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SUMMARY

The early Drug Discovery strategy is commonly based on a hit-to-lead process which involves
large research on the synthesis of derivatives of an original molecule that had previously shown
biological activity against a specific biological target. Therefore, this process implies the synthesis of
many analogs leading to the description of a chemical sub-library which generally leads to a highly
focused study on the chemical space nearby the hit compound. However, when this drug is finally
patented, a wider chemical space derived from a Markush structure is described, theorizing that some
analogs within may present biological activity. Nevertheless, this claim involving the Markush
structure does not imply the proven synthesis of all the chemical library but just a small population
of it.

We hypothesize that there is a great part of the chemical space of these libraries that is
unexplored and can hide potential lead candidates which may even surpass the activity of the original
hit. Through this project, an alternative is proposed claiming that a rational selection of a short sample
of small molecules — founded on similarity-based clustering — can represent more significatively the
stated chemical space offering the possibility to explore the unknown space that could hide more

potential biological activity.

After a review on the latest approved drugs by the FDA in the period from 2008 to 2020 and
the ChEMBL database of bioactive molecules, an exploration of the resulting wide chemical space of
small molecules with drug-like properties has been assessed in order to define accessible spots that
might hide biological activity. The obtained results from seven real cases of study have proven that
random and rationally selected molecules represent more significantly the combinatorial libraries

stated in the patents rather than the reported molecules until date.

Furthermore, two practical studies implementing our suggested methodology have been
developed to better describe the chemical space of the antimalarial drug Tafenoquine and
Dacomitinib, a second-generation tyrosine kinase inhibitor for non-small-cell lung cancer treatment.
The assessment driven by a better chemical space exploration of these two families have led to the
rational synthesis of seven antimalarial analogs and eight kinase inhibitors which have shown

interesting inhibitory activities.

Our results evince that the application of cheminformatics for library selection may
improve the ability to better inspect chemical datasets in order to identify new potential hits and

represent large libraries for further reprofiling purposes.
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SUMARIO

La estrategia de las etapas iniciales del descubrimiento de farmacos esta normalmente
basada en un proceso denominado hit-to-lead que implica un extenso estudio entorno a la sintesis de
derivados de una molécula original que previamente haya expresado cierta actividad bioldgica frente
a una diana concreta. Por ende, este proceso conlleva la sintesis de muchos analogos que describirian
una sublibreria quimica, la cual generalmente evidencia que estos estudios estan muy focalizados
alrededor del espacio quimico del compuesto original. Aun y asi, cuando esta molécula es finalmente
patentada, se describe un espacio quimico mucho mas vasto por medio de estructuras Markush
teorizando que algunos de sus derivados puedan presentar también actividad bioldgica. Sin embargo,
la presencia de estas estructuras no implica la sintesis comprobada de toda la biblioteca molecular

sino solo una pequefia muestra de la misma.

Nuestra hipdtesis es que hay una gran parte del espacio quimico de estas bibliotecas que
esta sin explorar y puede ocultar posibles candidatos que pueden hasta superar la actividad del hit
original. A través de este proyecto, se propone una alternativa que sostiene que una seleccion
racional de pocas moléculas — fundada en el agrupamiento segun su similitud quimica — puede
representar de manera mas significativa el espacio quimico establecido, ofreciendo la posibilidad de

explorar regiones desconocidas que podrian ocultar mas potencial bioldgico.

Después de revisar los Ultimos farmacos aprobados por la FDA en el periodo de 2008 a 2020
y la base de datos de moléculas bioactivas de ChEMBL, se ha llevado a cabo una exploracién del amplio
espacio quimico resultante de moléculas pequefias con propiedades similares a las de los
medicamentos para definir nuevos espacios accesible que podrian ocultar actividad. Los resultados
obtenidos de siete casos de estudios reales han demostrado que tanto la seleccidon racional como la
aleatoria representan mas significativamente las bibliotecas combinatorias declaradas en las patentes

gue las moléculas descritas hasta la fecha.

Se han desarrollado dos estudios practicos que implementan esta metodologia sugerida para
describir mejor el espacio quimico del farmaco antipalidico Tafenoquina y Dacomitinib, un inhibidor
de la tirosina quinasa de segunda generacion para el tratamiento del cancer de pulmdn de células no
pequefias. La exploracién del espacio quimico de estas dos familias ha llevado a la sintesis racional de
siete analogos antipaltudicos y ocho inhibidores de quinasas que han mostrado interesantes

actividades inhibidoras.

Estos resultados demuestran que la aplicacion de la quimioinformatica para la seleccidn de
bibliotecas puede mejorar la capacidad de inspeccionar mejor los conjuntos de datos quimicos para

identificar nuevos potenciales hits y representar grandes bibliotecas para fines de reposicionamiento.
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SUMARI

L'estratégia de les etapes inicials del descobriment de farmacs esta normalment basada en
un procés anomenat hit-to-lead que implica un extens estudi entorn de la sintesi de derivats d'una
molecula original que préviament hagi mostrat certa activitat biologica davant d'una diana concreta.
Per tant, aquest procés comporta la sintesi de molts analegs que descriurien una subquimioteca, que
generalment evidencia que aquests estudis estan molt focalitzats al voltant de I'espai quimic del
compost original. Aixi i tot, quan aquesta moléecula és finalment patentada, es descriu un espai quimic
molt més vast per mitja d'estructures Markush donant per suposat que alguns dels seus derivats
puguin presentar també activitat biologica. Tot i aix0, la presencia d'aquestes estructures no implica

la sintesi comprovada de tota la biblioteca molecular siné només una petita mostra de la mateixa.

La nostra hipotesi és que hi ha una gran part de |’espai quimic d’aquestes biblioteques que
esta sense explorar i pot amagar possibles candidats que poden fins i tot superar I'activitat del hit
original. A través d'aquest projecte, es proposa una alternativa que sosté que una seleccio racional
de poques molecules — basat en I'agrupament segons semblanga molecular — pot representar de
manera més significativa l'espai quimic establert, oferint la possibilitat d'explorar regions

desconegudes que podrien amagar més potencial biologic.

Després de revisar els darrers farmacs aprovats per la FDA en el periode del 2008 al 2020 la
base de dades de molécules bioactives de ChEMBL, s'ha dut a terme una exploracié de I'ampli espai
quimic resultant de molecules petites amb propietats similars a les dels medicaments per definir nous
espais accessibles que podrien ocultar activitat. Els resultats obtinguts de set casos d'estudis reals han
demostrat que tant la seleccid racional com I'aleatoria representen més significativament les

biblioteques combinatories declarades a les patents, que les molécules descrites fins ara.

S'han realitzat dos estudis practics que implementen aquesta metodologia suggerida per
descriure millor I'espai quimic del farmac antipaltudic Tafenoquina i del Dacomitinib, un inhibidor de
tirosina cinases de segona generacid per al tractament del cancer de pulmé de cel-lules no petites.
L’exploracid de I'espai quimic d’aquestes dues families ha portat a la sintesi racional de set analegs

antipaludics i vuit inhibidors de cinases que han mostrat interessants activitats inhibidores.

Aquests resultats demostren que I'aplicacié de la quimioinformatica per a la seleccié de
biblioteques pot millorar la capacitat d'inspeccionar millor els conjunts de dades quimiques per
identificar nous compostos precandidats i representar grans biblioteques per a posteriors campanyes

de reposicionament.
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Chapter 1 : Introduction

1.1. The Markush dilemma

In 1923, Dr. Eugene A. Markush (1888-1968), an American manufacturer of dyes and
pharmaceuticals, filed a patent application with the United States Patent and Trademark Office
(USPTO) claiming a set of organic chemical compounds considering that each of them may not have
individually been supported by patent. After a set of rejections where he was objected for
terminology vagueness or the use of broad terms, he finally won, in 1925, the Commissioner of
Patent’s confidence by coining the language that has come to characterize the claim format named
for him?. His US Patent No. 1506316 entitled “Pyrazolone Dye & Process of Making the Same”? was
finally granted by a last modification which used the generic description through the expression:
“material selected from the group consisting of”. Since then, the claiming construction in metallurgy,
biology and chemistry has been driven by the overuse of this term along with new alternative

structures, changing the world of scientific intellectual property.

Hence, Markush formulae was originated in the USA with a decision of the Commissioner of
Patents: Ex parte Markush, 1925 C.D. 126, 340 0.G. 839 (Comm’r Pat. 1924). However, for the surprise
of the reader, no generic chemical structure was present in the above-mentioned patent. In the
origins of the “Markush claim”, only his language won the legal trial becoming the first inventor to

use this style of claiming successfully in a US patent.

Ever since, the ritual of creating claims in a more generic manner has become the norm, and
the so-called Markush structures now permit applicants to claim more than one chemical entity
within one claim. These structures can be described for molecules with substituents at several

positions, and frequently many thousands of potential compounds are defined in this way.

However, although the historical origins of these claiming structure advocated that Markush-
type claims must be precise and unambiguous, this trend has led to the usage of vast generic

aggrupation that defines libraries of thousands and even millions of chemical analogs.

More specifically, in the case of pharmaceutical product patents, broad molecular libraries

are claimed but, when looking deeper, in all cases only few compounds have been described.



"It's not a multiverse. It's a copyright violation.”

Figure 1.1 Humoristic metaphor to illustrate the vastness of a Markush patent claim.
[Web Source: https://airmail.news/cartoons]

At this point, two crucial questions may arise: is the patentability the main aim of scientific
research, claiming broad unexplored sets of molecules? In fact, where would ideally the scientific
community put their effort on: in protecting large unknown and undescribed molecules, or in building

rigorous knowledge?
1.1.1. The early stages of Drug Discovery process

To get introduced in the methodology that it is being carried out at present in scientific
investigation in the area of research and development (R&D) of new molecular entities (NME) with
drug-like properties, a focus in the Drug Discovery process is needed. This comprises how new
pharmaceutical compounds are discovered and, by a long-time process with several stages, are finally

brough to the market (Figure 1.2).

However, this is not a trivial procedure, as launching a drug into the market actually takes an
average of 15 years3, being the rate of success dramatically low — a third part only gets to the market
as estimated by a research from McKinsey* — as there are many drug candidates that are discarded in
the pre-clinical or clinical trials. In fact, after all these steps, a last assessment is performed by
regulatory agencies which gives the last consent to the drug by its approval, enabling them to be sold
and consumed in their countries or regions. Moreover, apart from the time-consuming process, a
corresponding high economical investment is needed to develop a new drug which has dramatically
increased in the last decades. In 2000 the average cost — including capital costs and expenditures on
drugs that fail to reach the market — consisted in US$ 802 million® and, at present, the expected cost
to develop a new drug has been estimated to range from less than US$1 billion to more than USS$2

billion®. In brief, when considering developing a new drug it has to be taken into account that the



profit from each successful drug must be large enough to cover not only the costs of the successful

drug but also the expenses of other drugs that were cut due to failure during the development.
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Figure 1.2. Schematic representation of the drug discovery process3.

The early Drug Discovery process consists in all the initial steps preceding the pre-clinical and
clinical testing. Three main steps are normally followed: the strategic research, the exploratory

research, and the candidate drug selection.
- Strategic research:

The first crucial point of the Drug Discovery process departs from choosing the desired area
of study. This means which pathology is aimed to be treated — mainly considering the economic
benefit and the previous knowledge and expertise by the pharmaceutical enterprise — in order to
proceed with the identification and validation of the target that may be the key for disease
modification. Due to cost-effective reasons, new drugs are normally developed for diseases and
conditions that affect a large number of people or those new categories with potential market which
no current treatments exist (such as such as Alzheimer’s disease, obesity, Parkinson’s disease, type 1

and 2 diabetes, and asthma) avoiding then, in most of the cases, rare or orphan diseases .

The target is the molecular system where the action of the drug molecule, also known as
ligand, takes place controlling a certain biological process related to the sick state of a patient.
Medicinal chemistry is the discipline that attempts to discover new drugs that can safely and
effectively affect a target. Therefore, knowing the target and its structure is extremely valuable to the
discovery team and can lead to a more successful drug search. The classical approach for target

discovery is to study the inner mechanisms and signal pathways involved in a disease. Normally,



proteins that play key roles in the processes are candidate targets. In general, those that are promising
for drug intervention are often described as druggable. Finding a proper target along a pathway
requires defining a point of intervention in it that affects the diseased state without significantly
impacting other biological processes. In general, in terms of side effects limitation, interacting with
target toward the end of a biological pathway (downstream) causes fewer side effects than
intervening further upstream. In fact, for diseases that are fairly well known, considerable information
likely exists in the literature which may be supplementary to the previous in-house research
performed by the research group area of interest which may provide wealth of proprietary

information to facilitate the discovery of new targets.

Traditional drug discovery methods hold firmly to the concept of “one target, one drug”
defending that the hit of other targets may present off-target undesirable side effects. However, the
introduction of genomics has challenged this philosophy by revealing the complexity and
interdependence of many biological pathways favoring the introduction of the multitargeted
approach. This argues that by hitting several related targets weakly, a shorter quantity of drug can

affect multiple pathways and give rise to a significant aggregated large biological effect.
- Exploratory research:

After choosing the receptor of interest, a screening process takes place. This step can take
place in silico through computer-aided drug discovery techniques (CADD). In this step, a
computational structure-based drug design (SBDD) or ligand-based drug design (LBDD) can be
performed depending on the information available around the receptor structure crystallized with an
original active ligand or the result of previous biologically tested molecules with potential active
candidates or hit molecules (chemical entities with promising affinity for the target). Specialized
software use force fields to estimate energies and forces associated with the ligand-receptor complex
to identify molecules from large libraries that are likely to bind the target. This identification is carried
out simulating ligand-receptor interactions (docking) of every compound in database with all the
possible target conformations. The compounds are afterwards ranked from the ones with more

affinity to less or even none depending on the given score” (Figure 1.3) .
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Figure 1.3 Representative workflow for computer-aided drug design from Macalino et al.®

In the pharmaceutical industry, the High-Throughput Screening (HTS) or Ultra-High-
Throughput Screening (UHTS) techniques are also common to take place in parallel during this phase,
being able to perform a screening from 500,000 up to 1 million compounds in a single assay®. This is
an automated process which performs through a robotic equipment a large number of molecules
quick biochemical testing screen that provides receptor binding or enzyme inhibition information
aiming to find new candidates or a scaffold of interest to be optimized. The set of molecules normally
tested correspond to a random screening of the molecular library in the pharmaceutical company’s
repository or a combinatorial library of interest which chemical similarity fits with the reported
literature around the target of study. However, as this first attempt is being tested in isolated
receptors, the succeed of this first approach cannot be taken for granted. A posterior cellular assay is
needed to determine how these compounds behave in a more complex cellular environment. This
approach has been modified by rational procedures involving a testing of a much smaller number of
compounds believed to have potential activity on the basis of the knowledge of the receptor site or
the mode of action by previous computer modeling studies involving structure activity relationships
among others!®. However, there are still occasions, for instance when the receptor or the mechanism

of action is unknown where a largescale empirical testing is appropriate upon initiation for new in



vitro biological screening. In these cases, the chemical library of the big pharma industries is tested in
order to proceed with further studies with the active scaffolds or direct drug repositioning (or
repurposing). In other words, the HTS screening process serves as a filter on the route to locating a
potential drug as the limited number of positive hits are used to direct the additional assays. This
procedure implies a large cost of time and sources. As an approximation, if the total screening cost
was as low as US 0.4$ per compound , including the cost of the chemical synthesis, HTS disposables,
capital costs and human resources, screening just one target with one million compounds would cost
400,0008.

Once one or more molecules are identified as possible hits which show a degree of activity
beyond a predetermined threshold, a process of drugs design is carried out and more dissimilar

candidates may be synthesized to explore new scaffolds.

