while compound FP 2 inhibits
the enzyme a 70.29% at 1 uM, in agreement with the increasing compound’s lipophilicity.

70



Chapter 1: Results and discussion

‘ : [
Figure 33. Inhibitors” mainly interactions inside the catalytic pocket.
g) Compound FP 2 (carbon atoms in yellow color), h) compound FP 16 (carbon atoms in purple
color) and i) compound FP 3 (carbon atoms in ochre color). Mg * cations are represented as
yellow spheres, hydrophobic residues are in blue-white color, H-bond donor residues are in
light pink, surface residues are in grey and the new pocket is represented as orange dots.
Dash lines are red when H-bond formation, yellow when m-it or cation-mt stacking, and blue-
white when electrostatic interactions. Delimited loops are coloured in red.

Finally, compound FP 3 is disposed horizontally to the pocket as FP 2 does. This molecule has
the thienopyrimidine cationic head substituted in 4 by an azepane group. Only the azepane
group is deep inserted in the hydrophobic choline pocket establishing interactions with Trp 420,
Trp 423, Tyr 354 and Tyr 440, while the thienopyrimidine group is oriented towards the Mg
atoms causing hindrance and the cofactors destabilization. The N* atom of the pyrimidine
moiety can also form an H-bond with Tyr 333. The disulphide linker in a synclinal conformation
interacts with the amine backbone functions of Leu 120 and Ser 121, and the phenyl group
interacts with lle 433. The second cationic head is inserted in the new cavity enriched with polar
and negatively charged amino acids (Figure 33, i).

Compound FP 3 has the higher S-score of the library, with a value of 1.265. As previously
discussed, the thienopyrimidine derivatives (FP 4 and FP 17) are expected to have a good
Similarity value due to the greater interaction with the pocket. In addition, it is the hit to lead of
this library with an enzymatic inhibition of 88.01% at 1 uM and a cLog P=6.

The molecules with higher S-score values: FP 3, FP 4, FP 17 and FP 14, show a hindrance
cycloalkyl amine at the 4-position in the thieno- pyrimidine or pyridine cationic head.

The thieno[2,3-d] pyrimidine is the best cationic head, showing better anchor to the pocket
when is substituted at 4-position with most lipophilic cycloalkyl amines (azepane > piperidine >
pyrrolidine).

It could be highlighted the fact that in this library, the inhibitor proximity to the Mg and the ATP
pocket is not associated with the inhibitory potency, as an example, compound FP 17.

The shorten disulphide linker does not play a key role in the binding except for FP 16, which is
able to closely interact with the Mg atoms due to the small cationic heads. However, the
insertion of sulphur atoms in the linker that are less polar but more nucleophilic than the former
oxygen-containing bioisosteres, give room to a good lipophilic-hydrophilic balance (Scheme 8,
clLog P calculations).

It is also noted that the quinolinic inhibitor FP 7 has a low S-score value and a high inhibitory
activity. These conflicting results could be due to the fact that the inhibitor interacts with an
allosteric pocket, not considered in the present study.
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3.4 Comparison between library’s homologous and discussion.

Based on the poses mainly adopted by the compounds of the two libraries, it is possible to
conclude that:

-Best S-scores correspond to compounds: PL 55 (dithioethane liker) and FP 3 (disulphide linker).
Both of them have as cationic head the 4-(1-azepanyl) thieno[2,3-d]pyrimidine, which shows a
deep insertion in the choline hydrophobic cage.

-The dithioethane linker show similar inhibition values to the disulphide one. However, the
biggest length and flexibility of the linker allows the azepane moiety to interact deeply in the
choline binding site (Figure 34, left side), and on the other hand, to mostly expose the second
cationic head to the solvent (Figure 34, right side). This fact gives room to a lower S-score in
comparison with its most rigid disulphide homologous.

-Regarding the cationic heads, they generally show the same activity order in both libraries. The
thienopyrimidines > thienopyridine > pyridine. Also, increasing the activity when hindrance
tertiary amines are used in 4 position: azepane > piperidine > pyrrolidine. On the contrary,
quinolinic heads show low similarity to the catalytic site but higher inhibitory values. For that
reason, it is thought that they could bind in an allosteric pocket of the enzyme.

-The higher activity of the dithioethane linker library is also attributed to the hindrance or the
caused instability in the enzyme’s cofactors as reported by Estévez-Braun et al*?, in which the
most active TPQ natural product formed a cluster with Mg?*, and thus supporting our results.

The possible coordination with the Mg?* atoms is also supported by studies conducted with
other metallo-based proteins that use Zn?* cofactors as in the B-lactamases, in which the best
inhibitors are binding to the Zn atom.*!

Figure 34. (Left side) Front of the choline and ATP catalitic site. (Right side) Back
of the choline and ATP catalitic site.

Compound PL 55 (carbon atoms in red) and compound FP 3 (carbon atoms in
ochre) are superimposed in their most probable pose.
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4. Antiproliferative activity.

The last step in this early stage of drug design, consisted of testing the in-vitro antiproliferative
activity, of both libraries PL and FP, over the human tumour-cell line MCF-7 of human breast
adenocarcinoma and the hepatocellular carcinoma cell line HepG2, respectively. The
experiments were done by Prof. Maria Paz Carrasco Jiménez of the Department of Biochemistry
and Molecular Biology | at the University of Granada.

This study, shed light on the pharmacodynamic properties of the inhibitors and their ability to
reach the target. The chosen cells lines MCF-7 and HepG2 were selected as an example among
the proto-oncogene Ras active tumour cells.

The tested compounds were prepared at different concentrations by serial dilutions of a stock
solution in DMSO. Once the tumoral cells were incubated and achieved an adequate population,
the medium was replaced by a fresh one in which the inhibitor is dissolved at different
concentrations. The antiproliferative effect of the tested compounds was evaluated by the MTT
assay using a cell-number-based standard curve, that quantified the cell viability by the
colorimetric detection spectrophotometrically.

Regarding the MCF-7 antiproliferative values of the dithioethane library, reported in (at
the top), we can point out that the family of compounds PL 54, PL 55, PL 71 and PL 73 with the
thieno[2,3-d] pyrimidine cationic head show the best antiproliferative results.

When this cationic head is substituted in 4 position by a cycloalkyl amine as in compounds PL 54
(piperidine) and PL 55 (azepane), it was observed slightly better growth-inhibitory values in PL
54 (Glsp= 1.215 puM) rather than in PL 55 (Glso= 1.465 pM). This trend was unexpected as
compound PL 55 was almost 7-fold most active regarding the inhibition in the isolated enzyme
(ICso=4.373 uM for PL 54, and an ICsp= 0.658 uM for PL 55). For that reason, it is thought that
compound PL 54 could exhibit an off-target effect when tested over the MCF-7 tumoral cell line
so that its high antiproliferative activity could be a consequence of the unspecific inhibition of
overexpressed enzymes involved in the cell death pathways.

However, when the cationic head is substituted in 4 position with an aromatic amine,
compounds PL 71 (N-methyl aniline group) and PL 73 (p-chloro-N-methyl aniline group), there
is a high loss of activity. Compounds PL 71 and PL 73 showed a Glsp of 3.944 and 2.373 uM,
respectively.

These results agree with the cLog P values. Compound PL 73 (cLog P = 8.3) showing better
antiproliferative activity than its counterpart PL 71 (cLog P = 7.07). Both are good ChoK inhibitors
(ICso=1.426 uM for PL 71, and an ICso= 0.709 uM for PL 73) but on the tumoral cell, they could
interact with other overexpressed targets as kinases structurally similar to the ChoK due to the
lack of an ICso and Glsg correlation.

The isomeric thieno[3,2-d] pyrimidine cationic head of compounds PL 67 and PL 68, shows the
worse antiproliferative values of the dithioethane library.

Compound PL 67 with an aromatic amine (N-methyl aniline) as substituent in 4 position, has a
Glso= 9.121 puM and an ICsp= 2.595 pM, while compound PL 68 with a cycloalkyl amine
(pyrrolidine) shows a Glso= 4.337 uM and an ICsp= 1.357 uM. This cationic head leads to poor
binding to the enzyme but also has an unspecific effect on tumoral cells.

The thieno[3,2-b] pyridine cationic head of compounds PL 65 and PL 69 (with a Glspof 3.113 uM
and 2.122 uM, respectively), showed a higher antiproliferative activity than the latter family of
compounds.

When compound PL 65 is compared with its isosteric counterpart, compound PL 68, it can be
observed an improvement in the inhibitory and antiproliferative activity. Moreover, the activity
is still increased when as substituent at 4 position there is a bigger cycloalkyl amine azepane
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(compound PL 69) rather than the pyrrolidine in compound PL 65. Even if the raise lipophilicity
agrees with a greater cell growth inhibition, those values are low in comparison to their high
inhibitory activity over the in-vitro enzyme (an 1Csp of 1.013 uM for compound PL 65 and 0.638
UM for compound PL 69).

This fact could be attributed to a lack of selectivity for the ChoK or the inability to reach the
target, working as membrane transporters inhibitors.

Finally, from the quinolinic family PL 48, PL 70 and PL 72, the derivative called PL 48 was chosen
to be also tested over the neoplastic cell line HepG2, allowing the comparison between libraries.

This inhibitor is substituted in 7 by a chlorine atom and in 4 position by a cycloalkyl amine
(pyrrolidine), showing Glsg= 1.34 uM that correlates well with the high enzymatic inhibition 1Cso=
0.658 uM.

When the quinolinic cationic head is substituted in 4 position by an aromatic amine, compounds
PL 70 and PL 72, the antiproliferative values fall drastically. Compound PL 70, with an N-methyl
aniline group, shows a Glso= 4.732 uM, while compound PL 72 with a p-chloro-N-methyl aniline
substituent shows a Glso= 3.692 uM. They were moderate inhibitors of the ChoK enzyme (ICso=
1.723 uM for PL 70, and an ICso= 1.024 uM for PL 72), but when tested over the cell they could
have problems passing through the plasmatic membrane affecting their activity because of the
inability to reach the target.

As reported in the thieno[2,3-d] pyrimidine family (PL 71 and PL 73) and the thieno([3,2-d]
pyrimidine derivative PL 67, when aromatics amines are used as substituent the growth
inhibition could be correlated to an off-target effect.

Lipophilicity plays a key role in potency improvement but, as reported for inhibitors PL 70 and
PL 72, bulky structures could show a low pharmacodynamic profile.

To sum up, we can highlight compounds PL 48, PL 54 and PL 55 as the best antiproliferative
inhibitors in the MCF-7 cell line. Of them, just compounds PL 48 and PL 55 showed a suitable
correlation with the inhibitory activity over the ChoK. In general, the most promising cationic
heads are the thieno[2,3-d] pyrimidine and the 7-chloro quinoline substituted at 4-position with
a cycloalkyl amine rather than an aromatic amine. The bigger ring of the cycloalkyl amine the
better the selectivity for the target and the correlation towards cell growth and enzymatic
inhibition.

Regarding the antiproliferative values of the disulphide library towards the HepG2 cell line,
reported in (at the bottom), we can underline compound FP 17, which has the best
antiproliferative outcome of this series. This compound is the only one of this series with a
thieno[3,2-d] pyrimidine cationic head and is substituted in 4 position by the pyrrolidine
cycloalkyl amine.

However, even if this derivative has a good antiproliferative activity, Glsp = 26.476 uM, when
tested over the isolated enzyme at 1 uM there was only a 65.43% of enzymatic inhibition. So
that, such a growth inhibitory value could be due to an off-target effect over other tumoral
overexpressed enzymes or even caused by an unknown role in the mechanisms of cellular death.

After it, the family of compounds with better antiproliferative values correspond to the
thieno[2,3-d] pyrimidine cationic head substituted in 4 position by a cycloalkyl amine. Belonging
to this group are the inhibitors FP 3 and FP 4.
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PL 69 2122 +0.218 66.97 +491 9748+055 0.638+0.111 896.92 7.12
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PL 71 3.944 £+ 0.050 7496 +755 9244 +1.37 1426+0.270 91486 7.07
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**Antiproliferative activity
(HepG2) 24 h % Inhibition HChoKa.1
Compound Glsg (uM) 1uM 5uM ICsp (UM) Mw *Log P
FP 2 53.601+£1.699 70.29+0.34 87.98 £0.66 ND 700.60  3.15
FP3 26.831+1.077 88.01+093 96.28 £0.01 ND 870.84 6
FP 4 37.905+0556 76.12+4.08 89.47 +4.55 ND 842.79 | 5.41
FP 5 81.993+£3.178 54911052 87.56+0.30 ND 869.60 . 6.39
FP7 38.706 +£1.383 7297 +6.41 '97.28 +0.80 ND 941.67  7.86
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FP 17 26.476 + 1.761 65.43+0.88 86.57 +0.33 ND 814.74  4.79
PL 48 12.837 + 2.428 63.39+2.18 100 0.658 + 0.067 897.65  7.07

**Antiproliferative activity tested at 5 uM. * Calculated with http://www.swissadme.ch/as an average
measure of five predictions methods.
Table 5. Dithioethane (at the top) and disulphide (at the bottom) libraries’ antiproliferative
activity. Insoluble molecules are coloured in red.
Compound FP 3 is substituted with an azepane showing a Glsg= 26.831 uM and an inhibitory
activity over the enzyme at 1 uM of 88.01%, while compound FP 4 substituted with piperidine,
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shows a Glsp=37.905 uM and an inhibitory activity over the enzyme at 1 uM of 76.12%. In this
group, there is a good correlation between the Glsp and the percentage of inhibition, being
compounds more selective towards the ChoK. Also, there is a drop-in activity when the cycloalkyl
amine size is reduced from the azepane to the piperidine, highlighting how lipophilicity is gaining
relevance in this cationic head family.

Next, the thieno[3,2-b] pyridine cationic head of compound FP 15, substituted in 4 position by a
cycloalkyl amine (pyrrolidine), shows a Glso = 29.335 uM and an inhibitory activity over the
enzyme at 1 uM of 78.96%. This compound is an isoster of the top series' compound FP 17. So
that, it is bringing out the fact that even if FP 15 has a lower antiproliferative activity than its
counterpart FP 17, the first shows 1-fold more inhibitory potency at the same concentration of
1 uM. As so, FP 15 is expected to have an antiproliferative activity owing to a higher interaction
with the cytosolic enzyme ChoK.

On the other hand, compound FP 14 that also belongs to this group, was unable to be tested
due to solubility problems in the DMSO stock solution.

The pyridine cationic head of compounds FP 16 and FP 2, disclose a low antiproliferative
efficiency and inhibitory selectivity. Compound FP 16 is substituted in para position by an
aliphatic dimethyl amine, showing a Glsp=36.561 UM and an inhibitory activity over the enzyme
of 51.45% at 1 uM. On the other hand, compound FP 2, which is substituted in para position by
a cycloalkyl amine (pyrrolidine), shows a Glsg= 53.601 uM and an inhibitory activity over the
enzyme of 70.29% at 1 uM. The cationic head of this family is the most polar of this series, which
could be the cause of low permeability through the cell membrane and thus less antiproliferative
values.

The quinolinic cationic head of compounds FP 5 and FP 7, show very different behaviour
depending on the substitution in the 4 position.

Compound FP 5, with a cycloalkyl amine (pyrrolidine), shows a Glso = 81.993 uM, which is the
worst value of this series, while compound FP 7 with an aromatic amine (p-chloro-N-methyl
aniline) show a Glso= 38.706 uM. In fact, compound FP 7 has a better relationship between the
Glsp and the inhibition of the enzyme (a 72.97% at 1 uM). However, compound FP 5 with a
54.91% of ChoK inhibition at 1 uM, seems not able to reach the target in the tumoral cell line.

Contrary to the pyridine family, this is the most lipophilic group but, none of them presents good
antiproliferative values. It must be achieved a hydrophobic-hydrophilic balance, because
although higher lipophilic inhibitors are able to establish more hydrophobic interactions in the
isolated enzyme and show better ICso values, they could be very bulky to pass the cell
membrane, giving room to fewer antiproliferative results.

To sum up, compounds FP 17, FP 3 and FP 15 have the best antiproliferative activity in this
library, with Glspvalues between 26.476 uM and 29.335 uM. However, just compounds FP 3 and
FP 15 show a good correlation with the ChoK inhibitory values and so could justify their activity
by the effect over the ChoK enzyme. From a general point of view, the most suitable cationic
heads are the thieno[2,3-d] pyrimidine and the thieno[3,2-b] pyridine, substituted in 4 position
by a cycloalkyl amine. A general trend was also observed when increasing the size of the
cycloalkyl amine, from piperidine to azepane, which lead to a higher antiproliferative potency.
Only the quinolinic heads show preference toward the aromatic amines.

Moreover, the most polar and lipophilic heads belonging to the pyridine and quinoline families
respectively, showed the worst antiproliferative values due to their poor pharmacodynamics
properties.

A comparison between libraries could not be done as the period of treatment (48 h vs 24 h) and
the cell line chosen for the antiproliferative assay, were different.
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Only compound PL 48 from the dithioethane linker library was tested on the same tumoral cell
line (HepG2 for 24 hours) as the disulphide linker inhibitors. In comparison with them,
compound PL 48 highlights with a Glso= 12.837 uM, in concordance with its inhibitory activity,
which was also very high (ICso= 0.658 uM).

Interestingly, it was possible to determine the higher activity of the compound PL 48, with a
dithioethane linker, when compared with its disulphide homologous FP 5 that almost did not
show an antiproliferative effect (Glso= 81.993 uM).

In a general overview, the dithioethane library shows higher antiproliferative activity than the
disulphide one. The lower effect of the disulphide library over the cells could be due to the
sulphur bond breakage, leading to the formation of two thiol derivatives. This could happen by
the action of the glutathione reductase enzyme that regulates the intracellular oxidative stress,
as observed with the pro-drug Romidepsin®*3.

We must also consider the fact that the antiproliferative activity has been only assay in two cell
lines and that these results could vary when testing the libraries on other Ras activated tumoral
cells lines as HelLa from human cervical cancer or HT-29 from human colorectal adenocarcinoma,
commonly used in ChoK studies.

Differences among tumoral-cell lines could lead to differences in cell membrane composition
and permeability, in the presence or absence of overexpressed enzymes as kinases, and in
activated apoptotic pathways with which our inhibitors could interact.

Further studies must be done to see if the permeability in other tumoral-cell lines leads to higher
activity for those compounds with low MCF-7 and HepG2 antiproliferative values.
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5. Inhibitor’s physical-chemistry properties in the PL library.

As we have already observed in previously synthesized inhibitors, and also noted in the
introduction, the characteristics of size and charge in our compounds, make them able to act as
membrane transporters inhibitors as well (all of them show Mw > 500). However, the effect
observed in the in-vitro antiproliferative assays is the same as if they were inhibiting the enzyme.
If the choline uptake is reduced, the ChoK production of phosphocholine would also diminish
due to the substrate shortage.

To shed light on the possible uptake inhibition mechanism of our library, we tested if some of
the synthesized compounds emitted fluorescence. In this way, they could be followed by FLIM
(Fluorescence-Lifetime Imaging Microscopy), and quickly determine if they accumulate in the
plasmatic membrane, in the cytosolic or in both cellular regions. FLIM is a well-noted technique
able to collect the emission of biosensing fluorophores (as pH **, polarity *>3° and viscosity **’
sensors) but also could measure the fluorescence lifetime as a quantitative parameter of the
signal, independently of the fluorophore concentration. In the present study, we did not analyze
the decay lifetimes of the tracking inhibitor because of the qualitative purpose of the measure
(yes/no answer).

Of the entire PL library, compounds PL 68 and PL 54 mostly showed fluorescence emission when
observed under the UV lamp (in the UVB region (280 nm — 315 nm)). As so, in collaboration with
the Ph.D student Laura Espinar Barranco of the Physical-Chemistry Department in the Faculty of
Pharmacy at the University of Granada, we studied their use as fluorophores and their capability
to be followed inside the cell and determine where are accumulated.

5.2 Absorbance and fluorescence spectra.

Even if compounds PL 67, PL 55 and PL 65 also showed fluorescence, we selected compounds
PL 68 (green yellowish emitted light) and PL 54 (blue emitted light) due to their brightness and
different colour to be tested as tracking probes.

We first determined the absorption spectra in both water and dioxane solutions. The selection
of a polar and a non-polar solvent environment could mimic the different cellular environments,
as the cytosol and the plasmatic membrane, respectively.

To examine our compounds behaviour as fluorophores, we collect the absorption spectra in
which intensity maximum is established the wavelength for fluorescence excitation and then,
recorded the fluorescence emission.

As we can see in , both compounds PL 68 and PL 54 show a decrement in intensity
when are dissolved in water. In dioxane, the intensity increased but was not achieve a maximum
in the selected wavelength range. For that reason, the fluorescence emission was collected using
the water absorbance maximum for excitation (310 nm in PL 68 and 303 nm in PL 54).

The different behaviour depending on the solvent used, highlights the solvatochromism of this
type of inhibitors.'*® When we used dioxane, the absorption band is blue-shifted in comparison
with the water one. The latter is a media that, in addition, seems to quench the intensity
outcome of our compounds. There are a lot of factors that govern such a polarity dependence,
as could be the different hydrogen bonding, preferential solvation, rigidity of the local
environment, intermolecular electron and proton transfer or probe-probe interactions as
examples.
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Figure 35. Absorption spectra of compound PL 68 left and PL 54 right.
It is displayed the water and dioxane absorbance superimposed for each studied inhibitor.

The polarity of the solvent did not only affect the molecular ground state, as we can see when
obtaining the absorption spectra but, also affects the excited state as observed in the emission

one
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(Figure 36 and 37).
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Figure 36. Fluorescence emission spectra of compound PL 68 dissolved in water (/eft) and
dioxane (right) using the maximum absorption in water, 310 nm for excitation.
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. Fluorescence emission spectra of compound PL 54 dissolved in water (left) and
dioxane (right) using the maximum absorption in water, 303 nm for excitation.

As the fluorescence emission was so low in water compared with dioxane, we could expect a
reduction in the intensity when the molecule would be in more polar regions of the cell. The
dual bands of emission mainly observed in PL 68 ( , right part), could be due to the
chemical structure in which the cationic heads and the linker are bounded by weak interactions
allowing an energetic exchange.

However, to be able to successfully excite the molecule in a cellular environment, we further
explored the dioxane spectra. We collected the absorption spectra in dioxane from the
fluorescence spectra, as its absorption maxima were not recorded in the spectrometer
wavelength range used in none of the studied compounds.
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. Absorption spectra recovered from the emission maximums for compounds PL 68 (/eft)

and PL 54 (right).

We collected the excitation spectra at the peaks of fluorescence emission. In this way, we are
able to see the “absorption” that give room to these bands and what is more, we can evaluate
if the available laser wavelength in FLIM is able to work in a region of maximal absorption. From
compound PL 68, we collected the excitation spectra when the emission was 340 nm and 505
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nm ( , left part). The first absorption band (from 340 nm) was so energetic to be used
with cells, while the second one (from 505 nm) even if of lower intensity allows using the 375
nm laser to excite the compound in confocal microscopy, even if not in its absorption maximum
( , left part).

On the other hand, for compound PL 54 we recorded the excitation spectra when the emission
was 325 nm. The collected “absorption peak”, was also blue-shifted and so energetic to be used
( , right part). At this point, we determined the excitation spectra when the emission
was 280 nm which corresponds to a lower emission region but that gives an absorption inside
the laser excitable wavelength ( , right part). There are no lasers of all the wavelengths
available in the laboratory and the one we could use (at 375 nm) is already very energetic so
that the biological sample is exposed to a lot of energy during the measure.
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The chosen compound showed absorption
in the low UV spectra that could lead to
cell damage and photobleaching.
However, our purpose was not the
implementation of those inhibitors as dyes
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but to be able to see them in the cells over a short time and confirm their antiproliferative effect
due to an enzymatic inhibition.

5.3 FLIM bioimaging on MCF-7 cells.

For the in-vitro evaluation, we used the cell line MCF-7 of breast adenocarcinoma. This type of
neoplastic cell has been previously used in Choline Kinase inhibition and for testing its
antiproliferative activity. They are Ras-activated cells and present overexpression of our target
enzyme, ChoK.

The cells were grown in 25 mm coverslips for their visualization in the confocal microscopy lens.
The cell medium was removed, and PBS (990 pL) was added. The autofluorescence of the cells
was measured as an average of different recorded cells. Then, 10 uL of PL 68 from a 2.5 mM
stock solution, was added to the cell medium with a final concentration of 25 uM. Images of the
same cell were taken over time to see the compound accumulation. To those images have been
subtracted the autofluorescence so that the collected signal is only due to our molecule.

I1/a.u.
50

Time=0 10 min 41 min l1hand 21 min 2 hand21min
. PL 68 distribution on MCF-7 cells over the time.

As we can see in , firstly the inhibitor is accumulated in the plasmatic membrane.
However, the compound is able to pass though it and reach the cytosol where the intensity is
lower (more blue than white), as we previously observed in the fluorescence emission spectra
done in water and dioxane.

To further analyse the intensity change, we took the same section in all the analysed images and
recorded their intensity profile. It turned out that when the section went through the cell
membrane, the collected intensity showed the highest peaks at the beginning and the end of
the graphic. In the latter image ( , image 5), those intense peaks were also observed in
the middle part of the graphic, which corresponds with the section crossing the cytosol and
justified the properly entrance of PL 68 in the cell.
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. Intensity profile of PL 68 in the cross-section of the cell over time.

Finally, as the inhibitor is able to passively cross the membrane, we wanted to measure the
amount of it that was able to enter and the proportion that remains in the membrane. In this
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manner, we could determine if it is the enzyme inhibition, the choline uptake inhibition, or both
mechanism that leads to the in-vitro antiproliferative effect.

In this attempt to quantify the inhibitor present in the cytosol, we selected the same cytosolic
section in all the collected images and determined its average intensity value ( ).

=
> 8
. Section of the cytosol selected for i
the PL 68 average intensity calculation (at the Z 9
top). Bar chart with the obtained mean values £ 44
(right). E 7]
o
1 2 3 4 5
Images
The mean intensity values represented in the bar chart ( , right part), allowed for clear

visualization of the entrance of the inhibitor inside the cell. However, it was not possible to
quantify the percentage of the compound inside and outside the cell, as we need to consider
that with time part of the inhibitor could be washed out. The compound concentration inside
the cell cannot be determined only with the fluorescence intensity. Nevertheless, we could
confirm that there is a dual mechanism of action with which our inhibitors are able to reduce
the phosphocholine contents in neoplastic cells.

5.4 In silico PAINS and pharmacodynamics assays.

Recently, PAINS (Pan Assays Interference Structures) *° have been underlined as the major
cause of High Throughput Screening (HTS) development failure.

It consists of structural moieties of drugs that could lead to a potent biological response that
does not correspond to the target but to an off-target cytotoxic effect. Characteristics such as
metal aggregation, chemical decomposition, protein reactivity and fluorescence are typically
found in these kinds of structures.'®® Given the fluorescent properties of the synthesized
compounds, we evaluated the medicinal chemistry suitability using the in-silico screening tool
available in the free website (http://www.swissadme.ch) and developed by the SIB Swiss
Institute of Bioinformatics.*

The structures are drawn in the molecular sketcher or inserted in the SMILES format, and the
compound’s fragments are filtered through chemical libraries of compounds that are known to
be unstable, reactive, toxic, or prone to interfere with biological assays. In this way, it could be
recognized those undesirable patterns early in medicinal chemistry synthesis and evaluation.
Compounds containing fragments as quinones, catechols, rhodanines or curcumins are among
the 400 structural classes of well-known PAINS.'*° However, it is not an exclusion condition as
there are commercial drugs that contain some of those groups, for example, antimalarials.
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Compound PAINS  Structural alert? Compound  PAINS Structural alert®

PL 40 NO Quaternary N PL72 NO Quaternary N

PL 46 NO Quaternary N PL73 NO Quaternary N

PL 48 NO Quaternary N FP 2 NO Quaternary N and disulphide
PL54 NO Quaternary N FP3 NO Quaternary N and disulphide
PL55 NO Quaternary N FP 4 NO Quaternary N and disulphide
PL 65 NO Quaternary N FP 5 NO Quaternary N and disulphide
PL67 NO Quaternary N FP 7 NO Quaternary N and disulphide
PL 68 NO Quaternary N FP 14 NO Quaternary N and disulphide
PL69 NO Quaternary N FP 15 NO Quaternary N and disulphide
PL70 NO Quaternary N FP 16 NO Quaternary N and disulphide
PL71 NO Quaternary N FP 17 NO Quaternary N and disulphide

Structural alert and PAINS of the synthesized libraries.
dImplemented by Brenk et al*°?. In green, we have highlighted compounds that are predicted to
have good gastrointestinal absorption, in orange those with BBB (blood-brain-barrier)
permeability and in grey those with low absorption and permeability.

As we can observe in , the main structural alert of our library of compounds is the
quaternary nitrogen because it makes the molecule more reactive and could also behave as a
surfactant agent. However, it is necessary for the inhibitor’s selectivity and binding in the choline
pocket. In the disulphide library, it was also emphasized the disulphide bond lability, which could
suffer from breakage by the glutathione reductase or by radical species, for example.
Nevertheless, apart from the eventual metabolism of the disulfide library, there are no
fragments on the proposed inhibitors able to create considerable interferences in the biological
outcome.

We further used the ADME predicted tool to preliminary evaluate the pharmacodynamic of our
inhibitors. Most of them are absorbed in the gastrointestinal tract ( , green colour) or
shows poor solubility ( , grey colour). Only compounds PL 48, PL 70 and FP 5 ( ,
orange colour) showed BBB permeability which is an undesirable effect due to the capability to
inhibit the acetylcholinesterase of previous inhibitors as HC-3, which gave room to cytotoxicity
and respiratory paralysis.3!

This useful information, even if from in-silico predictions, could guide the research towards the
further modification of those compounds with low absorption or high BBB permeation, towards
a safer absorption profile.
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Conclusions

Following the philosophy of a green by design approach, we have synthesized two new libraries
of ChoK inhibitors following the principles of Green Chemistry. The PL library was based on the
dithioethane linker and composed of 13 inhibitors while the FP library was based on a disulphide
linker and composed of 9 inhibitors.

The “greenness” assessment of such syntheses has been analyzed using green metrics such as
the E-factor and EcoScale.

From the inhibitory point of view, the disulphide library (FP) seems to be more active than the
dithioethane one (PL). However, FP compounds are more susceptible to being metabolized in
cells.

Both linkers improved their activity when are assembled with the cationic heads [2,3-d]
thienopyrimidine and thieno([3,2-b] pyridine substituted in 4 position with bigger cycloalkyl
amines (azepane > piperidine > pyrrolidine). Compounds PL 55 and FP 3 arising as the hit to lead.

Docking assays correlate the PL library inhibitory activity to the interaction with the Mg atoms
in the catalytic site, while the smaller FP linker was more rigid and showed higher S-scores due
to the better interaction in the choline pocket and the less exposed cationic heads. Surprisingly,
compound FP 16 showed an unprecedented mode of binding in which both sulfur atoms are
coordinated with the Mg cofactors.

Antiproliferative assays in MCF-7 and HepG2 tumoral cell lines determined that the dithioethane
linker is superior to the disulphide in the biological media.

The molecules with the thieno[2,3-d] pyrimidine head showed growth inhibition values in
accordance with their inhibitory activity over the enzyme, while the thieno[3,2-d] pyrimidine
and the quinolinic ones seem to interact with off-target apoptotic pathways or to have
permeability problems. The thieno([3,2-b] pyridine family was efficient inhibiting the enzyme but
showed low antiproliferative activity. This fact could be due to their possible interaction with
the choline membrane transporters.

Lastly, the pyridinic family was too polar, showing both low inhibitory and antiproliferative
values as well as solubility problems in the PL library.

The best antiproliferative PL library showed slightly fluorescence in some inhibitors. As so, we
could determine if the inhibitors accumulation in the neoplastic cells’ membrane could be the
reason for the uncorrelated inhibitory and antiproliferative profile in some compounds.

FLIM analysis showed that a dual mechanism coexists in this library of compounds. Thus, they
could be more efficient towards different cancer cell lines as their function could be independent
of their membrane permeability.

Finally, as fluorescence is a characteristic of molecules with PAINS, we carried out an in-silico
evaluation of the possible interference structures of our libraries. In fact, the cationic charge,
and the disulphide bond were detected as undesirable features. However, while the cationic
charge is a necessary feature for the choline-binding site selectivity, the disulphide bond could
effectively be broken and metabolized in cells.

Moreover, the predicted pharmacodynamics showed low Gl absorption for the hit to lead
compounds PL55 and FP 3. For that reason, further studies could be done to improve the ADME
properties and design new inhibitors that could effectively displace the Mg?* cofactors or bind
to them to inhibit the enzymatic catalytic reaction.
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Experimental part

1. Synthesized compounds characterization: *H and *3C NMR spectra, HRMS or
Elemental Analysis, and melting point.

Reactions have been followed by TLC (Thin Layer Chromatography) and also, stained with
KMnOs; when the heads were synthesized to observe unreacted cyclic amines. The final
compounds NMR signals have been unequivocally assigned by means of the bidimensional NMR
experiments HSQC and HMBC of compounds PL 54 and FP 16, of general structure. Methyl,
methylene, tertiary, and quaternary carbons were well determined by *C-NMR and DEPT-135
spectra. High-Resolution Mass Spectrometry and or elemental analysis together with the
melting point complete the characterization of both intermediates and final products.

1.2 Procedure for the synthesis of the dithioethane linker:

The synthesis of the dithioethane linker was done through a series of intermediates that allow
achieving the desired product without the need for purification steps and with high yields. The
synthetic strategy adopted is outlined in

SH
NaOH / MeOH Emanou HY O — 0
>‘—<} ( Rt SN S S !
1,2-dibromoethane HO OH mw 100 °C, (0] O—\
0~ 0oH ' overnight for 2h ;
90 - 100% 75% 1 LiAIH; 1M
Starting material in THF
from 3hatrt
commercial sources PBFa CHACly : Sﬁs : 68%
: : it for 3h e, HO OH
78% 12

. Dithioethane linker synthesis.

First, compound 10 was synthesized from the commercially available starting material 4-
mercaptobenzoic acid. In a flame-dried round-bottom flask was charged sequentially a stir bar,
NaOH (435.8 mg, 10.89 mmol, 2.4 eq) and methanol (5 mL for each 4.5 mmol of starting
material). After stirring for 20 min at room temperature, 1,2-dibromoethane (195.6 pL, 2.27
mmol, 0.5 eq) and the thiol 4-mercaptobenzoic acid (700 mg, 4.54 mmol, 1 eq) were added to
the solution.'™ After stirring overnight, the volatiles were removed at 50 °C under reduced
pressure. The obtained light-yellow solid was washed with HCI 2N and filtered in a Buchner. The
final product 10 is obtained in a 100% yield (1.52 g, 4.54 mmol) after dried under vacuum.

Compound 10 (200 mg, 0.6 mmol, 1 eq) was loaded in a microwave tube with ethanol (2 mL for
each 200 mg of comp. 10) and sulphuric acid as the catalyst (1 drop for each 100 mg of comp.
10). The reaction was left for 2 hours at 100 °C and then cooled down under an ice bath. A white
solid precipitated was recovered in a funnel of porous filter and dried well under vacuum,
obtaining 11 in a 75% yield (175.9 mg, 0.45 mmol).

Next, in an oven-dried two neck-flask and under a nitrogen atmosphere was added the magnetic
stir, compound 11 (322 mg, 0.825 mmol, 1 eq) and dry THF (18 mL for each 400 mg of comp.
11). When the solution was homogeneous, the flask was surrounded with an ice/water bath
and, when it was 0°C, a solution of LiAlHs 1M in THF (4.95 mL, 4.95 mmol, 6 eq) was added
dropwise. After the addition, the reaction was stirred at room temperature for 3 hours and then,
guenched with HCI 2N and some methanol. The crude solution was left stirring overnight open
to air and extracted with EtOAc/H,0 (x3), dried with Na,SO,, filtered, and the solvent removed
under reduced pressure, obtaining 12 in a 68% yield (171.9 mg, 0.56 mmol).**? Improving the
reaction was also possible using DIBAL 1M in Toluene (5 mL, 5 mmol, 6 eq) instead of the more
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reactive LiAlH,4, that in the same conditions and after 24 hours of reaction provide compound 12
in a 64% yield (161 mg, 0.53 mmol).

Finally, to the diol 12 (217 mg, 0.708 mmol, 1 eq) in dichloromethane (7 mL for each 200 mg of
comp. 12), was added PBrs (87.4 uL, 0.921 mmol, 1.3 eq) at 0 °C and the resulting yellowish
solution was stirred at room temperature for 3 hours. Then, the reaction mixture was quenched
with a saturated NaHCOs solution and stirred at room temperature for an additional 30 min. The
resulting white suspension was extracted with CH,Cl, (x3), and the combined extracts were dried
over Na,SO4 and evaporated in vacuo to give 3 in a 78% yield (239.2 mg, 0.55 mmol).'** In a
closer approach towards a green procedure, it was possible to use diethyl ether (3 mL for each
0.13 mmol of comp. 12) as reaction media running the reaction at room temperature for 1 day
and extracting it with EtOAc (x3). Compound 3 was thus obtained at a 59% vyield (33 mg, 0.07
mmol) without further purification.'**

0O — 0 4,4'-(ethane-1,2-diylbis(sulfanediyl))dibenzoic acid (10). The
Y »s"s VISt e d .

HO OH product was obtained without further purification as a light-

yellow solid, (1.52 g, 4.54 mmol), yield: 100%, melting point:

307.8 °C. 'H-NMR (400 MHz, DMSO): § 7.84 (d, J = 8.4 Hz, 4H, Ar-S), 7.37 (d, J = 8.4 Hz, 4H, Ar-

C), 3.30 (s, 4H, S-(CH,)>-S). *C-NMR (101 MHz, DMSO-dg): 6§ 129.93 (4C, -CH-, Ar-C), 126.83 (4C,

-CH-, Ar-S), 46.45 (2C, -CH,-, S-(CH3)2-S). The sample was insoluble at high concentrations and

quaternary carbons were unable to be recorded in the JMOD-13C. ES- HRMS (m/z) [M]:
calculated for C16H1304S,:333.0255, found: 333.0232.

0 —\ @) Diethyl  4,4'-(ethane-1,2-diylbis(sulfanediyl))dibenzoate
/_09_@_8 S_Q_QO\ (11)‘.. The produc‘t was obtained without furjcher
purification as a white solid, (175.9 mg, 0.45 mmol), yield:
75%, melting point: 98.5 °C. *H-NMR (500 MHz, DMSO): § 7.86 (d, J = 8.5 Hz, 4H, Ar-S), 7.42 (d,
J=8.5Hz, 4H, Ar-C), 4.30 (q, J = 7.1 Hz, 4H, -CH,-), 3.34 (s, 4H, S-(CH,),-S), 1.31 (t, J = 7.1 Hz, 6H,
-CH3). 3C-NMR (101 MHz, DMSO-ds): & 165.34 (2C, -C-), 142.57 (2C, -C-), 129.71 (4C, -CH-, Ar-
C), 126.79 (4C, -CH-, Ar-S), 126.72 (2C, -C-),60.69 (2C, -CH>-, -CH,-CH3), 30.51 (2C, -CH>-, S-(CH,).-
S), 14.18 (2C, -CHs, -CH,-CH3). ES+ HRMS (m/z) [M+Na]*: calculated for CH2,04S,Na: 413.0857,
found: 413.0835.

< > s s < > ((Ethane-1,2-diylbis(sulfanediyl))bis(4,1-phenylene))
HO CH

dimethanol (12). The product was obtained without
further purification as a white solid, (171.9 mg, 0.56 mmol), yield: 68%, melting point: 241.7 °C.
1H-NMR (500 MHz, DMSO): & 7.27 (d, J = 8.9 Hz, 4H, Ar-S), 7.26 (d, J = 9.0 Hz, 4H, Ar-C), 5.19 (bs,
2H, -OH), 4.46 (s, 4H, -CH,-), 3.09 (s, 4H, S-(CH,)>-S). *C-NMR (101 MHz, DMSO-ds): 6 140.99 (2C,
-C-), 132.85 (2C, -C-), 129.11 (4C, -CH-, Ar-C), 127.35 (4C, -CH-, Ar-S), 62.46 (2C, -CH;-, CH>-OH),
32.56 (2C, -CH,-, S-(CH3)>-S). ES- HRMS (m/z) [M+CHOOH]": calculated for C37H1904S,: 351.0725,
found: 351.0728.

/_@_S’_‘S _@_\ 1,2-bis((4-(bromomethyl)phenyl)thio)ethane ~ (3). The

Br Br product was obtained without further purification as a

white solid, (239.2 mg, 0.55 mmol), yield: 78%, melting point: 138.6 °C. 'H-NMR (400 MHz,

DMSO): 6 7.39 (d, J = 8.4 Hz, 4H, Ar-S), 7.28 (d, J = 8.4 Hz, 4H, Ar-C), 4.69 (s, 4H, -CH>-), 3.18 (s,

4H, S-(CH,)>-S). 3C-NMR (101 MHz, DMSO-ds): & 135.82 (2C, -C-), 135.70 (2C, -C-), 130.12 (4C, -

CH-, Ar-C), 128.47 (4C, -CH-, Ar-S), 34.26 (2C, -CH-, CH»-Br), 31.73 (2C, -CH;-, S-(CH),-S). ES+
HRMS (m/z) [M+H]": calculated for C1¢H17S:Br,: 430.9138, found: 430.9140.
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1.3 Procedure for the synthesis of the disulphide linker.

The disulphide linker synthesis has been improved based on the last developed procedure for
the dithioethane linker. Similarly, we started the synthesis with the commercially available 4-
mercaptobenzoic acid.

The synthetic strategy adopted is following described in

LiAlH4 1M
Methanol {H® e o TT—IF i |2 Ethanol
RE,‘ﬂUX 80 - 83 °C, Jhatrt EtaN rt
ovegl’lfght o%o” 8% oH Overnight 15
Starting material % PBrs, CH,Cl;
from 13 14 rt for 3h
commercial sources 60%
/—< :>— S—S—{: :)—\
16

. The disulphide linker synthetic pathway.

To a solution of 4-mercaptobenzoic acid (1 gr, 6.5 mmol, 1 eq) in methanol (5 mL for each 6.5
mmol of 4-mercaptobenzoic acid) was added catalytic sulfuric acid (2 drops for each 6.5 mmol
of 4-mercaptobenzoic acid) and then refluxed at 80 °C — 83 °C overnight. Once finished, the
methanol was distilled off in vacuo and the residue was diluted with EtOAc. Then, it was
extracted twice with water, followed by a 10% aqg. sodium bicarbonate solution. The organic
layer was dried over Na,SO,4 and concentrated in vacuo to obtain the product 13 in a 79% yield
(861.9 mg, 5.12 mmol).'* We also tried to optimize this step by reducing the heating time using
the microwave irradiation (30 min at 70 °C), but together with the desired product, it was also
observed substitution in the free thiol group and unreacted starting material, giving room to a
59% vyield (161.6 mg, 0.96 mmol) after chromatographic purification in silica gel flash with a
polarity of 9.75 CH,Cl,/ 0.25 MeOH.

Next, follows the reduction to alcohol using the same procedure as used for comp. 12. In an
oven-dried two neck-flask and under a nitrogen atmosphere was added the magnetic stir,
compound 13 (100 mg, 0.59 mmol, 1 eq) and dry THF (4 mL for each 100 mg of comp. 13). When
the reaction is a homogeneous solution, we add dropwise the LiAlHs 1M in THF (1.07 mL, 1.07
mmol, 1.8 eq) with the flask under an ice/water bath. After the addition, the reaction is left at
room temperature for 2 hours. Then, it is quenched with HCI 2N and some methanol. The crude
solution was left stirring still one hour and a half open to air and extracted with EtOAc/H,0 (x3),
dried with Na,SO,, filtered, and the solvent removed under reduced pressure, obtaining 14 in
an 89% yield (73.6 mg, 0.52 mmol).2#>14¢

The dimerization step took place adding the comp. 14 (758 mg, 5.4 mmol, 1eq) and iodine (686.4
mg, 2.704 mmol, 0.5 eq) to a solution of ethanol (10 mL for each 470 mg of comp. 14). Then,
triethylamine (226.1 uL, 1.62 mmol, 0.3 eq) was added, and the solution was left overnight to
react. Excess iodine was removed by reduction with an aq. solution 10% of sodium thiosulfate.
The solvent was removed under vacuum and the product precipitated with HCl 2N. Compound
15 was collected after filtration under pressure and dried up under vacuum, in an 83% yield
(623.8 mg, 2.24 mmol).**’

Finally, the bromination was carried out as for the dithioethane linker. To the diol 15 (689.5 mg,
2.48 mmol, 1leq) in a solution of dichloromethane (7.5 mL for each 200 mg of comp. 15), was
added PBr; (306 L, 3.22 mmol, 1.3 eq) at 0 °C and the resulting orangish solution was stirred at
room temperature for 3 hours. Then, the reaction mixture was quenched with a sat. solution in
NaHCOs and stirred at room temperature for an additional 30 min. Next, it was extracted with
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CH,Cl,/H,0 (x3) and the organic phase dried with Na,SO4 and evaporated in vacuo to give
compound 16 in a 60% yield (601.4 mg, 1.49 mmol).**

0O SH Methyl 4-mercaptobenzoate (13). The product was obtained

_ ) O without further purification as white-yellow solid, (861.9 mg,

5.12 mmol), yield: 79%, melting point: 55.9 °C. *H-NMR (400

MHz, CDCl5): 6 7.88 (d, J = 8.6 Hz, 2H, Ar-C), 7.28 (d, J = 8.7 Hz, 2H, Ar-S), 3.89 (s, 3H, -CHs), 3.60

(s, 1H, -SH). ES- HRMS (m/z) [M]: calculated for CsH;0,S: 167.0167, found: 167.0159. The
characterized product is in accordance with the literature.?*®

/—Q-SH (4-mercaptophenyl) methanol (14). The product was obtained

HO without further purification as a white solid, (73.6 mg, 0.52

mmol), yield: 89%, melting point: 51.1 °C. *H-NMR (400 MHz, CDCls): § 7.27 (d, J = 8.5 Hz, 2H,

Ar-S), 7.24 (d, J = 8.5 Hz, 2H, Ar-C), 4.64 (s, 2H, -CH»-), 3.45 (s, 1H, -SH). ES- HRMS (m/z) [M]:

calculated for C;H;0S: 139.0218, found: 139.0213. The characterized product is in accordance
with the literature.*

_< >_ - _< >_ (Disulfanediylbis(4,1-phenylene))  dimethanol (15). The
HO S-S OH

product was obtained without further purification as a brown-
yellow solid, (623.8 mg, 2.24 mmol), yield: 83%, melting point: 110.1 °C—110.3 °C. 'H-NMR (400
MHz, CDCl5): 6 7.49 (d, J = 8.5 Hz, 4H, Ar-S), 7.30 (d, J = 8.8 Hz, 4H, Ar-C), 4.66 (s, 4H, -CH,-). ES-
HRMS (m/z) [M+CI]": calculated for C14H140,5,Cl: 313.0124, found: 313.0128. The characterized
product is in accordance with the literature.**°

S-S 1,2-bis(4-(bromomethyl) phenyl) disulfane (16). The product
sy, (4 yi) phenyl) disulfane (16). The p

was obtained without further purification as a light-yellow
solid, (601.4 mg, 1.49 mmol), yield: 60%, melting point: 90 °C. *H-NMR (400 MHz, CDCls): 6 7.45
(d, J = 8.6 Hz, 4H, Ar-S), 7.33 (d, J = 8.5 Hz, 4H, Ar-C), 4.46 (s, 4H, -CH»-). ES- HRMS (m/z) [M+
HCI]: calculated for Ci14H13Br,CIS;: 437.8500, found: 437.2452. Elemental analysis: theorical C:
41.60%, H: 2.99%, S: 15.86%, Br: 39.54%; found C: 46.75%, H: 4.22%, N: 0.12%, S: 14.41%, Br:
39%. The characterized product is in accordance with the literature.'**

1.4 Procedure for the synthesis of the heads.

Regarding the heteroaromatic heads, only the DMAP (p-dimethylamino pyridine) and the 4-
pyrrolidine pyridine were commercially available from Sigma Aldrich. The rest of the chosen
heads were synthesized from previously reported procedures or adapting them to a greener
methodology when possible.

Compound 20 was synthesized adapting the classical reported procedure that uses reflux
conditions ® to the microwave greener methodology. To a microwave reaction tube was added
4,7-dichloroquinoline (600 mg, 3.03 mmol, 1 eq) and pyrrolidine (252.8 uL, 3.03 mmol, 1 eq).
The reaction was set at 100 °C for 1 hour and a half and when the mixture was cooled to room
temperature, neutralized with NaOH 1N and extracted with CH,Cl,/H,0 (x3). The combined
organic layers were dried with Na,SO4 and concentrated in vacuo.

cl N, 7-chloro-4-(pyrrolidin-1-yl) quinoline (20). The crude product was purified by
7 silica gel column chromatography (9.75 CH,Cl>/0.25 MeOH) obtaining the tittle

N product as a brown solid, (244.8 mg, 1.05 mmol), yield: 34%, melting point:

U 92.4 °C. *H-NMR (400 MHz, Chloroform-d): 6 8.44 (d, J = 5.5 Hz, 1H, H-2quin),

8.12 (d,J=9.2 Hz, 1H, H-8quin), 7.92 (d, J = 2.2 Hz, 1H, H-5quin), 7.24 (dd, J=9.2, 2.3 Hz, 1H, H-
6quin), 6.40 (d, J = 5.5 Hz, 1H, H-3quin), 3.68 — 3.62 (m, 4H, H-2,5pyrr), 2.07 — 2.02 (m, 4H, H-
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3,4pyrr). ES+ HRMS (m/z) [M+H]*: calculated for Ci3H14N>Cl: 233.0846, found: 233.0860. The
characterized product is in accordance with the literature.®

Compounds 21 and 22 were synthesized following both the same procedure. In a microwave
tube was added 4-chlorothieno[2,3-d] pyrimidine (200 mg, 1.17 mmol, 1 eq), the corresponding
cyclic amine piperidine or azepane (126.5 uL of piperidine or 145 uL of azepane, 1.29 mmol, 1.1
eq) and DIPEA (245 plL, 1.41 mmol, 1.2 eq). To this mixture is added isopropanol (2 mL for each
100 mg of 4-chlorothieno[2,3-d] pyrimidine) under an ice bath because the reaction is
exothermic. The sealed tube was introduced in the microwave at 130°C for 15 min and once
cooled down, extracted with EtOAc/H,0 (x3). The organic layers were dried with Na,SO4 and
concentrated in vacuo. The crude product was purified stirring at room temperature in Hexane,
while the impurities remain insoluble.

N_s 4-(piperidin-1-yl)thieno[2,3-d]pyrimidine (21). The product was obtained
r"l/fL/) without further purification as a yellow-brown solid, (218 mg, 0.99 mmol),
Ny yield: 85%, melting point: 49.6 °C. *"H-NMR (400 MHz, Methanol-ds): § 8.32 (s,

N 1H, H-2thienop), 7.50 (d, /= 6.2 Hz, 1H, H-6thienop), 7.46 (d, / = 6.0 Hz, 1H, H-
O 5thienop), 3.94 — 3.82 (m, 4H, H-2,6piper), 1.83 — 1.62 (m, 6H, H-3,4,5piper).
ES+ HRMS (m/z) [M+H]*: calculated for C;1H14N3S: 220.0908, found: 220.0898.

The characterized product is in accordance with the literature.*>**>3

N_s 4-(azepan-1-yl)thieno[2,3-d] pyrimidine (22). The product was obtained
r’\)v\/) without further purification as a yellow solid, (245 mg, 1.05 mmol), yield: 90%,
Y melting point: 69.8 °C. 'H-NMR (400 MHz, Methanol-ds): § 8.29 (s, 1H, H-
N 2thienop), 7.56 (d, J = 6.2 Hz, 1H, H-6thienop), 7.41 (d, J = 6.2 Hz, 1H, H-
(_) Sthienop), 3.97 (t, J = 6.0 Hz, 4H, H-2,7azep), 1.97 — 1.82 (m, 4H, H-3,6azep),
1.66 — 1.53 (m, 4H, H-4,5azep). ES+ HRMS (m/z) [M+H]": calculated for
Ci2H16NsS: 234.1065, found: 234.1042. The characterized product is in accordance with the
literature.'

On the other hand, when using an aromatic amine as substituent in the para position, the
synthesis of 23 and 24 were done differently from their cyclic amine counterparts. This time, to
a solution of 4-chlorothieno[2,3-d] pyrimidine (300 mg, 1.76 mmol, 1 eq) and N-methylaniline
or 4-chloro-N-methylaniline (228.6 uL of N-methylaniline or 255.5 uL of 4-chloro-N-
methylaniline, 2.11 mmol, 1.2 eq) in isopropanol (5 mL for each 250 mg of 4-chlorothieno[2,3-
d] pyrimidine) is added 3 drops of HCl concentrated and it is mixed under stirring for 24 hours
(comp. 24) and 4 hours (comp. 23) at room temperature. Once the reaction is completed, the
product is precipitated in the flask with diethyl ether and stirred for an additional 15 min. The
product is finally filtered under vacuum and washed with more Et,0.

In an attempt to reproduce the reaction using the microwave, compound 24 was also
synthesized with another procedure following described. In a microwave reaction vessel was
introduced 4-chlorothieno([2,3-d] pyrimidine (170 mg, 0.99 mmol, 1 eq), N-methylaniline (130
pL, 1.19 mmol, 1.2 eq) and triethylamine (166 pL, 1.19 mmol, 1.2 eq) in methanol (2 mL for each
170 mg of 4-chlorothieno[2,3-d] pyrimidine). Seal the reaction vessel and irradiate at 100°C for
10-12 min at a maximum power of 80 W. Control the reaction by TLC, and after completion
evaporate the solvent and wash the crude product with cold methanol. However, it was
necessary to further purify the crude product with a chromatographic column in silica gel and
gradually increase the polarity from 9 Hex/1 EtOAc to 1 Hex/1 EtOAc. It was obtained a 52% vyield
(125.9 mg, 0.5 mmol) of comp. 24.**

N-(4-chlorophenyl)-N-methylthieno[2,3-d] pyrimidin-4-amine (23). The product was obtained
without further purification as a light-green solid, (194 mg, 0.7 mmol), yield: 40%, melting point:
150.9 °C - 153 °C; (183 °C dc). *H-NMR (400 MHz, Chloroform-d): & 8.73 (s, 1H, H-2thienop), 7.59
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(d, J = 8.6 Hz, 2H, H-3,5anil), 7.33 (d, J = 8.6 Hz, 2H, H-2,6anil), 7.21 (d, J =

2 S 6.0H o N e ]

£ 60Hz 1H, H-6thienop), 5.64 (d,  =5.7 Hz, 1H, H-5thienop), 3.80 (5, 3, N

CHs). ¥3C-NMR (126 MHz, Chloroform-d): 6 145.83 (1C, -CH-, C-2thienop),

N, 141.66 (2C, -C-), 136.19 (1C, -C-), 131.32 (2C, -CH-, C-3,5anil), 128.58 (2C,

@ _CH-, C-2,6anil), 125.27 (1C, -CH-, C-6thienop), 121.24 (1C, -CH-, C-
Cl Sthienop), 117.12 (2C, -C-), 42.50 (1C, -CHs, N-CHs). ES+ HRMS (m/2)

[M+H]*: calculated for C13H11N3SCl: 276.0362, found: 276.0343.

|{]’ obtained without further purification as a light-pink solid, (237 mg, 0.98

N mmol), yield: 56%, melting point: 132.9 °C. *H-NMR (500 MHz, Methanol-

©’ ~ ds): 6 8.49 (s, 1H, H-2thienop), 7.56 — 7.51 (m, 2H, H-2,6anil), 7.50 — 7.46

(m, 1H, H-4anil), 7.36 (dd, J = 8.3, 1.3 Hz, 2H, H-3,5anil), 7.06 (d, J = 6.2 Hz,

1H, H-6thienop), 5.59 (d, J = 6.2 Hz, 1H, H-5thienop), 3.62 (s, 3H, N-CHs). *C-NMR (101 MHz,

Methanol-d,): 6 147.88 (1C, -CH-, C-2thienop), 144.72 (2C, -C-), 132.05 (2C, -CH-, C-2,6anil),

131.24 (1C, -CH-, C-4anil), 128.30 (2C, -CH-, C-3,5anil), 124.88 (1C, -CH-, C-6thienop), 123.22 (1C,

-CH-, C-5thienop), 118.49 (2C, -C-), 42.44 (1C, -CH3, N-CH3). ES+ HRMS (m/z) [M+H]*: calculated
for C13H12N3S: 242.0752, found: 242.0751.

,:ILS) N-methyl-N-phenylthieno[2,3-d] pyrimidin-4-amine (24). The product was
. /

For the synthesis of compounds 25 and 26 with the 4-chlorothieno([3,2-d] pyrimidine moiety, it
was followed the same procedure as in the previously describe 4-chlorothieno[2,3-d] pyrimidine
counterparts, for cyclic and aromatic amines, using the pyrrolidine and the N-methylaniline
respectively.

4-(pyrrolidin-1-yl)thieno[3,2-d]pyrimidine (25). The product was obtained

- B without further purification as a yellow solid, (139.3 mg, 0.67 mmol), yield:
Ni*~g 58%, melting point: 144.9 °C. *H-NMR (500 MHz, Methanol-d,): 6 8.31 (s,

N 1H, H-2thienop), 8.01 (d, J = 5.5 Hz, 1H, H-6thienop), 7.32 (d, J = 5.6 Hz, 1H,
L] H-7thienop), 3.89 (bs, 4H, H-2,5pyrr), 2.09 (bs, 4H, H-3,4pyrr). ES+ HRMS

(m/z) [M+H]*: calculated for CioH12N3S: 206.0752, found: 206.0739. The
characterized product is in accordance with the literature.’*>%°

N N-methyl-N-phenylthieno[3,2-d] pyrimidin-4-amine (26). The product was

'\Tp obtained without further purification as a yellow solid, (408 mg, 1.69 mmol)

Y S yield: 96%, melting point: 239.6 °C. *H-NMR (400 MHz, Methanol-d,): 6

N 8.88 (s, 1H, H-2thienop), 8.17 (d, J = 5.6 Hz, 1H, H-6thienop), 7.70 — 7.63

@ (m, 3H, H-2,4,6anil), 7.60 — 7.57 (m, 2H, H-3,5anil), 7.40 (d, / = 5.6 Hz, 1H,

H-7thienop), 3.82 (s, 3H, N-CHs). 3C-NMR (101 MHz, Methanol-ds): &

159.76 (1C, -C-), 149.16 (1C, -CH-, C-2thienop), 147.86 (1C, -C-), 142.59 (1C, -C-), 141.64 (1C, -

CH-, C-6thienop), 132.02 (1C, -CH-, C-7thienop), 131.76 (2C, -CH-, C-2,6anil), 130.02 (2C, -CH-, C-

3,5anil), 117.93 (1C, -CH-, C-4anil), 117.46 (1C, -C-), 41.56 (1C, -CHs, N-CHs). ES+ HRMS (m/z)
[M+H]*: calculated for C13H12N3S: 242.0752, found: 242.0748.

Compounds 27 and 28, with the thieno[3,2-b] pyridine moiety, were first synthesized using the
microwave irradiation as a heating source. However, the cyclic amine azepane in comp. 28
showed low reaction yield so that it was finally synthesized using the traditional reflux
methodology for longer times.

For compound 27, in a microwave tube was added 7-chlorothieno[3,2-b] pyridine (200 mg, 1.18
mmol, 1 eq) and pyrrolidine (295 L, 3.5 mmol, 3 eq). To the sealed tube was injected an inert
atmosphere of Argon and then, was introduced in the microwave at 180°C for 15 min with
stirring. Once finished, it was extracted with CH,Cl,/H,O (x3) and the organic layers dried with
Na,SO,, filtered, and evaporated under reduced pressure with the rotavapor.
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For compound 28, in a flask was added 7-chlorothieno[3,2-b] pyridine (400 mg, 2.36 mmol, 1
eq) and azepane (1.86 mL, 16.5 mmol, 7 eq) with a magnetic stir. The mixture is refluxed under
Argon atmosphere at 110 °C for 24 hours. After this time, the reaction is cooled down at room
temperature and neutralized with NaOH 1 N. The crude product was extracted with CH,Cl,/H,0
(x2) and once with brine. The organic phase is dried with Na,SQO,, filtered, and evaporated under
reduced pressure.

N A 7-(pyrrolidin-1-yl)thieno[3,2-b]pyridine (27). The product was obtained after
~ | s chromatographic column purification in silica gel and a mobile phase of 9.5

CHyCly/ 1 MeOH, as a light-brown solid, (149 mg, 0.73 mmol), yield: 62%,
‘E} melting point: 76.5 °C. TH-NMR (500 MHz, Methanol-dy): 6 8.09 (d, J = 5.9 Hz,

1H, H-2thienop), 7.81 (d, J = 5.6 Hz, 1H, H-6thienop), 7.33 (d, J = 5.6 Hz, 1H,
H-7thienop), 6.32 (d, J = 5.9 Hz, 1H, H-3thienop), 3.78 (t, J = 6.7 Hz, 4H, H-2,5pyrr), 2.09 (quint, J
= 3.3 Hz, 4H, H-3,4pyrr). ES+ HRMS (m/z) [M+H]": calculated for Ci;H13N>S: 205.0799, found:
205.0779. The characterized product is in accordance with the literature.’?

N 7-(azepan-1-yl)thieno[3,2-b]pyridine (28). The product was obtained after

@ chromatographic column purification in silica gel and a polarity of 9.5 CH,Cl,/

S 1 MeOH, as a dark-brown oil, (219.2 mg, 0.94 mmol), yield: 40%. *H-NMR

N (400 MHz, Chloroform-d): 6 8.27 (d, J = 5.8 Hz, 1H, H-2thienop), 7.58 (d, J =

{ S 5.6 Hz, 1H, H-6thienop), 7.48 (d, J = 5.6 Hz, 1H, H-7thienop), 6.40 (d, /= 5.8

Hz, 1H, H-3thienop), 3.78 (t, J = 6.0 Hz, 4H, H-2,7azep), 1.95 — 1.88 (m, 4H, H-

3,6azep), 1.64 — 1.58 (m, 4H, H-4,5azep). ES+ HRMS (m/z) [M+H]*: calculated for Ci3H17N,S:
233.1112, found: 233.1104. The characterized product is in accordance with the literature.*>?