Finally, a hit to lead process takes place after assessing more factors such as the molecule’s
ability to cross membranes, cytotoxicity, and metabolism profile. Hence, a lead compound
corresponds to the selection of a molecule that, after more accurate investigations, shows a specific

and selective binding to the target and is able to modify its normal mechanism of action.
- Candidate Drug selection:

The stages of the discovery phase end with the final lead optimization. This step consists in
the rational study involving the structural modifications of the selected lead in order to increase its
activity and improve in vivo properties. This step along with the previous lead discovery phase, is a
matter of study for medicinal chemists''. Hence a subset of similar molecules to the original lead is
listed, synthesized, and tested. These lead analogs are selected mainly taking in account their
synthetical feasibility and the previous in silico studies performed. Structure-activity relationship
(SAR) studies are normally performed to understand the best method to increase the lead’s activity.
Medicinal chemists consider in this phase the determination of the pharmacophore of the lead
compound or, in other words, the minimal portion of the molecule structure required for significant
biological activity’. Then, new structural motifs are added and assessed in order to improve the overall

activity of the lead and also monitor its pharmacokinetic properties.

In parallel, virtual approaches also take part through an iterative strategy among all this
exploratory research process; as more information is collected regarding the biological results
obtained from new sets of hit molecules, better trained models can be build-up contributing to a
more reality-like interaction study, find compounds with promising biological effect, great ADME
(absorption, distribution, metabolism, and excretion) properties, low toxicity (Tox) values, lack of

undesired secondary effects and hence improve the strategy in the search of new leads.



Pharmacokinetics studies the body interaction with the administered drug during its
exposure which is mainly tracked by the quantitative determination of ADME parameters!?. Both
control of ADME and Tox properties takes a key role in this optimization process as these are crucial
for the final clinic success of a drug candidate. Indeed, a large number of compounds usually fail the
initial development process due to tolerance, lack of bioavailability, toxicity and lack of efficacy of the
drug in humans?®? (Figure 1.5). Nearly 50% of the drugs are estimated to fail due to poor bioavailability
and efficacy as a result of an unsuccessful intestinal absorption. Even more, the 40% of the estimated

drug candidates normally fail due to toxicity and safety issues®.
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Figure 1.4 Cost and compound success rate during the different steps of drug discovery, development, and marketing authorization. Source:
Haschek et al.*3

Finally, once the lead has been effectively optimized and shows desirable properties, it
becomes a promising drug candidate to develop and patent (which will be later discussed in section
1.1.3). After the lead found, it starts the final development process involving the animal (pre-clinical)
and clinical trials which will track the compound pharmacodynamics, studying the mechanism and
duration of action of the drug in the body, and monitoring any undesired side effects or drug-drug
interactions. After this process, the drug will hopefully be approved by the regulatory and will be
launch to the market. Still, it will be monitored during the years of its distribution and safety thanks

to pharmacovigilance.
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Figure 1.5 Graphical representation of all the succeeded steps until the final drug launch into the market. Source: Enzo Sciences'®

1.1.2. The Free-Wilson R&D strategy

The concurrent design and synthesis of new compounds is a time-consuming and complex
task in which the medicinal chemist seeks to balance off-target interactions, biological potency,
toxicity, and pharmacokinetic properties. A critical step in the progression of the project is to choose

the right compounds to synthesize from a large number of virtual compounds.

The fine-tuning of the lead compounds in the hit-to-lead step previously described departs
from stablishing the positions of functionalization in order to improve the molecular properties and
activity . This phase is crucial to optimize the original hit in terms of activity increasement, reduce its
side-effects and provide easy an efficient administration to the patient. In other words, remarkable
pharmaceutical activities are aimed through the lead search. Structural information on the receptor
binding site can be hugely helpful in guiding the medicinal chemistry team regarding which
substituents might be most beneficial. In fact, the consideration of the binding roles of some generic
groups may be useful to consider if they are involved or not in the ligand-receptor interaction. Some
strategies can be considered such as variation of substituents, extension of the structure, chain or
ring extension, variation or contraction, isosteres, simplification or rigidification of the structure?®.
The most common SAR approach consists in assessing the functional group replacement for boosting
the drug activity. These analogs of interest are limited to the ease of molecule preparation (synthetical
feasibility) and the reagents availability. The SAR models are actually attracting increasing levels of
interest in the pharmaceutical industry as a productive and cost-effective technology in the search

for novel lead compounds.

Some authors such as Hansch'’!® Free-Wilson'®, Bocek-Kopecky?®?! or Fujita?? are
considered the pioneers of SAR and quantitative SAR (QSAR) models by their mathematical

contributions in the earlies 1960’s. These QSAR approaches approximate the role between molecular

8



properties and the resultant biological points of interest in terms of using multivariate statistics.
Between the different methods, Hansch, Free-Wilson, and modified Free-Wilson approaches stand

out being widely practiced for modelling the biological response?3-2°,

Specifically, the Free- Wilson (FW) analysis was one of the first mathematical techniques
developed for series of chemical analogs. The basic idea in the FW de novo approach, also known as
additivity model, is that the biological activity of a molecule can be described as the sum of the activity
contributions of its specific substructures on a common molecular skeleton. It assumes that the
presence or absent of each substituent gives an either additive or suppressive and constant effect to
the biological activity regardless of the other subparts attached to the parent core. Thus, the different
substituent effects are independent of each other. This can be described by a linear equation [Eq. 1]%®
where the regression coefficients show the contribution of every substituent (being S the number of

substitutions sites and N; the substituents per site) to the biological response (y).

s Ns [Eq. 1]

),/\i = bO + zzbks' Ii,ks

s=1k=1

Being b, the intercept of the model corresponding to the theoretical biological activity of the
plain scaffold or pharmacophore, without any substituent, by the regression coefficients and I the
indicator variables normally called FW description which states the presence (I; ,s = 1) or absence
(I; ks = 0) of the substituent of interest in a certain location. Hence, these coefficients by give the
importance of each k substituent in each s site in terms of increasement or decrease of the response

with respect to the unsubstituted structure.

As an explanatory example, Free and Wilson analysed®® the inhibitory activity against S.

aureus by the compounds derived from the scaffold showed on Figure 1.6.

\N/

X R
Y OH R=H, CH3
X= Br, Cl, NO,
NH, | Y=NOy, NH,, NHC(=0)CH,
OH
OH O ©OH O O

Figure 1.6. Example used by Free and Wilson to illustrate the application of their mathematical model

The enumeration of all the possible combinations of the R, X and Y substituents driven by the
rule of product would lead to the creation of a combinatorial library of analogs. In this case, the study
contained only eighteen compounds of possible interest (2x3x3) from which ten where synthesized,
tested and used to train the model for further activity prediction of the resting compounds. In this

case, the prediction could be explained by [Eqg. 2] which account for 90% of the total variation.



y = 75RH - 112RCH3 + 84XCl - 16XBT - 26XN02 + 123YNH2 [Eq. 2]

+18YNHC(=0)CH3 - 218YN02

Thus, the analog containing R =H, C=Cl, and Y = NH2 would be the most promising molecule
with a predicted biological response of 444. The actual biological response measured by Free and
Wilson (y) was 525. The authors sustained that the difference was originated in the biological
variation of the in vitro procedure. However, the aim of this methodology is not to estimate exactly

the biological activity but to rank the derivatives in terms of their potential activity.

The use of the FW model have showed fruitful results for many visible models?’~%° and is
highly attractive to chemists as there is a straightforward interpretation and clear structural
explanation of the underlying relationships. However, it is limited to a controllable number of
variables, compounds and excluding mutually correlated variables is a must®. Still, the main general
drawback of QSAR analysis (including FW) is that the prediction scope of these models is normally
hampered by the design of the training sets and not explorative prediction can be provided for novel

substituents that are not present in the original training set?*3%32,
1.1.3. The product patent and its Markush structure

One of the main interests of pharmaceutical companies is to be profitable in order to stay in
business. Therefore, protecting its work through highly restrictive patents is an important part of the
process. When a new chemical compound is protected by a patent, the patent ownership can legally
exclude others from using, making, selling, offering to sell or importing that compound for the lifetime
of the patent which, in most jurisdictions, takes 20 years prom the date of filing. Consequently,
compound patents are filed early in the lead optimization phase, a stage where enough knowledge
of action of the optimized drug candidate has been constructed in order to invest in its legal

protection.

Considering the years involving the drug development process (with its consequent clinical
trials and regulatory assessment), the pharmaceutical company has only around twelve years to enjoy
exclusive marketing privileges, recover its costs of development, and convert into profit. All things
considered; a 3-to-5-year protection can be added through the request of a Supplementary Protection
Certificate (SPC) which objective is to compensate some of the effective patent term lost during the
development of the drug (Figure 1.7). Finally, once the patent expires, any competitor company may

develop the formerly protected active principal ingredient (API) under a generic label.

10
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Figure 1.7 Example of patent protection depending on drug development process. Adapted from EFPIA33

In the case of innovative drugs or therapies, a patent does not constitute a direct
authorization to sell a product made with the invention; that is determined by the regulatory agencies
through drug approval processes. These are designed to allow safe and effective drugs, combined
formulations, or treatments to be marketed. Drug regulatory agencies, such as U.S. Food and Drug
Administration (FDA), the European Medicines Evaluation Agency (EMEA in Europe) or
Pharmaceuticals and Medical Devices Evaluation Center (PMDEC in Japan), attempt to rely on
premarketing scientific studies of the effects of drugs both in animals and humans to control if the

new candidates have a favorable risk-to-benefit ratio.

At present, there are several types of patent or patent claims that are particularly relevant
to pharmaceuticals. Among them, the most relevant are product patents, process patents and
formulation patents. In all cases, the requirements for patentability are to consist undoubtedly in a
novelty, to imply an inventive action (not an obvious or variant combination of known elements), to

present an industrial application and to provide sufficient information in the description.

The common structure of a patent departs from the description of the issue; the title, the
approach of the problem and state of the prior art, the general and detailed description of the novelty
with examples and drawings. However, the most important part relies in the claims section, which
determines the overall extension of protection. There are many sorts of claims depending on the

patent type of interest.

In particular, the protection of a new drug candidate (product patent) normally presents the

strongest claims such as crystalline forms, new isomers, alloys with different proportions etc. Among
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them, it stands out the presence of large Markush structures. These, enable the inventor to protect

an entire family of compounds rather than just the single drug candidate he plans to sell.

As introduced on the beginning of this section, this sort of general descriptions by one
formulae was first used by Dr. Eugene A. Markush, who won a legal case concerning the validity of

this type of claims and became the coiner of this sort of structures.

The generic or Markush structure is the primary tool used to condense the structural
representation of sets of compounds. This representation used is described, along with the means in
which it can be built from a reaction and precursor-based description of a combinatorial library. They
are represented as the common core structure of a library pf analogs with one or more functional
groups attached (often represented by capital letters or R, referring to the term residue or radical)
indicating the existence of variable substituents at that position. In fact, following the illustrative case
example shown in Figure 1.8, the variability of these structure can be shown in one or more out of

four different ways3*:
- Substituent variation: enumeration of a fixed list of alternatives (exemplified as R1).

- Homology variation: Use of generic expressions which correspond to a potentially unlimited

class of substituents, characterized by common structural features (exemplified as R2).
- Position variation: change of attachment position in the core structure (exemplified as Rs).
- Frequency variation: alternation in multiplicity of occurrence of a group (exemplified as m)

These are afterwards described by large lists of specific chemical substructures that may be
interchanged in all possible combinations depicting on a single page, libraries that would fill a book if

fully enumerated®.

OH
| N Ri R4= methyl or ethyl
R3I_ R2= alkyl
= R3=amino
Re m=1-3
CH
o ACHa,

Figure 1.8. Example of Markush structure with all variability examples.

One of the key troubles with Markush structures, beside their inherent complexity and
variability, is the representation of generic groups and the matching of these against specific examples
of them3®37, Extremely broad Markush claims involving generic categories, multiple ring forming
attachments or event correlated sets of substituents tend to cover millions of small molecules with a

single basic structure. As an example, the generic group “alkyl” , “heterocycle” or “cycloalkyl” contain
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a broader set of analogs than the case of single atom-bon connection tables which would enumerate

|Il |Il

a few cases like “n-propyl” or “cyclopentyl” . In most of the cases, these structures may extend over
many pages and contain as large quantity of variable moieties that it becomes hard and even
practically impossible to visualize and understand what the applicant is seeking to protect. In fact, this
is one of the main objectives while patenting, covering a combinatorial set as much large as possible
in order to difficult the search strategy of the competitors. However, in the classical patent structure,
as required, only a subset of combinations is present (with the description of the molecules and the
procedure to obtain them) being a simplistic example of the scope and knowledge of the claimed

library.
1.2. The Chemical Space

The accessibility of collections of thousands and millions of compounds for drug discovery
has put forward the concept of chemical space in order to describe the aggrupation of all the
molecules®®3. In fact, every chemical database consisting in a set of molecules such as a family of
analogs can describe a multi-dimensional chemical space when considering their molecular features.
For instance, a combinatorial library derived from a Markush structure or even a diverse set of
dissimilar molecules would also shape different chemical spaces (Figure 1.9). To do so, a previous
assessment of the suitability of the chosen molecular features is needed in order to sufficiently
represent the compounds of analysis. The tendency observed at present by experts is to build a
reference chemical space based in large categories of compounds for which molecular properties are
known by using methods such as molecular fingerprints or principal component analysis. Later, a
projection of the measured features space is projected into a 2D plane or 3D volume by one or several
known techniques. Finally, this chemical space is studied to analyze and find similarities among
groupings of molecules showing different biological activity values in order to find which regions in
the described chemical space of study require to be more deeply explored in order to synthesize new

candidates.
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Figure 1.9 Example of a sample of the combinatorial library of HEPT analogs derived from a Markush structure*!

When applied to medicinal chemistry, these new introduced terms — which are englobed in
the cheminformatics field — open a door to methodologies containing plenty of opportunities to find
new potential drug candidates through chemical space exploration. Computational chemists have
endeavored to capture the essence of what makes a compound more drug-like rather than just any
conventional organic molecule through vast drug-like libraries, and some successful results have been
obtained. Still, it is crucial to understand that these computational tools can never fully capture the

complete essence of this complex issue.*?
1.2.1. Molecular similarity

Johnson and Maggiora*® enunciated in their Similar Property Principle that compounds that
are structurally similar are prone to have analogous properties. Each molecule of a chemical library
can be characterized by one or more descriptors (see section 1.2.1.1) and compared with the
corresponding sets of features for each of the molecules in the database. Indeed, given an appropriate
measure of intermolecular similarity, a list of possible drug candidates can be ranked after finding an
active hit structure attending to its nearest neighbors. Consequently, molecular similarity is one of
the most exploited concepts in cheminformatics and its related areas of drug discovery and medicinal
chemistry**’, It is key for property prediction, cluster analysis, virtual screening, and molecular

diversity evaluation.

Though, as molecular similarity is an abstract idea, not a physical observable, the
measurement of molecular similarity is intrinsically subjective and no commonly applicable similarity
criteria or rules exist, it depends on the context of study®’. In fact, the similarity system will be
dependent on the features chosen to create the chemical space of study and the used metrics to

calculate the distance matrix.
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As a result, many similarity coefficients have been developed to provide a quantitative
measure of the degree of structural connection between a pair of structural representations. The
comparative can be based in real numbers (such as in molecular descriptors) or may be confined to

dichotomous values that indicate the absence or presence of certain features (fingerprints).
1.2.1.1. Molecular descriptors

Molecular descriptors are used to represent numerically the structures and properties of the
molecules of study. There are many molecular descriptors (Figure 1.10) that capture different aspects
of molecules, but they are broadly classified according to their dimensionality *8. They are actually the
basic tool in several chemoinformatics applications such as QSAR modeling, similarity/diversity

analysis, and library searching®.
These can be categorized in:

- 1D descriptors: include bulk and physicochemical property descriptors such as atom counts,

molecular weight, or hydrogen bond donors.