Finally, for the quinolinic heads 29 and 30, we used the same methodology. In a microwave
reaction vessel was introduced 4-hydroxyquinoline (100 mg, 0.69 mmol, 1 eq) and phosphoryl
trichloride (321 uL, 3.44 mmol, 5 eq), and were irradiated at 150 °C for 30 min. Then, to the
sealed tube was added the aromatic amine N-methylaniline or 4-chloro-N-methylaniline (224 pL
for the N-methyl aniline or 250.3 L for the p-chloro-N-methyl aniline, 2.07 mmol, 3 eq) and
irradiated at 180°C for 8 min. Once the reaction is finished, follows the neutralization with NaOH
and extraction with CH,Cl,/H,O (x3). The organic phase is dried with Na,SO,, filtered, and
evaporated under reduced pressure.'*®

_N N-methyl-N-phenylquinolin-4-amine (29). The product was obtained

~ | after column chromatographic purification in silica gel with a polarity of
9.5CH,Cly/ 0.5MeOH, as a light-brown oil, (105.1 mg, 0.45 mmol), yield:

©’N‘ 65%. 'H-NMR (400 MHz, Chloroform-d): & 8.74 (d, J = 5.0 Hz, 1H, H-
2quin), 8.01 (d, J = 8.7 Hz, 1H, H-8quin), 7.62 (dd, J = 8.5, 1.0 Hz, 1H, H-

5quin), 7.53 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H, H-7quin), 7.22 (ddd, J = 8.4,
6.9, 1.3 Hz, 1H, H-6quin), 7.18 — 7.12 (m, 2H, H-2,6anil), 7.04 (d, J = 5.0 Hz, 1H, H-3quin), 6.87
(dt,J=7.4, 1.0 Hz, 1H, H-4anil), 6.80 (dd, J = 8.7, 1.0 Hz, 2H, H-3,5anil), 3.39 (s, 3H, N-CHs). ES+
HRMS (m/z) [M+H]*: calculated for CigHisN2: 235.1235, found: 235.1224. The characterized
product is in accordance with the literature. 1%’

N N-(4-chlorophenyl)-N-methylquinolin-4-amine (30). The product was

" obtained after column chromatographic purification in silica gel with a

X polarity of 9.5CH,Cl,/ 0.5MeOH, as a yellow oil, (111 mg, 0.41 mmol),

N yield: 60%. 'H-NMR (400 MHz, Methanol-d4): 6 8.75 (d, J = 5.1 Hz, 1H, H-

/@ 2quin), 7.98 (d, J = 8.0 Hz, 1H, H-8quin), 7.69 — 7.64 (m, 2H, H-6,7quin),
Cl 7.35 (td, J = 7.7, 1.4 Hz, 1H, H-5quin), 7.28 (d, J = 5.1 Hz, 1H, H-3quin),

7.22(d, J=9.0 Hz, 2H, H-3,5anil), 6.89 (d, J = 9.0 Hz, 2H, H-2,6anil), 3.50 (s, 3H, N-CHs). ES+ HRMS
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(m/z) [M+H]"*: calculated for CisH14N>Cl: 269.0846, found: 269.0846. The characterized product
is in accordance with the literature.®

1.5 General procedure A for the synthesis of the dithioethane final products.

The assembly of the final compounds is obtained through a one-step reaction successfully
applied to the whole chemical library. The synthetic strategy adopted is outlined in

Sealed tube
— inert atm =y <:>
/—©—S - < > + 3eqHead ——— = /—<: :)—S 8
3 No solvent by
120 °C for 24 h Final compound
R = Head 19% - 100%

1 1 I
N N

1 I 1 I

N N CI N !

e I S, fi+s ? 15T 6+ ﬁr:'l‘ B\ ‘P;L N N,
&7 "

= -
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\'I'Z— =

U U ugt O Ogh @ QQC.@

. | g L PL 3|
| .

. Assembly of the dithioethane library’s final compounds.

In an oven-dried reaction tube and under a nitrogen atmosphere, was introduced sequentially
the magnetic stir, the dibromide linker 3 (100 mg, 0.23 mmol, 1 eq) and an excess of the
corresponding head (0.69 mmol, 3 eq). The reaction was sealed and carried out without solvent
for 24 hours at a temperature of 120 °C in an oil bath. Then, the crude product is dissolved in a
minimum quantity of methanol and precipitated adding diethyl ether. The final product is
obtained after filtration under vacuum and several washes with EtOAc and Et,0 to remove the
excess head and monosubstituted products. Further purification with a chromatography column
was needed in the quinolinium derivatives as specified below. It was obtained diverse chemical
yields - from 19% to a quantitative 100% - depending on the hindrance of the cationic heads.

< > N <:> 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-
S s 7 7 7
=N Ny phenylene))bis(methylene))bis(4-
<\—_// Q (dimethylamino)pyridin-1-ium)  bromide (PL 40).
=N, N-—  Following the general procedure A, furnished PL 40 as

a light-pink solid, (40.4 mg, 0.06 mmol), yield: 26% after
stirring 3 hours at rt on acetonitrile and precipitation with diethyl ether, melting point: 267.4 °C
-269°C; (281 °C dc). *H-NMR (400 MHz, Deuterium Oxide): 6 7.94 (d, J = 7.4 Hz, 4H, H-2,6pyrid),
7.10(d, J = 8.2 Hz, 4H, Ar-S), 6.86 (d, J = 7.8 Hz, 4H, Ar-C), 6.65 (d, J = 7.3 Hz, 4H, H-3,5pyrid), 5.12
(s, 4H, CH,-N*), 3.04 (s, 12H, N-CHs), 2.78 (s, 4H, S-(CH3)>-S). 3C-NMR (101 MHz, Deuterium
Oxide): 6 156.07 (2C, -C-), 141.02 (4C, -CH-, C-2,6pyrid), 136.37 (2C, -C-), 132.77 (2C, -C-), 129.09
(4C, -CH-, Ar-C), 128.74 (4C, -CH-, Ar-S), 107.75 (4C, -CH-, C-3,5pyrid), 59.96 (2C, -CH,-, CH,-N*),
39.43 (4C, -CHs-, N-CH3), 31.53 (2C, -CH»-, S-(CH,)>-S). ES+ HRMS (m/z) [M]**: calculated for
C30H35N4Szi 516.2381, found: 516.2366.

r@. & s _Q_\ 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-

=N "Ny phenylene))bis(methylene))bis(4-(pyrrolidin-1-

\ 7 Q yl)pyridin-1-ium) bromide (PL 46). Following the
@ b general procedure A, furnished PL 46 as a light-yellow

solid, (91.9 mg, 0.13 mmol), yield: 53% after stirring
overnight in acetonitrile at 40 °C and precipitation with diethyl ether, melting point: 98 °C; (109
°C dc). 'H-NMR (400 MHz, Deuterium Oxide): 6 7.90 (d, J = 7.6 Hz, 4H, H-2,6pyrd), 7.03 (d, J = 8.7
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Hz, 4H, Ar-S), 6.85 (d, J = 8.6 Hz, 4H, Ar-C), 6.54 (d, J = 7.8 Hz, 4H, H-3,5pyrid), 5.09 (s, 4H, CH,-
N*), 3.41 — 3.22 (m, 8H, H-2,5pyrr), 2.79 (s, 4H, S-(CH.)>-S), 2.10 — 1.89 (m, 8H, H-3,4pyrr). 13C-
NMR (151 MHz, Deuterium Oxide): 6 153.24 (2C, -C-), 140.87 (4C, -CH-, C-2,6pyrid), 136.30 (2C,
-C-), 132.93 (2C, -C-), 128.99 (4C, -CH-, Ar-C), 128.68 (4C, -CH-, Ar-S), 108.34 (4C, -CH-, C-
3,5pyrid), 59.99 (2C, -CH,-, CH2-N*), 48.40 (4C, -CHa-, C-2,5pyrr), 31.50 (2C, -CHa-, S-(CH2)>-S),
24.70 (4C, -CHa-, C-3,4pyrr). ES+ HRMS (m/z) [M]*: calculated for C34H40N4S,: 568.2694, found:
568.2692.

S/—\S 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-
_ C D NEN phenylene))bis(methylene))bis(7-chloro-4-(pyrrolidin-
Q@—CI CI—@Q 1-yl)quinolin-1-ium) bromide (PL 48). Following the
N N general procedure A, furnished PL 48 as a white solid,
Q Q (126.7 mg, 0.14 mmol), yield: 61% after a first
recrystallization in CH,Cl,/Et,0 and a final recrystallization from a solution of CHsCN (at 40 °C
stirred for 2 hours) and precipitation with Et,0, melting point: 210 °C. *H-NMR (500 MHz,
Methanol-d.): 6 8.61 (d, J =9.3 Hz, 2H, H-8quin), 8.50 (d, J = 7.8 Hz, 2H, H-2quin), 7.95 (d, J = 2.0
Hz, 2H, H-5quin), 7.64 (dd, J = 9.2, 2.2 Hz, 2H, H-6quin), 7.32 (d, J = 8.6 Hz, 4H, Ar-S), 7.21 (d, ) =
8.6 Hz, 4H, Ar-C), 6.89 (d, J = 7.7 Hz, 2H, H-3quin), 5.74 (s, 4H, CH>-N*), 4.41 — 3.66 (m, 8H, H-
2,5pyrr), 3.09 (s, 4H, S-(CH,),-S), 2.18 (bs, 8H, H-3,4pyrr). 3C-NMR (101 MHz, Methanol-ds): 6
157.13 (2C, -C-), 146.27 (2C, -CH-, C-8quin), 141.60 (2C, -C-), 141.02 (2C, -C-), 137.86 (2C, -C-),
133.91 (2C, -C-), 131.20 (2C, -CH-, C-2quin), 131.10 (4C, -CH-, Ar-C), 128.67 (4C, -CH-, Ar-S),
126.92 (2C, -CH-, C-5quin), 119.30 (2C, -C-), 118.78 (2C, -CH-, C-6quin), 103.89 (2C, -CH-, C-
3quin), 58.12 (2C, -CH,-, CH»-N*), 53.67 (4C, -CH,-, C-2,5pyrr), 33.74 (2C, -CH,-, S-(CH>)>-S), 26.87
(4C, -CH,-, C-3,4pyrr). ES+ HRMS (m/z) [M]*: calculated for CsHaaNaS,Cla: 736.2228, found:
736.2252.

: < > a0 <:> . 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-

N/=N s S N \S; phenylene))bis(methylene))bis(4-(piperidin-1-
)‘—/QS (N‘ yl)thieno[2,3-d]pyrimidin-1-ium) bromide (PL 54).
@ {“_‘) Following the general procedure A, furnished PL 54 as
a white-beige solid, (54.5 mg, 0.06 mmol), yield: 54%

after stirring overnight in CHsCN at 40 °C and recrystallization with Et,0, melting point: 208.9 °C;
(221.4 °C dc). *H-NMR (500 MHz, Methanol-d4): 6 8.89 (s, 2H, H-2thienop), 7.80 (d, J = 6.0 Hz,
2H, H-6thienop), 7.74 (d, J = 6.0 Hz, 2H, H-5thienop), 7.41 (d, ) = 8.5 Hz, 4H, Ar-S), 7.37 (d, ] = 8.5
Hz, 4H, Ar-C), 5.61 (s, 4H, CH,-N*), 4.31-4.11 (m, 8H, H-2,6pip), 3.14 (s, 4H, S-(CH,),-S), 1.86 (bs,
12H, H-3,4,5pip). *C-NMR (126 MHz, Methanol-d4):  157.41 (2C, -C-), 156.19 (2C, -C-), 149.60
(2C, -CH-, C-2thienop), 138.97 (2C, -C-), 131.36 (2C, -C-), 130.72 (4C, -CH-, Ar-C), 130.31 (4C, -CH-
, Ar-S), 125.01 (2C, -CH-, C-6thienop), 124.47 (2C, -CH-, C-5thienop), 117.69 (2C, -C-), 58.29 (2C,
-CH,-, CH;-N*), 51.62 (4C, -CH,-, C-2,6pip), 33.51 (2C, -CH,-, S-(CH3)2-S), 27.37 (2C, -CH,-, C-
3or5pip), 26.98 (2C, -CH»-, C-3or5pip), 24.79 (2C, -CH,-, C-4pip). ES+ HRMS (m/z) [M]*:
calculated for CsgH42NeS4: 710.2354, found: 710.2367.

) C> 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-

,:N,—O—S S (Nj\;j] phenylene))bis(methylene))bis(4-(azepan-1-
N)\_/(j’ N= yl)thieno[2,3-d]pyrimidin-1-ium) bromide (PL 55).

N D Following the general procedure A, furnished PL 55 as
Q a white solid, (79 mg, 0.09 mmol), yield: 38% after

stirring overnight in CH3CN at rt and recrystallization
with Et,0, melting point: 172 °C. *H-NMR (500 MHz, Methanol-d4): 6 8.91 (s, 2H, H-2thienop),
7.82 (d, J = 6.0 Hz, 2H, H-6thienop), 7.73 (d, J = 6.0 Hz, 2H, H-5thienop), 7.41 (d, ) = 8.4 Hz, 4H,
Ar-S), 7.37 (d, J = 8.4 Hz, 4H, Ar-C), 5.62 (s, 4H, CH,-N*), 4.20 (t, J = 5.9 Hz, 4H, H-20r7azep), 4.16
(t, J = 5.9 Hz, 4H, H-2or7azep), 3.14 (s, 4H, S-(CH3)2-S), 2.03 (quint, J = 5.7 Hz, 4H, H-3or6azep),
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1.97 (quint, J = 5.8 Hz, 4H, H-3or6azep), 1.69 (bs, 8H, H-4,5azep). 3C-NMR (126 MHz, Methanol-
ds): 6 158.07 (2C, -C-), 155.94 (2C, -C-), 149.47 (2C, -CH-, C-2thienop), 139.04 (2C, -C-), 131.27
(2C, -C-), 130.72 (4C, -CH-, Ar-C), 130.28 (4C, -CH-, Ar-S), 125.13 (2C, -CH-, C-6thienop), 124.74
(2C, -CH-, C-5thienop), 117.84 (2C, -C-), 58.34 (2C, -CH-, CH»-N*), 53.00 (2C, -CH,-, C-20r7azep),
51.76 (2C, -CH,-, C-20r7azep), 33.50 (2C, -CH,-, S-(CH,)-S), 28.79 (2C, -CH,-, C-3or6azep), 27.90
(2C, -CH,-, C-3or6azep), 27.81 (2C, -CH,-, C-4or5azep), 27.59 (2C, -CH,-, C-4or5azep). ES+ HRMS
(m/z) [M]?*: calculated for C40H4sNeS4: 738.2667, found: 738.2687.

p— 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-

_N’-_QS S_@_‘ = phenylene))bis(methylene))bis(7-(pyrrolidin-1-
War '_\ S yl)thieno[3,2-b]pyridin-4-ium) bromide (PL 65).

N S N Following the general procedure A, furnished PL 65 as
E) O a light-yellow solid, (84.5 mg, 0.1 mmol), yield: 43%

after stirring overnight in CH3CN at 40 °C and
recrystallization with Et,0, melting point: 219 °C — 220 °C. 'H-NMR (500 MHz, Methanol-d4): &
8.32 (d, J = 7.5 Hz, 2H, H-2thienop), 8.30 (d, J = 5.8 Hz, 2H, H-6thienop), 7.61 (d, ) = 5.9 Hz, 2H,
H-7thienop), 7.33 (d, J = 8.4 Hz, 4H, Ar-S), 7.23 (d, ) = 8.4 Hz, 4H, Ar-C), 6.74 (d, ) = 7.4 Hz, 2H, H-
3thienop), 5.65 (s, 4H, CH,-N*), 4.28 (bs, 4H, H-2or5pyrr), 3.73 (bs, 4H, H-2or5pyrr), 3.10 (s, 4H,
S-(CH2),-S), 2.26 - 2.11 (m, 8H, H-3,4pyrr). *C-NMR (126 MHz, Methanol-d4): § 153.55 (2C, -C-),
147.31 (2C, -C-), 143.05 (2C, -CH-, C-2thienop), 138.06 (2C, -C-), 137.51 (2C, -CH-, C-6thienop),
134.01 (2C, -C-), 130.93 (4C, -CH-, Ar-C), 129.08 (4C, -CH-, Ar-S), 122.28 (2C, -C-), 118.65 (2C, -
CH-, C-7thienop), 103.39 (2C, -CH-, C-3thienop), 59.13 (2C, -CH;-, CH>-N*), 52.13 (4C, -CH»-, C-
2,5pyrr), 33.68 (2C, -CH,-, S-(CH,),-S), 27.26 (2C, -CH,-, C-3or4pyrr), 25.55 (2C, -CH,-, C-3ordpyrr).
ES+ HRMS (m/z) [M]?*: calculated for CsgHaoN4S4: 680.2136, found: 680.2154.

’_Q_S/_\S_O_‘ 1%1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4, 1-
=N N= phenylene))bis(methylene))bis(4-
N, / | ] - (methyl(phenyl)amino)thieno[3,2-d]pyrimidin-1-
-N S S N- ium) bromide (PL 67). Following the modified
@ procedure A, furnished PL 67 as a yellow solid, (51.6

mg, 0.06 mmol), yield: 24% after chromatographic
column purification in 9.5 CH,Cl,/0.5 MeOH (gradually increasing the polarity), melting point:
281.3 °C dc. 'H-NMR (500 MHz, Methanol-ds): § 9.13 (s, 2H, H-2thienop), 8.14 (d, J = 5.7 Hz, 2H,
H-6thienop), 7.70 — 7.63 (m, 6H, H-3,4,5anil), 7.60 (d, J = 7.3 Hz, 4H, H-2,6anil), 7.49 (d, ] = 5.7
Hz, 2H, H-7thienop), 7.36 (d, ) = 8.8 Hz, 4H, Ar-S), 7.34 (d, J = 8.5 Hz, 4H, Ar-C), 5.74 (s, 4H, CH»-
N*), 3.84 (s, 6H, N-CH3), 3.11 (s, 4H, S-(CH;),-S). *C-NMR (126 MHz, Methanol-d4): 6 166.37 (2C,
-C-), 151.67 (2C, -CH-, C-2thienop), 142.40 (2C, -C-), 141.78 (2C, -CH-, C-6thienop), 138.32 (2C, -
C-), 133.21 (2C, -C-), 133.11 (2C, -C-), 132.16 (2C, -CH-, C-4anilina), 131.86 (4C, -CH-, C-2,6anil),
130.93 (4C, -CH-, Ar-C), 129.98 (4C, -CH-, C-3,5anil), 129.50 (4C, -CH-, Ar-S), 118.34 (2C, -C-),
117.95 (2C, -CH-, C-7thienop), 56.87 (2C, -CH,-, CH,-N*), 41.80 (2C, -CHs, N-CH3), 33.62 (2C, -CH>-
, S-(CH2)2-S). ES+ HRMS (m/z) [M]?*: calculated for C4H3sNeSa: 754.2041, found: 754.1989.

~ < >_ SN < > *1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-
S 8 , , y Yy ,
~=N (N:\?S

N phenylene))bis(methylene))bis(4-(pyrrolidin-1-
N)‘—@ N yl)thieno[3,2-d]pyrimidin-1-ium) bromide (PL 68).
Q as a yellow solid, (215 mg, 0.3 mmol), yield: 74% after

b Following the modified procedure A, furnished PL 68
stirring overnight in CHsCN at 40 °C and recrystallization with Et,0, melting point: 238 °C; (248.8

! Those final products with (*), were synthesized using dry acetonitrile as solvent (2mL for each 300 mg
of reactive) at 90°C for 72 hours.
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°C dc). 'H-NMR (400 MHz, Methanol-d4): 6 8.86 (s, 2H, H-2thienop), 8.44 (d, J = 5.6 Hz, 2H, H-
6thienop), 7.58 (d, J = 5.6 Hz, 2H, H-7thienop), 7.33 (s, 8H, Ar-S, Ar-C), 5.65 (s, 4H, CH,-N*), 4.20
(t, J = 6.8 Hz, 4H, H-20r5pyrr), 4.00 (t, J = 6.8 Hz, 4H, H-20r5pyrr), 3.10 (s, 4H, S-(CH»)»-S), 2.27
(quint, J = 6.9 Hz, 4H, H-3or4pyrr), 2.11 (quint, J = 6.9 Hz, 4H, H-3or4pyrr). *C-NMR (101 MHz,
Methanol-ds): 6 156.72 (2C, -C-), 151.27 (2C, -CH-, C-2thienop), 147.55 (2C, -C-), 140.19 (2C, -
CH-, C-6thienop), 138.25 (2C, -C-), 133.26 (2C, -C-), 130.94 (4C, -CH-, Ar-C), 129.38 (4C, -CH-, Ar-
S), 118.59 (2C, -CH-, C-7thienop), 118.26 (2C, -C-),56.44 (2C, -CH,-, CH,-N*), 51.70 (2C, -CHa-, C-
20r5pyrr), 50.74 (2C, -CH,-, C-20r5pyrr), 33.66 (2C, -CHy-, S-(CH2)»-S), 27.21 (2C, -CH,-, C-
3ordpyrr), 25.05 (2C, -CH,-, C-3ordpyrr). ES+ HRMS (m/z) [M]**: calculated for CsgH3sNeSa:
682.2041, found: 682.2001.

~ ) s )~ A 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4, 1-
|

phenylene))bis(methylene))bis(7-(azepan-1-
N s yl)thieno[3,2-b]pyridin-4-ium) bromide (PL 69).
Q O Following the general procedure A, furnished PL 69 as
a brown solid, (39.9 mg, 0.04 mmol), yield: 19% after a
first recrystallization in CH,Cl,/Et,0 and a final recrystallization while stirring it in CH3CN at 40 °C
overnight and precipitation with Et,0, melting point: 197 °C — 200 °C. 'H-NMR (500 MHz,
Methanol-d.): 6 8.37 (d, J = 7.6 Hz, 2H, H-2thienop), 8.31 (d, J = 5.9 Hz, 2H, H-6thienop), 7.65 (d,
) =5.9 Hz, 2H, H-7thienop), 7.33 (d, J = 8.4 Hz, 4H, Ar-S), 7.25 (d, J = 8.4 Hz, 4H, Ar-C), 6.97 (d, J
= 7.6 Hz, 2H, H-3thienop), 5.69 (s, 4H, CH2-N*), 4.17 — 3.98 (m, 8H, H-2,7azep), 3.10 (s, 4H, S-
(CH2)2-S), 2.05 — 1.96 (m, 8H, H-3,6azep), 1.72 — 1.63 (m, 8H, H-4,5azep). 3C-NMR (101 MHz,
Methanol-d4): & 155.62 (2C, -C-), 147.95 (2C, -C-), 143.10 (2C, -CH-, C-2thienop), 138.13 (2C, -C-
), 137.41 (2C, -CH-, C-6thienop), 133.88 (2C, -C-), 130.97 (4C, -CH-, Ar-C), 129.18 (4C, -CH-, Ar-S),
120.87 (2C, -C-), 118.79 (2C, -CH-, C-7thienop), 103.21 (2C, -CH-, C-3thienop), 59.32 (2C, -CH,-,
CH>-N*), 53.83 (4C, -CH,-, C-2,7azep), 33.70 (2C, -CH,-, S-(CH.).-S), 27.53 (8C, -CH,-, C-
3,4,5,6azep). ES+ HRMS (m/z) [M]?*: calculated for Ca2HasN4Sa: 736.2762, found: 736.2737.

—/ 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-
Cz:_hl}/_@_ S S_O_\\Nﬁ phenylene))bis(methylene))bis(4-
N/ = (methyl(phenyl)amino)quinolin-1-ium) bromide (PL 70).
—N N-= Following the general procedure A, furnished PL 70 as
@ @ an orange solid, (91.3 mg, 0.1 mmol), yield: 43% after
chromatographic column purification in 9.5 CH,Cl,/0.5
MeOH (gradually increasing the polarity), melting point: 183 °C; (314.9 °C dc). *H-NMR (400 MHz,
Methanol-d,): 6 8.89 (d, /= 7.4 Hz, 2H, H-2quin), 8.03 (d, J = 8.6 Hz, 2H, H-8quin), 7.76 (ddd, J =
8.7,7.1,1.5Hz, 2H, H-7quin), 7.59 (dd, J= 8.8, 1.1 Hz, 2H, H-6quin), 7.54 — 7.48 (m, 4H, H-2,6anil),
7.46 — 7.41 (m, 2H, H-5quin), 7.40 — 7.32 (m, 10H, Ar-S, Ar-C, H-3quin), 7.29 — 7.25 (m, 6H, H-
3,4,5anil), 5.92 (s, 4H, CH>-N*), 3.82 (s, 6H, N-CH3), 3.10 (s, 4H, S-(CH,),-S). *C-NMR (101 MHz,
Methanol-ds): 6§ 160.02 (2C, -C-), 149.25 (2C,-C-), 148.02 (2C, -CH-, C-2quin), 140.80 (2C, -C-),
137.99 (2C, -C-), 134.76 (2C, -CH-, C-8quin), 133.87 (2C, -C-), 131.92 (4C, -CH-, Ar-C), 131.05 (4C,
-CH-, Ar-S), 129.49 (2C, -CH-, C-7quin), 129.38 (2C, -CH-, C-6quin), 128.81 (4C, -CH-, C-2,6anil),
127.01 (2C, -CH-, C-5quin), 126.92 (4C, -CH-, C-3,5anil), 121.39 (2C, -C-), 120.09 (2C, -CH-, C-
3quin), 106.95 (2C, -CH-, C-4anil), 59.02 (2C, -CH,-, CH»-N*), 45.98 (2C, -CH3, N-CHs), 33.73 (2C, -
CH,-, S-(CH,)2-S). ES+ HRMS (m/z) [M]?*: calculated for CagH14N4S,: 740.3007, found: 740.2996.

./_@SNS—Q—\ 1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-
~N N= phenylene))bis(methylene))bis(4-
Ny_@ S\Jz(N (methyl(phenyl)amino)thieno[2,3-d]pyrimidin-1-ium)
=N N—  bromide (PL 71). Following the general procedure A,
@ @ furnished PL 71 as a light-green solid, (55.4 mg, 0.06

mmol), vyield: 26% after chromatographic column
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purification in 9.5 CH,Cl,/0.5 MeOH (gradually increasing the polarity), melting point: 165 °C;
(175 °C dc). TH-NMR (400 MHz, Methanol-ds): § 9.16 (s, 2H, H-2thienop), 7.66 — 7.63 (m, 6H, H-
2,6anil, H-6thienop), 7.55 — 7.51 (m, 4H, H-3,5anil), 7.44 (d, J = 8.4 Hz, 4H, Ar-S), 7.39 — 7.33 (m,
6H, Ar-C, H-4anil), 5.70 (s, 4H, CH»-N*), 5.53 (d, J = 5.6 Hz, 2H, H-5thienop), 3.85 (s, 6H, N-CHs),
3.14 (s, 4H, S-(CH2)>-S). BC-NMR (101 MHz, Methanol-d.): & 158.45 (2C, -C-), 155.82 (2C, -C-),
150.52 (2C, -CH-, C-2thienop), 144.48 (2C, -C-), 139.08 (2C, -C-), 132.11 (4C, -CH-, C-2,6anil),
131.34 (2C, -CH-, C-6thienop), 131.13 (2C, -C-), 130.75 (4C, -CH-, Ar-C), 130.42 (4C, -CH-, Ar-S),
128.22 (4C, -CH-, C-3,5anil), 125.03 (2C, -CH-, C-4anil), 123.84 (2C, -CH-, C-5thienop), 119.09 (2C,
-C-), 58.80 (2C, -CH,-, CH,-N*), 42.59 (2C, -CHs, N-CHs), 33.52 (2C, -CH,-, S-(CH.),-S). ES+ HRMS
(m/z) [M]?*: calculated for C4;H3sNeSa: 754.2041, found: 754.2098.

1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-

I\
CZ:_N//_@_S S_@—\{\t@ phenylene))bis(methylene))bis(4-((4-
N\ // —

chlorophenyl)(methyl)amino)quinolin-1-ium)

=N N— bromide (PL 72). Following the general procedure A,
@ @ furnished PL 72 as an orange solid, (82.3 mg, 0.08
cl cl mmol), yield: 59% after chromatographic column

purification in 9.5 CH)Cl,/0.5 MeOH (gradually
increasing the polarity), melting point: 193.1 °C; (200 °C dc). 'H-NMR (400 MHz, Methanol-d,):
6 8.92 (d, J = 7.4 Hz, 2H, H-2quin), 8.07 (d, J = 8.9 Hz, 2H, H-8quin), 7.80 (t, J = 7.9 Hz, 2H, H-
6or7quin), 7.65 (d, J = 8.7 Hz, 2H, H-5quin), 7.50 (d, J = 8.7 Hz, 4H, H-3,5anil), 7.41 — 7.32 (m,
12H, H-3quin, H-60r7quin, Ar-S, H-2,6anil), 7.27 (d, J = 8.3 Hz, 4H, Ar-C), 5.94 (s, 4H, CH,-N*), 3.80
(s, 6H, N-CHs), 3.11 (s, 4H, S-(CH3),-S). *C-NMR (101 MHz, Methanol-ds): § 160.16 (2C, -C-),
148.25 (2C, -CH-, C-2quin), 147.94 (2C, -C-), 140.83 (2C, -C-), 138.08 (2C, -C-), 134.94 (2C, -CH-,
C-8quin), 134.82 (2C, -C-), 133.75 (2C, -C-), 131.90 (4C, -CH-, C-3,5anil), 131.00 (4C, -CH-, C-
2,6anil), 129.25 (2C, -CH-, C-7quin), 128.85 (4C, -CH-, Ar-C), 128.49 (4C, -CH-, Ar-S), 127.37 (2C, -
CH-, C-6quin), 121.52 (2C, -C-), 120.25 (2C, -CH-, C-5quin), 107.55 (2C, -CH-, C-3quin), 59.16 (2C,
-CHa-, CH2-N*), 45.75 (2C, -CHs, N-CH3), 33.70 (2C, -CHy-, S-(CH2)2-S). ES+ HRMS (m/z) [M]%*:
calculated for C4sH42N4S,Cl>: 808.2228, found: 808.2255.

— *1,1'-(((ethane-1,2-diylbis(sulfanediyl))bis(4,1-
‘S _N’_Q_S S_Q_\N S, phenylene))bis(methylene))bis(4-((4-
(\{N’) (’Ny chlorophenyl)(methyl)amino)thieno[2,3-d]pyrimidin-
N—  1-ium) bromide (PL 73). Following the modified
@ procedure A, furnished PL 73 as a pink-violet solid,
(228 mg, 0.23 mmol), yield: 100%, melting point: 197
cl Cl °C. 'H-NMR (400 MHz, Methanol-da): & 9.17 (s, 2H, H-
2thienop), 7.66 (d, J = 8.6 Hz, 4H, H-3,5anil), 7.54 (d, J = 8.6 Hz, 4H, H-2,6anil), 7.44 (d, ) = 8.4 Hz,
6H, H-6thienop, Ar-S), 7.37 (d, J = 8.4 Hz, 4H, Ar-C), 5.71 (s, 6H, H-5thienop, CH>-N*), 3.83 (s, 6H,
N-CHs), 3.15 (s, 4H, S-(CH,)2-S). *C-NMR (101 MHz, Methanol-ds): § 158.54 (2C, -C-), 156.04 (2C,
-C-), 150.50 (2C, -CH-, C-2thienop), 143.14 (2C, -C-), 139.16 (2C, -C-), 137.05 (2C, -C-), 132.21 (4C,
-CH-, C-3,5anil), 131.03 (2C, -C-), 130.70 (4C, -CH-, Ar-C), 130.43 (4C, -CH-, Ar-S), 130.01 (4C, -CH-
, C-2,6anil), 125.53 (2C, -CH-, C-7thienop), 123.68 (2C, -CH-, C-6thienop), 119.12 (2C, -C-), 58.87
(2C, -CHy-, CH2-N*), 42.60 (2C, -CHs, N-CHs), 33.48 (2C, -CH;-, S-(CH,)2-S). ES+ HRMS (m/z) [M]**:
calculated for C42H3sNeS4Cly: 822.1261, found: 822.1247.

—N
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1.6 General procedure A for the synthesis of the disulphide final products.

The assembly of the linker and heads of the disulphide library was done using the optimized
reaction conditions as reported before. The reaction is outlined in

Sealed tube
i inert atm i3
HOs=s0,, + seateas — A4,
16 No solvent i :
120 °C for 24 h Final compound

25% - 55%

N N N
0 S " O & N

?. 7 FP 14 FP 15 FP 16

14

. Assembly of the disulphide library’s final compounds.

This final step consists of the bromide linker (16) substitution with the corresponding 4-
substituted aromatic amines by an SN, mechanism. The reaction takes place in an oven-dry
sealed tube and under a nitrogen atmosphere, where is added 16 (100 mg, 0.25 mmol, 1 eq)
and an excess of the corresponding head (0.69 mmol, 3 eq) with a magnetic stir. The reaction
was sealed and carried out without solvent for 24 hours at a temperature of 120 °C in an oil
bath. Then, the crude product is dissolved in a minimum quantity of methanol and precipitated
adding diethyl ether. It was purified from the intermediates of reaction by several washes with
ethyl acetate and diethyl ether. There were obtained different chemical yields - from 25% to
55% - depending on the cationic head hindrance. The products were dried under vacuum with
phosphorus pentoxide before their characterization.

' 1,1'-((disulfanediylbis(4,1-
_N’_@ S—S_Q_‘N phenylene))bis(methylene))bis(4-(pyrrolidin-1-
<\__/) ’_\ yl)pyridin-1-ium) bromide (FP 2). Following the general

N N procedure A, furnished FP 2 as a dark brown solid, (33.9
() O mg, 0.05 mmol), yield: 25%, melting point: 72.7 °C. H-

NMR (400 MHz, Methanol-da): & 8.17 (d, J = 7.7 Hz, 4H,
H-2,6pyrid), 7.56 (d, J = 8.4 Hz, 4H, Ar-S), 7.35 (d, J = 8.4 Hz, 4H, Ar-C), 6.85 (d, J = 7.7 Hz, 4H, H-
3,5pyrid), 5.33 (s, 4H, CH>-N*), 3.57 —3.53 (m, 8H, H-2,5pyrr), 2.13 - 2.10 (m, 8H, H-3,4pyrr). 3C-
NMR (101 MHz, Methanol-d.): 6 155.18 (2C, -C-), 143.01 (4C, -CH-, C-2,6pyrid), 139.04 (2C, -C-),
135.66 (2C, -C-), 130.25 (4C, -CH-, Ar-C), 129.00 (4C, -CH-, Ar-S), 109.80 (4C, -CH-, C-3,5pyrid),
61.05 (2C, -CH,-, CH,-N*), 49.77 (4C, -CH,-, C-2,5pyrr), 26.12 (4C, -CH,-, C-3,4pyrr). ES+ HRMS
(m/z) [M]?*: calculated for Cs;H3sN4S,: 540.2381, found: 540.2410.

- 1,1'-((disulfanediylbis(4,1-

,:NrQS_S_Q_\N—\\ phenylene))bis(methylene))bis(4-(azepan-1-
N)‘—/(j’ SJ=(N yl)thieno[2,3-d]pyrimidin-1-ium) bromide (FP 3).

N ~ N Following the general procedure A, furnished FP 3 as a
Q O dark brown solid, (215 mg, 0.25 mmol), yield: 51%,

melting point: 148 °C. 'H-NMR (400 MHz, Methanol-
ds): 6 8.90 (s, 2H, H-2thienop), 7.81 (d, J = 6.0 Hz, 2H, H-6thienop), 7.73 (d, J = 6.0 Hz, 2H, H-
Sthienop), 7.54 (d, J = 8.4 Hz, 4H, Ar-S), 7.44 (d, J = 8.4 Hz, 4H, Ar-C), 5.63 (s, 4H, CH-N*), 4.20 (t,
J = 5.94 Hz, 4H, H-2or7azep), 4.16 (t, J = 5.94 Hz, 4H, H-2or7azep), 2.07 — 1.99 (m, 4H, H-
3or6azep), 1.96 (quint, J = 5.65 Hz, 4H, H-3or6azep), 1.71 — 1.66 (m, 8H, H-4,5azep). 3C-NMR
(101 MHz, Methanol-ds): & 158.01 (2C, -C-), 155.87 (2C, -C-), 149.46 (2C, -CH-, C-2thienop),
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139.35 (2C, -C-), 132.78 (2C, -C-), 130.44 (4C, -CH-, Ar-C), 128.91 (4C, -CH-, Ar-S), 125.15 (2C, -
CH-, C-6thienop), 124.77 (2C, -CH-, C-5thienop), 117.80 (2C, -C-), 58.15 (2C, -CH,-, CH,-N*), 53.01
(2C, -CH»-, C-20r7azep), 51.76 (2C, -CH,-, C-2or7azep), 28.78 (2C, -CH,-, C-3or6azep), 27.88 (2C,
-CH>-, C-3or6azep), 27.80 (2C, -CH,-, C-4or5azep), 27.59 (2C, -CH,-, C-4or5azep). ES+ HRMS (m/z)
[M]?*: calculated for CsgHa2NeSs: 710.2354, found: 710.2368.

s C S-S _@_\ 1,1'-((disulfanediylbis(4,1-
%N N S , phenylene))bis(methylene))bis(4-(piperidin-1-
\ 72 ¢ }}j yl)thieno[2,3-d]pyrimidin-1-ium) bromide (FP 4).
N N= N Following the general procedure A, furnished FP 4
<__) Q as a brown solid, (152 mg, 0.18 mmol), yield: 33%,
melting point: 131 °C, (169.1°C dc). H-NMR (400
MHz, Methanol-d,): 6 8.86 (s, 2H, H-2thienop), 8.42 (d, J = 5.8 Hz, 2H, H-6thienop), 7.56 (d, J =
5.8 Hz, 2H, H-5thienop), 7.51 (d, J = 8.4 Hz, 4H, Ar-S), 7.35 (d, J = 8.3 Hz, 4H, Ar-C), 5.67 (s, 4H,
CH,-N*), 4.34-4.18 (m, 8H, H-2,6pip), 1.86 (bs, 12H, H-3,4,5pip). *C-NMR (101 MHz, Methanol-
ds): 6 157.23 (2C, -C-), 150.91 (2C, -CH-, C-2thienop), 148.83 (2C, -C-), 139.65 (2C, -CH-, C-
6thienop), 138.81 (2C, -C-), 134.60 (2C, -C-), 129.53 (4C, -CH-, Ar-C), 129.02 (4C, -CH-, Ar-S),
118.84 (2C, -CH-, C-5thienop), 116.48 (2C, -C-), 56.34 (2C, -CH»-, CH,-N*), 51.55 (4C, -CH,-, C-
2,6pip), 27.68 (2C, -CH,-, C-30r5pip), 27.05 (2C, -CH,-, C-30r5pip), 24.86 (2C, -CH,-, C-4pip). ES+
HRMS (m/z) [M]?**: calculated for CssH3sNeS4: 682.2041, found: 682.2097.

1,1'-((disulfanediylbis(4,1-

phenylene))bis(methylene))bis(7-chloro-4-

_N O (pyrrolidin-1-yl)quinolin-1-ium) bromide (FP 5).

\p Following the general procedure A, furnished FP 5 as

N a brown solid, (162 mg, 0.19 mmol), yield: 48%,

E/ melting point: 207 °C, (215 °C dc). 'H-NMR (400 MHz,

Methanol-ds): 6 8.60 (d, J = 9.2 Hz, 2H, H-8quin), 8.47

(d,J=7.7 Hz, 2H, H-2quin), 7.90 (d, J = 2.0 Hz, 2H, H-5quin), 7.63 (dd, /= 9.2, 2.0 Hz, 2H, H-6quin),

7.49 (d, J = 8.3 Hz, 4H, Ar-S), 7.22 (d, J = 8.3 Hz, 4H, Ar-C), 6.88 (d, J = 7.7 Hz, 2H, H-3quin), 5.73

(s, 4H, CH>-N*), 4.29 — 3.83 (m, 8H, H-2,5pyrr), 2.18 (bs, 8H, H-3,4pyrr). *C-NMR (126 MHz,

Methanol-ds): 6 157.12 (2C, -C-), 146.29 (2C, -CH-, C-8quin), 141.53 (2C, -C-), 141.00 (2C, -C-),

138.51 (2C, -C-), 135.35 (2C, -C-), 131.25 (2C, -CH-, C-2quin), 129.23 (4C, -CH-, Ar-C), 128.76 (4C,

-CH-, Ar-S), 126.91 (2C, -CH-, C-5quin), 119.28 (2C, -C-), 118.68 (2C, -CH-, C-6quin), 103.94 (2C, -

CH-, C-3quin), 57.90 (2C, -CH»-, CH,-N*), 56.24 (2C, -CH,-, C-2or5pirr), 54.42 (2C, -CH,-, C-

2or5pyrr), 27.77 (2C, -CH»-, C-3or4dpyrr), 25.13 (2C, -CH,-, C-3or4pirr). ES+ HRMS (m/z) [M]*:
calculated for C40H3sN4S,Cly: 708.1915, found: 708.1910.

1,1'-((disulfanediylbis(4,1-

_N’_@S-S_@—‘N phenylene))bis(methylene))bis(4-((4-

\ / ’_\ chlorophenyl)(methyl)amino)quinolin-1-ium) bromide
-N N— (FP 7). Following the general procedure A, furnished
FP 7 as a yellow solid, (197 mg, 0.21 mmol), yield:

Q @ 36%, melting point: 210 °C. H-NMR (400 MHz,
Cl Cl Methanol-da): & 8.89 (d, J = 7.4 Hz, 2H, H-2quin), 8.01

(d, J = 8.9 Hz, 2H, H-8quin), 7.84 — 7.77 (m, 2H, H-
6or7quin), 7.65 (d, J = 8.6 Hz, 2H, H-5quin), 7.53 — 7.49 (m, 8H, H-3,5anil, H-3quin, H-60r7quin),
7.37 (d, J = 8.6 Hz, 8H, H-2,6anil, Ar-S), 7.28 (d, J = 8.3 Hz, 4H, Ar-C), 5.93 (s, 4H, CH,-N*), 3.80 (s,
6H, N-CHs).23C-NMR (101 MHz, Methanol-d,): 6 160.13 (2C, -C-), 148.31 (2C, -CH-, C-2quin),
147.90 (2C, -C-), 140.75 (2C, -C-), 138.63 (2C, -C-), 135.13 (2C, -C-), 134.95 (2C, -CH-, C-7quin),
134.78 (2C, -C-), 131.88 (4C, -CH-, C-3,5anil), 129.25 (2C, -CH-, C-8quin), 129.09 (4C, -CH-, Ar-C),
128.96 (4C, -CH-, Ar-S), 128.51 (4C, -CH-, C-2,6anil), 127.33 (2C, -CH-, C-6quin), 121.46 (2C, -C-),
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120.17 (2C, -CH-, C-5quin), 107.60 (2C, -CH-, C-3quin), 58.98 (2C, -CH-, CH,-N*), 45.80 (2C, -CHs,
N-CHs). ES+ HRMS (m/z) [M]?*: calculated for CasH3sN4S:Cla: 780.1915, found: 780.1901.

/\’ ) S-S © 4,4'-((disulfanediylbis(4,1-

S?:_) \;\E\?S phenylene))bis(methylene))bis(7-(azepan-1-

\ \ yl)thieno[3,2-b]pyridin-4-ium) bromide (FP 14).

N N Following the general procedure A, furnished FP 14

Q O as a white solid, (119.4 mg, 0.14 mmol), yield: 42%,

melting point: 207 °C. !H-NMR (400 MHz,

Methanol-d.): & 8.34 (d, J= 7.6 Hz, 2H, H-2thienop), 8.30 (d, /= 5.9 Hz, 2H, H-6thienop), 7.60 (d,

J =5.9 Hz, 2H, H-7thienop), 7.51 (d, J = 8.4 Hz, 4H, Ar-S), 7.26 (d, J = 8.3 Hz, 4H, Ar-C), 6.96 (d, J

=7.6 Hz, 2H, H-3thienop), 5.68 (s, 4H, CH,-N*), 4.09 (bs, 8H, H-2,7azep), 2.01 (bs, 8H, H-3,6azep),

1.69 (quint, J = 3.0 Hz, 8H, H-4,5azep). 3C-NMR (101 MHz, Methanol-d,): § 155.59 (2C, -C-),

147.86 (2C, -C-), 143.14 (2C, -CH-, C-2thienop), 138.66 (2C, -C-), 137.48 (2C, -CH-, C-6thienop),

135.28 (2C, -C-), 129.33 (4C, -CH-, Ar-C), 129.02 (4C, -CH-, Ar-S), 120.84 (2C, -C-), 118.76 (2C, -

CH-, C-7thienop), 103.29 (2C, -CH-, C-3thienop), 59.13 (2C, -CH-, CH>-N*), 53.83 (4C, -CH»-, C-

2,7azep), 27.54 (8C, -CH,-, C-3,4,5,6azep). ES+ HRMS (m/z) [M]**: calculated for CaoHasN4Ss:
708.2449, found: 708.2435.

/_Q_ S-S _@_\ 4,4'-((disulfanediylbis(4,1-

Q:_/ {\l_-\?’s phenylene))bis(methylene))bis(7-(pyrrolidin-1-

W/ — yl)thieno[3,2-b]pyridin-4-ium) bromide (FP 15).

[5 EJ Following the general procedure A, furnished FP 15

as a grey solid, (93.7 mg, 0.12 mmol), yield: 37%,

melting point: 204.2 °C. *H-NMR (600 MHz, DMSO-de): & 8.59 (d, J = 7.4 Hz, 2H, H-2thienop),

8.50 (d, J = 5.8 Hz, 2H, H-6thienop), 7.74 (d, J = 5.8 Hz, 2H, H-7thienop), 7.49 (d, J = 8.3 Hz, 4H,

Ar-S), 7.31 (d, J = 8.4 Hz, 4H, Ar-C), 6.80 (d, J = 7.4 Hz, 2H, H-3thienop), 5.74 (s, 4H, CH»-N*), 4.15

(bs, 4H, H-2or5pyrr), 3.65 (bs, 4H, H-2or5pyrr), 2.16 — 1.99 (m, 8H, H-3,4pyrr). 3C-NMR (151

MHz, DMSO-ds): 6 151.32 (2C, -C-), 145.39 (2C, -C-), 142.14 (2C, -CH-, C-2thienop), 137.09 (2C, -

CH-, C-6thienop), 135.83 (2C, -C-), 134.83 (2C, -C-), 128.30 (4C, -CH-, Ar-C), 127.50 (4C, -CH-, Ar-

S), 120.02 (2C, -C-), 117.79 (2C, -CH-, C-7thienop), 102.41 (2C, -CH-, C-3thienop), 56.73 (2C, -CH,-

, CH,-N*), 50.90 (2C, -CH,-, C-20r5pyrr), 50.44 (2C, -CH,-, C-20r5pyrr), 25.87 (2C, -CH,-, C-

3ordpyrr), 24.06 (2C, -CH,-, C-3ordpyrr). ES+ HRMS (m/z) [M]**: calculated for CssH3sNiSa:
652.1823, found: 652.1761.

1,1'-((disulfanediylbis(4, 1-

_NI_O_ S'S'O_‘N phenylene))bis(methylene))bis(4-

<\__// Q (dimethylamino)pyridin-1-ium) bromide (FP 16).

N N—  Following the general procedure A, furnished FP 16 as

\ / a dark brown solid, (204 mg, 0.31 mmol), yield: 55%,

melting point: 123.6 °C. 'H-NMR (400 MHz, Methanol-

ds): 6 8.20 (d, J = 7.8 Hz, 4H, H-2,6pyrid), 7.56 (d, J = 8.4 Hz, 4H, Ar-S), 7.35 (d, J = 8.4 Hz, 4H, Ar-

C), 7.00 (d, J = 7.9 Hz, 4H, H-3,5pyrid), 5.35 (s, 4H, CH>-N*), 3.25 (s, 12H, N-CHs). 3*C-NMR (101

MHz, Methanol-d,): 6 158.00 (2C, -C-), 143.10 (4C, -CH-, C-2,6pyrid), 139.04 (2C, -C-), 135.55 (2C,

-C-), 130.32 (4C, -CH-, Ar-C), 128.99 (4C, -CH-, Ar-S), 109.22 (4C, -CH-, C-3,5pyrid), 61.00 (2C, -

CH,-, CH-N*), 40.43 (4C, -CHs-, N-CHs). ES+ HRMS (m/z) [M]*": calculated for CygH3aNa4S;:
488.2068, found: 488.2086.

1,1'-((disulfanediylbis(4,1-phenylene))bis(methylene))bis(4-(pyrrolidin-1-yl)thieno[3, 2-

d]pyrimidin-1-ium) bromide (FP 17). Following the general procedure A, furnished FP 17 as a
brown solid, (163.8 mg, 0.2 mmol), yield: 44%, melting point: 261 °C, (268°C dc). *H-NMR (500
MHz, Methanol-d4): 6 8.84 (s, 2H, H-2thienop), 8.43 (d, J = 5.8 Hz, 2H, H-6thienop), 7.54 (d, J =

101
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5.7 Hz, 2H, H-7thienop), 7.49 (d, J = 8.6 Hz, 4H, Ar-S),
~ N’—@S'SO—\N N, 7.34(d,J = 8.6 Hz, 4H, Ar-C), 5.65 (s, 4H, CH,-N"), 4.19

S\ ¢ S  (t,J=7.0Hz, 4H, H-20r5pyrr), 3.99 (t, J = 7.0 Hz, 4H, H-
N N N N 20r5pyrr), 2.26 (quint, J= 6.9 Hz, 4H, H-3ordpyrr), 2.11
O Q (quint, J = 6.9 Hz, 4H, H-3or4pyrr). *C-NMR (126 MHz,

Methanol-ds): & 156.66 (2C, -C-), 151.28 (2C, -CH-, C-
2thienop), 147.45 (2C, -C-), 140.24 (2C, -CH-, C-6thienop), 138.79 (2C, -C-), 134.65 (2C, -C-),
129.48 (4C, -CH-, Ar-C), 128.98 (4C, -CH-, Ar-S), 118.49 (2C, -CH-, C-7thienop), 118.23 (2C, -C-),
56.23 (2C, -CHa-, CH>-N*), 51.71 (2C, -CH,-, C-20r5pyrr), 50.74 (2C, -CH,-, C-20r5pyrr), 27.22 (2C,
-CHy-, C-3ordpyrr), 25.06 (2C, -CH,-, C-3ordpyrr). ES+ HRMS (m/z) [M]*: calculated for
C34H34NgS4: 654.1728, found: 654.1744.
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1.7 Bidimensional spectra HMBC and HSQC of Compound FP 16.

Two-dimensional NMR experiments were conducted to unequivocally assign the signals of
proton and 13-carbon NMR spectra. Obviously, as the cationic head changes from one to
another compound of the same library, we just could clearly identify the linker through all of
them. The HMBC spectra was divided into two zones, the aromatic (zone 1, Figure 44) and
aliphatic (zone 2, Figure 45) regions, to facilitate the carbon-proton correlation visualization. The
deuterated solvent used was methanol. The HSQC was also reported (Figure 46).
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Figure 44. Broadening of the aromatic region of the FP 16 HMBC spectra.
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Figure 45. Broadening of the aliphatic region of the FP 16 HMBC spectra.
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Figure 46. HSQC spectra of compound FP 16.
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1.8 Bidimensional spectra HMBC of Compound PL 54.

Similarly, we conducted two-dimensional HMBC for the correct assighation of the *H and 3C
signals of the linker in the PL library. We divided the whole spectra in two main regions, the
aromatic (zone 1, Figure 47) and the aliphatic (zone 2, Figure 48).
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Figure 47. Broadening of the aromatic region of the PL 54 HMBC spectra.
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Figure 48. Broadening of the aliphatic region of the PL 54 HMBC spectra.
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1.9. Green metrics calculation.

The E-factor was born to measure the quantity of waste generated by different industrial sectors
158 but it can be also applied to a laboratory scale (mg). The simple (s) E-factor does not consider
water used in the process. The reason is that it would increase too much the calculated values
to be easily handled. However, the fact that water was not included in the metric result in
inconsistency as chemical processes that use a huge amount of water as media could give room
to greenest values than others in which water is recirculated, and the need for pre-treatment is
included in waste. That is the reason why the known as complete (c) E-factor was proposed. We
also considered in our calculation the water used in liquid-liquid extractions and quenching of
reactions, in an attempt to obtain accurate results.*®

The values represented in Figure 23, 24 and 25, were calculated following the

Kg of waste including water

E — tor =
factor Kg of product

_ Amount of reactants and aux. solvents (Kg) — amount of the final product (Kg)

amount of the final product (Kg)

. E-factor calculation.

1.9.2. E-factor of the disulphide linker synthetic pathway.

For the traditional retrosynthetic method 1, we obtained:

Total amount of reactants and solvents: 500 mg (p-tolyl disulfide) + 736.8 mg (NBS) + 26.6 mg
(AIBN) + 44700 mg (chloroform) + 33250 (CH,Cl;) + 75000 mg (water and brine) + 1276860 mg
(hexane) + 45000 mg (EtOAc) = 1476073.4 mg

Amount of final product: 53.33 mg (6.5% yield)

E-factor srep1 = (1476073.4 — 53.33)/ 53.33 = 27677

For the of the disulphide linker, we calculated:

Step 1: Esterification with methanol.

Total amount of reactants and solvents: 1000 mg (4-mercaptobenzoic acid) + 3959 mg (MeOH)
+ 183 mg (sulfuric acid) + 22500 mg (EtOAc) + 50000 mg (water) + 28000 mg (10% aq. NaHCOs)
=105642 mg

Amount of final product: 861.9 mg (79% yield)

E-factor step1 = (105642 — 861.9)/ 861.9 = 121.6

Step 2: Reduction to alcohol.

Total amount of reactants and solvents: 100 mg (methyl 4-mercaptobenzoate) + 3560 mg (THF)
+968.4 mg (LiAlHs 1M in THF) + 396 mg (quenching MeOH) + 512 mg (quenching HCI 2N) + 9000
mg (EtOAc) + 30000 mg (water) = 44536.4 mg

Amount of final product: 73.6 mg (89% yield)

E-factor ster» = (44536.4 — 73.6)/ 73.6 = 604

Step 3: Dimerization.

Total amount of reactants and solvents: 758 mg (4-mercaptobenzyl alcohol) + 686.4 mg (iodine)
+ 12624 mg (ethanol) + 164 mg (triethylamine) + 3201 mg (Na,S,03) + 5110 (HCI 2N) = 22543.4
mg
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Amount of final product: 623.8 mg (83% yield)
E—factor STEP3 = (225434 - 6238)/ 623.8=35

Step 4: Nucleophilic bromination.

Total amount of reactants and solvents: 689.5 mg (comp. 16) + 34580 (CH,Cl,) + 872 mg (PBrs)
+ 10480 mg (NaHCOs) + 75000 mg (water) = 121621.5 mg

Amount of final product: 601.4 mg (60% vyield)

E-factor srer s = (121621.5 — 601.4)/ 601.4 = 201
Total E-factor step 1704 =121.6 + 604 + 35 + 201 = 961.6

1.9.3. E-factor of the dithioethane linker synthetic pathway.

Step 1: Dimerization and ethane bridge formation.

Total amount of reactants and solvents: 435.8 mg (NaOH) + 3959 mg (MeOH) + 424.5 mg (1,2-
dibromoethane) + 700 mg (4-mercaptobenzoic acid) + 5110 mg (HCl 2N) = 10629.3 mg

Amount of final product: 1520 mg (100% yield)

E-factor srep1 = (10629.3 — 1520)/ 1520 = 6

Step 2: Esterification using the microwave.

Total amount of reactants and solvents: 200 mg (comp. 10) + 1578 mg (ethanol) + 91.5 mg
(sulfuric acid) = 1869.5 mg

Amount of final product: 175.9 mg (75% yield)

E-factor step» = (1869.5 — 175.9)/ 175.9=9.6

Step 3: Reduction to alcohol.

Total amount of reactants and solvents: 322 mg (comp. 11) + 13350 mg (THF) + 4479.75 mg
(LiAIH4) + 1583.6 mg (methanol) + 2044 mg (HCI 2N) + 22500 mg (EtOAc) + 75000 mg (water) =
119279.35 mg

Amount of final product: 171.9 mg (68% yield)

E-factor step3 = (119279.35—-171.9)/ 171.9 = 693

Step 4: Nucleophilic bromination.

Total amount of reactants and solvents: 217 mg (comp. 12) + 9310 mg (CH,Cl;) + 249.09 mg
(PBrs3) + 10480 mg (NaHCOs3) + 39900 mg (CH,Cl;) = 60156.09 mg

Amount of final product: 239.2 mg (78% yield)

E-factor siep s = (60156.09 — 239.2)/ 239.2 = 250.5
Total E-factor step1T04 =6 +9.6 + 693 + 250.5 =959.1

1.9.4. E-factor of the diphenoxyethane linker synthetic pathway.
The following procedure was taken from the literature.>?

First, to a solution of 0.4 g of NaOH in 5 mL of EtOH was added 1 g of 4-methoxyphenol. The
mixture was stirred for 30 min at room temperature and afterwards, 0.4 mL of 1,2-
dibromoethane was added before microwave irradiation at 140 °C for 28 min. The reaction was
guenched by cooling (ice/water bath) and by the addition of 25 mL distilled water. The solid was
filtered and washed twice with water H,O (2 x 2 mL) and EtOH (1 x 2 mL), dried to vacuum to
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furnish a white solid identified as 1,2-bis(p-ethylphenoxy) ethane in a 35% yield (392.14 mg, 1.62
mmol).

Total amount of reactants and solvents: 400 mg (NaOH) + 3945 mg (ethanol) + 1000 mg (4-
methoxyphenol) + 868 mg (1,2-dibromoethane) + 29000 mg (distilled water) + 1578 mg (ethanol
wash) =36791 mg

Amount of final product: 392.14 mg (35% vyield)

E-factor srep 1 = (36791 — 392.14)/ 392.14 = 92.8

Then, to a solution of 1,2-bis(p-ethylphenoxy) ethane (0.1 g, 25 mmol) in chloroform (3 mL) was
added a mixture of dibenzoyl peroxide (0.5 mg, 2 mmol) and NBS (9.08 mg, 51 mmol). The
mixture was purged with argon before microwave irradiation at 120 °C, 21 min. The precipitate
was filtered and washed twice with diethyl ether (2 x 2 mL) and dried under vacuum to give 1,2-
bis(4-(bromomethyl)phenoxy) ethane as a yellow solid in a 65% yield (107.33 mg, 0.27 mmol).

Total amount of reactants and solvents: 100 mg (1,2-bis(p-ethylphenoxy) ethane) + 4470 mg
(chloroform) + 0.5 mg (dbp) + 9.08 mg (NBS) + 2840 mg (diethyl ether) = 7419.6 mg
Amount of final product: 107.33 mg (65% yield)

E-factor step, = (7419.6 — 107.33)/ 107.33 = 68.13
Total E-factor step 1 anp2 = 92.8 + 68.13 = 160.93

1.10. Calculation with EcoScale.

The free software EcoScale was developed as a tool for the evaluation of the chemical reaction’s
conditions on a laboratory scale. It is based on the ChemExper database, which contains
currently more than 10 million chemicals together with their Material Safety Data Sheet
information. There are assessed six main characteristics of a chemical reaction which are ranked
as:

1. Yield, that punishes with (100 — yield)/2 points;

2. The price of the reaction components to produce 10 mmol of the final product (0 points if
<108, -3 points if it costs between 10S$ and 50S or -5 points if costs >505);

3. The safety is based on the risk phrases, where N (dangerous for the environment), T (toxic)
and F (highly flammable) count as -5 points while E (explosive) and T+ and F+ (extremely toxic
and flammable, respectively) count as -10 points;

4. Technical setup as a meaning of the extra glassware or equipment needed to carry out the
reaction (i.e. the use of an addition funnel counts -1 points, introduce an inert atmosphere
counts as -1 and the use of an autoclave count for -3 points);

5. Temperature and time, where cooling is punished more (-4 or -5) than heating (from -1 to -3
points);

6. Workup and purification, being the chromatographic column the costliest (-10 point) and
purification by crystallization the cheaper (-1 point). All the reaction treatments’ that involve the
use of solvents are also punished (from -2 to -3).

The intrinsic subjectivity of the chosen reaction’s characteristics and the penalty points for them
assigned could be discussed.** However, in our study the calculation was done using the default
criteria for each reaction step in and 7, to objectively compare them. The only
modification introduced by us, was to not subtract points in 4. due to the use of microwave
because it was considered as a green technique and just consider the time of heating in 5.

109
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Using a 0 to 100 scale, we can classify the reactions conditions as: excellent when the value is >
75, acceptable when it is > 50 and inadequate when < 50.

The final EcoScale value is simply a subtraction of the penalty points to the maximum value of
100 (Equation 2).

EcoScale = 100 — sum of individual penalties
Equation 2. EcoScale calculation.
Then, for the comparison between the disulphide linker retrosynthetic and green-by-design

pathway, we calculated the EcoScale value of each step and the overall reaction value as the
average of them (Table 7 and 8).

Synthetic pathway 1:

Step 1. Bromination. Penalty points
1. Yield: 6.5% -46.8
2. p-Tolyl disulfide (2.03 mmol, 500 mg) -5
N-Bromosuccinimide (4.14 mmol, 736.8 mg) -5
AIBN (0.162 mmol, 26.6 mg) -5
Chloroform (371.9 mmol, 30 mL) -5
3. Safety 0]
4, Reflux under Argon atmosphere -1
5. 100 °C for 24 hours (Heating > 1h) -3
6. Cooling to room temperature 0
Removal of Chloroform 0
Extraction with dichloromethane/water -3
Drying over Na;SO, and filter 0
Removal of dichloromethane 0
Column chromatographic purification -10
EcoScale: 16.25

Table 7. Summary of the EcoScale values calculation for the synthetic pathway 1.