- 2D-descriptors: topological descriptors which consider the internal atomic arrangement of

compounds by fragments or connectivity indices.

- 3D-descriptors: derived from the conformation or 3D molecular structure of the molecule

(e.g., 3D coordinates of the atoms in the molecule, molecular shape).

iD
Ci7HzgNa 045 O ot molecular mass
2D
o _,0 o [; number of aromatic bonds;
— _,‘th i ,u - N, — malecular connectivity index;
T N 07 logP(orw)
"\.‘_.; " C' - I

van der Waals volume;
solvent-accessible surface arsa

Figure 1.10. Representative molecular descriptors and their classification extracted from Bajorath et al.*®

Alternatively, fingerprints can also be considered for molecular description. In fact, some
authors consider them as 2D fragment-based descriptors. These are also commonly known as
structural keys that describe the molecular structure through bit strings where each bit indicates the

existence or absence through binary values of a predefined substructure (Figure 1.11). Among the
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most commonly used fingerprints stands out the MACCS keys* (also known as MDL keys) which
consist in the fragment definition by 166 keys which are publicly available and accessible by open-

source cheminformatics software packages .

[ofof1]o]of1]o[1]0]

Figure 1.11 Representation of a molecular substructure key-based fingerprints, where bits are set according to the presence (1) or absence (0)
of the substructures int the molecule. Source: Bajusz et al.>*

Diversity selections are constantly performed for large databases constating in hundreds of
thousands or, in the case of virtual combinatorial libraries, millions of molecules. To be possible, an
amazingly fast calculation of the molecular descriptors is needed, and so this alone may prevent the
use of those sort of demanding types of descriptor calculations (such as those 3D structure-related
features)®2. Finding the optimal set of descriptors for each target is a time-consuming procedure,
which explains the attraction of those descriptors that claim to be universally relevant (1D & 2D

molecular descriptors).
1.2.1.2. Similarity coefficients

Dissimilarities between objects are normally based on their distance in multidimensional
geometric space which can be calculated by a metric. Hamming (also known as Manhattan o city-
block distance) or Euclidean distances are two examples of a more general class of distance metrics

named Minkowski distance which follows the general formula shown in [Eq. 3].

1
Dyp = Z('xjA — xj5))°t
=1

Being D, p the distance between the two objects, j the attributes, n the total number of
attributes of an object and x;, the value of the jth attribute of object A (same applies to B). The index
t determines the different metrics, where t=1 for Hamming distance and t=2 for Euclidean. The main
difference between the two described and other metrics such as Tanimoto, Dice and Cosine
coefficients is that the derived from Minkowski’s formula consider a common absence or low values

(in the case of continuous variables) of attributes as evidence of similarity whereas the latter do not>3.

The Euclidean distance is considered the optimal metric as it remains as the most popular

measure for molecular comparison from the basis of many different clustering methods. The
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implementation of Euclidean-based classification algorithms have shown to be particularly effective
for continuous databases on empirical studies found in literature®*>>. Euclidean chemical spaces are
normally preferred as they can be readily visualized. Even more, through algebraic vectoring
measures like the center versus the edges of the overall space or regions (centroids), density of
molecules, coverage, direction, and orthogonality can be measured. However, when considering
databases consisting only in binary variables, Tanimoto coefficient is the measure of choice for

fragment-based (such as 2D bit-strings or fingerprints) chemical similarity work.
1.2.1.3. Describing the chemical space by dimensionality reduction

The chemical representation of a particular database is influenced by the descriptor vector
type and length. Thus, the choice of the feature set is the first step to reproduce the expected depth
description of the dataset. There is a large variety of descriptors, so their selection is necessary to

select the most appropriate to a given application.

Thousands of descriptors have been reported in the literature, allowing limitless possibilities
to define chemical spaces. To visualize the diversity of these compounds on the basis of these
properties, two approaches can be carried out: (a) a previous feature selection in terms for
dimensionality simplification, (b) the use different dimensionality reduction methodologies. Plus, the
latter can be considered aiming to preserve as much of the significant structure of the high-

dimensional data as possible in the low-dimensional map.>®

One of the most performed statistical approaches is known as principal component
analysis®’®° (PCA) and it is normally used to map descriptors’ spaces. The key idea of PCA is to find a
new system of coordinates in which the input data with original dimension can be explained by many
less variables in a reduced matrix. The plot normally is represented by the plane of the first two
principal components (PCs, Figure 1.12) or the space of the first three PCs (that typically involves

above the 60-80% of the overall variance).

X2 A

X1
Figure 1.12. Graphical representation of a PCA transformation in 2PCs. Figure extracted from Sorzano et al.*°
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In such property space maps described by PCA, compounds with related structural,
physicochemical and sometimes biological activities are generally grouped together.3® PCA-based
mapping is a fast and deterministic dimensionality reduction method but, as it omits non-linear

feature interactions, overloaded regions of data can be normally perceived.

Another approach for high-dimensional data processing is the t-SNE (t-Distributed Stochastic
Neighbor Embedding), developed by Van der Maaten®® which has gained large popularity for data
visualization. Briefly, data points are embedded in a low-dimensional space (2D or 3D) attending to
joint probabilities (local densities) and divergence is minimized. Overall, although it is a good tool for
visualization maps for large datasets, it is not recommended or still unclear the use for further

reduction purposes as it loses high resolution and a subsequent predictive power.

An illustrative example with Fisher’s Iris dataset (Fisher, R. A. Ann. Eugen. 1936, 7 (2), 179-
188) is used in Figure 1.13 to evidence the differences between the two visualization methodologies
only by its visual inspection. Although the PCA system contains more rigorous information (with a
95% of explained variance) for further clustering issues or rational selection, the plot derived by the
t-SNE embedding represents the data plotted in an easier and more intuitive way. This example may
seem too simplistic as it departs from a matrix containing 150 samples and 4 features. However, when
using a larger dataset, the choice of the proper visualization plot will make a difference to better

comprehend the different cluster distributions.
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Figure 1.13 Example of a Fisher’s Iris Dataset to exemplify the visual difference between (A) a new 3D-system reduced by PCA (B) a new 2D-
system defined by t-SNE.

Other alternative methods have been designed and used in literature but have not been
considered in this study such as Self-Organizing Maps (SOM)® which treats non-linearities in a better

way than PCA, or the probabilistic alternative called Generative Topographic Mapping (GTM)®2 .
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1.2.2. Exploring the molecular diversity: library curation

All the possible organic compounds that could comprise a universal chemical space is so vast
and almost infinite that only a fraction of it has been explored. These can be represented in a unique
chemical space attending to their physicochemical properties. Researchers can screen millions of
compounds in the search of some that are biologically active. In fact, pharmaceutical companies
currently own compounds libraries containing around 108 chemical entities. Chemography®* is the
named term to the exploratory analysis of this maps where diverse set of molecules are placed.

Through this searching methodology, new regions with biologically active analogs can be found.

However, not all the theoretical compounds imagined in researchers mind can be
synthesized or show the characteristics to be used as drugs. Thus, the challenge for the scientist is to
find spots in this vast chemical space where clusters of therapeutically useful compounds resides®.
Hence, a chemical space described by a dataset of interest should be filtered attending to their

synthetical feasibility and their drug-likeness in order to be empirically studied.

The first point depends on our current extensive knowledge of organic chemistry. The second
term was coined by Lipinski in 1994, in its introduction to the ‘rule of five’, where he stated that orally
administrated drugs are far more likely to reside in areas of chemical space defined by a limited range
of molecular properties. His seminal analysis of the Derwent World Drug Index stated that,
historically, the 90% of the orally absorbed drugs presented the four following characteristics — which
are all multiple of five, as an origin of the rule’s name — : the compound must present less than 5 H-
bond donors, 10 H-bond acceptors, its molecular weight must be lesser than 500 Daltons (Da) and the
calculated Log P lesser than 5. These five characteristics enhance a better solubility and permeability
to facilitate the drugs absorption. In fact, the overall chemical space is believed to contain at least

10% organic molecules below 500 Da of possible interest for drug discovery3866:¢7,

Finally, after pondering the restrictions or filters concerning to the synthetical feasibility or
the druglikness profile of the candidates, the last aim in lead generation experiments is to select a
diverse selection of samples in order recognize all type of biological activity among a compound
collection through clustering, partitioning or QSAR analysis. Once a number of active compounds have
been identified for the desired screening, a test of all compounds corresponding to that cluster — or
a newly inner diverse subselection — with those hits should usually result in a several number of
possible hits being identified, allowing the widest possible choice of lead compounds for

optimization®®,
1.2.3. Clustering and partitioning tools

The assessment of a chemical space can be achieved through many points of view. As an

example, plenty of studies describe similarity-based approaches®*%%7%, cluster-based selections’?,
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dissimilarity-based selections’?, cell-based selections”’4 or optimization-based selections”’6. The
recent introduction of non-supervised machine learning techniques’” used for both classification (via
clustering or partitioning methodologies) and regression is highly effective to assess small datasets
and select subsets which might describe significantly the chemical diversity of the overall chemical

space’®80,

Several methods have been developed to assess and classify scatterings or distributions of
compound sets in a chemical space of study. These can be mainly categorized as cluster-based
methods and cell-based methods.®* Compound clustering and partitioning techniques have a long-
standing tradition in computer-aided drug discovery since Willet® work and other review articles
developed by Bratchell®, Barnard and Downs?4, and Downs and Willet®. The present main uses of
chemical datasets classification are to find representative subsets for HTS purposes, combinatorial
chemistry, and to increase the diversity of internal datasets for other reprofiling uses®®. One of the
principal applications of these methodologies is to classify databases of compounds in smaller groups
of similar compounds in order to choose representative compounds for biological testing when there

is availability (Figure 1.14).
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Figure 1.14 Different methods applicable for virtual screening. Adapted figure from Bajorath et al.*®

Clustering is the process of subdividing a group of objects — in this study, molecules — into
groups (clusters) according to their proximity and, hence, similarity in the inner cluster and an inter-

cluster dissimilarity.
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As introduced, since decades ago, many authors848:287 have attempted to describe these

methodologies for molecular mapping. Altogether, the clustering process for chemical structures

normally follows the scheme:

a)

b)

d)

A set of attributes or descriptors on which to base the comparison of structures are selected.

Normally, as a rule of thumb, structural and physicochemical properties are considered.

The database is built-up by calculating these descriptors and the structures are

characterized.

Coefficients of similarity, dissimilarity, or distance measurements between all the possible

pair of samples in the dataset are calculated.

The desired clustering methodology is applied to group those structures presenting similar
structures by the calculated matrix of distances or the similarity coefficients (which can be
calculated between the existing objects or new abstract objects such as the centroid of a

sample set or mean value).
The resultant clusters are analyzed in order to select a diverse sample of compounds.

Compound clustering depends essentially on the calculation of intermolecular distances in

the chemical space of reference. The use of large datasets may difficult the computational and time

cost of these algorithms due to the constant pair-wise distance comparison. Thus, an alternative

classification methodology can be performed through partitioning algorithms. These later methods

are based in establishing a consistent reference frame that allows the assignments of coordinates to

each database independently of others. This results in a more computational efficient method as,

when particularly considering cell-based partitioning methods, the chemical space is subdivided in

tiny boxes or bins through a binning algorithm (Figure 1.15). This is based in low dimension chemical

spaces obtained through data reduction (e.g. PCA, SOM).
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Figure 1.15 Schematical representation of chemical space reduction to PCA Chemical Space and further partition through binning. Adapted

figure from Bajorath et al.*®
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1.2.4. Assessment parameters: space and population coverage

In contrast with the above-mentioned FW analysis which tends to lead to highly focused
studies of chemical libraries, the selection of a compound inside of each cluster might be more
representative to describe all the cluster population. This representative sample can be randomly

chosen (cherry-picking) or can be the closest to the center of the cluster (centroid).

Additionally, in order to contrast different selections and chose the most favorable option,
the molecular representativeness and space description of the selected diverse subsets can be

assessed using two objective functions: the space coverage and the population coverage’®8,

On the one hand, Space Coverage (SC) represents the percentage of selected (occupied)
clusters or bins (k,.) by a given number of selected compounds over the total number of partitions,

k [Eq. 4].

oc
SC = 7 . 100 [Eq. 4]

On the other hand, given a database of N compounds, Population Coverage (PC) measures
the SC weighted by the occupancy in each cluster or bin, by dividing the population of the occupied
clusters (n,.) among N [Eq. 5].

N (Eq. 5]

The procedure to calculate SC and PC is exemplified in Figure 1.16. Considering the selection
of 9 compounds among a database consisting in 50 molecules (N=50, represented as dots). After
applying a clustering or partition-based method, the chemical space is divided into 16 partitions
(clusters or occupied bins, k =16) as shown in scheme A. If the 9 selected compounds (depicted as
stars in B) are distributed in 7 clusters (k.= 7, in orange), this corresponds to 43.8% SC. Moreover,
in this colored clusters are involved 28 samples of the database as shown in C. Hence, the 7 selected
molecules are representative of 28 out of the 50 compounds included in the database, which
represents 56.0% PC.
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Figure 1.16. Schematic representation to illustrate the space and population coverage of a dataset of 50 molecules in its chemical space.

1.3. Previous studies in the research group

Willet et al.® implemented by first time in the mid-1980s a methodology based in rational
selection of subsets through a previous dataset clustering to improve the Structural Representative
File of Pfizer Central Research (UK) which was being performed via an unproductive time-consuming
intellectual operation. In their study, they proved that an effective clustering procedure such as Jarvis-
Patrick Clustering Methodology, did not overlook certain classes of compounds being the new
selection more representative, consistent, and free of bias. They hypothesized then that the use of
clustering and similarity techniques would be proven to be highly effective in providing computational
support for pharmaceutical research. This served as first evidence of an efficient optimization of the

first screening steps in drug discovery throughs diverse selections using cheminformatic tools.

Later, in 2003, R. Pascual et al.*>*° studied the case of a family of similar compounds related
to an approved drug to discuss the chemical space explored in R&D in order to suggest alternatives
for an optimal dataset description through, once more, rational or diverse selection. The goodness of
11 available clustering methodologies and their subsequent standard diversity selection methods was
assessed with the combinatorial library of HEPT — an inhibitor of HIV-1 transcriptase inverse —
containing 125,396 analogs. It was analyzed the distribution of the 180 compounds described in
literature in the combinatorial accessible space of analogs and results showed that indeed the
conventional and intuitive procedure of selection had restrained the coverage by a 9% in its space

giving smaller values than a random selection (38%).

A selection of only 25 compounds was proven to represent the 90% of the population.
Afterwards, R. Puig de la Bellacasa et al., designed a synthetic route for a selected combinatorial
sub-library analogs. After the synthesis of the derivatives and biological testing, some molecules

exhibited an outstanding HIV-1 inhibitory activity showing a broad activity range (with ECso between

23



0.05 uM and >90 uM), even better than the reference compound (HEPT, ECso = 3.3 uM). Among these,
one was 67-fold and 40-fold more active than HEPT, the original hit.

1.4. Hypothesis

The Drug Discovery strategy includes a hit-to-lead process which involves large research on
the synthesis of derivatives suggested from an original hit that had previously shown biological
activity against a specific target. Therefore, this process implies the synthesis of many analogs leading
to the description of a chemical sub-library which leads a highly focused study (traditionally based on
a Free-Wilson approach) on the chemical space nearby the hit compound. However, when this drug
is finally patented, a wider chemical space derived from a Markush structure is described, theorizing
that some analogs within may present biological activity. Nevertheless, this claim presenting a
Markush structure does not imply the proven synthesis of all the molecular library but just a focused

small population of it.