Svnthetic nathwav 2
Synthetic pathway £

Step 1. Esterification. Penalty points ~ Step 2. Reduction to alcohol. Penalty points
1. Yield: 79% -10.5 1. Yield: 89% -55
2. 4-mercaptobenzoic acid (6.5 mmol, 1 gr) 0 2. Methyl 4-mercaptobenzoate
Methanol (123.4 mmol, 5 mL) 0 (0.59 mmoel, 100 mg) 0
Sulfuric acid (1.9 mmol, 0.1 mL) 0 LiAIH, 1M in THF (1.07 mmol, 1.07 mL) 0
3. Methanol (T, F) -10 Tetrahydrofuran (48.8 mmol, 4 mL) 0
4. Reflux (Common set-up) 0 3. LiAIH, ( F+) -15
5. 90 °C for 24 hours (Heating > 1h) -3 Tetrahydrofuran (F) -5
6. Cooling 0 4. Dropwise addition of LiAlH, -1
Dilution with EtOAc 0 Inert atmosphere of Argon -1
Washing with water and brine -3 5. Cooling to 0 °C while the addition takes place -4
Drying over Na,S0O, and filter 0 Room temperature for 2 hours -1
Removal of EtOAc 0 6. Quenching with HClI/MeCH 0
EcoScale: 73.5 Dilution with EtOAc 0
Liguid extraction with water -3
Drying over Na,SQ, and filter 0
Removal of EtOAc 0
EcoScale: 64.5

Next, the EcoScale value was also calculated for the homologous dithioethane (Table 9) and
diphenoxyethane (Table 10) linkers to assess the sustainable value of the suggested synthesis.
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Step 3. Dimerization. Penalty points  Step 4. Bromination. Penalty points
1. Yield: 83% -8.5 1. Yield: 60% -20
2. 4-Mercaptobenzyl alcohol 2. 4 4-Disulfanediylbis(4,1-phenylene)dimethanol
(5.4 mmol, 758 mg) =9 (2.48 mmol, 689 mg) 0
lodine (2.704 mmol, 686.4 mg) 0 Phosphorus tribromide (3.22 mmol, 0.3 mL) 0
Triethylamine (1.62 mmol, 0.225 mL) 0 Dichloromethane (390 mmol, 25 mL) 0
Ethanol (274.4 mmol, 16 mL) -5 3. *Dichloromethane (T) -5
3. lodine (F, N, T} -15 4, Common glassware, stirring 0
Triethylamine (F, T) -10 5. Cooling to 0 °C while the addition takes place -4
Ethanol (F, T) -10 Room temperature for 3 hours -1
4. Common glassware, stirring 0 6. Quenching with sat. NaHCO; 0
5. Room temperature overnight -1 Extraction with water -3
6. Quenching with HCI/Na;S,04 0 Drying over Na 50, and filter 0
Precipitated filtration 0 Removal of dichloromethane 0
EcoScale: 455 EcoScale: 67
Table 8. Summary of the EcoScale values calculation for the synthetic pathway 2.
Dithioethane synthetic pathway
Step 1. Dimerization. Penalty points ~ Step 2. Esterification. Penalty points
1. Yield: 100% 0 1. Yield: 75% -12.5
2. 4-Mercaptobenzoic acid (4.54 mmol, 700 mg) 0 2. 4 4'-(ethane-1,2-diylbis(sulfanediyl))
Sodium hydroxide (10.89 mmol, 435.6 mg) 0 dibenzoic acid (0.6 mmol, 200 mg) -5
Methanol (123.4 mmol, 5 mL) 0 Ethanol (34.3 mmol, 2 mL) 0
1,2-Dibromoethane (2.27 mmol, 0.196 mL) 0 Sulfuric acid (1.87 mmol, 0.1 mL) 0
3. Sodium hydroxide (F, T) -10 3. Ethanol (F, T) -10
Methanol (F, T) -10 4. Sealed microwave vessel 0
1,2-Dibromoethane (N, T) -10 5. Irradiation at 100 °C for 2 hours -3
4. Common glassware, stirring 0 6. Cooling to room temperature 0
5. Room temperature overnight -1 Filtration 0
6. Removal of MeOH 0 EcoScale: 69.5
Addition of HCI 2N 0
Filtration 0
EcoScale: 69
Step 2. Reduction to alcohol. Penalty points  Step 4 Bromination. Penalty points
1. Yield: 68% -16 1. Yield: 78% -1
2. Diethyl 4,4'-(ethane-1,2- 2. ((Ethane-1,2-diylbis(sulfanediyl))bis(4,1-
diylbis(sulfanediyl))dibenzoate phenylene))dimethanol
(0.825 mmol, 322 mg) -5 (0.708 mmol, 217 mg) -5
LiAlH; 1M in THF (4.95 mmol, 4.95 mL) 0 Phosphorus tribromide (0.821 mmol, 0.087 mL) 0
Tetrahydrofuran (219.6 mmol, 18 mL) 0 Dichloromethane (109.2 mmol, 7 mL) 0
3. LiAlH4 1M in THF (F+) -15 3. *Dichloromethane (T) -5
Tetrahydrofuran (F) -5 4. Common glassware, stirring 0
4. Dropwise addition of LiAlH, -1 5. Cooling to 0 °C while the addition takes place -4
Inert atmosphere of Argon -1 Room temperature for 3 hours -1
5. Cooling to 0 °C while the addition takes place -4 6. Quenching with sat. NaHCO; 0
Room temperature for 3 hours -1 Extraction with water -3
8. Quenching with HCI 2 N/MeOH 0 Drying over Na;SO, and filter 0
Extraction with EtOAc/H,0 -3 Removal of dichloromethane 0
Drying over Na,S0O, and filter 0 EcoScale: 71
Removal of EtOAc 0
EcoScale: 49

*Was not considered as a penalty by the software, but we did.
Table 9. Summary of the EcoScale values calculation for the dithioethane linker synthetic pathway.
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! Dimerization. Penalty points Bromination. Penalty points
1. Yield: 35% -32.5 1. Yield: 65% -17.5
2. 4-Methoxyphenol (8.06 mmol, 1 gr) 0 2. 1,2-bis(p-tolyloxy)ethane
Sodium hydroxide (10 mmol, 400 mg) 0 (0.25 mmol, 100 mg) 0
Ethanol (85.74 mmol, 5 mL) 0 Chloroform (37.19 mmol, 3 mL) 0
1,2-Dibromoethane (4.63 mmol, 0.4 mL) 0 Dibenzoyl peroxide (0.02 mmol, 5 mg) 0
3. Sodium hydroxide (F,T) -10 N-Bromosuccinimide (0.5 mmol, 90 mg) 0
Ethanol (F, T) -10 3. Dibenzoyl peroxide (E) -10
1,2-Dibromoethane (N, T) -10 4. Common glassware, stirring 0
4. Common glassware, stirring 0 Purge the system with Argon -1
5. Stirring at rt for 30 min 0 5. MW irradiation at 120 °C, 21 min -2
MW irradiation 140 °C for 28 min -2 6. Cooling to room temperature 0
6. Cooling to room temperature 0 Filtration of the precipitate 0
Quenching with ice/water 0 Several washes with Et,0 -3
Filtration and washing with H,O and EtOH -3 EcoScale: 66.5
Drying under vacuum 0
EcoScale: 325

Table 10. Summary of the EcoScale values calculation for the diphenoxyethane synthetic pathway.
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1.11. Crystallographic enzyme and search of pockets.

The crystallographic structure used in this study was downloaded directly from the protein data
bank (PDB ID: 3G15, with a resolution of 1.7 A) and corresponds with the semi-open
conformation of the Human Choline Kinase a1 in complex with HC-3, ADP, and two Mg*? atoms.
The protein structure was loaded into FLAP and processed by the FLAP default basic filters for
PDB files, that remove artefacts but metal ions and cofactors.

Then, the next step consisted of the search of the catalytic pocket. For that purpose, it was used
the FLAPsite algorithm °® that automatically identifies the cavities in the 3D structure. It was
possible to maintain some objects in the enzyme 3D structure as the magnesium (Il) atoms and
the ADP. In this way, the software will take into account the occupied space and it will search
for pockets around. The rest of the parameters were left as default: sensitivity as 6 and erosion
as 2.

However, when loaded the crystallographic ligand HC-3 there was a fragment that remained
uncovered by the pocket. As the catalytic site is surrounded by three loops, some of their border
residues were tested to be merged with the default pocket and totally covered the ligand. From
all the tested conditions, the best pocket was designed around the residue Phe 361, using an
extension of 6 and a thickness of 7. Those parameters refer to the volumetric extension and the
proximity to amino acid chains, respectively. The choose amino acid residue was particularly
oriented towards the catalytic cavity (see Appendix 1).

Finally, the pocket MIFs were generated using the probes: H (shape), DRY (hydrophobic), N1
(hydrogen bond donor), O (hydrogen bond acceptor) and NM3 (trimethyl ammonium cation),
all of them at their standard energy values (Figure 49, a, b, ¢, d and e respectively). MIFs are an
excellent tool to identify and study the interactions and affinity between the ligands and the
catalytic pocket.

Figure 4

GRID MIFs.
a) Shape (H, 0.1 Kcal/mol),
b) Hydrophobic

interactions (DRY, -0.5
Kcal/mol), c) H-bond
donors (N1, -4.5 Kcal/mol),
d) H-bond acceptors (O, -
3.5 Kcal/mol) and e)
Cationic interaction (NM3, -
9.5 Kcal/mol).
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Analysing the molecular interaction fields, it is possible to recognize that: ( , a) the
pocket shape is big enough to involve the ligands and is contained among three bordering loops;
( , b) that the hydrophobic interactions are favoured in the deep choline site due to
residues Tyr 354, Tyr 440, Trp 420, Trp 423; ( , c and d) that the pocket has a hydrogen
bond acceptor rather than donor character, overall nearly to the Mg atoms; and ( , €e)
that the cationic charged moieties are well anchored due to the negative nature of residues at
the bottom of the catalytic site (Asp 306 and Glu 349).

1.12. Validation of the model.

To dock the compounds in FLAP it was first necessary to optimize some parameters. With the
default values, which consists of a radius around the pocket of 2 A and middle-high accuracy,
nine molecules from a total of twenty-two were unable to be docked. The radius around the
pocket of 2 A seems not big enough to harbour almost half of the synthesized ligands.

When the radius around the pocket was increased to 3 A and used the middle-low accuracy, the
number of undocked molecules was reduced so that only three of them were unable to dock
the pocket. The parameters used in Models A and B can reproduce the binding mode of the
crystallographic ligand HC-3 so that we can rely on the model to study the docking of our library
(Table 11).

Even if lengthening the radius around the pocket diminishes the S-score and the Glob P values
with respect to the default model, Model B is enriched over the correct pose of the
crystallographic ligand ( , 80% in Model B versus 40% in Model A) and allows the
evaluation of most inhibitors.

Compounds PL72, PL70 and PL 67 were unable to dock. They are particularly hindrance, having
as cationic heads quinolinium and thieno[3,2-d] pyrimidinium moieties substituted at the 4
position by N-methylaniline or p-chloro-N-methylaniline groups.

The synthesized molecules are larger than the crystallographic ligand in almost double the size.
That means that they are docked in a limited catalytic site, in which the enzyme conformation
and the residues orientation are favoured towards the HC-3 ligand, assuming the limitation that
it confers to our study.
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Compound S-score H O N1 DRY GlobP GlobSum POSI POSI norm Etot
MODEL (A) 1.047 1 0.978 0.419.0.653:0.513.0.367 - 1.197  54.489 . 0.132 0.094
HC-3 as defaut

1.03 0.992 0.34 '0.594:0.501.0.348 | 1.207 46.666 0.113 0.13

Scores obtained for HC-3 in the two models. It is only reported the best value out of five
solutions given.

40% Correct 60% Incorrect

MODEL A:
HC-3 as default
(2 A and middle-high

accuracy)

s

b

o

Qo

£

()

o

S 80% Correct 20% Incorrect

Z

MODEL B: %

HC-3 2

(3 A and middle-low | &
accuracy)

Table 11. Model A and B scores (up table), and probabilities of getting the correct (carbon
atoms in pink color) or incorrect (carbon atoms in blue color) pose for the crystallographic
ligand HC-3 (carbon atoms in yellow color).
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Chapter 2

Introduction

1. Towards sustainability of processes.

For many years, the standard focus of synthetic procedures has been the production of
molecules able to perform a designed function but lacking in their impact assessment over the
environment. Their possible bioaccumulation in the biosphere and the reactivity on natural
conditions of humidity, light, or metals exposure has not been considered in the design
procedure most of the time.'®®

Since the publication of the Twelve Principles of Green Chemistry in 1998 by Anastas and
Warner, Green Chemistry has developed as a new branch of chemistry. New processes are
proposed to obtain molecules with the same performance but also paying attention to waste
reduction or by-products revaluation. Thus, it is needed to rewrite the way chemistry processes
are done to supply the demands of the present without compromising the future. Models as the
one shown in Figure 50, remark how the transition from linear to circularity must be addressed.

Today's chemical sector Tomorrow's chemical sector

- By-products “waste design”

Resource Production Use End of life Production
generation |
P p » ]
ot ' Resource .
Fossil ¢ : gengfation End of life
resources i,
Wi TERARIE e Renewable AN
Renewable ‘ L“”SEU}:SEQE:]{UO”' resources £
resources T

Figure 50. The development of processes able to match both chemical performance and
generate harmless by-products and waste for reuse.
The figure is taken from the reference Science 2020, 367, 397-400.

Indeed, the preferred use of bio-based starting materials and solvents instead of those obtained
from petroleum cracking has been proposed. Lignocellulosic biomass 12 fermentation
products and algae hydrotreating '°* have claimed the attention as an alternative source of fuel
without causing competition with food production (vegetable oil, sugar cane or corn).

In addition, non-persistent materials and solvents are desirable to accomplish the target of
biodegradability. Recent advances in this direction are the synthesis of biopolymers from
renewable sources and also benign to the environment as the poly(limonene carbonate) (PLimC)
from the citrics’ peel '*, or the development of insecticides as Spinosad that are harmless to
mammals and could be degraded in nature within days .

However, the evaluation of the waste generated by industries of different sectors pointed out
the pharmaceutical industry as the most polluting.’>® The implementation of green measures in
this sector is highly challenging due to the use of multistep processes, low volume of production
and the need for regulatory approval for new methods in the synthesis of APIs. For that reason,
it is mandatory for academia the development of new technologies and green-by-design
molecules in drug development and synthesis, so that a green transition to industry could be
easier.



Chapter 2: Introduction

2. Flow implementation in processes.

The current trend in drug discovery and development, are automatic processes that will work at
a higher speed than the traditional reactions in batch, giving to the scientific community fast
results that can guide the research in the right direction. One of these technologies is the
reactions in flow, conducted inside tubing or microchannels, that present a high potential for
industrial use.'®® The flow technology main advantages are:

a) fast mixing: in a flow microreactor, mixing takes place by molecular diffusion so that a
concentration gradient can be avoided;

b) high surface-to-volume ratio: the microstructure of microreactors allows for a very rapid heat
transfer enabling fast cooling, heating and, hence, precise temperature control;

c) safety: because of the high efficiency in heat exchange, avoids accumulation of unstable
intermediates, and the possibility of dealing with hazardous reagents and gases that can be
safely prepared and consumed, otherwise problematic on scale;

d) economy: due to lower manufacturing and operating costs, reduced workup procedures, use
of less raw materials and solvents and reduced waste;

e) improved yields and selectivity.

Another advantage is the possibility of connecting instruments in-line for analysis, like detectors
or elements for purification and phase separators. The options are countless.

The symbiotic combination between this technology and greener chemical processes will open
a new pathway to synthesize molecules that obey the Twelve Principles of Green Chemistry and
that will give room to competitive alternatives in the industry.

In fact, the application of this technique to the synthesis of chemical libraries of compounds ¢’
has allowed a faster screening of functional groups in biological active scaffolds, speeding the
hit to lead process.

To cite one example, we could highlight the research developed by Alam et al**®, which made a
screening of small molecules able to mimic the Humanin peptide agonist binding to the gp130
receptor. Those molecules could promote neuronal protection from amyloid-beta (AB)-related
toxicity and thus become drugs candidates for Alzheimer’s disease.

Alam’s group'® successfully synthesized a series of 2-aminothiazoles molecules through

Hantzsch condensation using 2-bromo-1-phenylethan-1-one (and its derivatives) and 1-(4-
bromophenyl) thiourea (and its derivatives) ( ). The reaction was performed in a
microfluidic reactor that provided higher yields, minimum reaction optimization, selectivity, and
faster outcomes (within minutes). These characteristics are important to establish SARs that
could lead the research.
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Scheme 13. Microfluidic flow protocol example for the synthesis of chemical libraries.

Examples of the implementation of green chemistry in the synthesis of APIs are well-reviewed
in reference 1%, As an example of the green chemistry transition in flow, we could mention the
synthetic development of Cyclizine, an anti-sickness and antihistaminic medicine (Scheme 14).
The patented procedure of its synthesis (Scheme 14, a) relies on halogenated starting materials,
low yields and stoichiometric waste productions.'’® However, in 2016 Noel et al proposed the
use of a flow system in which diphenylmethanol is halogenated in line (with HCI), while the
excess of acid is neutralized and separated by liquid-liquid extraction from the chlorinated
product (Scheme 14, b). Ethereal solvents (dioxane and diethyl ether) were replaced by acetone
and water, enhancing the efficiency of chlorination due to the best solubility of HCI as well as
accomplishing the green approach. The last step consisted of the nucleophilic substitution with

methyl piperazine that gave room to the synthesis of the final product in high yields.

Patented procedures.

) |

Br [ j Diethyl ether

171

-
Lowyield \L I L HN

N r di
O N or dioxane O

Cycl izine

3.1 M in a \ O
ac;elone
e . BPR NNy BPR—— N N—
[«
100°C 100 °C L
10 min 45 min O
Water — 1
NaOH aq NaCl ag Cyclizine
/ (Y = 94%)
HCI N

(;_) ~ 15M

in methyl carbitol

Scheme 14. Transformation of traditional on batch (a) towards the in-flow (b) synthesis of
Cyclizine. The scheme was taken from ref 1%,
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However, despite the above-presented advantages of flow systems in comparison to batch, they
are still designed as linear processes. Waste generated from solvents and additives needs to be
minimized and/or recirculated in the process.

3. Heterogeneous catalyst in green chemistry.

A step torwards sustainability consists in the use of catalytic reactions in flow that can allow the
use of mild conditions due to the reduction of the activation energy. The employed catalyst must
be supported in alumina, charcoal, polymers 2 or be heterogenous itself (metal organic
frameworks-MOF) to avoid leaching in the final product and cytotoxicity problems.

Heterogeneous catalysts are also highly desirable from the sustainable point of view because of
their chemical selectivity and reusability. However, precious metals such as Pd and Pt or Cu,
mainly used in coupling reactions could increase the price of the process due to the resource’s
shortage and politics governing their extraction and distribution.

Manganese arises among the transition metals series as an interesting alternative. It is the
twelfth most abundant element in the earth crust, exists in a wide range of oxidation states from
-3 to +7, exhibiting diverse coordination geometries and reactivities.

The compatibility with biological systems as enzymatic cofactor and plants requirements for
growth ensure its low toxicity for the environment.'”?

Of particularly interest are the heterogeneous Mn-based OMS (Octahedral Molecular Sieve)
catalysts, first developed by Suib et al *#'7>, Those materials based on Mn oxide units, were
synthesized in several morphology, shape and porosity types. Different synthetic methodologies
(sol-gel Y%, high-temperature ¥/, hydrothermal *’¢, microwave ’°, solvent-free %, reflux > and
sonochemical *¥?) lead to different catalytic electronic properties and doping cavities with Na*,
Fe*3 among others or H* (by ion exchange) *® improved their potential as a selective oxidative
catalysts. The catalytic properties of those materials were related to the redox cycling of the
different oxidation states in which the Mn is found (+2, +3 and +4) and the availability of Lewis
acid sites.

OMS-1, OMS-2, OMS-5 and OMS-6 refers to the order of its discovery and distinguish the
different material tunnel size 3x 3, 2 x 2, 2 x 4 and 2 x 3, respectively.'®

From all of them, cryptomelane-type OMS-2 showed a greater catalytic potential of oxidation
without the formation of over-oxidated by-products. It contains a one-dimensional tunnel
structure formed by 2 x 2 edge shared MnOg octahedra. The composition of K-OMS-2 is KMngQO1
- nH,0 and the tunnels have dimensions of 4.6 x 4.6 A. The average oxidation state of Mn in K-

OMS-2 is ~ 3.8 due to the presence of Mn*, Mn**, and Mn?* ions in the framework.’®* The K*

ions in the solution acts as a template to construct the correct tunnel structure and balance the
charge of the system.

Its catalytic potential has been widely explored ( ). It was successfully used for the
oxidation of inert C-H bonds of hydrocarbons as the fluorene conversion to 9-fluorenone under
air 1%, the tetralin oxidation to tetralone with TBHP %, the cyclohexane transformation to
cyclohexanone with TBHP ¥/, and oxidative decomposition reactions of benzene *¥® and organic
dyes from sewage % .

More efficiently it converts allylic and benzylic primary and secondary alcohols to the
corresponding aldehydes or ketones '%%'9! and the 2-propanol through photocatalyzed
oxidation to acetone *2.
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Other applications consist of the one-pot synthesis of quinoxaline building blocks from the
condensation of hydroxy ketones and diamines '°3, the oxidative dimerization of aliphatic and
aromatic thiols to disulphides ***, the enhancement in selectivity for orto-aminodiphenylamine
from the condensation of phenylhydroxylamine with aniline under acidic conditions **, or the
green oxidative cyclization of thio/phenolic imines for the synthesis of benzoxazoles or
benzothiazoles **°.

For that reason, the oxidation versatility of the OMS-2, which could be modulated by the
methodology of its synthesis, the amount of Lewis acid sites, and the doping with other metals,
has opened a world of possibilities for heterogeneous catalyst implementation.

The reusability, low leaching and sustainable conditions afforded with OMS-2 catalysts proved
the growing interest in the development of new transformations.

C-H activation in hydrocarbons: Degradation of VOCs and dyes:
P a0
y Jr\" @ " ll
AR \d
vi_y? uﬂ \id
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HP\\_‘,
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Acetonitrile, TBHP
24 h at 80 °C
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Tetralin MW 2 h at 70 °C
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Oxidative condensation:

NH u:i ml
— w‘ \“‘
Oxidation of alcohols:

n,y\\\ Toluene air

UI tﬂ‘ 110°Cfor1h Quinoxaline
@A > "“\\ 1Tl
Toluene, O, flow \4
uu i
110 °C for 4 h SH *
0 n- Hexane air
100 °C for 30 min
Al i Disulphide
i OO0
- Uu uli
il uu \ e
refluxed toluene, air o ©\ J@
©/\/\ 110°Cfor4 h X -
H \\
_ALAW W 2—am|nod|phenylamine

o, e R
. Q= O
O, flow =
0 °C for 15 min, lamp power = 520 W N DMC H20;
?\j > it for 6 h
Benzoxazole

Scheme 15. Examples of the OMS-2 oxidation applications.

As observed air or an oxygen source in combination with sacrificial oxidants (as TBHP or H,0,)
considered green additives for the process, are necessary to replace the lost lattice oxygen
content and maintain the OMS-2 crystal structure.*’

Apart from the catalytic properties, those materials have found wide applicability in lithium-ion
batteries as energy storage materials '3, as membranes for filtration **° and as chemical sensors
200 to cite some examples.

It is highly desirable to search flow synthesis applications that implemented these reusable
materials in line, which could be a step ahead in the transition of processes towards circularity.
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Aims

In the second Chapter of the thesis, we were interested in the development of greener processes
for the synthesis of pharmaceutical scaffolds.

With that purpose, we studied the implementation of the heterogeneous catalyst K-OMS-2 in C-
H activation/dimerization and oxidation reactions. The abundance of Mn and the heterogeneity
of OMS materials made of this catalyst an interesting choice for cheaper, and reusable catalytic
systems.

The first part, consist of the optimization of green conditions adequate for the catalyst use in a
flow system in collaboration with Prof. Luigi Vaccaro and Dr. Francesco Ferlin of the Department
of Chemistry at the University of Perugia. The proposed green process is a convenient alternative
to enzymatic reactions performed by peroxidases, showing robustness, selectivity, low leaching,
high yields, and reusability.

In the second part, we focus on the oxidative potential of K-OMS-2 to synthesize isoquinolinones
under green conditions. Its potential as a chemical synthon justified the research of new
procedures that provide it in a sustainable manner.
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Materials and methods

General conditions of synthesis.

In the first part, the catalytic reactions in batch were carried out in pre-dried 10 mL vials adapted
with rubber septum when the gas atmosphere was used, while in the second part we used
sealed vials warmed in a holey metal plaque. Chemicals were obtained from commercial sources
and were used without further purification unless noted otherwise. Yields refer to isolated
compounds, estimated to be > 95% pure as determined by *H-NMR.

TLC plates were purchased from Merck, TLC Silica gel 60 F254 with detection under UV light at
254 nm. Chromatography separations were carried out on Merck Geduran® Silica 60 (0.040—
0.063 mm, 70-230 mesh ASTM) or Aluminium oxide (activated, neutral, Brockmann Activity ).

GLC analyses were performed by using Hewlett-Packard HP 5890 SERIES Il equipped with a
capillary column DB5MS (30 m, 0.32 mm), a FID detector and helium as a gas carrier.

GC-EIMS analyses were carried out by using a Hewlett-Packard HP 6890N Network GC system
/5975 Mass Selective Detector equipped with an electron impact ionizer at 70 eV.

NMR spectra in solution were recorded on a Bruker DRX-ADVANCE 400 MHz (*H at 400 MHz and
13C at 100.6 MHz).

Elemental analysis of manganese content was carried out using an Agilent 4210 MP-AES
instrument.

Melting points were collected on a Barloworld Scientific Stewart SMP3 micro melting point
apparatus and are uncorrected.

All IR spectra were recorded on a Bruker FT-IR Alpha device.

The XRD patterns were collected on a PANalytical X’PERT PRO diffractometer, PW3050
goniometer, equipped with an X’'Celerator detector by using the CuKa radiation.

High-resolution Transmission Electron Microscopy (HRTEM) was conducted on a JEOL JEM-
2100F system electron microscope to observe the morphology and structure of the samples.
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Results and discussion
1. Green flow chemistry applied to pharmaceutical scaffolds.

The present project was based on the sustainable synthesis of pharmaceutical molecules of
interest constituted by a phenoxazinone or phenazine scaffold, as they have different uses as
antibiotics or in chemotherapy. It was reported in the literature the synthesis of those building
blocks using enzymes as laccases or the phenoxazinone synthase that are multicopper oxidases
purified from plants, fungi, or bacteria.’®® Bruyneel et al, successfully demonstrated the
versatility of substrates that laccases could transform by oxidation and C-H/C-O homo- or
hetero- cross-coupling giving the desired phenoxazinones and phenazines.?®> However, the
selectivity of the enzymatic catalytic site is a drawback for some substrates that are unable to
bind. Also, the pH strongly affected the enzymatic redox activity and the substrates susceptibility
for oxidation,203204

Other synthetic methodologies consist of mimicking the nature function of oxidases and
peroxidases, as the Laccase and the Horseradish peroxide (HRP) 2%, using inorganic catalysts.
For example, copper 2°° and iron metal complexes 2°2%¢, diselenide catalysts 2%, ferromagnetic
nanoparticles 22° and or nanozymes %'! have been used for oxidation and C-H activation of
aminophenol. Those synthetic alternatives are more robust, but still present drawbacks as the
use of homogeneous catalysts, non-reusable systems, and the need for ligands and adjuvant
reagents.

In our approach to green methodologies, we focus our attention on a heterogeneous catalyst
able to be recovered and reactivated. The OMS (Octahedral Molecular Sieves) materials
attracted our interest due to their oxidative properties thanks to their octahedral pore shape
and morphology constituted of Mn metal centres. Particularly, the K-OMS (potassium-
containing OMS) is composed of manganese oxide tunnels with a cryptomelane-type
morphology in which the K* cation is accommodated. This type of catalyst has already been used
in a plethora of oxidation reactions, as is shown in the introduction, that together with its high
stability and well-noted synthesis in the literature, prompted us to its implementation for the C-
H oxidation/dimerization reaction of o-aminophenol and its derivatives using a flow system. This
part of the chapter was successfully published in the journal Green Chemistry 2020, 22, 397-403
under the title “Waste minimized synthesis of pharmaceutically active compounds via
heterogeneous manganese catalysed C—H oxidation in flow.”

At first, we carried out the synthesis of K-OMS that is reported in the literature (see experimental
part A. 2.). The catalyst was isolated by size exclusion filtration, and MP-AES analysis of the
resulting material was performed, founding a manganese loading of 62% w/w. The average
manganese oxidation state was calculated to be 3.8 and the crystal cryptomelane tunnel
structure of the K-OMS-prepared was confirmed by XRD spectroscopy in accordance with the
literature.”*?

Then, the reaction was tested in batch to optimize the reaction medium and temperature as
well as the influence of oxygen in the process.
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1.2 Optimization of the batch reaction conditions.

Before moving to the flow system, we evaluate which parameters affected the reaction outcome
in batch. For that purpose, we used the commercially available 2-aminophenol as the case study.
Previously attempts in batch were also performed by the Vaccaro’s group and they showed
excellent conversion results using ethanol as reaction media.?** In our study, we go further and
select a set of green solvents to be tested as reaction media.

As the synthetic strategy is based on oxidative conditions, we focused our attention on the
possible use of cyclopentyl methyl ether (CPME) as a solvent, due to its low tendency to generate
peroxides compared to a classical ethereal solvent. In addition, CPME has a relatively high boiling
point (106 °C) and low toxicity profile, and it is prepared from easily accessible C-5 raw materials
derived from furfural or from bio-based adipic acid, which could avoid its future petrochemical-
based production.®

Other green solvents tested were: the biomass-derived gamma-valerolactone (GVL) %% and 2-
MeTHF ®2, and the naphtha derivatives tert-amyl methyl ether (TAME) and methyl tert-butyl
ether (MTBE), that are still more environmentally friendly in comparison with some of the classic
ethereal solvents as THF or 1,4-dioxane. However, in the optimal conditions obtained with the

CPME, they gave a lower conversion of 2-aminophenoxazin-3-one ( , from entry 9 to 12).
K-OMS-2
QL oo, CLI
NH; H 0, (3 eq) NH,

solvent, T °C, time, atm

Entry = Solvent  Gas(lbar) Temperature Time (h) Conversion® (%)

1 CPME (07} 27 °C 2 42
2 CPME 02 37°C 2 68
3 CPME 02 50 °C 2 82
4 CPME (07} 50 °C 3 >99
5 CPME Air P 50 °C 3 62
6 CPME N2 50 °C 2 30
7 CPME Air 50 °C 2 66
8 CPME Argon 50 °C 2 32
9 2-MeTHF 02 50 °C 3 80
10 GVL 02 50 °C 3 29
11 TAME 02 50 °C 3 72
12 MTBE 02 50 °C 3 78

Reaction conditions: 1a (1 mmol), solvent 4 mL (0.25 M), (3 mmol, 3 eq) of H202,
KOMS-2 (2% mol) and a gas balloon, temperature and time as specified in the table.

a The conversion was measured by GLC analyses using samples of pure compounds
as a reference. ° In a closed vial.

. Screening of the parameters in batch.

Also, in the previous batch analysis, it was highlighted the role of oxidants as molecular oxygen
but also of the hydrogen peroxide usage in the reaction development. In the absence of catalyst,
the rate of autoxidation in the presence of both oxidants was of 12 % '3, which justified their
influence in the catalyst rather than in the substrate oxidation. Both oxidants and the
temperature, play a key role in the reaction development. The inert atmosphere allowed the
conversion in a 30% ( , entry 6 and 8) while air transformed 1a in a 66% and 62%,
respectively ( , entry 7 and 5). The temperature also increased the conversion rate from
a42% at 27°C to an 82% at 50°C ( , entries 1 and 3). Finally, changing from 2 to 3 hours
of reaction we obtained a quantitative conversion.
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The optimized conditions consist of the use of CPME as solvent, hydrogen peroxide as sacrificial
oxidant and an oxygen atmosphere at 50 °C for 3 hours.

1.3 Flow system implementation and optimized conditions.

With these preliminary results in batch, we designed and assembled the flow system that is
constituted by three main elements: (1) an oxygen line acting as driving force to push the reaction
mixture through the reactor system, (ll) a reagent reservoir in which the line tube is introduced
below the solvent level to push the reaction mixture of the starting material dissolved in CPME
and hydrogen peroxide under stirring, (Ill) a PTFE tube (15 cm length) acting as reactor at a
constant temperature of 50°C in which the catalyst K-OMS-2 (70 mg) was safely packed with
inert crystal balls, and finally (IV) the collector test tube.

Then, we optimized the operating pressure in order to obtain a shorter residence time, but
enough to have full conversion. Thus, varying the inlet pressure of oxygen and the back pressure
regulator (BPR) inserted between the reactor and the collector, we could measure the residence
time and the percentage of product conversion by GLC analysis. As a result of the best heat
transfer and reaction mixture in the flow system, it was allowed to reduce the reaction time
from 3 hours in batch ( , entry 4) to 30 min in flow ( , entry 5).

OH o) (o}
@ K-OMS-2 C[ ’Cﬁ
NHy  H,0, (3 eq) N NH,
0, 2a

1a  50°C, CPME (M),

Entry 0, (bar) BPR Residence time Conversion?® (%)

1 1 5 psi 10 min 85

2 2 5 psi 7 min 80

3 3 45 psi 15 min 90

4 4 45 psi 12 min 88

5 5 75 psi 30 min 97
Entry [Aminophenol] Conversion® (%) Yield
6 0.25M 97 97%
7 0.50 M > 99 > 09%
8 1M > 99 92%
9 15M >99 87%

Reaction conditions: 1a (1 mmol), CPME, (3 mmol, 3 eq) of H202, KOMS-2 (70 mg, 62% Mn
loading), 50 °C, Oz pressure and concentration (M) as specified in the table.

@ The conversion was measured by GLC analyses using samples of pure compounds as a
reference.

. Screening of oxygen pressure and concentration in flow.

Limits were found in the concentration of starting material used. In fact, higher concentrations
caused precipitation of the product and therefore the reactor blocking, as well as the poisoning
of the catalyst. Even if higher concentrated solutions of the substrate are desirable, as less
solvent is employed and less waste is produced, we observed that in solutions of up to 0.5 M
concentration, part of the product precipitated in the reactor. Consequently, it was necessary
the use of larger amounts of solvent to dissolve it and clean the system.

Moving from 0.25 M to 0.50 M, the process efficiency increased ( , entry 6 and 7), while
at higher concentrations the outcome was less satisfactory ( , entry 8 and 9). The need
to preheat the reservoir to ensure solubility and the amount of solvent to clean the system (4
mL x 4 of CPME) pointed out the limits of the system to afford concentrations up to 0.5 M.
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Optimal conditions were therefore obtained when a solution of 0.5 M of the substrate in CPME
at 50 °C and 5 bar of oxygen using a 75 psi back pressure was allowed to react.

1.4 Plausible catalytic mechanism.

Based on the literature and the obtained results, we have proposed a plausible mechanism for
the K-OMS-2 mediated oxidative process (Figure 51). Initially, hydrogen peroxide induces the
formation of the electrophilic species quinone-iminium ion (Il) which readily reacts with an
additional 2-aminophenol molecule via 1,4-addition (Michael addition) to form p-quinone imine
(). This key intermediate undergoes a manganese insertion (VI) followed by reductive
elimination to give the corresponding 2-aminophenoxazin-3-one. The oxidative capacity of the
catalyst can be recovered due to the continuous O, supply and the added H,0, to the system,
maintaining the optimal mixed-manganese oxide network. To give further evidence, XRD and
HRTEM analysis for the fresh and used catalyst were done, showing the integrity of the three-
dimensional structure, and highlighting its appropriate reusability without loss of efficiency (See
experimental part A. 6.).

This mechanism agrees with the general mechanism found in metal catalysis in which a C-H/C-
O bond is assembled, along with the formation of organometallic intermediates as (IV) that
finally led to the product by reductive elimination.207:21-216

NH, O2/H:0:

2-aminophenol NH,
: OH
., ) 2-aminophenol
0,/H,0, W
— oxidazed form
A (active catalyst) i NH,
msertlon : ;

p-quinoneimine

reduced form

Reductive
elimination

OHOW
(@] (@)

2-aminophenoxazin-3-one
Figure 51. Plausible catalytic mechanism.
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1.5 Flow system regioselectivity and versatility.

We next further investigated the scope of the flow system using a variety of substituted 2-
aminophenols (2a to 2I) (for its synthesis see experimental part A. 1.). In most of the studied
cases, we found that our flow conditions were very efficient leading to the synthesis of the
corresponding products in high yields without the detection of any side products. However, only
substrates substituted in R1 and R4 were allowed to react (Scheme 16). Substrates 2j and 2k,
and substituted, were unable to react because the position is necessary to form the p-
quinone imine (intermediate of reaction) in 2k and the inability to eliminate the R2-substituent
in the C-H coupling reaction of 2j, necessary to lead the final cyclization.

O 0 0
- OH
) s b (XLX
NH H202 (3 eq} N NH2
5
3
2

0 °C, CPME (0.5 M),

O, (5 bar)
=1, Br, Cl, OMe, Me, F or Allyl
= Me, = OMe, = Br, =Ph
SHOUNGHS (;EN‘J;;ENHZ
(0] (0] o O (@) (o)
Br Br
3a, 97% 3d, 98% 3g, 97%
N NH, N NH, N NH,
: :o: :EO : :o: ;Eo : :o: :Eo
| | Cl Cl F F
3b, 98% 3e, 98% 3h, 98%
Br Br Ny NH, N NH;
N NH,
0 o} 0 o}
(o] @] OMe OMe )
3c, 97% 3f, 97% | 3i,93% |

Scheme 16. Substrates scope using substituted aminophenols.
The simplified starting material structure 2 is substituted only in one position in each
assay. If the substitution is R1 = OMe, the rest of positions =H.

Remarkably, the presence of halogen atoms in the core structure constituted an excellent
starting point to get complex structures with antibiotic or anti-tumour properties.

With the goal to test the enzyme mimicking capability of the K-OMS-2 catalyst, we used
substrates that are commonly transformed by the HRP (Horseradish peroxidase) enzyme. To this
end, we used other heterocyclic scaffolds as the synthesized o-phenylenediamine derivatives
(2m, 2n) and 2-aminopyridin-3-ol (20) (see experimental part A. 1.). Successfully our system
quantitatively transforms compounds 2m and 2n. However, the most nucleophile pyridine
scaffold (20) was unable to react (Scheme 17).

The fact that 2n but not 2l (R5 aminophenol substituted) reacts, could be due to the higher
nucleophilicity of the NH rather than the OH group that is able to attack the para position of the
imine group. All the substrates tested, showed high regioselectivity so that the nucleophilic 1,4
addition of aminophenols takes place in the imine B-carbon independently of the electron-
withdrawing or electron-donating nature of the R group.
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o= NH, N NH,
) QT e O
ﬂ NH, N NH,
2m 3m, 98%
NH, N, N

Ty Jwouez > CLITLID

2n
) ano0n

OH
& K-OMS-2 P> NO REACTION
N7 NH,

20 o OH OH

HO OH K-OMS-2 P OO
OH

2p 3p, 95%

Rection conditions: H;05 (3 eq), 50 °C, CPME (0.5 M), O; (5 bar)
. Enzymatic substrates of HRP.

Finally, it was also tested the HRP naturally oxidized substrate pyrogallol, available from
commercial sources ( , 2p). We found out that our catalytic system was able to
effectively convert the pyrogallol to purpurogallin 228 in excellent yields, supporting its capability
to replace enzymatic-catalysed reactions.

1.6 Big scale reaction and metal leaching.

To ensure the competitiveness of the flow system we carried out the conversion of 50 mmol of
the substrates (2a to 2i, 2m, 2n and 2p) adding sequentially 2 mmol in 4 mL of CPME (0.5 M
solutions) to avoid the poisoning of the catalyst and recharging the reservoir when empty. The
product was recovered at a constant rate in the collector with a 98% - 99% yield after the solvent
removal under reduced pressure (see experimental part A. 5.).

Interestingly, the obtained products

0,7 [y could be also isolated by simply
0,6 precipitation under cooling, and the
& 5 - solvent can be reused by the system.
e 054
% : The metal leaching was also periodically
£ 0.4 r measured during the flow procedure to
o 03 [ determine the stability and efficiency of
@ 3
—Cl : the packed heterogeneous catalyst. After
s 02 = € b an initial release of the metal of 0.7 ppm,
01 [ J W ____ it was stabilized around 0.17 ppm, so that
B L e i e the product is minimally contaminated

1 1 N 1 1
0 5 10 15 20 25 30 35 by the metal and there is no need for

Time (hour) additional purification steps ( ).
. Manganese leaching in flow.
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1.7 Green metrics comparison for batch and flow processes.

In an attempt to highlight the beneficial effect of the flow system in comparison with the
optimized conditions in batch, we calculated several green metrics for both systems with and
without the recirculation of solvent. We analysed the E-factor, the Atom Economy (AE) and the
Turnover Number and Frequency (TON and TOF) of the catalyst.

The E-factor is a measure of the waste generated by a chemical process. For that reason, values
closer to zero are desirable when evaluating a reaction.

There is a considerable improvement in the E-factor value with the flow system implementation
in comparison to the batch process. In addition, the recovery and recirculation of the solvent
decrease the environmental values to 6 kg of waste per kg of product in batch and 4 kg of waste
per kg of product in flow ( ).

When was evaluated the big-scale

128 ?129,5 flow procedure, we get an E-factor of

110 _// 7 3.7, which turned out to be a very

100 [ //// competitive process, even after a

5 L longer usage, in comparison to

g 90 f//%i synthetics procedures found in the

= 80 ] literature (ACS Sustainable Chem.

= 0n ,;,/ Eng., 2019, 74, 4414-4419 and

£ 607 . 53,6 Tetrahedron Letters, 2015, 56, 6104

s 0 /// "/ ~6107), which shows 92 and 418 E-

E :Z/// // factor' values, respectively (See

w30 N ,/' experimental part A. 7.).

Al // .

10 _/// /4/// G G 5y On the other. hand, 'Fhe AE defines

W17 R MR v R e the conversion efficacy of the

Batch  Flow Batch+ Flow + Big-scale Flow  reactantsinto products. Our reaction

solvent solvent + solvent showed an AE of 97%, which means

recycling recycling recycling that a 97% of the reactant’s atoms

were incorporated into the product.
This fact is in accordance with the
formal loss of two hydrogen atoms
during the oxidative C-H coupling.

. E-factor of flow and batch procedures, with
and without the recirculation of solvents.

Finally, we evaluated the catalyst performance by calculating the Turnover Number and
Turnover Frequency (TON and TOF) for both, the batch and flow processes (see experimental
part A.7.).

Considering the use of 2 mol % of K-OMS-2 in batch and the 0.8 mmol of catalyst packed in flow,
we obtained a TON gatcH = 50 and a TON row = 1.6, which refers to the conversion per unit of
catalyst. If we take into account the conversion per unit of time, TOF gatcH = 16.6 h™* and TOF
rlow = 3.2 h'l, However, the possibility to apply the flow at a continuous rate as in the big-scale
process (for 25 hours), enhanced the TON outcome to 80.

In conclusion, those results support the superiority of our catalytic system in comparison to
enzymatic reactions. It has shown to be more robust in terms of temperature and solvent usage,
and what is more important, reusable due to the use of an oxygen stream that preserves the
catalyst active form allowing an on-flow regeneration.
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Experimental part A: Green flow chemistry process

1. Synthesis and characterization of the starting materials.

The orto-aminophenols used as starting materials were obtained by the nitration and the
consecutive reduction to amine of the substituted phenolic derivatives. Only the 2-aminophenol
used for the synthesis of 3a was commercially available.

The nitration procedure was taken from the literature.?’® The corresponding 1-substituted
phenol (10.1 mmol, 1eq) was dissolved in acetic acid (23 mL, 0.38 mmol, 0.037 eq) and water
(2.3 mL, 0.13 mmol, 0.013 eq). After cooling at 5°C in an ice/water bath, fuming HNO3 (0.5 mL,
0.008 mmol) in acetic acid (4.5 mL, 0.075 mmol) was added dropwise. The mixture was stirred
for 15 min at 5 °C and then water was added. Finally, the reaction was extracted with
dichloromethane (x3) and the organic layers were dried over Na,SO,, filtered and the solvent
was evaporated under reduced pressure. As result, para- and orto-nitro regioisomers are
obtained, which are separated by chromatographic column. The desired orto-nitrophenols are
obtained in low yields from 16% to 39%.

OH 2-iodo-6-nitrophenol (1b). The product was obtained using 2-iodophenol
O.N | (444 g, 20.2 mmol) as starting material and after column
2 chromatographic purification (Hexane and increasing the polarity until
©/ 9Hexane/1EtOAc) as a yellow solid (1906 mg, 7.2 mmol), yield: 36%,
melting point: 87 °C— 89 °C. *H-NMR (200 MHz, chloroform-d): 6 11.38 (s,

1H, -OH), 8.14 (d, J/ = 8 Hz, 1H), 8.09 (d, J = 8 Hz, 1H), 6.81 (t, J = 8.5 Hz, 1H). The characterized
product is in accordance with the literature.??°

NO, 3-bromo-2-nitrophenol (1c). The product was obtained using 3-

Br H bromophenol (3.5 g, 20.18 mmol) as starting material and after column
chromatographic purification (8Hexane/2EtOAc) as a yellow solid (703

\g mg, 3.2 mmol), yield: 16%, melting point: 65°C - 67°C. *H-NMR (400 MHz,

chloroform-d): 6§ 10.62 (s, 1H, -OH), 7.98 (d, J=9.0 Hz, 1H), 7.38 —= 7.35 (m,
1H), 7.14 (dd, J=9.1, 2.1 Hz, 1H).

®)

OH 2-bromo-6-nitrophenol (1d). The product was obtained using 2-

O.N Br bromophenol (1.75 g, 10.1 mmol) as starting material and after column

2 chromatographic purification (9Hexane/1EtOAc increasing the polarity

@ until 8Hexane/2EtOAc) as a yellow solid (864 mg, 3.9 mmol), yield: 39%,

melting point: 65 °C — 70 °C. *H-NMR (400 MHz, chloroform-d): § 11.17

(s, 1H, -OH), 8.11 (dd, J = 8.6, 1.6 Hz, 1H), 7.88 (dd, J = 7.8, 1.6 Hz, 1H), 6.92 (t, J = 8.2 Hz, 1H).
The characterized product is in accordance with the literature.?*!

2-chloro-6-nitrophenol (le). The product was obtained using 2-
OH . .
cl chlorophenol (3 g, 23.3 mmol) as starting material and after column
OzN chromatographic purification (2Hexane/1EtOAc) as a yellow solid (1323
mg, 7.6 mmol), yield: 33%, melting point: 65 °C — 67 °C. *H-NMR (400
MHz, chloroform-d): 6 11.04 (s, 1H, -OH), 8.07 (dd, J = 8.0, 1.4 Hz, 1H),

7.71 (dd, J= 8.0, 1.4 Hz, 1H), 6.73 (m, 1H). The characterized product is in accordance with the
literature.???

OH 2-methoxy-6-nitrophenol (1f). The product was obtained using 2-

O,N \©/O\ methoxyphenol (3 g, 24.2 mmol) as starting material and after column
chromatographic purification (4Hexane/1EtOAc) as an orange solid (690

mg, 4.1 mmol), yield: 17%, melting point: 58 °C—60 °C. *H-NMR (200 MHz,

132
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chloroform-d): & 10.79 (s, 1H, -OH), 7.70 (dd, J = 8.7, 1.5 Hz, 1H), 7.15 (dd, J = 8.0, 1.2 Hz, 1H),
6.92 (t, J = 8.4 Hz, 1H), 3.96 (s, 3H, O-CHs). The characterized product is in accordance with the
literature.?

OH 2-methyl-6-nitrophenol (1g). The product was obtained using o-cresol (3 g,

O,N 27.7 mmol) as starting material and after column chromatographic

purification (9Hexane/1EtOAc) as a yellow solid (1625 mg, 10.6 mmol),

yield: 38%, melting point: 65 °C— 69 °C. *H-NMR (400 MHz, chloroform-d):

610.92 (s, 1H, -OH), 7.96 (d, /= 8.6 Hz, 1H), 7.45 (d, /= 7.2 Hz, 1H), 6.88 (t,

J = 7.9 Hz, 1H), 2.33 (s, 3H, -CHs). The characterized product is in accordance with the
literature.?*

OH 2-fluoro-6-nitrophenol (1h). The product was obtained using 2-

O,N g fluorophenol (3 g, 26.8 mmol) as starting material and after column

l :] chromatographic purification (increasing the polarity from Hexane to

9Hexane/1EtOAc) as a brown/red solid (904 mg, 5.8 mmol), yield: 22%,

melting point: 90 °C — 92 °C. 'H-NMR (200 MHz, DMSO-ds): 6 11.39 (s, 1H,

-OH), 7.74 (d, J = 9.1 Hz, 1H), 7.53 (d, J = 8.2 Hz, 1H), 7.00 (t, J = 8.6 Hz, 1H). The characterized
product is in accordance with the literature.??

OH 2-allyl-6-nitrophenol (1i). The product was obtained using 2-allylphenol (3

O,N _~ 8 22.4 mmol) as starting material and after column chromatographic

purification (2Hexane/1EtOAc) as an orange oil (1019 mg, 5.7 mmol), yield:

25%. *H-NMR (400 MHz, chloroform-d): 6 10.90 (s, 1H, -OH), 7.99 (d, /= 8.6

Hz, 1H), 7.46 (d, J = 7.3 Hz, 1H), 6.92 (t, J = 8.0 Hz, 1H), 6.03 — 5.93 (m, 1H),

5.13-5.09 (m, 2H), 3.48 (d, / = 6.5 Hz, 2H). The characterized product is in accordance with the
literature.?”

Following the retrosynthetic pathway, it was carried out the reduction of the nitro group using
two different methodologies.

Procedure 1: To a solution of the nitro-derivative (25.5 mmol, 1 eq) in methanol (128 mL) was
added zinc (dust) (16.71 g, 255 mmol, 10 eq). The reaction mixture was cooled to 0 °C in an
ice/water bath followed by the addition of ammonium chloride (13.67 g, 255 mmol, 10 eq)
portion-wise over 5 min. The heterogeneous mixture was allowed to reach room temperature
and then was stirred for 30 min. The reaction was filtered through a plug of celite, and the
solvent was evaporated under pressure. The obtained crude was extracted with
EtOAc/H,0/brine (x2). The organic layers were collected, dried with Na,SO,, filtered, and
evaporated under reduced pressure.??®

Procedure 2: In a sealed tube was added the nitro-derivative (0.5 mmol, 1 eq), methanol (5 mL)
and palladium on carbon (0.01 mmol, 10% wt). Once closed the reactor was purged three times
with hydrogen. The reaction was left under stirring at 1 bar from 30 to 45 min at room
temperature. Then, the reaction vessel was opened, and the reaction solution was filtered
through a plug of celite. The solvent was evaporated under reduced pressure and the crude was
purified by column chromatography.??’

OH 2-amino-6-iodophenol (2b). The product was obtained following procedure
H.N | 1 with 1b (1366 mg, 5.2 mmol) as substrate, and after column
chromatographic purification (in CH,Cl;) as an orange solid (416 mg, 1.77
mmol), yield: 34%, melting point: 100 °C - 105 °C. 'H-NMR (200 MHz,
MeOD): § 7.02 (dd, J=7.9, 1.5 Hz, 1H), 6.7 (dd, J = 7.8, 1.5 Hz, 1H), 6.44 (t,
J=7.9 Hz, 1H).



Chapter 2: Experimental Part A

2-amino-3-bromophenol (2c). The product was obtained following

Br OH Pprocedure 1 with 1c (403 mg, 1.8 mmol) as substrate, and after column
I :] chromatographic purification (3Hexane/2EtOAc) as a brown solid (151 mg,

0.8 mmol), yield: 43%, melting point: 138 °C. 'H-NMR (400 MHz,

chloroform-d): 6 7.04 (dd, J = 8.1 Hz, 1.0 Hz, 1H), 6.67 (dd, J = 7.9 Hz, 1.0
Hz, 1H), 6.53 (t, J = 8.0 Hz, 1H). The characterized product is in accordance with the literature.??

OH 2-amino-6-bromophenol (2d). The product was obtained following
H.N Br procedure 1 with 1d (1.5 g, 6.9 mmol) as substrate, and after column
2 chromatographic purification (1Hexane/1EtOAc) as a black solid (601 mg,
\©/ 3.2 mmol), yield: 46%, melting point: 84 °C — 86 °C. 'H-NMR (400 MHz,
MeOD): 6 6.80 (d, /= 8.0 Hz, 1H), 6.69 (d, /= 7.9 Hz, 1H), 6.57 (t, /= 7.9 Hz,

). The characterized product is in accordance with the literature.??*

2-amino-6-chlorophenol (2e). The product was obtained following
HoN f C| procedure 1 with 1e (1271 mg, 7.3 mmol) as substrate, and after column

chromatographic purification (2Hexane/1EtOAc) as a yellow/brown solid

(632 mg, 4.4 mmol), yield: 60%, melting point: 70 °C — 73 °C. *H-NMR (400

MHz, chloroform-d): § 6.76 — 6.70 (m, 1H), 6.68 (d, /= 8.0 Hz, 1H), 6.62 (d,
J=7.4Hz, 1H), 5.48 (s, 1H), 3.85 (bs, 2H, -NH,). The characterized product is in accordance with
the literature.?°

2-amino-6-methoxyphenol (2f). The product was obtained following

OH procedure 2 with 1f (616 mg, 3.6 mmol) as substrate, and after column

H,N O\_ chromatographic purification (1Hexane/1EtOAc) as a light brown solid

(456 mg, 3.3 mmol), yield: 90%, melting point: 84 °C — 86 °C. *H-NMR (200

MHz, chloroform-d): 6 6.69 (t, J = 8.1 Hz, 1H), 6.41 (dd, J = 8.1, 0.9 Hz, 1H),

6.37 (dd, J=8.3, 1.1 Hz, 1H), 3.85 (s, 3H, O-CHs). The characterized product is in accordance with
the literature.?®!

2-amino-6-methylphenol (2g). The product was obtained following
procedure 2 using 3 bar of pressure, with 1g (1462 mg, 9.5 mmol) as
substrate, and after column  chromatographic  purification
(2Hexane/1EtOAc) as a pink solid (833 mg, 6.76 mmol), yield: 71%, melting
point: 87 °C — 89 °C. *H-NMR (400 MHz, CD3CN): § 6.59 (t, J = 7.6 Hz, 1H),

6.53 (d, J = 8.0 Hz, 1H), 6.45 (d, J = 7.2 Hz, 1H), 3.95 (bs, 2H, -NH>), 2.16 (s, 3H, -CH3). The
characterized product is in accordance with the literature.??

OH 2-amino-6-fluorophenol (2h). The product was obtained following
HN F  procedure 1 with 1h (890 mg, 5.7 mmol) as substrate, and after column
2 chromatographic purification (1Hexane/1EtOAc) as a grey solid (508 mg,
\©/ 4 mmol), yield: 71%, melting point: 110 °C — 115 °C. 'H-NMR (400 MHz,
chloroform-d): 6 6.71 — 6.62 (m, 1H), 6.51 (d, J = 8.0 Hz, 2H), 4.04 (bs, 2H,

-NH,). The characterized product is in accordance with the literature.?*

2-a//yl-6-aminopheno/ (2i). The product was obtained following procedure

H2 1 using 3 eq of NH4CI, with 1i (510 mg, 2.8 mmol) as substrate, and after
cqumn chromatographic purification (1Hexane/1EtOAc) as a dark oil (186
mg, 1.2 mmol), yield: 44%. 'H-NMR (400 MHz, chloroform-d): § 6.74 (t, J =

7.6 Hz, 1H), 6.68 (dd, /= 7.8, 1.8 Hz, 1H), 6.57 (dd, J = 7.4, 1.8 Hz, 1H), 6.10
—5.95(m, 1H), 5.26 —5.17 (m, 2H), 3.39 (dd, / = 6.3, 1.7 Hz, 2H).

It was also used aminophenols substituted in other positions to evaluate how the coupling was
affected by the hindrance in the ring.
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OH 2-amino-5-methylphenol (2j). The product was obtained following procedure

H,N 2 with the already available 5-methyl-2-nitrophenol (500 mg, 3.3 mmol) as

substrate, and after column chromatographic purification (1Hexane/1EtOAc)

as a yellow solid (277 mg, 2.2 mmol), yield: 69%, melting point: 157 °C — 159

°C.H-NMR (200 MHz, chloroform-d): § 7.27 (s, 1H), 6.70 (d, J = 8.3 Hz, 1H),

6.60 (d, J = 5.5 Hz, 1H), 2.23 (s, 3H, -CHz3). The characterized product is in accordance with the
literature.”®

2-amino-4-methoxyphenol (2k). The product was obtained following
NH, procedure 2 using 1.5 bar of pressure, with the already available 4-methoxy-
OH 2-nitrophenol (500 mg, 2.9 mmol) as substrate, and after column
chromatographic purification (1CH,Cl,/1EtOAc) as a brown solid (307 mg, 2.2
\O mmol), yield: 75%, melting point: 135 °C — 140 °C. 'H-NMR (200 MHz,
chloroform-d): 6 6.67 (d, J = 8 Hz, 1H), 6.35 (d, /=2 Hz, 1H), 6.2 (dd, /=8, 2

Hz, 1H), 3.71 (s, 3H, -CHs). The characterized product is in accordance with the literature.?®

Compound 2l was synthesized following the reported procedure from the literature.?® A flame
dried flask containing a magnetic stir bar was charged under argon with 2-aminophenol (160
mg, 1.47 mmol, 1eq), phenyliodide (82 pL, 0.73 mmol, 0.5 eq), Cul (27.9 mg, 0.14 mmol, 0.1 eq),
NasP04:12H,0 (557.3 mg, 1.47 mmol, 1 eq) and DMF (1.48 mL, 19 mmol, 13 eq). The mixture
was left at 80 °C for 16 hours and then was allowed to cool to room temperature. The resulting
mixture was acidified with HCI (2N) to adjust the pH to 6. The aqueous fraction was extracted
with EtOAc (x3). The combined organic layers were dried with Na,SQO,, filtered, and concentrated
in vacuo. The resulting residue was purified by column chromatography on aluminium oxide
(from 3Hexane/1EtOAc to just EtOAc).

HO HN@ 2-(phenylamino) phenol (2l). The product was obtained as a dark brown oil
(105 mg, 0.6 mmol), yield: 39%. *H-NMR (400 MHz, chloroform-d): § 7.26 —

7.15 (m, 3H), 7.10 (t, J = 7.7 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.89 (g, / = 6.8
Hz, 2H), 6.78 (d, /= 8.7 Hz, 2H), 5.76 (bs, 1H), 5.25 (bs, 1H). The characterized
product is in accordance with the literature.?*

Finally, different heterocyclic substrates were synthesized to test the catalyst ability to mimic
the conversion of some HRP’s enzymatic substrates. Only the o-phenylenediamine (2m) was
already available from commercial sources.

Compound 2n was synthesized following the reported procedure from the literature.®” To a
microwave vessel was added iodobenzene (136 L, 1.22 mmol, 0.66 eq), 1,2-diaminobenzene
(200 mg, 1.8 mmol, 1 eq), NiCl,-6H,0 (15.8 mg, 0.12 mmol, 0.06 eq) and triethylamine (240 pL,
1.7 mmol, 0.9 eq). The sealed tube was subjected to microwave exposure for 20 min at 300 W
or 150 °C. After the reaction was complete, the crude was diluted in CH,Cl; and filtered to
separate the catalyst. The filtered was concentrated and subjected to column chromatography
with silica gel and a polarity of 5% EtOAc in Hexane.

H,N  HN _@ IN-phenylbenzene-1,2-diamine (2n). The product was obtained as an orange
solid (94 mg, 0.5 mmol), yield: 28%, melting point: 77 °C—79 °C. *H-NMR (400
@ MHz, chloroform-d) 6 6.61 — 6.45 (m, 2H), 6.40 (d, /= 7.8 Hz, 1H), 6.29 (t, J =
7.6 Hz, 1H), 6.09 (t, /= 7.3 Hz, 3H), 6.02 (t, J = 7.8 Hz, 2H), 4.45 (bs, 1H, -NH-),
3.06 (bs, 2H, -NH3). The characterized product is in accordance with the

literature.?*®

The last synthesized substrate (20) was obtained in a two-step synthesis, starting with the
nitration of the available pyridin-3-ol and its later reduction as follows:
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Compound 1o was synthesized following the reported procedure from the literature.?*® In a flask
under ice-cooling was added pyridin-3-ol (1250 mg, 13.1 mmol, 1 eq) in 11 mL of concentrated
sulfuric acid (205.2 mmol, 15.6 eq). Next, 0.7 mL of concentrated nitric acid (16.77 mmol, 1.28
eq) was added at 0 °C over a period of 5 min. The reaction was warmed to room temperature
and stirred overnight. Then, the reaction mixture was added to 25 g of ice and stirred for 30 min.
The aqueous solution was extracted with CH,Cl; (x3) and the collected organic fractions were
dried with Na,SQ,, filtered, and evaporated under reduced pressure.

0o 2-nitropyridin-3-ol (10). The product was obtained as a light-yellow solid

=~ (1584 mg, 11.3 mmol), yield: 86%, melting point: 69 °C — 70 °C. 'H-NMR (400

(\"A/ MHz, chloroform-d): 6 10.23 (s, 1H), 8.21 (dd, J=3.8, 1.8 Hz, 1H), 7.69 — 7.58
N™ NO; (m, 2H). The characterized product is in accordance with the literature.?*

The consecutive reduction was done following procedure 1 with 1o (250 mg, 1.78 mmol) as
substrate, and letting the reaction stir overnight instead of for 30 min.

OH 2-aminopyridin-3-ol (20). The product was obtained without further

~ purification as a yellow oil (117 mg, 1.1 mmol), yield: 60%. *H-NMR (400

(\l[ MHz, DMSO-de): 6 7.41 (dd, J = 5.5, 1.4 Hz, 1H), 7.03 (dd, J = 7.6, 1.4 Hz, 1H),

N NHz  649(dd, s=7.6, 5.5 Hz, 1H), 6.32 (bs, 1H), 3.38 (bs, 2H). The characterized
product is in accordance with the literature.?*

2. General procedure for the K-OMS-2 synthesis.

A solution of 5.89 g of KMnQ, in 100 mL of water was added to a solution of 8.8 g of MnS04-H,0
in 30 mL of water and 3 mL concentrated HNOs. The solution was refluxed at 100 °C for 24 h,
and the product was filtered, washed with distilled water (300 mL), and dried at 120 °C. The
resulting material was further calcinated at 350 °C over a period of 4h. Finally, the black stony
material was finely grounded using a mortar and filtered using size exclusion sieves yielding 13
g of K-OMS-2 catalyst. Powder X-ray diffraction data were collected ( ) to confirm the
structure of the material.?*?
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3. General procedure used in the batch reaction optimization.

To a 10 mL vial were added the 2-aminophenol (109 mg, 1 mmol, 1 eq), the solvent 4 mL, and
H>0, 30% w/w in H,0 (304 pL, 3 mmol, 3 eq), followed by K-OMS-2 62% w/w Mn-loading (1.8
mg, 2 mol%, 0.02 eq). The vial was capped with a septum and wrapped with Parafilm and then,
it was equipped with an O; balloon. The reaction mixture was stirred for the time and
temperatures indicated in ( in the main text). The heterogeneous mixture was filtered
over a short pad of silica eluting with the same solvent used in the reaction (2 x 5 mL). The
solvent was removed under reduced pressure to afford the products.

4. General procedure used in flow synthesis and final products characterization.

The reservoir was charged with 2 mL of CPME, the aminophenol derivative (1 mmol, leq),
followed by H,0, (304 pL, 3 mmol, 3eq). Then, the oxygen line has been set to the desired
pressure and the reaction mixture started to flow through the K-OMS-2 filled reactor (filled with
70 mg of K-OMS-2). Once the reagents reservoir has been completely emptied, the system has
been rinsed with CPME (2 x 2 mL). The product has been collected into the product reservoir.
The CPME was recovered via distillation under reduced pressure to afford the pure product
(from 93 to 98% vyield).

N NH, 2-amino-3H-phenoxazin-3-one (3a). The product was obtained
= following the flow general procedure with the 2-aminophenol
CEO];IO starting material (109 mg, 1 mmol), and without further
purification as a red powder (103 mg, 0.49 mmol), yield: 97%,
melting point: 255 °C — 257 °C. *H-NMR (400 MHz, DMSO-ds): & 7.70 (d, J = 7.6 Hz, 1H), 7.53 —
7.43 (m, 2H), 7.4—-7.37 (m, 1H), 6.80 (s, 2H, NH,), 6.38 —6.36 (m, 2H). *C-NMR (101 MHz, DMSO-
ds): 6 180.63 (1€, -C-), 149.29 (1C, -C-), 148.65 (1C, -C-), 147.78 (1C, -C-), 142.33 (1C, -C-), 134.13
(1C, -C-), 129.22 (1C, -CH-), 128.38 (1C, -CH-), 125.69 (1C, -CH-), 116.35 (1C, -CH-), 103.84 (1C, -
CH-), 98.76 (1C, -CH-). FT-IR: 3432, 3407, 1604, 1580, 1472, 1420, 1278, 1121, 1106, 1054 cm™™.
GC-EIMS (m/z %): 212 (100), 185 (75), 157 (20), 144 (25), 129 (20), 102 (20), 76 (35). The
characterized product is in accordance with the literature.?*

N NH, 2-amino-4,6-diiodo-3H-phenoxazin-3-one (3b). The product was
= obtained following the flow general procedure with 2b (470 mg, 2
o o mmol) as substrate, and without further purification as a red

] ] powder (454 mg, 0.98 mmol), yield: 98%, melting point: 257 °C —

260 °C. *H-NMR (400 MHz, DMSO-ds): 6 7.96 (dd, J = 7.8, 1.4 Hz,

1H), 7.73 (dd, J = 8.0, 1.4 Hz, 1H), 7.23 (t, J = 7.9 Hz, 1H), 7.06 (s, 2H, NH,), 6.38 (s, 1H). 3C-NMR

(101 MHz, DMSO-ds): § 176.63 (1C, -C-), 151.13 (1C, -C-), 148.45 (1C, -C-), 146.57 (1C, -C-), 142.86

(1C, -C-), 138.32 (1C, -CH-), 135.21 (1C, -C-), 128.37 (1C, -CH-), 127.63 (1C, -CH-), 98.37 (1C, -CH-

), 84.26 (1C, -C-), 81.52 (1C, -C-). FT-IR: 3401, 3375, 2915, 2832, 1693, 1174, 912, 742, 524 cm™,

GC-EIMS (m/z %): 464 (100), 463 (35), 450 (50), 435 (25), 337 (65), 334 (20), 235 (25), 210 (55).
The characterized product is in accordance with the literature.?*3

Br Br 2-amino-1,9-dibromo-3H-phenoxazin-3-one (3c). The product was
N NH, obtained following the flow general procedure with 2c (376 mg, 2

i mmol) as substrate, and without further purification as a red

1) 0O powder (359 mg, 0.97 mmol), yield: 97%, melting point: 287 °C dc.