Thus, we hypothesize that there is a great part of the chemical space of these libraries that
is unexplored and can hide potential lead candidates which may surpass the activity of the original hit
or even minimize its undesired side effects. Moreover, we suggest an alternative methodology which
would optimize the chemical space exploration through clustering and rational selections algorithms

through cheminformatics.

We aim to proof that a first clustering classification could chief a pathway to next discovery
steps by dictating which compounds could be further synthesized and tested. Therefore, our
methodology suggests the use of diversity selection through clustering and rational selection-based
practices in the drug discovery process in the selection of trial compounds for activity testing in early
biological screens for hit exploration or even to describe families or analogs for further reprofiling
purposes. We hypothesize that if any of the selected compounds proves to be active when tested in
the bioassay of interest, then it is worth to assay other compounds in its cluster in a looped

methodology since some of them may also show potential activity.

Finally, through our suggested procedure not only optimized leads can be obtained but
selections of representative compounds that can be used to maximize the efficiency of random
screening in lead-discovery programs providing more systematic methods of selection than in the

used in many current empirical screening systems.
1.5. Objectives

The main goal of this thesis is to proof that there is still space to be explored in the resulting
combinatorial libraries derived from the claimed Markush structures in the drug patents. Additionally,

we defend that rational selection can perform a better exploration of these chemical spaces
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discovering new hidden reservoirs with potential biological activity or, at least, describing the dataset

for further reprofiling purposes. With this purpose, the following specific objectives are defined:

e Proof the advantages of rational selection against the actual R&D methodology through the
chemical space assessment of several real case studies of recently FDA approved drugs and

their derived combinatorial libraries.

e Perform a proof of concept to give insights into the advantages of the suggested exploratory
strategy with the study of Tafenoquine and Dacomitinib combinatorial libraries (10, 30
respectively) derived from their in-patent Markush structures. Improve their chemical space
description through rational selection, synthesis, and biological assessment to contrast the

results with the reported analogs until date.
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Chapter 2: Rational vs. Traditional R&D methodology

2.1. Review of the latest drugs approved by the FDA (2008-2020)

The description and exploration of the druggable chemical space has always been of great
concern given the overwhelming number of molecules that can be obtained by fragment combination
(which was barely estimated to 10%° small molecules)®®. In light of this scenario, finding new molecules
with drug-like properties become as hard as finding a needle in a haystack, at least without the
support of computer-aided techniques. As the total exploration of this vast space is computationally
unmanageable, many cheminformatics tools have been developed for a better mapping of the
chemical space by means of molecular descriptors, enabling the rational navigation through it,

contributing to new hit discovery 87:92%3,

Although the introduction of innovative technologies in the Drug Discovery pipeline in the
beginning of the century (bio and cheminformatics, combinatorial chemistry and high-throughput
screening, to name but a few), the pharmaceutical industry has always been challenged by increasing
costs in research and development (R&D) due to complex variables®#°>. Hence, there are still new
tools to be exploited such as Artificial Intelligence, Deep Learning, Machine Learning or drug
repurposing®®1% to improve the R&D efficiency process, lower its costs and offer a more diverse

spectrum of drug-like small molecules to treat as many diseases as possible.

In the present study, a first attempt to shape the already known drugspace was performed
with the data collected by the FDA’s latest approved drugs in the past years. A total of 483 new drugs
have been approved by the U.S. FDA regulatory system in the period of 2008-2020 (see Annex I). This
increasing tendency of approvals has contradicted the initial predictions probably due to the new
modalities developed that have enabled advances in therapeutic areas and disease pathways%%, Even
with the growth of approved number of therapeutic Biologic Applications (BLAs) observed in the last
years (Figure 2.1), 366 of the total approved drugs (76%) consist in New Molecular Entities (NMEs)
and, more specifically, 348 are small molecules. Hence, the development of small molecules is still
booming in the pharmaceutical research sector. Over this period, the median number of NME and
BLA approvals per year was 39, with a low of 21 in 2010 (with 13 NMEs and 8 BLAs) and a high of 59
in 2018 (with 42 NMEs and 17 BLAs).

These compounds can be classified depending on its target treatment in different categories
attending to the Index of Classification of Diseases (ICD-11%2). According to the ICD-11, the main aim
of the actual research is focused on neoplasms (26.7%), infectious or parasitic diseases (12.4%),
endocrine and nutritional diseases (10.8%), diseases of the nervous system (10.4%) and diseases of

the circulatory system (3.9%) as shown in Figure 2.1.
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Figure 2.1 (A) Bar plot of the approved NMEs and BLAs drugs by the U.S. FDA in the period of 2008-2020. (B) Pie chart representing the number
of drugs approved by the U.S. FDA in the period of 2008-2020 classified by the ICD-11.

After curating the data of the latest 348 small molecules approved, a resulting database of
336 compounds can be obtained and the features’ space consisting in 206 1D and 2D molecular
descriptors (see Annex Il) reduced to 41 PCs to explain the 95% of its variance. Even approximate, the
graphical representation of the first 3 PCs provides a useful depiction about the distribution of FDA
compounds into its chemical space. Since no structural motif is exclusively related to a particular
disease, molecules are spread out in space without any correlation with their ICD-11 categorization

as expected (Figure 2.2).

ICD-11 classification
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« Diseases of the blood
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Mental, or neurod: s
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Diseases of the circulatory system
Diseases of the respiratory system
Diseases of the digestive system
Diseases of the skin
D of the musc | system or connective tissue
Diseases of the genitourinary system
Conditions related to sexual health
Pregnancy, childbirth or the puerperium
Certain conditions originating in the perinatal period
Developmental anomalies
Symptoms, signs or clinical fi gs, not C
Injury, poisoning or certain other consequences of external causes
External causes of morbidity or mortality
Factors influencing health status or contact with health services
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Figure 2.2 Chemical space described by the firsts 3 PCs (53% of variance explained) of the dataset of small molecules approved by the FDA in
2008-2020 classified according to ICD-11. Not represented categories are not colored in the legend.
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2.2. A glance of the drugspace described by ChEMBL

The drug-like chemical space or drugspace, is nowadays challenged by its dataset description
which can be explored using automation and algorithms to improve the probability of new
pharmaceutical hit discoveries. Moreover, many chemical spaces derived from different databases
can be overlapped and hence, contrasted, to enrich the information of the possible scaffolds that may
present biological activity.

Many authors have attempted to describe a global chemical space through different
approximations. A global drugspace map was firstly introduced by Oprea et al.®® through their
standard tool for compound prediction within the same PCA model called chemical global positioning
system (ChemGPS) which by using one training set 423 satellite and core structures can preserve
cluster characteristics of local models. This approach was later enlarged with the ChemGPS-NP for
natural product related research which avoided extrapolation defending a more robust prediction
engine. Other approaches based in ligand-receptor interactions for guiding medicinal chemists was
also introduced by Rabal et al.1® through their biologically relevant Chemical Space Navigator (RCS)
or the Hierarchical Generative Topographic Mapping introduced by Zabolotna et al.%* can be
considered for a global drugspace depiction. Here, far from describing and suggesting a standard
methodology for a global chemical space exploration, a huge PCA-dimensional chemical space is used

in discussion for the assessment of the largest possible druggable chemical space known until date.

A new approach to shape an optimal drugspace has been carried out to gain insight into the
significance of the FDA database within the chemical space. To localize the drug-like environment
approved in the latest years in a more extensive drugspace, it has been interpolated into the reduced
space derived from ChEMBL database. This contains curated bioactive molecules with drug-like
properties and is a database of reference in the medicinal scientific community (its access is available
through a web-based interface). This largest dataset was previously lowered from 1,914,538 to
1,896,082 compounds (N) after data filtering (discarding those inorganic and macromolecular
compounds) and the dataset consisting in the calculated 206 1D and 2D molecular descriptors (see

Annex Il) was reduced to 52 PC containing 95% of variance.

At first glance, Figure 2.3 reveals that FDA (in blue) shows a sparse distribution in ChREMBL

chemical space supporting that there is correlation between both datasets.
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Figure 2.3 Three planes of 3 the first PCA plots and their density plots to represent FDA dataset (in blue) in ChEMBL chemical space (in orange)

In the present thesis, to delve into the unknown space and increase the chances to find new
and more active hits a clustering-based selection methodology has been chosen as it has been proved
to be efficient and effective for similarity matching and classification in chemical information
systems®. Unsupervised Machine Learning tools such as data clustering have been chosen to assess
mathematically the space overlap or coverage between datasets and selection of compounds. The
goodness of eight clustering (HRC single, HRC complete, HRC median, HRC average, HRC centroid,
HRC, Ward, KMN and KMED) and two partitioning methodologies (binning and optimum variance
binning) have been tested to explore and evaluate the chemical spaces in terms of space overlap or
coverage between dataset and selected compounds (later applied in section 2.3.2). The later
partitioning binning implemented (OV binning) has been developed as an adaptation of the optimum
binning procedure reported by Pascual et al.*! (see Chapter 5) as previous work in the group
evidenced the need of more concise partitioning methodologies. In order to assess the overlapping
between datasets the measurement of the already introduced coverage parameters have been used

in discussion; space and population coverage (SC and PC).

However, in this specific case, due to the size of ChEMBL dataset, only partitioning methods

have been computationally easy-to-handle for a coverage discussion. Looking for an optimal standard
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selection, a study was performed for the standard sizes’”® of VN /2, VN and 10 -+/N clustering
formation to assess the explored space by the FDA latest approved drugs.

To illustrate an example, considering ChEMBL as a case of drugspace to be explored, when
studying the selection of VN ~ 1,377 compounds, the binning partitioning presents a total amount
of 1,216 occupied bins and 1,276 bins are occupied using OV binning. The latest approved 336 small
molecules (FDA database) represents a 4.1% SC and 92.5% PC of the chemical space of ChEMBL
database in the case of binning partitioning. For OV binning partitioning methodology, a resultant
7.3% of SC and 86.0% of PC are obtained. It is worth noting that SC and PC percentages obtained with
FDA compounds are below the random selection, whether considering a cherry-picking choice of
VN (1,377), 10 - /N (13,770), VN /2 (689) or same size as FDA database compounds (336) (Table 2.1).
These results evidence that, although the approved molecules seem to be spready located in different
regions of the drugspace of study — as expected, not overlap is seen due to patentability purposes —,
they are, in terms of molecular representativeness, highly located in a small area representing less

than 10% SC dismissing regions were potential new scaffolds could be found.

Even more, considering, in this case, that a rational selection of 336 molecules from different
bins could optimally cover the 27.6% SC (336 out of the 1,216 occupied bins) or 99.8% PC if rationally
picking samples of the most populated bins via Binning partitioning and the 26.3% SC (336 out of the
1,276 occupied bins) and 99.7% PC via OV Binning, it is confirmed that there is still space with drug-
like properties still to be explored. Instead, in terms of PC, it can be observed that there is a good
representation of the overall drugspace population. This fact makes evident that there are a few
hyper-populated bins originated by a hit-focused analysis and a large number of less populated bins
which hide druggable space still to be profoundly investigated. At the light of the results, it was firstly
verified in this case that a random selection of the same number of compounds would better describe

the space.

Table 2.1 Space and Population Coverage results obtained for FDA database and random selections in the ChEMBL’s chemical space in VN =~

1,377 bins.
Binning OV Binning
k=1,216 k=1,276
SC% PC % SC% PC%
FDA samples 4.1 92.5 7.3 86.0
336 Random
5.5 95.0 5.8 87.5
Samples
336 Rationally
27.6 99.8 26.3 99.7
Selected Samples
1,377 Random
7.3 97.0 12.6 93.9
Samples
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Table 2.2 Space and Population Coverage results obtained for FDA database and random selections in the ChEMBL’s chemical space in VW/Z =

689 bins.
Binning OV Binning
k=598 k=515
SC% PC % SC% PC%
FDA samples 6.6 94.2 11.3 92.4
336 Random
5.8 95.2 10.1 91.9
Samples
336 Rationally
56.2 100.0 65.2 99.9
Selected Samples
689 Random
6.9 96.1 12.3 93.3
Samples

Table 2.3 Space and Population Coverage results obtained for FDA database and random selections in the ChEMBL’s chemical space in 10 -
VN = 13,770 bins.

Binning OV Binning
k=11,925 k=12,981
SC% PC % SC% PC%
FDA samples 1.2 61.6 1.6 51.1
336 Random
0.9 78.1 1.4 61.9
Samples
336 Rationally
2.8 92.4 2.6 82.9
Selected Samples
13,770 Random
5.1 86.8 7.5 77.5
Samples

In all cases of size selections, (\/N/Z and 10 - V/N sizes are shown Table 2.2 and Table 2.3)
the results agree that a rational selection of 336 candidates do better represent in terms of SC and PC
the coverage of the drugspace described by ChEMBL proving to be a promising exploratory
methodology.

2.3. Assessment of the actual chemical space exploration performed in seven cases

of study

Frequently, the common hit-to-lead optimization methodology departs from a slight
structure modification of the original hit and, next, the biological activity is compared to see if there
it has been any improvement to continue with that chemical variation. The actual following procedure
is to perform a Free-Wilson approach which results in a number of sequential modifications that

explores the surrounding chemical space of the initial active compound.
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However, neither the real space explored, the bibliographical data (BD), nor the fragment
combination of the studied molecules (BCL or bibliographic combinatorial library) significantly
represent the space defined by the combinatorial libraries derived from the Markush structure
(Markush combinatorial library, MCL) when comparing it with the coverage a statistically random
sampling of VN molecules (being N the size of the dataset, see Chapter 5 for the other introduced
library sizes). Thus, we sustain that there is a large part of the chemical space claimed on patents that
remains unexplored and it can hide potential leads that may surpass the activity of the original hit or
reduce undesired side effects. In our opinion, rational selection algorithms could assist traditional

methodology to optimize the selection of representative compounds of a given chemical space.

To demonstrate that rational selection can improve the efficiency to describe a chemical
space, we have studied seven drug patents approved by the FDA (six of them in the last 12 years)
referring to different therapeutic targets, with different sizes (in terms of the number of analogs
included in the Markush structure) and including on-patent (ONP) and off-patent (OFP) drugs. OFP
drugs have been included in the study to discuss if the exploration of the chemical space is limited
due to the situation of their property rights. Accordingly, Leflunomide (the oldest approved drug
considered) has been added to the study to verify that this exploratory deficiency is still present in an

elder patent.
2.3.1. Diverse drug selection and combinatorial library assembly

We have tested the goodness of rational selection over the traditional approach (described
by BD) using seven different datasets obtained from the Markush structure stated in the patents of
Dacomitinib, Abemaciclib, Tafenoquine, Ertugliflozin, Rufinamide, Azilsartan Medoxomil and
Leflunomide drugs'®1'L, retrieved from the Orange Book*? . To demonstrate our hypothesis, it has
been chosen seven different drugs attending to their ICD-11 category, therapeutic target, number of
analogs — with a computationally handleably number of compounds —, their year of approval,
applicant, and scaffold (Table 2.4). These diverse features have been explicitly considered to minimize
a biased effects in the result due to common structural features or others. Consequently, we can
better relate the results of these real cases to an extended traditional R&D Drug Discovery

methodology.
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Chapter 2

Table 2.4 Information related to drugs under study.

Markush
Applicant Disease Treatment Status Patent Pub.
Year

Case Study Year of
Drug approval

Dacomitinib 2018 e i | s REmSelR | o 2005
Cell Lung Cancer

Abemaciclib 2017 2l Lc"c')y & Breast Cancer ONP 2010
2018 GSK Malaria OFP 1986, 2002
Ertugliflozin 2017 Merck Diabetes ONP 2010

Rufinamide 2008 ESAI Lennox-Gastaut OFP 1991
Syndrome
Azilsartan .
2011 Takeda Hypertension ONP 2006
Leflunomide 1998 Sanofi Rheumatoid Arthritis OFP 1978

Corresponding combinatorial libraries (Markush Combinatorial Library, MCL) were

developed from the Markush structure stated in the patent of each drug (Figure 2.4).
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Figure 2.4 Markush structure reported for the seven drugs under study.

Markush combinatorial libraries were fully enumerated following the specifications as

described in the patent’s claims. As introduced, Markush structures may present vague generic
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substructure definitions such as “R® is hydrogen, alkyl, alkenyl, aryl, aryl-substituted alkyl, cycloalkyl,
cycloalkenyl, cycloalkyl-substituted alkyl or cycloalkenyl-substituted alkyl”*'3. These unprecise terms
where neither number of carbons nor homology are specified may lead the generation of large
sublibraries only for their substituent enumeration leading to a huge Markush-derived combinatorial
library which could not be fully enumerated. In consequence, we have specifically selected patents
with clear radical descriptions to avoid inaccuracy. In fact, among the patents selected only
Dacomitinib presented ambiguous definitions like; -(CH2)m-Het where m can be an integer 1 to 4 and
Het a heterocyclic moiety among a given list but where no connectivity to the ring is specified. Hence,
as an example, for the case of -(CHz)2-morpholino, three possible substituents could be considered as
the methylene could be linked to the 2,3 or 4 position of the morpholine structure. Consequently, this

vague definition results in a dataset enumeration of more than 10 billion original compounds.

Therefore, only for the unique case of Dacomitinib the original size of MCL was reduced to
a computationally handleable size by only combining the fragments present in the 51 compounds
described in claim 5. Including all the positional substitution in the aryl ring described by R1 and R2,
the unmanageable dataset of more than 10 billion original compounds was reduced to 16,530
(19x15x58=16,530). Thus, the final MCL of this specific case describes a expectedly explored subspace
of the originally described by the its patent claim. The final list of substituents considered in the study
concerning to the Dacomitinib Markush structure shown in Figure 2.4 is explained in Table 2.5. The

complete list of substituents for each dataset can be found in the Annex Ill.

Table 2.5 Fragments in SMILES used to build the 16,530 compounds library of Dacomitinib analogs.

R1 | R2 X-R3 R4
H | -H -0-C -0-CCF -CN1CCcecl -Cnilcnccl
F | -F -S-C -S-CCF -CN1CCC(F)CCl -CN1CccCcl
Br | -Br | -N(H)-C -0-CC(F)(F)F -CN1CCCC(F)C1  -CCN1cccecl
< | -a -0-CC -0-C(F)CF -CN1C(F)CCCC1  -CCN1CCC(F)CCl
-0-CcC -0-CCCN -CN1CCOCC1  -CCN1CCCC(F)C1
-0-C(C)C  -O-CCCN1CCOCC1 | -CN1CCCCCCl  -CCN1C(F)cCccl
-O-C(F)(F)F  -O-CCN1CCCCCL -CN1Cc=ccccl -CCN1CCOCCL
-O-CF -CN1CC=CCC1  -CCN1CCCCCcl
-CN1CCNCC1 -cCceN1cceccl

-CN1CCN(C)CCl

On the contrary, in the antimalarial Tafenoquine case, the library of analogs was extended
to the combination of the structures found in two expired patents which included this drug in order
to enlarge the combinatorial library to the maximum patently protected chemical space in the last

decades.

Both Tafenoquine and Dacomitinib cases have been studied in detail and will be further

explained in the following Chapter 3 and Chapter 4 respectively.
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2.3.2. Choosing the optimal clustering/partitioning methodology

To broach the chemical space distribution discussion and the representativeness of certain
areas described by selected compounds, suitable clustering methodologies are aimed. It is well known
that depending on the dataset distribution some methodologies will be more convenient than
others!*115 However, as the object of this study is to prove the lack of chemical space exploration
through many points of view and diverse patent cases, several methodologies have been considered.
The goodness of eight clustering and two partitioning methodologies was initially studied to assess

the different chemical spaces described in each patent of study.

In order to proceed with data clustering, its previous features assembling and dimensionality
reduction through PCA was performed. Dacomitinib’s database was reduced to 22 PC, Abemaciclib’s
to 19 PC, Tafenoquine’s to 13 PC, Ertugliflozin’s to 28 PC, Rufinamide’s to 12 PC, Azilsartan
medoxomil’s to 11 PC and Leflunomide’s to 14 PC. The original databases of study containing the

analogs SMILES and their calculated descriptors can be found as files in Annex VII.

HRC with a bottom-up approach with six linkage methods (single, complete, median,
average, centroid, and Ward), KMN and KMED, binning, and OV binning were firstly used to divide
the chemical spaces into k-optimal clusters in order to see the grade of homogeneity in the population
distribution per cluster. The k-optimal value was firstly calculated through average silhouette

criteriont16-118

using KMN as the standard clustering methodology for all cases. The silhouette score
is a method of interpretation and validation of the consistency within the clusters. This describes the
degree of cohesion (in terms of similarity) of a sample in its proper cluster compared to others. It
ranges from -1 to 1; the highest the score, the best match of the sample to its cluster has. When
considering the mean silhouette coefficient of all the objects, the optimal cluster configuration can
be achieved once the highest value is obtained. This score can be assessed by the elbow method,
which determines the model that fits best to the dataset distribution. When considering a line chart,
the elbow can be easily recognized as a strong inflection point when considering a certain kK number

of clusters.

In this study, the maximum number of clusters to study was settled to a range from 1 to N
(being N the number of samples for each combinatorial library). Only in the cases of the largest
datasets (Abemaciclib and Ertugliflozin), the total calculation could not be achieved. Figure 2.5 shows
the plots obtained calculating the mean silhouette score (Y axis) for a given range of calculated
clusters (X axis). The range steps were settled to 100 although a finest approach was considered for
tafenoquine database to discard if the lack of elbow perception was due to a poor range step
definition. Still, as no inflection points can be perceived, no optimal cluster were obtained for all cases
through this methodology as the average silhouette score measured shows a smooth concave curve

trend being the optimal value of k unclear. This may be caused by the high correlation of the data due
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to their combinatorial nature which results in a not very clustered databases and the large size of the

sets which commonly suffer from the curse of dimensionality***'?° and lack of efficiency.
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Figure 2.5 Silhouette Score plots describing the poor convergence to an optimal number of clusters for all the cases of study
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Given the first inconclusive attempts, new standard values commonly used as a rule of thumb

in clustering analysis were considered (g, VN and 10-+v/N) to find the most representative

partitioning size to be applied in further comparative discussions.

The case of Tafenoquine’s chemical space (Table 2.6) serves as an explanatory example to
discuss the population distribution using each different size. The aim of this approach was to find the
most balanced distribution of data avoiding as many singletons and hyper populated clusters

(corresponding to high standard deviation values) as possible. The obtained results evidenced that
the VN clusters seemed to be a good compromise. This size first showed more balanced population
frequencies per cluster than - which results showed large values in their standard deviations.
Moreover, when compared to 10 - VN clusters (a very large number of clusters for these datasets),
VN clustering presented a much lesser number of singletons.

Table 2.6 Population distribution per cluster (k) analysis in Tafenoquine’s analogs chemical space varying the clustering standard sizes. The mean

value (x) of the population frequencies per cluster and its subsequent standard deviation (o) along with the ratio of singletons to number of
clusters (%s) are considered in discussion.

k=" _go k=VN=160 | k=10-+N =1600
2

xto %s xXto %s xXto %s
HRC single 318+2582 | 28.7 | 15941816 | 26.2 16163 18.1
HRC complete | 3181184 0.0 159493 0.0 16+11 0.0
HRC median 318+847 0.0 159+333 0.0 16+23 5.7
HRC average 3224348 0.0 159+151 0.0 16+14 0.7
HRC centroid | 32242294 | 7.6 | 15941436 | 6.9 16+25 7.4

HRC Ward 318+113 | 0.0 159454 0.0 16+6 0.0
KMN 318+72 0.0 159438 0.0 1645 0.0
KMED 318+125 | 0.0 159464 0.0 16+7 0.2
Binning 411+269 | 0.0 | 209+165 | 0.0 20+25 10.8

OV binning 509+555 | 0.0 | 173+201 | 0.7 20+25 9.8

Hence, after choosing VN as the best clustering size for our study, the choice of the different
clustering methodologies was needed so the population distribution was assessed for all the cases.
The methods of choice were fixed to those algorithms fiving an acceptable uniform compound
distribution. Therefore, at the light of the results observed in Figure 2.6, HRC single, median, and
centroid clustering methods were discarded as they tended to represent a unique or few hyper-
populated clusters (represented as outliers of the corresponding boxplots) and a high number of
singletons losing homogeneous representativeness of the chemical space. This distribution is the

common result of many hierarchical agglomerative clustering with a bottom-up approach and was
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observed for all the cases of study. Spectral clustering was also discarded as it could not be applied to

all the databases due to not convergence drawbacks of the algorithm for some of the distributions.

Therefore, HRC average, HRC complete, and Ward were considered hierarchical
agglomerative clustering methodologies, KMN and KMED as non-hierarchical relocation clustering,

and OV binning as a representation of a cell-based partitioning method.
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Figure 2.6 Boxplots of population distribution for the 6 libraries of analogs and VN clusters.

2.3.3. Assessing the explored space until date

2.3.3.1. The explored regions of ChEMBL’s drugspace

With the purpose of visualizing the chemical subspaces’ location in the predefined ChEMBL's
drugspace, the combinatorial libraries were interpolated into the ChEMBL’s PCs leading to the colored
regions shown in Figure 2.7. Contrary to the scattering observed in the FDA’s chemical space due to

a categorization attending to their disease class, the sample distribution of libraries of analogs with a
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common scaffold, are located highly focalized in the large drugspace described by the ChEMBL
dataset. Moreover, as an overlap of these subspaces is noticeable, this would give us a hint that there
are compounds with common drug-like properties between the combinatorial libraries of different

drug derivatives that may leave the door open for further repurposing or multitarget studies.

FDA and its Case Study libraries in ChemBL's Chemical Space

4 DATABASES

ChemBL Database

FDA Database

Rufinamide Library
Azilsartan Medoxomil Library
Ertugliflozin Library
Abemaciclib Library
Dacomitinib Library
Tafenoquine Library

o
PCA 3

2
PCa 4 -5.0

Figure 2.7. Drugspace described by the firsts 3 PCs (52% of variance explained) of the filtered database of ChEMBL with FDA data and the
combinatorial libraries of drugs of study.

2.3.3.2. Bibliographical representativeness in each chemical space

In order to assess the real space explored until date in terms of molecular novelty, the search
of the analogs described both in the patents and literature was enforced. Bibliographical databases
(BD) refer to all the compounds derived from the Markush structure that have been reported as
synthesized and, in some cases, biologically tested. To describe all the explored space known until the
date for each patent, we include not only the individual molecules explicitly declared on the patent’s
claims but also all ulterior derivatives found in PubChem??! (even if their declared current application

is different from the described in the original patent).

It is worth mentioning that in this study we have only used publicly available compounds. As
an example, the set of 58 Tafenoquine analogs found in PubChem includes the 7 molecules claimed
in patents!®>!% and 51 molecules described in the literature (belonging to the same Markush
structure). Among these novel molecules; 27 are included in other patents or articles concerning

malaria?>?’, 5 are related to parasitic diseases'??, 14 are present in a study of the inhibition of
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human monoamine oxidase A'?°, and 5 are structurally described but no biological activity was

reported.

Regarding the rest of the analyzed patents, apart from the molecules stated in each patent,
10 Dacomitinib analogs, 27 Abemaciclib analogs, 51 Tafenoquine analogs, 2 Ertugliflozin analogs, 9
Rufinamide analogs and 102 Leflunomide analogs have been reported until date in literature. With
the exception of Leflunomide, the number of molecules described are lower than the expected to
significantly represent their Markush drugspace as it is shown in Table 2.7. Leflunomide’s greater
number of BD may be related to the year of the drug approval, as it matches with the eldest studied
structure with an expired patent from 1978. It stands out in what manner the number of studied
compounds (BD sets) differs excessively from the size of the library derived from the Markush
structure (MCL). On the one hand, the low number of derivatives would evince the presence of

synthetical limitations that hamper the obtention of more compounds.

On the other hand, it would confirm the application of a highly focused exploratory
methodology. For this reason, we propose the creation of a second combinatorial database (named
Bibliographic Combinatorial Library, BCL) for each patent by combining only the substituents present

in BD aiming to represent the real combinatorial space synthetically accessible until the date.

Table 2.7 Information related to the drugs under study. The number of analogs included in MCL (N), in Bibliographical Data (Npp) and in
Bibliographical Combinatorial Library (Npc; ) and the root square of N.

Drug Name N Ngp | Ngcr | VN
Dacomitinib 16,530* | 60 798 | 129
Abemaciclib 45,696 41 736 | 214
Tafenoquine 25,472 58 600 160
Ertugliflozin 14,194 21 56 120

Rufinamide 8,959 22 144 95

Azilsartan Medoxomil 1,110 4 9 34
Leflunomide 5,641 114 | 2,844 | 76

To assess the degree of representativeness of BD in the chemical space claimed in a patent
(MCL), SC and PC values have been calculated when the MCL space is divided into Ngp partitions.
Needless to say, an optimal space exploration such as the derived via rational selection would result
in a 100% of both SC and PC. However, results show that a selection of an equal-sized set using
random sampling (calculated as the mean value of the coverages obtained with 5,000 repetitions) has

proved to better represent the chemical space than BD compounds (Table 2.8 and Table 2.9).
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Table 2.8 Comparison of SC and PC values obtained by random selection and BD compounds when dividing the MCL of Dacomitinib, Abemaciclib
and Tafenoquine in Ngp clusters.

Dacomitinib Abemaciclib Tafenoquine
BD Random BD Random BD Random

HRC SC 26.7 41.1 22.0 35.1 17.2 46.8
average PC 74.2 80.1 66.2 85.9 12.8 78.4
HRC SC 50.0 54.0 34.1 52.0 25.9 59.3
Complete PC 69.0 72.8 449 74.0 19.3 67.6
HRC sC | 417 53.5 34.1 58.6 17.2 61.8
Ward PC 71.5 73.2 43.9 68.8 18.8 65.3
SC 48.3 57.6 34.1 60.3 22.4 62.5

KMN
PC 67.3 69.4 39.1 67.4 21.0 64.7
SC 55.0 57.6 34.1 59.1 24.1 61.4

KMED
PC 68.0 68.8 44.4 68.3 21.8 65.9
oV SC 25.0 42.9 28.1 51.8 24.0 49.2
binning PC 59.1 78.3 46.2 84.0 35.4 82.9

Table 2.9 Comparison of SC and PC values obtained by random selection and BD compounds when dividing the MCL of Ertugliflozin, Rufinamide,
Azilsartan Medoxomil and Leflunomide in Ngp, clusters.