'H-NMR (400 MHz, DMSO-de): 6 7.83 (d, J = 2.1 Hz, 1H), 7.71 (d, J =
8.6 Hz, 1H), 7.59 (dd, J = 8.6, 2.1 Hz, 1H), 7.10 (s, 2H, NH,), 6.39 (s, 1H). *C-NMR (101 MHz,
DMSO-de): 6 178.00 (1C, -C-), 149.60 (1C, -C-), 146.30 (1C, -C-), 144.66 (1C, -C-), 142.99 (1C, -C-),
132.98 (1C, -C-), 130.21 (1C, -CH-), 128.99 (1C, -CH-), 121.91 (1C, -C-), 119.18 (1C, -CH-), 103.25
(1C, -CH-), 95.12 (1C, -C-). FT-IR: 3405, 3375, 3318, 2920, 2850, 1644, 1173, 909, 754, 582 cm™.

137
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GC-EIMS (m/z %): 372 (49), 370 (100), 368 (50), 359 (30), 354 (45), 290 (65), 188 (55), 186 (54),
183 (25), 109 (20), 94 (80). The characterized product is in accordance with the literature.?*?

N NH, 2-amino-4,6-dibromo-3H-phenoxazin-3-one (3d). The product was

E obtained following the flow general procedure with 2d (376 mg, 2

0 0 mmol) as substrate, and without further purification as a red

Br Br powder (363 mg, 0.98 mmol), yield: 98%, melting point: 275 °C dc.

'H-NMR (400 MHz, DMSO-ds): 6 7.80—7.73 (m, 2H), 7.38 (t,/=7.9
Hz, 1H), 7.12 (s, 2H, NH,), 6.40 (s, 1H). 3C-NMR (101 MHz, DMSO-ds): & 174.91 (1C, -C-), 148.07
(1C, -C-), 147.55 (1C, -C-), 146.55 (1C, -C-), 139.48 (1C, -C-), 135.51 (1C, -C-), 132.26 (1C, -CH-),
127.82 (1C, -CH-), 126.83 (1C, -CH-), 109.25 (1C, -C-), 101.63 (1C, -C-), 98.09 (1C, -CH-). FT-IR:
3403, 3375, 2915, 2844, 1644, 1170, 900, 752, 580 cm™. GC-EIMS (m/z %): 372 (48), 370 (100),
368 (52), 359 (45), 354 (65), 290 (80), 188 (35), 186 (54), 183 (25), 94 (75). The characterized
product is in accordance with the literature.?*

N NH, 2-amino-4,6-dichloro-3H-phenoxazin-3-one (3e). The product was

= obtained following the flow general procedure with 2e (287 mg, 2

') 0 mmol) as substrate, and without further purification as a red

Cl Cl powder (275 mg, 0.98 mmol), yield: 98%, melting point: 256 °C dc.

1H-NMR (400 MHz, DMSO-de): 6 7.73 — 7.65 (m, 2H), 7.44 (t, J = 8.0
Hz, 1H), 7.13 (s, 2H, NHz), 6.40 (s, 1H). 3C-NMR (101 MHz, DMSO-ds): & 174.75 (1C, -C-), 147.86
(1C, -C-), 147.66 (1C, -C-), 144.40 (1C, -C-), 138.20 (1C, -C-), 135.42 (1C, -C-), 129.31 (1C, -CH-),
127.34 (1C, -CH-), 126.16 (1C, -CH-), 120.27 (1C, -C-), 109.96 (1C, -C-), 97.95 (1C, -CH-). FT-IR:
3407, 3390, 2902, 1670, 1170, 904, 748, 510 cm™. GC-EIMS (m/z %): 281 (100), 279 (64), 267
(75), 252 (65), 250 (45), 242 (25), 245 (50), 212 (20), 209 (75), 143 (40), 141 (25). The
characterized product is in accordance with the literature.?*

2-amino-4,6-dimethoxy-3H-phenoxazin-3-one (3f). The product

N-.. NH; was obtained following the flow general procedure with 2f (278

mg, 2 mmol) as substrate, and without further purification as a

o o purple powder (264 mg, 0.97 mmol), yield: 97%, melting point: 250
OMe OMe °C — 253 °C. 'H-NMR (400 MHz, DMSO-ds): & 7.33 — 7.28 (m, 2H),

7.20 = 7.17 (m, 1H), 6.81 (s, 2H, NH2), 6.29 (s, 1H), 3.96 (s, 3H, -
CHs), 3.89 (s, 3H, -CHs). 3C-NMR (101 MHz, DMSO-ds): § 176.42 (1C, -C-), 148.46 (1C, -C-), 147.58
(1C, -C-), 147.28 (1C, -C-), 137.62 (1C, -C-), 134.93 (1C, -C-), 134.69 (1C, -C-), 131.93 (1C, -C-),
124.68 (1C, -CH-), 120.12 (1C, -CH-), 111.85 (1C, -CH-), 96.90 (1C, -CH-), 60.21 (1C, -CHs), 56.74
(1C, -CHs). FT-IR: 3412, 3381, 2912, 2832, 1687, 1174, 1102, 909 cm™. GC-EIMS (m/z %): 272
(100), 258 (20), 244 (65), 243 (35), 230 (65), 223 (45), 212 (30), 210 (75). The characterized
product is in accordance with the literature.?'?

N NH, 2-amino-4,6-dimethyl-3H-phenoxazin-3-one (3g). The product
~ was obtained following the flow general procedure with 2g (246
mg, 2 mmol) as substrate, and without further purification as a
red powder (233 mg, 0.97 mmol), yield: 97%, melting point: 248
°C — 249 °C. 'H-NMR (400 MHz, DMSO-ds): §7.53 (dd, /= 7.9, 1.7
Hz, 1H), 7.35-7.33 (m, 1H), 7.29-7.25 (m, 1H), 6.74 (s, 2H, NH2), 6.32 (s, 1H), 2.47 (s, 3H, -CH3),
2.12 (s, 3H, -CHs).13C-NMR (101 MHz, DMSO-d): §180.35 (1C, -C-), 148.20 (1C, -C-), 147.14 (1C,
-C-), 140.95 (1C, -C-), 139.60 (1C, -C-), 133.69 (1C, -C-), 130.16 (1C, -CH-), 126.00 (1C, -CH-),
125.37 (1C, -C-), 124.75 (1C, -CH-), 111.64 (1C, -C-), 97.93 (1C, -CH-), 14.85 (1C, -CHs), 7.98 (1C, -
CHs). FT-IR: 3401, 3381, 2918, 2830, 1667, 1388,1102, 904 cm™. GC-EIMS (m/z %): 240 (100),
226 (30), 225 (80), 211 (65), 197 (25), 186 (20). The characterized product is in accordance with
the literature.?*

O O
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2-amino-4,6-difluoro-3H-phenoxazin-3-one (3h). The product was

N\ NH; obtained following the flow general procedure with 2h (254 mg,

2 mmol) as substrate, and without further purification as a purple

O ) powder (243 mg, 0.98 mmol), yield: 98%, melting point: 256 °C dc.

F F 1H-NMR (400 MHz, DMSO-de): 67.58 (d, J = 8.0 Hz, 1H), 7.52 — 7.44

(m, 1H), 7.42 — 7.37 (m, 1H), 7.11 (s, 2H, NH,), 6.34 (s, 1H). 3C-
NMR (101 MHz, DMSO-ds): 6172.85 (d, e+ = 16 Hz, 1C, -C-), 149.76 (d, YJer = 248 Hz, 1C, -C-),
147.82 (1C, -C-), 147.14 (d, *Je—r = 2 Hz, 1C, -C-), 139.28 (d, Yer = 252 Hz, 1C, -C-), 135.65 (1C, -C-
), 132.63 (d, ¥Jc—s = 11 Hz, -C-), 130.05 (d, 3Jc—r = 11 Hz, -C-), 125.22 (d, 3J¢ = 7 Hz, -CH-), 124.23
(1C, -CH-), 115.84 (d, 2Jcs = 17 Hz, -CH-), 96.94 (1C, -CH-). **F-NMR (282 MHz, DMSO-ds): & -
137.49 (dd, J = 10.7, 5.6 Hz), -161.22 (s). FT-IR: 3404, 3388, 2902, 1670, 1298, 901, 517 cm™*. GC-
EIMS (m/z %): 248 (100), 228 (45), 208 (65), 232 (25), 230 (40), 216 (20), 212 (40), 210 (25). The
characterized product is in accordance with the literature.?*

N NH, 4,6-diallyl-2-amino-3H-phenoxazin-3-one (3i). The product was
= obtained following the flow general procedure with 2i (298 mg, 2
?O?O mmol) as substrate, and without further purification as a red
powder (272 mg, 0.93 mmol), yield: 93%, melting point: 258 °C —

| |

260 °C. 'H-NMR (400 MHz, DMSO-dq): & 7.59 (t, J = 4.8 Hz, 1H),

7.33(d,J = 4.8 Hz, 2H), 6.78 (s, 2H, NHa), 6.57 — 6.45 (m, 3H), 6.35

(s, 1H), 6.30 (dd, J = 7.2, 2.0 Hz, 1H), 6.10 — 5.84 (m, 2H), 3.64 (d, J
= 6.4 Hz, 1H), 3.41 (d, J = 6.6 Hz, 1H), 3.28 (d, J = 6.6 Hz, 2H). *C-NMR (101 MHz, DMSO-ds): &
179.60 (1C, -C-), 148.20 (1C, -C-), 147.26 (1C, -C-), 141.47 (1C, -C-), 137.83 (1C, -C-), 129.52 (1C,
-CH-), 127.54 (1C, -C-), 127.29 (1C, -C-), 125.12 (1C, -CH-), 120.43 (1C, -CH-), 117.88 (1C, -CH-),
116.82 (1C, =CH,), 115.84 (1C, =CH,), 115.35 (1C, -C-), 113.47 (1C, -CH-), 98.14 (1C, -CH-), 33.36
(1C, -CH,-), 26.87 (1C, -CH,-). FT-IR: 3398, 3371, 3092, 1625, 1174, 1102, 842 cm™%. GC-EIMS (m/z
%): 292 (100), 290 (35), 276 (35), 274 (60), 260 (40), 254 (45), 210 (70), 196 (20).

Phenazine-2,3-diamine (3m). The product was obtained

N.\ NH; following the flow general procedure with o-phenylenediamine

C[ ;(j: (216 mg, 2 mmol) as substrate, and without further purification

N NH, asared powder (206 mg, 0.98 mmol), yield: 98%, melting point:

262 °C— 265 °C. *H-NMR (400 MHz, DMSO-de): 6§ 7.91 - 7.89 (m,

2H), 7.65 = 7.44 (m, 2H), 6.92 (s, 2H), 6.26 (s, 4H, NH). 3C-NMR (101 MHz, DMSO-ds): 6 144.45

(2C, -C-), 142.45 (2C, -C-), 140.70 (2C, -C-), 128.28 (2C, -CH-), 126.83 (2C, -CH-), 102.58 (2C, -CH-

). FT-IR: 3310, 3155, 1630, 1532, 1372, 1240, 890, 835 cm™. GC-EIMS (m/z %): 211 (45), 210

(100), 186 (20), 115 (40), 102 (20), 74 (45). The characterized product is in accordance with the
literature.*

H 3-imino-N,5-diphenyl-3,5-dihydrophenazin-2-amine (3n). The

N\ N product was obtained following the flow general procedure with
@[ :@ \© 2n (368 mg, 2 mmol) as substrate, and without further
N NH purification as a deep red powder (354 mg, 0.98 mmol), yield:

98%, melting point: 265 °C dc. *H-NMR (400 MHz, DMSO-ds): &
7.67 (dd, J=7.4, 2.0 Hz, 1H), 7.62 (t, J = 7.7 Hz, 2H), 7.57 — 7.50
(m, 1H), 7.41 - 7.34 (m, 2H), 7.25-7.11 (m, 4H), 6.89 (t, /= 7.4
Hz, 1H), 6.72 — 6.66 (m, 2H), 6.60 (s, 2H), 6.48 — 6.42 (m, 2H), 5.23 (s, 1H). 3 C-NMR (101 MHz,
DMSO-de): 152.82 (1C, -C-), 151.36 (1C, -C-), 150.29 (1C, -C-), 149.86 (1C, -C-), 137.30 (1C, -C-),
136.00 (1C, -C-), 134.66 (1C, -C-), 131.27 (2C, -CH-), 130.93 (1C, -C-), 129.91 (1C, -CH-), 128.99
(2C, -CH-), 128.89 (2C, -CH-), 127.96 (1C, -CH-), 127.54 (1C, -CH-), 123.21 (1C, -CH-), 123.08 (1C,
-CH-), 121.15 (2C, -CH-), 114.57 (1C, -CH-), 99.38 (1C, -CH-), 90.60 (1C, -CH-). FT-IR: 3312, 3134,
1630, 1532, 1375, 1248, 835, 760 cm-1. GC-EIMS (m/z %): 363 (64), 362 (100), 273 (20), 262 (25),
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184 (22), 182 (25), 174 (34), 122 (35), 108 (42). The characterized product is in accordance with
the literature.?*

2,3,4,5-tetrahydroxy-6H-benzo[7]annulen-6-one (3p). The product

e OH OH was obtained following the flow general procedure with 2p (252
OH mg, 2 mmol) as substrate, and without further purification as an

O orange powder (209 mg, 0.95 mmol), yield: 95%, melting point: 274

OH °C — 276 °C. 'H-NMR (400 MHz, DMSO-ds): & 7.35 (d, J = 11.4 Hz,

1H), 7.07 (d, J = 9.4 Hz, 1H), 6.90 (s, 1H), 6.74 (dd, J = 11.4, 9.5 Hz,

1H). 3C-NMR (101 MHz, DMSO-ds): 6 182.65 (1C, -C-), 155.09 (1C, -

C-), 152.17 (1C, -C-), 151.95 (1C, -C-), 135.11 (1C, -C-), 134.71 (1C, -CH-), 133.40 (1C, -C-), 123.98
(1C, -CH-), 116.91 (1C, -CH-), 115.25 (1C, -C-), 110.64 (1C, -CH-). FT-IR: 3416, 3322, 1626, 1590,
1423, 1378, 1237, 1065, 1036, 845, 802, 650 cm™. GC-EIMS (m/z %): 220 (100), 192 (45), 163
(20), 146 (25), 118 (35), 98 (45). The characterized product is in accordance with the literature.?*®

It could be highlighted the presence of a water peak in the proton spectra of the final products.
That is due to the reduction of the oxygen peroxide used as a sacrificial oxidant.

5. Big scale flow procedure with solvent recirculation.

The reservoir was charged with 4 mL of CPME, the substrates of choice (2 mmol), followed by
H,0, (6 mmol, 674 mg, 608 pL). Then the oxygen line was set to 5 bar and the reaction mixture
was allowed to flow through a K-OMS-2 filled reactor (filled with 70 mg of K-OMS-2) at a flow
rate of 0.1 mL/min with a residence time of 30 min. Once the reagent reservoir was completely
emptied, the system was rinsed with CPME (1 mL).

Once the reagent reservoir was emptied again, it was charged with the subsequent substrate (2
mmol) as a 0.5 M solution of CPME. The products were collected continuously into the product
reservoir. The CPME was recovered via distillation under reduced pressure (98% of the total
amount, purity confirmed by *H-NMR) to afford pure products.

The distilled CPME was continuously reused for the entire scope of the flow procedure. The
procedure was repeated 25 times to achieve the 50 mmol of starting material transformed
without lack of activity in the catalyst.
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6. Analysis of the K-OMS-2 three-dimensional structure integrity after the catalytic

reaction.

Powder X-ray diffraction data and HRTEM images were collected after the large-scale flow
procedure to analyse if changes occur onto the structure of the K-OMS-2 catalyst (Figure 55).
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Figure 55. On the left, we report the XRD and HRTEM images of the fresh catalyst while on the
right is reported the analysis of the used catalyst.

Metal leaching measures were analysed with the Agilent 4210 MP-AES equipment using aqua
regia to completely digest the reaction sample contents in Mn-leaching.
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7. Calculation of the green metrics.

The E-factor was calculated for both the batch and flow methodologies using the 2-aminophenol
as substrate scope model. Moreover, as the solvent used can be recovered in a 98% by its
distillation or by recrystallization of the final product, it has been also compared those
methodologies considering the effect of the solvent recirculation in the final green values.

From the batch procedure (see experimental part A section 3) the calculated E-factor is:

Total amount of reactants and solvents: 109 mg (2-aminophenol) + 12082 mg (CPME) + 337 mg
(hydrogen peroxide) = 12528 mg
Amount of final product: 103 mg (97% yield)
E-factor satch-no sowvent recycuing = (12528 —103)/ 103 = 120.6
Considering that the solvent is reused in the system we obtained:

E-fGCtOI’ BATCH WITH SOLVENT RECYCLING =
(12528 — (103 + 11840 (98% of the total CPME used))/ 103 = 5.7

From the flow procedure (see experimental part A section 4) the calculated E-factor is:

Total amount of reactants and solvents: 109 mg (2-aminophenol) + 5178 mg (6 mL CPME) + 337
mg (hydrogen peroxide) = 5624 mg
Amount of final product: 103 mg (97% yield)
E-factor riow-no soLvent recyeung = (5624 —103)/ 103 = 53.6
Considering that the solvent is reused in the system we obtained:

E-factor rLow wiTH SOLVENT RECYCLING =
(5624 — (103 + 5074 (98% of the total CPME used))/ 103 = 4.3

From the big scale flow procedure (50 mmol) with solvent recirculation (see experimental part
A section 5) the calculated E-factor is:

Total amount of reactants and solvents: 218 mg (2-aminophenol) + 4315 mg (5 mL CPME) + 674

mg (hydrogen peroxide) = 5207 mg each cycle (x 25 cycles) = 130175

Amount of final product: 206 mg (97% yield) (x 25 cycles) = 5146 mg

E-fGCtOI’ BIG-SCALE FLOW RECYCLING = (130175 - (5146 + 105717 (98% of the total CPME USEd))/ 5146 =
3.7

Comparing those values with literature procedures (that have a detailed experimental part) we
found that our process is highly superior in terms of waste minimization.

Reference Procedure
ACS According to the general procedure, the title compound was synthesized
Sustainable from 4,5-dimethoxy-2-nitrophenol (50 mg, 251 umol) and palladium on
Chem. Eng., activated charcoal (10 wt%, 5.00 mg, 4.70 umol) in degassed MeOH (3 mL)
2019, 74, and then added to a solution of 2-aminophenol (109 mg, 1.00 mmol) and
4414-4419 aqueous H,0, solution (35%, 43.0 uL, 502 umol) in degassed MeOH (3 mL).

The crude product was recrystallized from water (5 mL) in order to obtain
the product as a red solid (53.1 mg, 250 umol, quant.)
E-factor = 50 mg 4,5-dimethoxy-2-nitrophenol + 5 mg Pd/C + 109 mg 2-aminophenol + 16.7
mg H,0, 35% + 4747 mg (6 mL of MeOH) — 53.1 mg of product/ 53.1 mg of product = 92
(Water is not considered)
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Tetrahedron The Buchwald solution product 2-(benzyloxy)-3-nitro-N-phenylaniline (200

Letters, 2015, mg) in methanol (5 ml) was added wet 10% Pd/C (10 mg) and the reaction

56, 6104 — mixture was stirred for 5 h under the pressure of a hydrogen balloon. The

6107 reaction mixture was then filtered, washed the solids with EtOAc (20 ml),
and the combined solvents were evaporated on a rotary evaporator under
reduced pressure to get the crude product which was purified by column
chromatography using EtOAc/Hexane (1:4) to get a red-coloured dye (60 mg,
0.28 mmol).

E-factor = 200 mg 2-(benzyloxy)-3-nitro-N-phenylaniline + 3956 mg (5 mL MeOH) + 10 mg Pd/C

+ 20980 mg (20 mL of EtOAc) — 60 mg of product / 60 mg of product = 418

(Column chromatography solvents employed were not considered in the E-factor calculation

as the volume used was unspecified).

By considering the green metric Atom economy (AE), it is highlighted the efficiency of the
process in which the reactive is transformed into the product with the only loss of two H atoms.
The AE gives us an idea of how much of the reactants remain in the product. It is calculated by
dividing the molecular mass of the desired product by the molecular mass of the reagents. In
this metric it is not included solvents and auxiliary chemicals that do not appear in the
stoichiometric reaction, that is why there are no different AE values between the batch and the
flow processes. Moreover, it is based on a theoretical chemical yield of 100%.

AE =(212.21/109.13 x 2) = 0.97

Finally, we determined the Turnover number (TON) and the Turnover frequency (TOF) of the
catalyst. Those parameters indicate the maximum conversion per unit of catalyst and the
conversion per unit of time, respectively, of a specific catalytic center.

TON is calculated as the number of moles of reactant consumed divided by mole of catalyst.
TON gatcH = 1 mmol of 2-aminophenol /0.02 mmol of Mn = 50
TON rLow = 2 mmol of 2-aminophenol /0.8 mmol of Mn = 1.6
While the TOF is calculated as the TON divided by the time of reaction.
TOF gatch =50/3 h=16.6 h!
TOF flow =1.6 /0.5 h=3.2 h?

Even if the TOF in flow is lower than in the batch, it can be used continuously as indicated in the
big-scale procedure for a period of 25 hours, showing a final TON of 80 while in batch, after three
hours of reaction, we get a TON of 50.
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Results and discussion:

2. Development of sustainable synthetic pathways towards pharmaceuticals
scaffolds of interest.

The search for new one-pot reactions is appealing due to the environmentally benign and atom
economy features. In the first part of the discussion, we have used a manganese-based catalyst
(KOMS-2) that mimics the function of oxidases to successfully synthesize in flow 2-
aminophenoxazin-3-ones and phenazines with excellent yields.

In an effort to broaden the manganese-based catalyst applications, our group was interested in
the synthesis of isoquinoline-1,3,4, (2H)-triones employing a single pot oxidation reaction. These
molecules have a pharmaceutical interest as caspase inhibitors, and they are used as nerve
protectors to treat neurodegenerative diseases as Alzheimer among others.?%6247

Nevertheless, the methods of synthesis of these compounds are limited and employ metals
catalysts that cannot be recovered, producing a waste generation problem.

In literature, we can find the oxidation of 3,4-dihydroisoquinolin-1(2H)-one with ruthenium
tetroxide as catalyst and NalO, as the oxidant (Scheme 18, a).?*® Other methodologies are based
on the use of Se0, ?* and K,Cr,0; **°, which provide the oxidation of the isoquinoline-
1,3(2H,4H)-dione and isoquinolin-1-one derivatives, respectively, and/or the metal-free reaction
of 2-(2-bromoacetyl)benzoate with primary amines (Scheme 18, b), ¢) and d) respectively).?>?

Procedures that employ isoquinolones or isoquinolindiones are not very straightforward
because the starting material itself has to be synthesized. The limited substrate scope, the harsh
reaction conditions and decomposition susceptibility make necessary the development of new
methods. Instead, the proposed protocol by Da-You Ma and Yang in Org. Biomol. Chem, 2017,
2 jn which it is used unfunctionalized isoquinolines as raw starting material looks more efficient
from the point of view of sustainability (Scheme 18, e)).

Previous methodologies:

RLIO4 8902 @
N.
R = ( /e N ‘R
o o

NalO, towe’

3 4-dihydro- 4 6
isoquinolin-1(2H)-one e 01107 Isoquinoline-1,3(2H,4H)-

2 R, dione
@;‘?N media é‘,q Br
‘\R O\

o o)
Isoquinolin-1(2H)-one 7 8
Methyl 2-(2-bromoacetyl)
Reference work by Da-You and Yang: benzoate
O - @ e
110 °C,24h
5a

2-benzylisoquinoline-1,3.4(2H)-trione
Scheme 18. Literature examples of the isoquinoline-1,3,4(2H)-triones synthesis.
Adapted scheme from ref %%,

144
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The project was developed based on the opportunities that isoquinoline presents when
transformed into isoquinoline-1,3,4,(2H)-trione, as a pharmaceutical scaffold. The main interest
in this synthesis is the possibility to optimize the procedure, using a green manganese-based
catalyst. These catalysts like the previously used (K-OMS-2), can also work as an oxidant so that
we want to study the condition’s reaction to its application.

2.2 Preliminary studies toward the manganese-catalyzed synthesis of isoquinoline-
1,3,4,(2H)-trione.

As a starting point, we considered using a synthetic strategy similar to that reported by Da-You
and co-workers 22, where iodine was employed as the catalyst and an excess of TBHP (tert-butyl
hydroperoxide) as sacrificial oxidant. In this article takes place a multiple C-H bond
transformation of isoquinolines using methylarenes. The proposed reaction mechanism is based
firstly on the iodination of the benzylic sp* C-H bond of the methyl arene to provide benzylic
iodide. Then, the formation of the quaternary ammonium salt by substitution of the isoquinoline
and finally, the nucleophilic addition of the TBHP.

As starting material, we used the 2-methylisoquinolium iodide salt 9a in order to directly tackle
the oxidation reaction in the presence of TBHP as sacrificial oxidant and a manganese-based
catalyst, to yield the desired isoquinoline trione 5 (Scheme 19).

@é TBHP (sacrifical oxidant)

+ -

=N = ~
~ MnO, or KOMS-2 as catalyst

9a

5b

. Synthetic strategy using the salt 9a as starting material.

Unfortunately, when it was used TBHP in decane (3.6 eq) in the presence of MnO: (2 eq), a
complex reaction mixture composed of 2-methylisoquinolin-1(2H)-one 10 (3%), 4-iodo-2-
methylisoquinolin-1(2H)-one 11 (21%) and 2-methylphthalimide 12 (23%) as main products, was
obtained (Table 14, entry 1). From these molecules, only 2-methylisoquinolin-1(2H)-one (10)
was reported as an intermediate to obtain the further oxidated trione.

Different studies also reported that the oxygen of the C-3 carbonyl group, formed in the
isoquinoline ring, is given by the H,O in which the peroxide is dissolved %°*%>3, so that we also
tried to perform the reaction using TBHP in water solution (Table 14, entry 4) but the main
product was again the undesired phthalimide 12 even when increased amounts of TBHP was
employed (Table 14, entries from 2 to 5).

When no MnO; is added, the iodide salt is also transformed into the identified products but in
low yield and with some conversion to other non-recognized oxidated species ( , entries
6 and 8).

Other solvents were used instead of water, as hexane and THF, which seem to form the
intermediate 10 preferably ( , from entry 7a to 7c).

We go further and tested the reaction condition in which the manganese catalyst is employed
in catalytic amount ( , from entry 9 to 13). Catalytic amounts of MnO, allowed less
conversion of the 2-methylisoquinolinium iodide (9a) and no specificity for the iodide
substituted product (11) when using TBHP in decane ( , entry 9). If the reaction is left
longer times (48 hours), there was not reached a better conversion rate but the equilibrium this
time tents to the formation of the intermediate 11 ( , entry 10).
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We repeated the same experiment with the K-OMS-2 catalyst and even if we get the same
identified species (10, 11 and 12), there was no specificity to form 11, and longer times result in

the conversion of the products into over-oxidated species (

TBHP

, from entry 11 to 13).

X | (decane or water solution) ©i/ | L B
- N+ - N -~ N g -

g MnO, or KOMS-2

9a 110°C for 24 h A0 . 4o

Entry Oxidant (eq) Solvent (eq) Catalyst (eq) Yield (% and GC-MS identification)
1 H,0 (6) H,0 (6) 10 (3%) 11 (21%) | 12 (23%)
2 H,0 (10) MnO:(2) 10 (6%) 11 (14%) -
3 H,0 (10) MnO, (2) 10 (20%) | 11 (17%) | 12 (34%)
4 H,O (10) MnO, (2) 10 (9%) | 11(11%) | 12 (34%)
5 H.0 (10) MnO:(2) - 11(6%) 12 (37%)
6 H,0 (10) - 12 (42%) and m/z: 146 (6%)
7a H.0 (10) MnO:(2) 10 (9%) 11 (11%) | 12 (6%)
7b Hexane (10) MnO:(2) 10 (17%) 11 (6%) |12 (11%)
7c THF (10) MnO, (2) 10 (20%) | 11(5%) | 12 (3%)
8 H,0 (6) - 10 (11%) | 11(11%) | 12 (14%)
9 H,0O (6) Mn0O,(0.5) 10 (9%) 11 (19%) | 12 (23%)
10 H.0 (6) MnO, (0.5) for 48 h 10 (6%) 11 (16%) | 12 (11%)
11 H.0 (10) K-OMS-2 (0.5) 10 (9%) 11 (11%) | 12 (20%)
12 H,0 (10)  KOMS-2(0.5) for48 h 10 (6%) 11 (8%) | 12 (11%)
13 H.0 (10) K-OMS-2 (0.8) 10 (17%) 11 (5%) | 12 (17%)

. Conditions optimization for the further oxidation of 9a using Mn-based catalyst.

The reaction conditions: 9a (1 eq), solvent (10 eq), Mn-based catalyst and TBHP (70% wt in H,0 or

5.5 M in decane) stirring at 110 °C for 24 h under air atmosphere.

Despite the use of different amounts of catalyst, oxidant and different reaction times, we
weren’t able to obtain the desired trione.

The new Mn catalysed process seems to perform a chain reaction, in which the first oxidation
product 10 suffer from the oxidative addition of iodine in C-4 or decarboxylation, giving 11 and
12 respectively. The outcome depends largely on the media in which the peroxide is dissolved.
In , we represented the results obtained above in , when MnO; (2 eq) is used.
In this way, it is easy to realize that while compound 10 disappeared, compound 11 is formed
when used TBHP in decane. Increasing the equivalents of peroxide lead 10 and 11 to decompose
towards 12 in both decane and water.
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Finally, 2-benzylisoquinolinium bromide (9b) was also employed as substrate in order to test the
reactivity of a different starting material and also to test if the bromide counter ion could avoid
halogenations in the C4-position of the isoquinolinium ring ( ).

Preliminary results showed that such substrate was less reactive compared to the iodide salt,
probably because of the hindrance of the benzylic group.

TBHP
x (decane or water solution) @:l | \/@ C
COL0 2 CLLOC
+ Mn02
9b 110°C for 24 h 13 14
Entry Oxidant (eq) Solvent (eq) Catalyst (eq) Yield (%)
14 H,0 (10) MnO: (2) 13 (4%) 14 (8%)
15 H,0 (10) MnO>(2) 13 (6%) 14 (10%)
16 H,0 (10) MnO-(0.5) 13 (4%) 14 (6%)
17 H,0 (10) - - 14 (15%)

. Oxidation of the bromide benzyl isoquinolinium salt (9b), under the same reaction
conditions.



Chapter 2: Results and discussion Part B

The equilibrium of the reaction is, in all cases, displaced towards intermediate 14 that has been
recognized as the 2-benzylphthalimide. Compound 13 was only obtained in low quantity and the
role of the catalyst did not seem to be critical in its conversion improvement. However, when
we run the reaction without MnO,, the intermediate 13 disappeared and we got as the only
product the 2-benzylphthalimide (14) ( , entry 17).

Aryl N-substituted isoquinolinium salt gives room to low reactivity, and decomposition towards
phthalimide under strong oxidative conditions. The iodide anion is a better nucleophile than
bromide, which in part justified its reactivity with the isoquinoline ring in comparison to the
latter.
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2.3.  K-OMS-2 reaction conditions optimization towards the synthesis of 11.