Azilsartan
Ertugliflozin Rufinamide Leflunomide
Medoxomil

BD | Random | BD | Random | BD | Random | BD | Random
SC| 95 19.8 36.4 30.6 50.0 26.4 27.2 50.1

HRC
average | PC | 83.8 88.4 6.4 86.2 13 98.7 11.6 76.4

HRC SC | 23.8 38.7 22.7 43.6 50.0 26.3 26.3 55.3

Complete | pc | 59.4 78.8 4.0 79.7 13 98.7 17.9 71.5

HRC SC | 19.0 57.7 13.6 70.8 50.0 41.0 15.8 60.6

Ward PC | 26.9 69.7 6.2 67.1 82.7 87.0 15.7 66.8

SC | 23.8 58.7 18.2 58.9 50.0 52.1 15.8 60.8
KMN

PC | 235 69.3 7.9 69.4 59.9 84.8 13.1 66.7

SC | 19.0 57.7 27.3 61.6 50.0 68.3 18.4 59.8
KMED

PC | 29.8 70.8 27.4 66.6 46.8 68.8 20.8 67.6

42



Azilsartan
Ertugliflozin Rufinamide . Leflunomide
Medoxomil

BD | Random | BD | Random | BD | Random | BD | Random

ov SC | 133 65.6 28.6 50.3 25.0 56.6 26.4 53.0

binning | pc | 18.2 82.2 9.6 90.1 1.7 80.2 32.5 83.0

For example, after dividing the Tafenoquine MCL space into 58 clusters, using the HRC
average method, the 58 molecules included in BD showed 17.2% SC and 12.8% PC while a random
selection was able to achieve 46.8% SC and 78.4% PC. This trend is observed regardless of the
clustering or partition-based method used and in all the cases. Only the application of HRC average,
HRC complete and HRC Ward cluster algorithms on Azilsartan Medoxomil led to better SC results than
averaged random selections; although in this case results are clearly determined by the low number
of compounds to select (Ngp= 4). Overall, these results evince that the chemical space defined in a

drug patent is poorly described.

In contrast, the alternative suggested use of rational selection would always cover 100% of
the current partitioned chemical space by selecting at least one molecule of each cluster. Then,
following the above-mentioned example, a rational selection of 58 molecules (one per each cluster)
would represent the 100% SC and PC of Tafenoquine’s chemical space. However, this does not imply
the synthetical feasibility of the chosen compounds, so a visual inspection by a medicinal chemist

would be necessary for further steps.

2.3.3.3. Comparing BD and BCL coverage among the chemical space described
by MCL

Quantifying the reduction of the MCL space that implies the use of BCL might be of key
importance since its compounds are the ones genuinely expected to be synthetically feasible. This
confirmation relies on the fact that BCL compounds include only the fragments coming from real
studied candidates, constituting a more legitimate representation of the drug patent. In other terms,
BCL dataset would describe the real Markush structure known until date so it would be the suitable

structure to be presented in a fictitious patent claim at present.

For this purpose, the coverage of BD and BCL in MCL libraries were compared by assessing
their distribution along with each principal component and their density plots when projected on the
space of the first three principal components (Figure 2.8). As expected, BD and BCL progressively
improve the description of MCL although neither of them, except for Dacomitinib and Leflunomide’s

analogs (later discussed), significantly cover the chemical space derived from the Markush structure.
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Rational vs. Traditional R&D methodology
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Figure 2.8 For each subfigure: in the first row there is the graphical representation of the scatter plot contour of MCL (pale yellow), BD (blue)
and BCL (green) libraries when projected on PC1-PC2 (left), PC2-PC3 (middle) and PC3-PC1 (right) planes. In the second row, the density
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histogram for the considered libraries along PC1 (left), PC2 (middle) and PC3 (right). This scheme is repeated for all patents: A) Dacomitinib, B)
Abemaciclib, C) Tafenoquine, D) Ertugliflozin, E) Rufinamide, F) Azilsartan Medoxomil and G) Leflunomide.

To quantify this observation, cluster analysis was performed setting the number of clusters
to a standard size of V/N. Firstly, according to the results, aligned with the previous study, random
selection once again showed to better represent the overall space rather than compounds derived
from the current R&D methodology (represented as BD), even with a higher number of clusters. The
results of all the libraries can be found from Table 2.10 to Table 2.16.

Firstly, in contrast to other libraries, Dacomitinib’s results concerning the BD
representativeness showed high SC and PC values (Table 2.10) and a very centered distribution (as
seen in the previous Figure 2.8). This is explained by the reduction of the substituents considered in
library enumeration (only those in claim 5, see section 2.3.1). This affected not only the MCL size
(getting 16,530 compounds) but also the BCL (798 compounds). Consequently, BCL comprises a
significant number of analogs of the used dataset of 16,530 compounds. So, much lower SC and PC

values would be expected when considering the original database.

Table 2.10 SC and PC results for a number of k= v/N clusters for Dacomitinib analogs.

HRC average HRC complete OV BIN

Dacomitinib #Analogs sc pC sc pC sc pC
Bibliographic data (BD) 60 209 503 271 421 16.8 52.0
Random (BD) 60 31.2 548 344 464 30.2 706
Bibliogr. Comb. data (BCL) 798 79.1 921 868 909 643 923
Random (BCL) 798 869 984 959 988 819 981
Random (v/N) 129 494 747 562 699 451 835
Dacomitinib #Analogs HRC Ward KN KVIED
sc PC sc PC sc PC
Bibliographic data (BD) 60 29.5 384 279 358 31.0 430
Random (BD) 60 35.9 46.4 30.1 416 352 44.2
Bibliogr. Comb. data (BCL) 798 92.3 923 90.7 924 86.8 90.8
Random (BCL) 798 98.5 99.2 986 993 974 99.0
Random (v/N) 129 59.6 67.1 60.1 66.7 58.0 685

The results showed for Abemaciclib database in Table 2.11 are totally in concordance with

the general observed trend. As BD analogs are smaller than VN, both its coverage and its
combinatorial database (BCL) coverage of the chemical space described by MCL leaves much to be

desired in comparison to a random choice of BD and BCL sampling which are more representative. In
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fact, even a random choice of VN samples (which is significantly smaller than BCL) is more

representative in terms of SC and PC.

Table 2.11 SC and PC results for a number of k= VN clusters for Abemaciclib analogs.

HRC average HRC complete OV BIN

Abemaciclib #Analogs

pPC sC pPC sC pPc
Bibliographic data (BD) 41 4.7 63.8 9.8 9.9 159 23.7
Random (BD) 41 69 814 167 246 232 5038
Bibliogr. Comb. data (BCL) 736 26.6 318 304 275 46.8 51.0
Random (BCL) 736 64.9 953 852 952 740 97.9
Random (vN) 214 429 812 551 712 543 89.0

Abemaciclib #Analogs HRC Ward KN KIED
PC sc PC sc PC
Bibliographic data (BD) 41 10.3 10.1 10.3 11.0 10.7 14.7
Random (BD) 41 17.2 19.7 173 19.0 17.1 20.9
Bibliogr. Comb. data (BCL) 736 243 242 257 244 271 330
Random (BCL) 736 93.3 96.0 943 963 921 95.6
Random (v/N) 214 60.5 66.2 614 654 59.3 67.3

The results showed in Table 2.12 for Tafenoquine’s database are in agreement with the

observations detailed above for Abemaciclib case of study.

Table 2.12 SC and PC results for a number of k= /N clusters for Tafenoquine analogs.

HRC average HRC complete OV BIN

Tafenoquine #Analogs
PC sc PC sc PC
Bibliographic data (BD) 58 8.8 6.4 11.9 9.7 136 17.0
Random (BD) 58 27.0 454 291 371 27.1 536
Bibliogr. Comb. data (BCL) 600 388 332 338 283 36.0 49.3
Random (BCL) 600 80.4 956 906 96.1 747 96.1
Random (v/N) 160 509 748 577 69.1 482 79.8

HRC Ward KMN KMED

Tafenoquine #Analogs
PC sc PC sc PC
Bibliographic data (BD) 58 7.5 7.0 94 80 100 8.6
Random (BD) 58 30.0 329 303 317 203 454
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HRC Ward KMN KMED

Tafenoquine #Analogs < e s e < e
Bibliogr. Comb. data (BCL) 600 26.9 27.7 375 36.0 444 41.2
Random (BCL) 600 95.9 97.0 96.8 97.4 947 96.8
Random (VN) 160 61.4 65.4 624 644 60.6 66.2

Ertugliflozin’s database was the only case were KMED clustering could not be calculated due
to its particular chemical space distribution which did not present a convergence for the algorithm.
Overall, the results showed in Table 2.13 for Ertugliflozin’s database are in agreement with the

observations detailed above.

Table 2.13 SC and PC results for a number of k= VN clusters for Ertugliflozin analogs.

HRC average HRC complete OV BIN

Ertugliflozin #Analogs

PC SC PC SC PC

Bibliographic data (BD) 21 8.3 12.2 6.7 9.2 6.8 7.8
Random (BD) 21 134 415 14.7 254 20.2 51.0
Bibliogr. Comb. data (BCL) 56 125 177 108 12.3 8.1 8.0
Random (BCL) 56 26.5 65.3 30.8 56.5 36.3 76.5
Random (\/ﬁ) 120 509 74.8 57.7 69.1 482 79.8
Ertugliflozin #Analogs HRC Ward KMN KMED
sc PC sc PC SC PC

Bibliographic data (BD) 21 7.5 8.0 8.3 8.5 - -
Random (BD) 21 159 186 159 179 - -
Bibliogr. Comb. data (BCL) 56 10.0 105 117 119 - -
Random (BCL) 56 36.2 41.5 36.5 404 - -
Random (\/ﬁ) 120 60.2 66.6 61.1 65.9 - -

Rufinamide’s small BD and BCL coverages can be explained by the focalized distribution
presented in the above introduced Figure 2.8. Moreover, the results are in agreement with the
population distribution in their clusters (see Figure 2.6) which show a few outlying overpopulated
clusters for some clustering methods such as HRC average and HRC complete. However, as for the
other introduced cases, the results showed in Table 2.14 for Rufinamide’s database agree with the

general observed trend.
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Table 2.14 SC and PC results for a number of k= VN clusters for Rufinamide analogs.

HRC average HRC complete OV BIN
Rufinamide #Analogs
PC sc PC sc PC
Bibliographic data (BD) 22 11.6 2.0 7.4 1.1 8.4 2.2
Random (BD) 22 15.0 541 183 39.1 20.5 56.5
Bibliogr. Comb. data (BCL) 144 284 8.3 23.2 83 310 97
Random (BCL) 144 46.0 86.6 56.1 848 54.0 90.4
Random (V'N) 95 37.6 807 465 773 458 855
HRC Ward KMN KMED
Rufinamide #Analogs
PC sc PC sc PC
Bibliographic data (BD) 22 5.3 3.2 6.3 2.7 4.2 2.9
Random (BD) 22 20.3 245 203 247 203 25.0
Bibliogr. Comb. data (BCL) 144 12.6 8.7 158 8.7 158 11.8
Random (BCL) 144 72.9 804 73.0 80.1 721 804
Random (VN) 95 59.6 675 594 673 591 67.7

Again, bibliographical databases only show better results in the HRC average method applied

to Azilsartan Medoxomil, due to its size (Table 2.15).

Table 2.15 SC and PC results for a number of k= VN clusters for Azilsartan Medoxomil analogs.

HRC average HRC complete OV BIN
Azilsartan Medoxomil #Analogs
PC sc PC sc PC
Bibliographic data (BD) 4 11.8 0.5 8.8 0.5 13.0 0.5
Random (BD) 4 8.8 52.7 10.5 254 15.0 33.6
Bibliogr. Comb. data (BCL) 9 26.5 1.9 20.6 5.6 26.1 3.9
Random (BCL) 9 145 693 203 454 27.1 576
Random (VN) 34 30.5 84.8 456 79.2 51.0 88.8
HRC Ward KMN KMED
Azilsartan Medoxomil #Analogs
PC SC PC Sc PC
Bibliographic data (BD) 4 8.8 1.3 8.8 1.3 5.9 1.3
Random (BD) 4 11.0 15.7 11.1 145 111 135
Bibliogr. Comb. data (BCL) 9 20.6 106 206 11.2 8.8 3.3
Random (BCL) 9 22.6 31.6 228 295 23.0 276
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HRC Ward KMN KMED
PC SC PC SC PC
Random (v'N) 34 56.1 726 578 714 603 68.4

Azilsartan Medoxomil #Analogs

Additionally, Leflunomide (Table 2.16) is the unique example in which the number of

molecules found BD (Npp) was greater than v/N, so the size of its combinatorial sub-library (BCL) had

better representativeness in its chemical space for almost all cases (with the exception HRC average
PC value) of rather than a random choice of VN analogs.

Table 2.16 SC and PC results for a number of k= /N clusters for Leflunomide analogs.

HRC average HRC complete OV BIN

Leflunomide #Analogs
PC sC PC sc PC
Bibliographic data (BD) 114 28.9 16.2 34.2 21.3 29.2 36.2
Random (BD) 114 62.8 84.7 65.5 82.7 599 87.7
Bibliogr. Comb. data (BCL) 2,844 763 675 842 773 708 86.2
Random (BCL) 2,844 99.0 100.0 99.6 100.0 98.0 99.9
Random (VN) 76 52.8 747 543 72.4 50.8 80.8

HRC Ward KMN KMED
Leflunomide #Analogs

PC sc PC sc pPC
Bibliographic data (BD) 114 22.4 16.4 22.4 17.9 22.4 23.3
Random (BD) 114 74.2 798 747 797 741 79.9

Bibliogr. Comb. data
2,844 763 744 750 73.7 86.8 837

(BCL)
Random (BCL) 2,844  100.0 100.0 100.0 100.0 100.0 100.0
Random (vN) 76 60.7 668 61.1 663 60.7 66.8

Overall, although having changed the number of partitions, results agree with the ones
described in the previous section: both SC and PC percentages obtained using a random selection are
better than those obtained with the bibliographic database, either BD or BCL. Generally, contrasting
the obtained results with VN and Ny, partitioned space one may estimate an optimal and

synthetically manageable number of samples that could be chosen to be synthesized.

Although the BCL library includes a higher number of compounds, in many cases, it is not
able to represent the MCL space hence, this result would serve as evidence that the synthetically
accessible chemical space for each dataset is still poorly known as the rational R&D methodology has

followed a mainly focused trend around some original hits. In fact, the use of a rational selection of
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BD compounds would increase the efficiency of both traditional and cherry-picking methodologies in
terms of coverage. As an example, when applying a rational selection of 58 Tafenoquine analogs, an
optimal value of 36.3% of SC could be achieved (58 out of 160 clusters).

2.4. Rational selection; an alternative towards a more efficient hit-to-lead strategy

In light of the results of our study, enough evidence has been exposed to proof the lack of
chemical space exploration in the traditional R&D methodology. This is the result of a procedure that
relies in the hit-to-lead optimization step which commonly aims to find an optimal compound around
the original hit, commonly involving a Free-Wilson approach during the process (Figure 2.9). The
synthesis and biological evaluation of these analogs is performed leading to a a drug candidate and,
accordingly, a Markush structure is settled defending that its involved analogs may present the same
biological behavior as the original hit. In fact, even the fragment combination of the reported
structures (BCL) does not represent properly the drug’s chemical space derived from the Markush
structure (MCL).
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synthesis and biclogical evaluation space coverage

PATENT i )
IR,
1 ®e®
oH . Lead/drug 1 e%e iy .: ®
) G P %% %o Yo 0
F Ho . * =2 ; *'t*:;*.i.o .
* * 1le °
. * * * i i1e¥e ®o @ o:
Original hit Free Wilson selection, Markush structure i Chemical
:
1
1

o
B) Rational Selection ™
o P%g® ® ox ¢ 5] Better lead
®_0gq0 0o O * )
R2 oo o o s 0y
% ° " . *e .. * * .~ 'a
R1 R3 ® - -
II* PRalY II* II* -
:.o.'*.D [ ] * * l".\~
Original scaffold Chemical Rational selection, New lead
\or Markush structure space coverage  synthesis and biological evaluation )

Figure 2.9 Hit-to-lead process comparative workflow between the traditional methodology (A) and the approach suggested by the authors
after the reported study (B).