Even though it was not possible to propose a manganese-catalyzed protocol for the synthesis of
isoquinoline trione 5, the formation of 4-iodo isoquinolone 11 in the reaction mixture prompted
us to investigate the possibility to synthesize such building block, that could be easily

functionalized in the C-4 position yielding diverse bioactive molecules and drug candidates.?>*
255

by h TBHP decane
solvent, additives
T (°C), t (h) 10 11 15
Entry Oxidant (eq) Solvent(lmL)/addt.  Catalyst (eq) T(°C), t (h) Yield (%)
1 CHsCN K-OMS-2(0.5) 70°C,24h  11(25%) | 10 (37%)
2° CHsCN/acid K-OMS-2(0.5) 70°C,24h  11(22%) | 10(31%)
3 CHsCN K-OMS-2(0.5) 70°C,6h  11(27%) | 10 (48%)
4 - K-OMS-2 (0.5) 70°C,6h 11 (30%) 10 (9%)
5 - K-OMS-2 (0.5) 70°C,3 h 11 (37%) 10 (20%)
6 - - 70°C,3 h 11 (32%) 10 (23%)
7 I, (0.5) K-OMS-2(0.5) 70°C,3h  11(25%) | 10(17%)
8 KI (1) K-OMS-2(0.5) 70°C,3h  11(13%) | 10(31%)
9 NalO,4 (0.5) K-OMS-2 (0.5) 70°C,3h 11 (25%) 10 (20%)
10 - K-OMS-2(0.5) 70°C,3h No reaction
11 - K-OMS-2 (0.5) 50°C,8h 11 (33%) 10 (23%)
12 MeOH (0.1 mL) K-OMS-2(0.5) 50°C,4h  11(31%) | 10(8%)
13 - K-OMS-2 (0.5) rt,1h 15 (39%)
14 - K-OMS-2(0.5) 120°C,3h  11(16%) | 10 (23%)
15° - K-OMS-2 (0.5) 70°C,3 h 11 (40%) 10 (23%)

. Optimization of the reaction conditions with the K-OMS catalyst.
2As acid we used HCI 2N (pH from 3 to 4). "There was a 28% of a mixture of 12 and iododecane.
Reaction conditions: To a sealed reaction vessel was added 9a (1 eq), K-OMS-2 (62% loading,
0.5 eq), solvent (1 mL unless otherwise noted), TBHP in decane (5.5 M) or another sacrificial
oxidant and iodide source. The reaction was heated for the described time and temperature
and purified under column chromatography.

Based on the previous experience, we observed that avoiding the use of water as a solvent, the
presence of compound 12 in the reaction mixture was irrelevant. Aprotic solvents as acetonitrile
have been previously used in OMS catalysed reactions, showing more suitability for oxidation
processes than polar solvents that could compete for binding in the active site of the catalyst.®°
Also, the temperature was reduced to avoid the decarboxylation process that leads to
phthalimide formation. Application of these reaction conditions (Table 16, entries 1 and 3) gave
better results than those previously obtained.

Acid conditions were reported to enhance oxidation *¥° but, in our system, seems to slightly
diminish the conversion ( , entry 2).

Since the best solvent in green chemistry is no-solvent we used the oxidant TBHP in decane as
the reaction media itself without adding any other external solvent. The best result (11, 37%)
was obtained at 70 °C for 3 h, however, it was noticed that the catalyst plays a marginal role in
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the formation of 11 since the uncatalyzed reaction yield an only slightly lower amount of 11
(32%) (Table 16, entries 5 and 6 respectively).

In order to increase the amount of 11, we tested the use of different iodide sources as I, Kl and
NalQO4, which could enhance the iodide oxidative C-4 addition. However, the use of none of them
showed better results ( , entry from 7 to 9).

The use of hydrogen peroxide (30% w/w in water) as oxidant instead of TBHP gave no reaction
19 while decreasing the reaction temperature at 50 °C, only made the reaction slower (Table 16,
entries 10 and 11 respectively).

Hypervalent iodide PIDA (phenyliodine (lll) diacetate) was used with those mild conditions in
accordance with the literature 27, but without success ( , entry 12).

In an approach towards greener conditions, we tested the reaction at room temperature (

, entry 13), however, the formation of a new product, namely the tertbutyl ether 15, took
place. It was isolated in moderate yield and unequivocally identified by H- and 3C-NMR (see
experimental part B. 10.). This experiment sheds light on the possible mechanism of reaction by
the radical attack of TBHP on the C-1 position and its latter oxidation to form 10.

Finally, stronger temperatures and oxidation conditions were tested ( , entries 14 and
15). Higher temperatures (120 °C) gave lower conversion and more equivalents of TBHP (3.6 eq)
slightly increased the amount of 11.

Authors from the reported literature, have proposed that this type of reaction occurred via
radical attack of peroxides and then the further nucleophilic addition of the iodine contra

ion.”2>3 |n fact, Yang’s group pointed out the by-product formation of 10 and 11 when
isoquinolinium was the starting material under strong oxidative conditions.?*%2°°

To support this hypothesis, the reaction conditions reported in , entry 5, were carried
out with the radical scavenger TEMPO (2 eq). Compounds 10 and 11 were obtained in 27% and
20% vyield, respectively, which highlights the nucleophilic nature of the process.

In conclusion, we studied the oxidative performance of the Mn-based catalyst K-OMS-2 in the
conversion of 2-methyl isoquinolinium iodide (9a) to 4-iodo-2-methyl-isoquinolinone (11).
Unfortunately, the desired product was obtained in moderate yield and always along with the
by-product 10, so additional purification steps were necessary. Further research needs to be
done to improve yield and selectivity of this reaction.
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Experimental part B: Greenest synthetic pathway towards pharmaceuticals
scaffolds of interest.

8. Synthesis of the starting materials.

The isoquinolinium salts 9a and 9b were synthesized from well-known procedures in the
literature.

Compound 9a was synthesized as follows %*°: Isoquinoline (500 mg, 3.87 mmol, 1 eq) and methyl
iodide (501.3 L, 8.05 mmol, 2.1 eq) were added to ethanol (7.5 mL, 33 eq), and the mixture was
heated at reflux for 2 hours. On cooling the reaction, yellow needles were formed. The
precipitated solid was filtered obtaining the desired product in 77 % yield.

2-methylisoquinolin-2-ium iodide (9a). The final product was obtained

@fl + without further purification as a yellow solid (808 mg, 3 mmol), yield: 77%,
=N{ melting point: 160 °C — 163 °C. *H-NMR (400 MHz, DMSO-de): 6 10.02 (s,

1H), 8.70 (d, J = 6.7 Hz, 1H), 8.57 (d, /= 6.8 Hz, 1H), 8.48 (d, J = 8.3 Hz, 1H),

8.35 (d, J = 8.4 Hz, 1H), 8.25 (t, J = 7.7 Hz, 1H), 8.07 (t, J = 7.7 Hz, 1H), 4.48 (s, 3H). The
characterized product is in accordance with the literature.?®!

Compound 9b was synthesized as follows ?°’: The isoquinoline (200 mg, 1.6 mmol, 1 eq),
acetonitrile (3 mL, 37 eq) and benzyl bromide (139 uL, 1.7 mmol, 1.1 eq) reaction mixture, was
heated at reflux for 3 hours. Then, the reaction was cooled to room temperature and the solvent
was removed under vacuum giving the final product in 48% vyield.

2-benzylisoquinolin-2-ium bromide (9b). The final product was obtained

X after purification in silica gel column chromatography (9.5 CHxCly/ 0.5
@j :/@ MeOH) as a light-orange solid (238 mg, 0.8 mmol), yield: 48%, melting
2N point: 106 °C — 108 °C. 'H-NMR (400 MHz, DMSO-ds): & 10.33 (s, 1H),

8.85 (d, J = 6.0 Hz, 1H), 8.61 (d, J = 5.9 Hz, 1H), 8.55 (d, J = 7.8 Hz, 1H),

8.41—8.19 (m, 2H), 8.14 — 8.01 (m, 1H), 7.67 — 7.52 (m, 2H), 7.49 — 7.34 (m, 3H), 6.00 (bs, 2H).
The characterized product is in accordance with the literature.?®®

9. General procedure of the optimization reaction.

All the reactions were carried out in a sealed reaction vessel successively charged with 9a or 9b
(0.22 mmol, 1 eq), the equivalents of MnO, or K-OMS-2 (62% loading) indicated in each case,
and the TBHP (5.5 M in decane or 70% in aq) and deionized water (40 uL, 2.21 mmol, 10 eq) The
reaction was warmed at 110°C - 120°C for 24 hours in a holey metal plaque. We follow the
reaction at 1, 4 and 24 hours by routine CG-MS and TLC. The resulting crude solution is filtered
with cotton and celite to separate the remaining catalyst and purified by silica gel column
chromatographic (2Hexane/ 1EtOAc), giving the three main products 10, 11 and 12 in different
yields.
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10. Optimized catalytic reaction with K-OMS-2 and final products characterization.

A sealed reaction vessel was successively charged with 9a (60 mg, 0.221 mmol, 1 eq), K-OMS-2
at 62% loading (9.8 mg, 0.5 eq) and TBHP 5.5 M in decane (74 uL, 0.664 mmol, 2 eq). The reaction
was heated in a holey metal plaque at 70°C for 3 h. The resulting crude solution is filtered with
cotton and celite to separate the remaining catalyst and purified by silica gel column
chromatographic (2Hexane/ 1EtOAc), giving the main products 10 and 11 in 20% and 37% yields,

respectively.

Next, the obtained intermediates products from 9a and 9b under the above reaction conditions
are characterized and identified in agreement with references found in the literature:

2-Methylisoquinolin-1(2H)-one (10). The final product was obtained from 9a
after purification in a silica gel column chromatographic (2Hexane/ 1EtOAc)
as a yellow oil. 'TH-NMR (400 MHz, DMSO-ds): 6 8.22 (d, J = 7.8 Hz, 1H), 7.73
—7.60 (m, 2H), 7.52 - 7.42 (m, 2H), 6.61 (d, J = 7.3 Hz, 1H), 3.51 (s, 3H). The
characterized product is in accordance with the literature.®

4-iodo-2-methylisoquinolin-1(2H)-one (11). The final product was obtained
from 9a after purification in a silica gel column chromatographic (2Hexane/
1EtOAc) as an orange solid, melting point: 115 °C — 120 °C. 'H-NMR (400
MHz, DMSO-de): 6 8.21 (d, / = 8.0 Hz, 1H), 8.01 (s, 1H), 7.85 —7.77 (m, 1H),
7.62(d,J=8.6 Hz, 1H), 7.57 (t, J= 7.6 Hz, 1H), 3.50 (s, 3H). The characterized
product is in accordance with the literature.?’

N-Methylphthalimide (12). The final product was obtained from 9a after
purification in a silica gel column chromatographic (2Hexane/ 1EtOAc) as a
white solid, melting point: 115°C — 125°C. *H-NMR (400 MHz, CDCls): § 7.84
(dd, J = 5.5, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 3.18 (s, 3H). The
characterized product is in accordance with the literature.?®®

2-benzylisoquinolin-1(2H)-one (13). The final product was obtained from 9b
after purification in a silica gel column chromatographic (2Hexane/ 1EtOAc)
as a yellow oil. 'H-NMR (400 MHz, CDCl3): 6 8.40 (d, J = 7.5 Hz, 1H), 7.57 (td,
J=7.5,1.2Hz, 1H), 7.44 (d, J = 7.4 Hz, 2H), 7.28 — 7.23 (m, 5H), 7.03 (d, J =
7.4 Hz, 1H), 6.43 (d, J = 7.4 Hz, 1H), 5.17 (s, 2H). The characterized product
is in accordance with the literature.”®

N-Benzylphthalimide (14). The final product was obtained from 9b after
purification in a silica gel column chromatographic (2Hexane/ 1EtOAc) as a
white solid, melting point: 115 °C—117 °C. *H-NMR (400 MHz, CDCls): § 7.95
—7.80 (m, 2H), 7.78 — 7.67 (m, 2H), 7.43 (d, J = 7.0 Hz, 2H), 7.36 — 7.24 (m,
3H), 4.85 (s, 2H). The characterized product is in accordance with the
literature.”®®

1-(tert-butoxy)-2-methyl-1,2-dihydroisoquinoline (15). The final product was
obtained from 9a at rt, after purification in a silica gel column
chromatographic (2Hexane/ 1EtOAc) as a red oil. *H- NMR (400 MHz, CDCls):
58.07 (d, ) = 7.6 Hz, 1H), 7.49—7.31 (m, 4H), 5.78 (d, J = 1.9 Hz, 1H), 5.45 (d,
J=1.9 Hz, 1H), 3.33 (s, 3H), 1.12 (s, 9H). 3C-NMR (101 MHz, CDCls): § 138.35
(1€, -C-), 132.64 (1C, -CH-), 128.97 (1C, -CH-), 128.83 (1C, -CH-), 127.74 (1C,
-CH-), 126.79 (1C, -C-), 96.23 (1C, -CH-), 81.76 (1C, -C-), 35.96 (1C, -CH-),
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26.33 (3C, -CH3), 25.92 (1C, -CH-), 19.72 (1C, -CHs). The characterized product is in accordance
with the literature.?®’
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Conclusions

In the research towards more environmentally friendly processes, we have contributed with the
development of an on flow and heterogeneous catalytic green system.

The K-OMS-2 is an excellent heterogeneous and robust catalyst able to mimic enzymatic
reactions of peroxidases and oxidases, surpassing the latter limitations of substrate selectivity
and pH and temperature degradation.

The reusability of K-OMS-2 in flow and its compatibility with greener solvents as CPME has
allowed the obtention of phenoxazinones and phenazines in high yields and regioselectivity via
an oxidative C—H cyclization pathway.

Scalability, speed, and low metal leaching bring this system closer to an industrial application.

The analysis of the green metrics E-factor, AE, and the catalytic TON and TOF further support
the convenience of the developed methodology.

However, the usage of K-OMS-2 in the oxidation of isoquinolines salts was unable to form the
isoquinoline-1,3,4, (2H)-trione. Instead, we identified interesting building blocks widely used in
the pharmaceutical industry as the 4-iodo-2-methylisoquinolin-1(2H)-one.

Mild synthetic conditions were found, but the catalyst was not selective enough to the desired
product. Although K-OMS-2 has desirable properties, its reaction outcome leads to a mixture of
two products and the need for purification steps are undesirable.

In view of the results, further experiments could be done with doped or ion exchange (H*) OMS-
2, which could lead to an enhancement in its oxidative performance while maintaining the
heterogenicity.
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Conclusiones

En el Capitulo 1, siguiendo la filosofia basada en el green-by-design, hemos sintetizado dos
librerias nuevas de inhibidores de la Colino Quinasa siguiendo los Principios de la Quimica Verde.
La libreria PL estd compuesta por 13 moléculas que contienen un enlazador ditioetano, mientras
que la libreria FP compuesta por 9 inhibidores, contine un enlazador disulfuro.

La sostenibilidad de las sintesis se ha evaluado usando métricas verdes como E-factor y EcoScale.

Desde el punto de vista de la capacidad inhibitoria, la libreria disulfuro (FP) parece tener una
mayor actividad que la ditioetano (PL). Sin embargo, los compuestos FP son mas susceptibles de
ser metabolizados en las células.

Ambas librerias mejoran su actividad cuando los enlazadores ditioetano y disulfuro estan unidos
a las cabezas catidnicas [2,3-d] tienopirimidina y [3,2-b] tienopiridina, sustituidas en posicién 4
por cicloalquilaminas voluminosas (azepano > piperidina > pirrolidina). Los compuestos PL55 y
FP 3 destacaron convirtiéndose en los compuestos lider de cada libreria.

Los ensayos de docking relacionan la actividad inhibitoria de la libreria PL con su interaccién con
el Mg?* en el sitio catalitico, mientras que en la libreria FP, el enlace disulfuro mdas pequefio y
rigido presenta mejores valores de S-score debido a la mejor interaccidn en bolsillo de la colina
y a la menor exposicion de las cabezas catidnicas fuera del sitio catalitico.

Sorprendentemente, el compuesto FP 16 presentd un modo de unién inédito, en el que los
atomos de S del enlazador se coordinaban al Mg?*.

Los ensayos de antiproliferacion en células tumorales MCF-7 y HepG2, determinaron que el
enlazador ditioetano era mejor que el disulfuro.

Las moléculas con la cabeza catidnica [2,3-d] tienopirimidina, mostraron valores de accion
antiproliferativa en consonancia con los valores de inhibicion enzimatica, mientras que las
cabezas de [3,2-d] tienopirimidina y las quinolinicas parecen interaccionar con otras rutas
apoptéticas o tienen problemas de permeabilidad. Las cabezas [3,2-b] tienopiridina,
presentaron una buena inhibicién enzimatica pero una baja actividad antiproliferativa. Esto se
podria deber a una posible interaccidn con los transportadores de colina en la membrana.

Por ultimo, las cabezas piridinicas fueron demasiado polares, mostrando valores bajos de
inhibicidén enzimdtica y antiproliferativos, ademas de problemas de solubilidad en la libreria PL.

La libreria PL, que presentaba mejores valores en la inhibicidn del crecimiento de células
tumorales, mostro fluorescencia en algunos compuestos. De manera que se pudo determinar si
la acumulacidn de los inhibidores en la membrana de las células neoplasicas era la razéon de la
discordancia entre los valores de inhibicidon enzimatica y de antiproliferacion en algunos de estos
compuestos.

Los analisis con FLIM demostraron la existencia de un mecanismo de accién dual en la libreria
PL (interaccién en la membrana y en la Colino Quinasa citosélica). Por tanto, dichos compuestos
podrian ser mejores en el tratamiento de diferentes lineas tumorales ya que su funcién no
depende Unicamente de su permeabilidad a la membrana.

Para finalizar, y dado que la fluorescencia es una caracteristica de las moléculas con PAINS, se
realizd una evaluacién in silico de las posibles estructuras interferentes en las librerias. De hecho,
las cargas positivas y el enlace disulfuro fueron sefialados como caracteristicas indeseables. Sin
embargo, mientras que las cargas positivas de las cabezas catidnicas son necesarias para la
selectividad en el sitio de la colina, el puente disulfuro podria efectivamente romperse y
metabolizarse en las células.
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Ademas, las predicciones farmacodinamicas mostraron baja absorcidén de los compuestos lider
PL55y FP 3 en el tracto gastrointestinal. Por esa razdn, se necesitan mas estudios para mejorar
las propiedades ADME de dichos compuestos y para el diseifio de nuevos inhibidores que puedan
desplazar al Mg? o unirse a él para inhibir la reaccién de catélisis enziméatica de forma mas
efectiva.

En el Capitulo 2, se ha llevado a cabo la transformacién de procesos quimicos hacia modelos
mas sostenibles con el desarrollo de un sistema en flujo que emplea un catalizador heterogéneo
y benigno.

El K-OMS-2 es un excelente catalizador heterogéneo y robusto capaz de imitar las reacciones de
oxidacion enzimaticas realizadas por peroxidasas y oxidasas, superando limitaciones de las
anteriores como: la selectividad del sustrato, la sensibilidad al pH y la degradacién a altas
temperaturas.

La reutilizacidon del K-OMS-2 en quimica de flujo y su compatibilidad con disolventes verdes
como el CPME, ha permitido la obtencién de fenoxacinonas y fenacinas con altos rendimientos
y regioselectividad, mediante C-H oxidacion y ciclacién.

La escalabilidad, rapidez y baja lixiviacion del Mn hacen que este sistema tenga un gran interés
para la industria.

El analisis de las métricas verdes respecto a la sintesis, como el E-factor, AE, y al catalizador,
como el TON y TOF, sostienen las ventajas medioambientales de la metodologia en flujo
desarrollada.

Sin embargo, el uso del K-OMS-2 para la oxidacidn de sales de isoquinolina no dio lugar a la
formacién de la deseada isoquinolina-1,3,4, (2H)-triona. En su lugar, se identificd la formacién
de estructuras quimicas de gran interés para la industria farmacéutica como el 4-yodo-2-metil
isoquinolinona.

Se encontraron condiciones de sintesis sostenibles con el medio ambiente, pero la reacciéon
catalitica no formaba selectivamente el producto deseado. Aunque el catalizador K-OMS-2 tiene
unas propiedades muy deseables, el resultado de la reaccion daba lugar a una mezcla de dos
productos y por tanto a la necesidad de procesos de purificacion, lo cual es indeseable.

En vista de los resultados, futuros estudios podrian desarrollarse con el uso de catalizadores
OMS-2 dopados o modificados mediante intercambio idnico con H*, lo cual podria mejorar su
capacidad oxidativa, manteniendo al mismo tiempo su heterogeneidad.
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Appendix:

1. The search of the catalytic pocket.

We started comparing the catalytic site of diverse crystallographic structures of the Human
ChoKal in complex with different inhibitors, using the align tool of Pymol. As reported in Figure
57, the catalytic pocket maintains the same conformation except for PDB: 2CKQ, in deep salmon
color, that shows a closed loop 1 in the catalytic pocket.

Figure 57. Aligned crystallographic structures and their comparison to PDB: 3G15 (light
blue color).

PDB: 4BR3 (green color, rmsd = 0.58 A), PDB: 4CGA (orange color, rmsd = 0.82 A), PDB:
5EQY (yellow color, rmsd =0.44 A) and PDB: 2CKQ (deep salmon color, rmsd =2.05 A).

We decided to use the PDB: 3G15 crystallographic structure as a template for docking because
when aligned to the other crystal complexes the RMSD values are < 2 A so that all maintain the
semi-open conformation.

Choline Kinase is crystallized as a dimeric enzyme and each monomer has a catalytic site where
the docking of the new ligands could be done. However, when both monomer chains were
superimposed, we realized that chain A is more complete, and it was chosen to test the binding
of the new libraries (Scheme 20).

Structure ID Description Sequence Length  Modeled residues Coverage
3G15A Choline kinase alpha 401 354 86%
3G158B Choline kinase alpha 401 306 100%

ChoK alpha 1 reported crystallographic residues of chains A and B of the dimer.



RMSD TM-score Score Si% S5% Length

0.47 0.86 396.95 100 100 305
32 RRRAYLWCKEFLPGAWRGLREDEFHISVIRGGLSNMLFQCSLPDTTATLG 81
32 RRRAVENCKERER - AN- - -~ - ----~---------- BEEOS---------- 71
82 DEPRKVLLRLYGAAEAMVLESVMFAILAERSLGPKLYGIFPQGRLEQFIP 154
87  --m-- MEERE- - - - -~ MVLESVMFAILAERSLGPKLYGIFPQGRLEQFIP 154
155 SRRLDTEELSLPDISAEIAEKMATFHGMKMPFNKEPKWLFGTMEKYLKEV 204
155 SRRLDTEELSLPDISAEIAEKMATFHGMKMPFNKEPKWLFGTMEKYLKEV 204
205 LRIKFTEESRIKKLHKLLSYNLPLELENLRSLLESTPSPVVFCHNDCQEG 254
205 LRIKFTEESRIKKLHKLLSYNLPLELENLRSLLESTPSPVVFCHNDCQEG 254
255 NILLLEGRENSEKQKLMLIDFEYSSYNYRGFDIGNHFCEWMYDYSYEKYP 304
255 NILLLEGRENSEKQKLMLIDFEYSSYNYRGFDIGNHFCEWMYDYSYEKYP 304
305 FFRANIRKYPTKKQQLHFISSYLPAFQNDFENLSTEEKSIIKEEMLLEVN 354
305 FFRANIRKYPTKKQQLHFISSYLPAFQNDFENLSTEEKSIIKEEMLLEVN 354
355 RFALASHFLWGLWSIVQAKISSIEFGYMDYAQARFDAYFHQKRKLG 400
355 RFALASHFLWGLWSIVQAKISSIEFGYMDYAQARFDAYFHQKRKLG 400

Scheme 20. Superimposed amino acid sequence of the Choline Kinase al (PDB: 3G15)

monomers A and B.

Pairs of residues that are structurally equivalent, are colored in orange (chain A) and blue

(chain B).

Data collected from the RCSB PDB “Analysed” option, Pairwise Structure Alignment.

Some reported information is related to: RMSD (root mean square deviation); TM-score (template
modelling score), a value > 0.5 indicates the same folding; SI% (sequence identity percentage); SS%
(sequence similarity percentage); Length is the number of equivalent residues in the alignment.

Figure 58. (Left part) Pocket designed by using the Flapsite
algorithm and the poses of the docked HC-3. (Right part)
Pocket designed with Phe 361 merged with the latter and the
poses obtained while docking the crystallographic ligand. The
crystallographic ligand has yellow carbon atoms.

Next, the catalytic pocket
was searched with the
Flapsite algorithm. To test
its validation, we performed
the  docking of the
crystallographic ligand HC-3
with the default parameters.

Unfortunately, the pocket
didn’t involve the whole
ligand and, the second
positively charged ring was
left out. As so, none of the
five poses generated was
arranged in the correct
position (as in the crystal)
(Figure 58, left part).

Given that, we selected one
amino acid residue to be
merged with the default

pocket and involved the uncovered fragment of the ligand. It was chosen Glu 434, Phe 361 and
a combination of both to create a new pocket with whom merge the pocket designed by default.
Results pointed out that the Phe 361 residue constituted the best pocket using an extension of

6 and a thickness of 7.
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This time, when docking HC-3 with the default parameters, at least one of the five poses
generated overlaps the crystallographic pose (Figure 58, right part). For that reason, it was
defined as the catalytic pocket and will be used to study the binding of the synthesized library
of compounds.

2. The inhibitors’ probability to adopt the pose.

The following Tables 17 and 18 show the most probable poses for each ligand.

Compound Pose Probability (%)

40 100
a) 60
46 b) 40
a) 50
48 b) 50
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54

55

65

100

68
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69 100
71 100
73 100

Table 17. Main poses obtained for the dithioethane library.
Mg atoms are represented as yellow spheres and delimited loops are coloured in red.
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Compound Pose Probability (%)

FP 2

100
FP3 a) 80
b) 20
FP 4 100
FP 5 100
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FP7 100
a)75
FP 14 b) 25
FP 15 a) 60
b) 40
FP 16 100
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FP 17 100

Table 18. Main poses obtained for the disulphide library.
Mg atoms are represented as yellow spheres and delimited loops are coloured in red.

3. Similarity and energetic values obtained by FLAP.

Herein, we report the most important parameter’s values obtained when docking with
FLAPdock. For simplicity, it was only reported the first three results that correspond with the
highest S-scores and the mainly poses adopted in the defined pocket. When there is only one
result is due to a sole solution was obtained (Tables 19 and 20). Next, it is reported the definition
of each parameter to a better understanding of the obtained values.

S-score: The similarity score is a global score that includes terms from the GRID MIF similarities
(hydrogen-bonding interactions, hydrophobic interactions, and shape), the LJ non-polar
attractive and repulsive interactions, and the electrostatic (Q) interactions.

H, O, N1, DRY (probes score): represent the degree of overlap between the catalytic site MIFs
and the compound molecular pseudo-fields, for each probe individually. It is calculated for a
given superposition by directly comparing the volumes of the oriented MIFs. All similarities
range from 0.0 (bad) to 1.0 (good).

Global Sum: is produced by summing all the scores of the individual probes together.
Global Product: is produced by multiplying all the scores of the individual probes together.

POSI: Each heavy atom in the ligand is mapped to its corresponding GRID probe and then, the
probe energy is calculated at that position. The energies are summed across all heavy atoms to
give a binding score.

POSI norm: POSI normalized values to be able of comparing them among compounds.

Etot: is the total energy of interaction at each GRID point, calculated as a sum of the LJ
interactions, electrostatic effects, and hydrogen bond potential.
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Compound S-score H O N1 DRY GlobP GlobSum POS|I POSI|norm Etot
1.001 1 04250451 0.577 0.329 1.221 4793 0.116 0.113
40 0.902 0976 0 1 0406 0 1.118  40.389 ' 0.078 0.171
0.878 0.973: 0 1 0.369; 0 ! 1.125 :@40.157: 0.078 0.153
0.857 0.976: 0 0.377. 0 1.12 38.804 0.075 0.131
46 0.863 0.784 0 1 0512 0 1.282 1 64.029 0.113 0.168
0.837 0.887: 0 1 0507 0 1.267 ' 46.281' 0.081 0.083
0.817 0.806: 0 1 0.391: 0 1.173 ' 44,945 0.079 0.142
48 0.698 0.779. 0 1 0.361. 0 1.226 < 50.85 & 0.069 0.045
0.693 0.765. 0O 1 10358 0 . 1.106 :46.325. 0.063 0.055
0.585 0.835: 0 1 0.37 0 1.222 + 45944, 0.062 -0.096
54 1.052 0.807 0567 1 | 0.313,0413 1.043  50.645, 0.071 0.178
1.045 0.839.0.449: 1 0.32 10417 1.057 | 47.124. 0.066 0.189
1.026 10.951.0.327: 1 0.525: 0.402 1.293 .65.898. 0.093 0.089
55 1.163 0.933 0.495 1 046 0474 1.29 70.144 . 0.095 0.198
1.062 '0.864 :'0.404: 1 0.342: 0.415 1.102 @'60.178' 0.081 0.191
0.957 '0.768:0.364' 1 0.379: 0.419 1.143 ! 60.255; 0.082 0.127
65 0.885 0.932. 0 1 0.59 0 1.366 « 78.405 0.115 0.086
0.813 0.885. 0 1 0541 0 1.351  73.501: 0.108 0.051
0.748 0.732: 0 1 0533 0 1.312 + 58.096' 0.085 0.063
68 0.987 0.821 0496 1 . 0.398 0.336 0.997  46.896 0.069 0.09
0.957 10.838.0.507: 1 0.374:0.361, 0.966 . 46.943. 0.069 0.074
0.944 .0.866 .0.478. 1 0.368: 0.375 1.017 .45478. 0.067 0.063
69 1.007 0977 0 1 0.484 0.335 1.448 ' 77.427' 0.105 0.201
71 1.007 0.916 0.416 1 0.096: 047 = 1.252 | 62.988  0.083 0.135
73 0.958 0.889 0.441. 1 0.272 0.385 1.055  65.664 0.08 0.106
67 UNABLE TO BE DOCKED
70 UNABLE TO BE DOCKED
72 UNABLE TO BE DOCKED

Table 19. S-score, MIFs, and energetic values for the dithioethane compounds library.
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Compound S-score H O N1 DRY GlobP GlobSum POSI POSInorm Etot
1.001 1 10.4250.451 0.577 0.329 ' 1.221 4793 0116 | 0.113
FP 2 0.756 0.841.0.032. 1 .0.368 0.327 1.033 . 43.19. 0.08 0.096
0.754 :0.845 0.032' 1 0.365' 0.33 + 1.038 43.335: 0.08 0.093
FP3 1.265 ,0.995 0441 1 05260493 1.346 | 69.576 0.098 0.243
1.186 .0.986.0.484 . 1 0.547.0.493. 1.334 | 71.895 0.101 0.149
0.986 :0.761.0.452. 1 | 0445 0.414. 1.118 . 56.329. 0.079 .0.114
FP 4 1184 0098 0391 1 0502 0.344 1.177 = 53.258 0.078 0.213
1.046 '08130.335; 1 0.341:0.304; 0.982 ' 42.03 : 0.062 0.261
0.974 ;0.932 0.541; 1 ; 0.444.0.443. 1.208 | 55.266. 0.081 0.097
FP5 0.997 0.81. 1 1 044 071 1315 45931 0.065 -0.098
0.884 :0.805 0.0322 1 :0489' O 1.32 58.171: 0.082 0.165
0.872 '0.855 0.2 1 0475 0 1.266 ' 51.004' 0.072 0.095
FP7 0.546 0.845 0.032. 1 :0.396 0.293 1.301 '56.56 @ 0.072 -0.149
0.532 10.921.0.612: 1 10.385:0.31 . 1.373 172,595 , 0.093 . -0.34
FP 14 1.015 '0.929 0.672° 1 0484 0406 1.275 :58.238 0.082 0.019
0.897 '0.903:0.032: 1 :0.528 ;0.391; 1.271 :69.081 :0.097 0.126
0.829 :0.776:0.032; 1 :0.486:0.396; 1.204 .67.258 ;0.095 0.133
FP 15 0.885 0.895:0.362 1 .0.391 0431 . 1.22 50.927 . 0.078 0.089
0.853 :0.778: 0.435 1 0.437 1 0.364: 1.125 :55.395 : 0.085 -0.004
0.76 0.78 :0.302: 1 0.407 1 0.413: 1.128 '42.668 ' 0.065 0.031
FP 16 1.013 | 1 0.5 1 105390498 1.322 139.904 ' 0.082 0.023
FP 17 1.138 0.903 0.376: 1 . 0.361:0.403 1.061 53.522 .0.082 0.272
1128 :0.81 :0.646: 1 :0453:0.407:1.065 :56.94 :0.087 0.18
1.106 0.774 0636 1 0.469 1046 :@1.118 :'64.668 ' 0.099 +0.167

Table 20. S-score, MIFs and energetic values for the disulphide library of compounds.
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