Hence, we defend an alternative or complementary approach which departs from the
combinatorial library obtained from a theoretical Markush structure or from the fragment
combination of an original scaffold explored in previous studies (which would ensure the synthetical
feasibility of its analogs). Secondly, a computational study, involving the space clustering or

partitioning, is suggested to rationally choose a handleable number of compounds to synthesize and
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test that may unveil a better lead in unexplored regions. This strategy can be reproduced in an
iterative process. Consequently, if the most active cluster matches with the original hit subspace, a
later optimization process around its surrounding area would be also applied in the search for new
leads. Thus, this new methodology would better consider the chemical diversity of the original
Markush set, being the rational selected compounds a significant representation for the issue of study

or further repurposing approaches.
2.5. Discussion and conclusions

The hit-to-lead process in drug discovery has been traditionally based on the application of
the Free-Wilson approach according to which, after hit identification, the structure of the drug
candidate is progressively modified attempting to improve its biological activity. Hence, the resulting
procedure allows for exploring the surrounding chemical space of the initial hit compound but there

could be regions that remain unexplored, compromising the R&D efficiency.

We have assessed how well the chemical space claimed in a patent is actually explored, using
seven patents as examples. For all cases, the space explored in the literature (BD) for each
combinatorial library is very small, about 20% on average when clustering the chemical space in VN
clusters. Moreover, results show that even a random selection (by cherry-picking) may lead to a better
coverage than the molecules reported in the literature. These results are in agreement with results
previously reported by our research group regarding the study of the chemical space described by
HEPT analogs*+°L.

It has also been evidenced that, in most cases (5 out of 7), even the synthetically accessible
combinatorial library (BCL), resulting from the fragmental combination of the molecules described in

the literature, are not entirely representative of the chemical space (with lower values than a random

study of VN molecules).

Neither the real space explored (BD) nor the fragment combination of the studied molecules
(BCL) significantly represent the space defined by the combinatorial libraries derived from the
Markush structure, especially when they are compared with the coverage obtained by a statistically
random sampling of VN molecules. Thus, there is a large part of the chemical space claimed on
patents that remains unexplored and it can hide potential leads that may surpass the activity of the
original hit or reduce undesired side effects. Rational selection algorithms could assist traditional
methodology to optimize the selection of representative compounds of a given chemical space. This
could be applied to explore many pharmacokinetic profiles such as toxicity, biological activity, or

solubility among others.

Results reinforce the proposal to integrate the rational selection in the R&D process in early

drug discovery or combine it in a mixed methodology involving a local optimization around the
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original hit or new lead candidates. Nevertheless, it should be noted that many big libraries derived
from a Markush structure may present candidates with problematic or even unfeasible synthesis and,

hence, proper data curation is mandatory before proceeding to a definitive rational selection.
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Chapter 3: Tafenoquine. Study of 8-aminoquinolines as potential

antimalarial drug candidates

3.1. Introduction to malaria and Tafenoquine

3.1.1. Malaria

Malaria is an infectious disease caused by a protozoa parasite of the genus Plasmodium and
it is transmitted by female Anopheles mosquitoes. In humans, malaria is caused by five species: P.
falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi. While the first is the deadliest malaria
parasite causing the highest number of deaths worldwide and the most prevalent in the African
continent, the P. vivax transmission occurs across the tropics and reaches into subtropical and
temperate climate. Thus, P. vivax is the most predominant in most countries outside of sub-saharian

Africa, such as India, Afghanistan, Pakistan, Brazil, or Guatemala.

This life-threatening disease caused an estimated 241 million cases and 627,000 related
deaths in 2020 among 85 countries (see Figure 3.1), being Africa the most affected continent®3°. In
short, malaria is a constant dangerous threat for approximately half of the globe’s population, while
among the other half, there are many people who travel to areas where malaria is endemic for many
reasons. Consequently, the World Health Organization (WHOQ) has prioritized the reduction of malaria
case reduction with the objective of lowering morbidity and mortality associated with this disease by
90% by the year 2030. Such goal requires an approach to greatly reduce its transmission in endemic
populations primarily by using drugs for both prophylaxis and/ or treatment along with vector control

and early diagnosis procedures.
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Figure 3.1. Countries that were malaria endemic in 2020. Source: World Malaria Report 2021 130

3.1.2. The Plasmodium life cycle

In order to comprehend the underlying mechanism of the drugs currently in use for malaria

treatment, the understanding of the infection process in the host is needed.

The infection departs from a female Anopheles mosquito (the vector host) bite to a human.
This simple and casual process injects the infectious sporozoite form of the parasite to the host from
the vector’s salivary gland. Once the parasite infects the host, the sporozoites migrates shortly to the
liver hepatocytes (Figure 3.2) entering into an incubation period consisting in growth, segmentation
and finally sporulation (exoerythrocytric cycle) that might last from 7 to 30 days depending on the
specie where the parasite resides while continuing a life cycle producing mitotically high numbers of
schizonts. Finally, the mature form of the parasite leaves the liver as merozoites to invade the

bloodstream.

After the infection of the red blood cells by the merozoites, the erythrocytic cycle takes place
producing new forms as blood schizonts which ultimately burst releasing merozoites which will
reenter erythrocytes whilst producing high fevers in the host. This cycle is continuously repeated in a
course of single malaria episode until is suppressed by the host’s immunity system or by drugs. During
this asexual phase (schizogony), an average of 8-32 new merozoites and gametocytes per infected
red blood cells are produced. Finally, when the female Anopheles mosquitoes feed on blood of the
new infected host, they ingest the gametocytes and these later begin the sporogonic phase (sexual

phase) in the gut and migrate to the salivary glands perpetuating the infection317135,
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During the first infective period (exoerythrocytric cycle), no symptoms may be manifested.
However, after the incubation period, the release and circulation of malaria parasites into de
bloodstream as merozoites may result in fever, sweats, nausea, headaches, nausea, vomiting or body
aches are typically to take place. When the patient receives the right treatment at this stage, the
prognosis is great, but when P. falciparum infections are left untreated, they might develop into
severe malaria, which may be lethal in the majority of cases if no cure is supplied. Occasionally,
different level of mental disorientation, coughs or muscle pains may occur. Hence, malaria treatment
relies predominantly on drugs that target the disease-causing asexual blood stages.
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Figure 3.2 Life cycle of the Plasmodium parasite. Source: CDC, 2020136

More specifically, unlike P. falciparum, P. vivax and P. ovale have a typically low blood-stage
parasitemia with gametocytes emerging before illness manifests. Their hepatic schizonts hibernate
before migrating to the bloodstream in dormant liver stages, called hypnozoites. These are capable
to reactivate the process and cause the relapse after weeks, months or even years after the first
episode. During this period, the parasite remains undetectable by the human immune system or any
current diagnostic technique complicating the prophylaxis and treatment. Indeed, the global burden

of infection and disease imposed by endemic P. vivax transmission is complicated by its biology as
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both active and latent infection take place in difficult-to-access tissues. Consequently, all the
described characteristics affect both P. vivax geographic distribution and transmission patterns as

shown in Figure 3.3.

To boost malaria elimination, countries need to focus on vector control measures and
aggressive treatments to prevent the transmission and relapses due to P. vivax as it is considered the

most widespread specie around the globe.

However, the study of malaria seems not to be interesting for pharmaceutical industries as
it does not provide financial incentive mainly due to their prevalence in developing countries rather
than in the developed world. The development of a drug intended to treat this disease would not
allow the recovery of the capital invested during its research. Thus, it is considered an orphan disease
and the indication of its drugs are also considered as orphan®¥’. However, coordinated WHO global
efforts have been adopted since the World Health Assembly in may 2015 to develop the WHO Global

Malaria Programme to control and eliminate malaria in the period from 2016 to 203038,
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Tafenoquine. Study of 8-aminoquinolines as potential antimalarial drug candidates
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Figure 3.3 The global clinical cases (per 1,000 population) in all ages of patent Plasmodium vivax, 2020. The numbers of cases predicted to occur in each 5 x 5 km? pixel are shown on a spectrum of blue to red.
Areas where P. vivax is known to be endemic, but there was not sufficient information to generate a prediction, are shown in light grey. Global national shapefile obtained from the Malaria Atlas Project (MAP:

https://malariaatlas.org/ )
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3.1.3. P. vivax treatment. The 8-aminoquinoline antimalarial drugs

Malaria treatment depends on many factors such as the species of malaria parasite causing
the infection, disease severity, and the geographical region where the host was infected. Even more,
the latter two attributes help determine the probability of te developed resistance of the parasite to
certain antimalarial drugs. Further factors such as weight, age or pregnancy condition might also limit

the available options for malaria treatment.

A wide variety of preventing drugs for malaria disease have been discovered since quinine
was first isolated from the chinchona tree and used for its treatment in the early 1800s. After the
depiction of Plasmodium life cycle, several drugs or drugs combination serving as chemotherapy were
developed to treat the different stages of the parasite development. There are four possible strategies

for drug therapy?®:
1. Kill the sporozoites injected by the mosquito or prevent its entrance into the liver.

2. Kill the schizonts residing in hepatocytes or prevent their development to merozoites. This

mechanism is the most common use and its drugs are considered as blood schizontocizals.
3. Kill the merozoites in the red blood cells or prevent their conversion to gametocytes.

4. Kill the gametocytes before entering in other Anopheles female mosquito. The drugs with

this mechanism of action are considered gametocidals.

Present antimalarials can be categorized into multiple classes such as: aryl-amino alcohols,
artemisinins, antifolates, antibiotics, 4-aminoquinolines (4AQ) and 8-aminoquinolines (8AQ). Since
2019, six drugs have been approved by the FDA and are currently available by prescription for malaria
prophylaxis. In fact, several are in widespread use today. They are, in terms of the year of approval:
chloroquine, primaquine, mefloquine, doxycycline, the combination of atovaquone and proguanil,
and tafenoquine®®. Among these, primaquine and tafenoquine are the currently 8AQ drugs available
of choice against P.vivax and relapsing forms of malaria, and chloroquine the 4AQ to treat

uncomplicated vivax malaria'®® (Figure 3.4).
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Figure 3.4 Quinolinic based drugs currently in use against P.vivax

Specifically, Tafenoquine is a single-dose 8-aminoquinoline derivative that was approved by
the FDA in 2018 and was termed as the “radical cure for P. vivax malaria”. It has been proved to be
the most potent and less toxic 8AQ analogue against this specie. Although, this compound shows
great inhibitory activity for both blood and liver stages of P. falciparum and P. vivax, its main interest
relies in the relapse prevention for the latter. Indeed, the challenges in controlling and eliminating
vivax malaria are normally related to its ability to relapse from long-lasting formant liver stages (as
hypnozoites) and its high transmission capability caused by the continuous production of
gametocytes along with the shorter growth cycle in the vector host compared to other Plasmodium

species’4?.

This drug belongs to 8-aminoquinoline (8AQ) antimalarial drugs, it was first synthesized and
named as WR238605 by scientists at the Walter Reed Army Institute of Research in 1978 as a part of
the US antimalarial drug program started in 1963427144, |ts first research attempts explored through
preclinical studies revealed its potent tissue schizonticide activity, its good oral bioavailability, its
reduced toxicity and its longer half-life in comparison which its precursor, primaquine!*>-14°,
GlaxoSmithKline’s legacy in the research and development of tafenoquine as a likely drug for malaria
started 20 years ago. Later, in 2008, GSK entered into a collaboration with the not-for-profit drug
research partnership Medicines for Malaria Venture (MMV) to develop this drug as an anti-relapse
medicine for patients infected with P. vivax*°. In fact, Tafenoquine’s properties totally fit with MMV
requirements. As an example, liver schizonticidal activity is a key factor of next generation
antimalarials as proposed by MMV, other critical components include prophylactic and

151

chemoprotective liver stage efficacy when single exposure™*. Still, the precise mechanism of action

of tafenoquine is yet unknown at present, as is so for primaquine®*2.

Nevertheless, as a primaquine analog, it has inherited one of the main drawbacks of its
predecessor causing severe hemolytic anemia in people with glucose-6-phosphate dehydrogenase

(G6PD) deficiency!>?71% which may result in hemolytic anemia (breakdown of the red blood cells)
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which may cause arrhythmias, cardiopathies or even heart failure. Consequently, as no robust test
has been developed to quantitatively measure the G6PD levels in endemic areas, tafenoquine
administration has not been widely adopted. Suitably, an alternative to this original hit would be

necessary to lower this secondary effect and optimally find a more active drug candidate.
3.2. Chemical space assessment of Tafenoquine’s analogs

3.2.1. Tafenoquine library of analogs and its chemical space

When looking into the patents containing Tafenoquine’s structure such as its already expired
original patent from 1986 (US46173941%) or a latter from 2002 (US6376511'%%), it can easily be found

the common Markush structures in their concluding claims section.

Through the previous discussed chapter (see Chapter 2) we realized and first proved that
although the patents tend to describe wide chemical spaces through Markush structures stated in
claims, the optimization of the new principal active ingredient developed — in the case of study;
Tafenoquine —is frequently driven by a simple Free-Wilson approach. This procedure leads to a highly
focused study on the chemical space nearby a hit compound leaving many regions unexplored which

may present highly biological active reservoirs.

In this case of study, the enumeration of the 8AQ analogs was performed as a combination
of both of the Markush structures stated on the above-mentioned patents. Both patents’ Markush
structures share the same 8AQ scaffold and differs from the R substituent and the number of
substituents in the ring in C5 position. Plus, the additional valuable information added by the most
recent patent is that it contains 7 specifically described molecules and hence, protected that are part
of the BD dataset. The resulting Markush structure is described in Figure 3.5 and its corresponding list

of substituents is showed in Table 3.1.

31
NH,

Figure 3.5 Markush structure of Tafenoquine analogs
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The complete combinatorial library of 8AQ analogs, consists in 25,472 compounds obtained
as a result of 8x2x2x796 possible combinations, being 796 all the possible phenolic structures

(containing R4, R5 and R6 in the 5 available ring positions) for the C5 quinolinic site.

Table 3.1 Fragments in SMILES used to build the 25,472 compounds library of Tafenoquine analogs.

R1 R2 | R3 R4 R5 R6

c(ccec- | -H | -H “H H H
-c(c)ccce- | -oc | € -cl -cl -cl
-c(ce)cec- -Br -Br -Br
-c(cc)cecce- -F -F -F

-CCCC(0)- -C(F)(F)F | -C(F)(F)F | -C(F)(F)F
-CCcec(C)- -0C -0C -0C
-CCCe(ce)-
-CCCCC(CC)-

The database was desalted, protonated at pH 7, and their partial charges were calculated
using MMFF94x forcefield. The total 206 1D and 2D molecular descriptors available in MOE were
calculated (the complete list of molecular descriptors is available in the Annex Il) and the resulting
matrix of 25,472 x 206 was reduced through PCA. The final chemical space was lowered to 13 PCs
which explained the 95.5% of the cumulative variance and ultimately explored through different

clustering and partitioning techniques. The overall process can be resumed as shown in Figure 3.6.

DATASET

25,472 x 207 matrix

Rs, Ry

N.i\\‘j\
ol
F0 R,

Dimensionality
reduction

3
5

PCA

25,472 x 13 matrix

PCAl — » —_—

Chemical Space Clustering / Partitioning

Figure 3.6. Overall process for Chemical Space description and assessment.
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3.2.2. Choice of a suitable clustering methodology

In order to perform a further rational selection of a tractable number of representative
molecules to be synthesized in the laboratory, a first assessment of the chemical space and choice of
the suitable clustering methodology is needed. In our case, Tafenoquine’s chemical space was firstly
assessed attending to the classification of the data in VN =~ 160 clusters. It was studied the data
distribution for nine clustering and two partitioning algorithms: hierarchical agglomerative clustering
(HRC) with six linkage methods (single, complete, median, average, centroid and ward), k-means
(KMN), k-medoid (KMED), spectral clustering (spectral clust) simple binning (BINNING) and the
developed algorithm of optimum variance binning (OV BIN). The last two partitioning methodologies

were able to group the data in 122 and 147 occupied bins respectively.

In order to contrast all the classificatory methodologies, the centroid of each cluster/bin was
picked leading a selection of 160 candidates for each case — with the exception of the 122 and 147
compounds selection for partitioning methodologies— and the values of space and population
coverages was calculated when overlapping these subselections into the other clusters resulting from
the different algorithms. The obtained results are shown through two heatmap plots showed in Figure
3.7 and Figure 3.8.
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Figure 3.7 Space coverage heatmap for the clustering and partitioning methodologies assessing Tafenoquine's chemical space in 160 groups.
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Figure 3.8. Population coverage heatmap for the clustering and partitioning methodologies assessing Tafenoquine's chemical space in 160
groups.

At a first glance, it stands out the poor SC values and large PC values obtained when studying
the representativeness of the selections in HRC single and HRC centroid. This can be explained by the
presence of an overpopulated cluster in both cases; the cluster 70 in HRC single contains 23,004
analogs and the cluster 85 in HRC centroid contains 18,162 compounds. These clustering
methodologies commonly show many singletons — clusters with a unique compound — leading to a
population distribution highly unbalanced. By this terms, HRC single and HRC centroid were firstly

discarded to rationally represent the chemical space of the 8AQ analogs.

The deeper study of the population distribution in the different clustering methodologies
performed and exposed via boxplot (shown in Figure 3.9 and Figure 3.10) finally gave us enough

insights to decide which cluster could properly classify the database of study.

Firstly, Figure 3.9 confirmed the dissuasion to use of HRC single and HRC centroid clustering
due to the overpopulated cluster above-mentioned. Furthermore, HRC median and spectral
clustering were also rejected due to the same reasons although not as many singletons were observed

as in the first two cases.
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Population Distribution
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Figure 3.9 Population distribution of Tafenoquine database of analogs for k=160 (122 and 147 occupied bins for BINNING and OV BIN
respectively) considering outliers
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Figure 3.10 Population distribution of Tafenoquine database of analogs for k=160 (122 and 147 occupied bins for BINNING and OV BIN
respectively) discarding outliers

Secondly, as the aim of the study is to find the most balanced distribution among clusters or
cells it was reinforced the rejection of spectral clustering and HRC median at the light of the results

shown in Figure 3.10.

After this first two criteria, whichever resting clustering methodology or partitioning could

have been used. Hierarchical agglomerative methods were chosen as the favorite approaches for this

64



first study as it was meant to ensure the reproducibility of the study and these methodologies have a
consistent distribution ruled by its fixed dendrogram — which is based mainly on the distance matrix
and the linkage method performed — independently on the number of clusters considered. As the
choice of linkage impacts the cluster formation, it is challenging to determine which clustering linkage
works best. This can be overcome by the comparison of the cophenetic correlation coefficient
detachedly on the number of clusters studied. This value is a measure to calculate of how faithfully
the dendrogram preserves the pairwise distances in contrast with the original unmodeled data points.
As a conventional correlation coefficient, the closest to 1 the highest quality solution is presented.

Thus, the different HRC linkage behaviors were assessed considering its cophenetic value.

Table 3.2 Cophenetic coefficients measured for the six different HRC linkage methods applied to Tafenoquine’s combinatorial library of analogs
consisting in 25,472 compounds.

Metric Linkage Cophenetic value
Euclidean Single 0.408
Euclidean Complete 0.264
Euclidean Median 0.251
Euclidean Average 0.520
Euclidean Centroid 0.429
Euclidean Ward 0.406

Finally, at the light of the results shown in Table 3.2, average linkage stood out as the linkage

methodology of choice as it showed the largest cophenetic value.
3.2.3. The explored space known until the date

After choosing HRC average as the preferred clustering methodology to assess Tafenoquine’s
chemical space, research of the compounds described in bibliography was conducted to discuss the
explored space until date. This was accomplished programmatically checking the presence or absence
of all the molecules of the chemical space of study in PubChem?*® database which contains publicly

available compounds.

Accordingly, 58 molecules were found in bibliography which would represent the known
chemical space at present and will be thereafter named as Bibliographical Data (BD). This low number
of studied analogs may likely be related to the orphan condition of the studied drug and the disease

itself. These not only include the individual molecules explicitly declares on the patent’s claims but
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also derivatives which may be described in other patents or literature for the original application (as
antimalarial drug) or for a different one. The resumed disease categorization for each analogue, its
Pubchem CID and its original source as found in the public database is summarized on Table 3.3. It is
worth noting that some of the molecules were found in the database but no record to source was
found, these molecules have also been considered as part of the bibliographical data as they are

chemically described.

Table 3.3. Information review of the data found in PubChem for the Tafenoquine database of analogs.

24 115358 Malaria & Leishmania Articles & Patents
904 133354 Inhibition of recombinant MAO Articles & Patents
2496 182707 Malaria Articles
2424 328150 Malaria & Hsp90 Inhibition Articles & Patents
820 456317 Malaria & Pneumocystis carinii Articles & Patents
838 473589 Inhibition of recombinant MAO Articles & Patents
1616 11444465 Malaria Patents
2388 11840454 Malaria Articles
796 12827752 Malaria Article
2412 12827754 Malaria Articles
2568 12827758 Malaria Articles
2425 12827760 Malaria Articles
2430 12827762 Malaria Articles
2766 12827764 Malaria Articles
1174 12827766 Malaria Articles
2520 12827768 Malaria Articles
928 12827772 Malaria Articles
833 13004209 Inhibition of recombinant MAO Articles & Patents
976 13004212 Malaria Patents
4004 13268300 Malaria Articles
13556 13268302 Malaria Patents
16740 13268304 Malaria Patents
7188 13268306 Malaria Patents
19924 20471245 Unspecified -

13640 20471248 Unspecified -
13712 20471249 Unspecified -
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13574
13569
13773
14003
1130
20141
16957
15232
1267
7405
1037
799
798
808
802
922
907
940
832
814
797

803
12760
15148
2460
8756
8936
8792
8828
13866
2394

20471252
20471256
22615922
22615925
22615927
22615930
22615932
53432170
53897188
54372920
54526203
57335751
57392561
57392562
57396037
57399500
57399501
57399502
57399503
57401260
57401261
68485773
68824793
69401460
70697515
86020681
86133435
86133437
86133444
86133450
87983613
145924641

Parasitic and opportunistic infections

Parasitic infections
Malaria
Parasitic infections
Malaria
Parasitic infections
Malaria
Unspecified
Malaria
Malaria
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Inhibition of recombinant MAO
Unspecified
Malaria
Malaria
Malaria
Malaria
Malaria
Malaria
Malaria
Malaria
Parasitic infections

Malaria

Patents
Patents
Patents
Patents
Patents
Patents
Patents
Patents
Patents
Articles & Patents
Articles
Articles
Articles
Articles
Articles
Articles
Articles
Articles
Articles
Articles
Patents
Articles & Patents
Articles
Articles
Articles
Articles
Articles
Articles
Patents

Articles
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Shortly, when considering the disease of study for the set of 58 Tafenoquine analogs found
in PubChem four main groups can be observed; there are 34 compounds that have been studied to
treat malaria diseases'??'?7 (including in the subset of seven molecules explicitly described in the
drug’s patent claims®1%9), 5 have been tested in studies concerning parasitic infections!?8, 14 have
been tested for the inhibition of Monoamine Oxidase A (human) recombinant (MOA)!*?° and 5

compounds with unspecified target of study.

When representing these four categories of bibliographical data found in the drug’s chemical
space in the first three principal components (Figure 3.11 which represents the 68.3% of the explained
variance) it can be easily perceive that the data known until date is highly localized in a focused area

of the chemical space. However, the data overlapping hinders the region inspection for each category.

Combinatorial Library
Malaria BD

Other parasitic diseases BD
Monamine Oxidase A BD
Unspecified BD
TAFENOQUINE

v

PCA 3

PCA 2

Figure 3.11 First three principal component plot displaying BD in Tafenoquine's chemical space

As an alternative, we represented the data in a t-SNE plot as showed in Figure 3.12. This
representation developed by Van der Maaten et al.>® (see Chapter 5) gives us a glance of the
distribution of the samples in a 2D graph by merging the nearest analogs, hence, fewer spots than the

stated may be represented as the nearest analogs (in terms of Euclidian metric) tend to be merged in

this sort of representation.
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Figure 3.12 Bibliographical data displayed in Tafenoquine's chemical space categorized by disease

Independently on the representation, PCA and t-SNE figures confirm by an easy visual
inspection that there is still a huge fraction of the space unexplored. Indeed, when representing only
the derivatives described in the drug’s patent claims (Figure 3.14) a clear data overlap is seen meaning
that are three analogs out of the unique seven studied derivatives published by the developers (Figure

3.13) that are highly correlated in terms of chemical similarity as they are all isomers.

CF,
@\ CFB@[CFB mmm CI:©:CI
o CF3 o cl 0 cl o
/O = ‘ /O = ‘ /O = ‘ /O = ‘
NS NS NS NS
Nigheidl N N N
HN HN HN HN NH
T/\/\NHZ T/\/\NHZ \(\/\NHZ \/\/Y 2

Library ID: 24 (Tafenoquine) Library ID: 1267 Library ID: 7405 Library ID: 16957
cl
o o cl o}
O = O 7
N N
HN N\/\)\
T/\/\NHz NH,

Cl Cl

Cl (0]
O Z
|
N
HN

Library ID: 1037 Library ID: 1267 Library ID: 13773

Cl Cl

H

Figure 3.13 Molecules described in the patents.
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Figure 3.14 Display of the seven molecules described in the drug’s patent in Tafenoquine's chemical space. The numbers shown in the plot
correspond to the library index of the analogs represented.

In fact, as stated in Chapter 2 for the standard size of VN =~ 160 clusters calculated via HRC
average, the overall subset of 58 analogs (Ngp) would represent the 8.8% SC and the 6.4% PC. In
contrast, a random choice of N, analogs (calculated as the mean of 5,000 iterations) would better
represent the chemical space with 27.0% SC and 45.4% PC. These short values might seem quite
obvious when discussing the representativeness of only 58 compounds in a larger number of clusters.
Nevertheless, the same trend occurs when clustering the space in Ngj, (58) clusters. The BD data only
covers the 17.2% SC and 12.8% PC while a cherry-picking approach selection of Nz, samples could
achieve to cover a mean value of 46.8% SC and 78.4% PC. Once again, it should be highlighted that an
optimal space exploration such as the derived via rational selection would result in a 100% of both SC
and PC.

3.3. Rational Selection analysis

Through this study we aim to reinforce the use of an alternative R&D exploratory
methodology based on rational selection in order to better represent the chemical database of
Tafenoquine’s analogs and possibly find regions with hidden potential biologically active derivatives.
Moreover, the significant representation of the database can also describe the chemical space for

further reprofiling purposes with the simple rational choice of a few compounds.
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As a goal of this thesis, a proper assessment through rational analysis has been implemented

in order to better explore the Tafenoquine’s chemical space and possibly discover new regions with

potential biological activity. The rational analysis departs from picking a tractable number of

molecules to be synthesized in the laboratory. The choice of this size depends on the research team’s

human, economical and chemical resources along with the time expectations for the project taking in

account a previous designed synthetic route. In our case, considering that only seven analogs have

been described by the drug developers and our research plan in terms of time and resources, we

considered synthesizing ten compounds to better describe this chemical space.

As the rational selection methodology selects a compound per each cluster intending to

represent the other analogs within the same group —as they are expected to be highly similar —, the

chemical database was divided in 10 clusters using HRC algorithm with average linkage. The clustering

performance of the database is shown in Figure 3.15.
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Figure 3.15 t-SNE representation of Tafenoquine’s chemical space after HRC average clustering (k=10)

However, the computational manageability of these large datasets derived from chemical

combinatorial libraries does not imply that all the analogs may be synthetically feasible or drug-like

molecules. Hence, a further curation of the dataset is needed.
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3.3.1. Database curation; shaping the accessible chemical space.

Three factors have been considered in order to shape the real accessible space considering
our time and resources limitations and the drug-likeness of the derivatives: its synthetic feasibility,

the commercial availability of the reagents and Lipinski’s rule of five.
a. Synthetic feasibility of the chemical database

The synthetic feasibility of the compounds in any chemical library is one of the key issues and
may limit their applicability when scaling to industrial development. Thus, the control of the synthetic

complexity of the generated compounds seems to be a good starting point for data curation.

Tafenoquine synthesis was first stated in US46173941%°, The general procedure for its
obtention was also related to the previous description of the synthesis of 4-methyl-5-(unsubstituted
or substituted phenoxy)6-methoxy-8-(aminoalkylamino)quinolines, a previous patent (US44318071%%)
developed also by LaMontagne et al. for the obtention of similar analogs unsubstituted in the second

position. The general process of synthesis for the obtention of Tafenoquine is described in Figure 3.16.

Although the final synthetic route used in this study will be further deeply explained in
section 3.4, the quick observation of the obtention indicated in the original drug’s patent gave as a
hint of the synthetic difficulty of some of the analogs. The overall synthesis consists in 15 steps. Briefly,
the firsts four steps consist in the scaffold formation (8) and are followed by three steps for C3
derivatization (39). Afterwards, the nitro group in C8 is reduced to amino (40) to enable its
derivatization. The following six steps (in the figure, colored in red), are mainly driven to add the
methoxy group in C2 position via: protection of the amine in C8 (41), oxidation to form the N-oxide
intermediate (42), the conversion to 2-quinolone (43), chlorination of C2 (44), the removal of the 8-
phtalimido protecting group (45) and, finally, the nucleophilic substitution to introduce de alkoxy
group in C2 (46). Finally, the two last steps are dedicated to the amino derivatization of C8 to
introduce the aminoalkyl chain and yield compound 48. Consequently, almost one-half of the

synthetic route is entirely dedicated to derivatize the C2 position.

Therefore, in order to simplify the synthetic route from a 15-step to a final 9-step synthesis,
the C2 derivatization position (Rz in the Markush structure showed above in Figure 3.5, page 60) was
fixed to those analogs containing a hydrogen atom. We hypothesized that this structural limitation
would not restrain the biological activity of the molecule as many of tafenoquine’s predecessors such
as primaquine or other analogs which do not present any substituent in C2 has also shown

schizontocidal activity in literaturel26:157-161,
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Figure 3.16. General process of Tafenoquine synthesis described in US4431807 and US4617394. In red is highlighted the needed steps for C2

derivatization.

To sum up, this first filter concerting to the synthetic feasibility of the library reduced the

library of 25,472 analogs to half of the original dataset (12,736) representing still the 10 clusters and,

in consequence the total coverage of Tafenoquine’s chemical space.

73



b. Commercial availability of the reagents

The second limitation to take in account when designing a practical synthetic route is to
check the commercial availability of the reagents needed. In our case, a part of veratrole — the library
starting point — and different oxidant / reductive agents, solvents or catalysts to perform the different

reactions, the accessibility to the reagents to form the different derivatization points was compulsory.

Taking a look to the above-mentioned Markush structure, the most diverse position that
would potentially affect to the synthesis was the phenolic group in C5. All the possible combinations
of R4, R5 and R6 among the five available spots of the aryl group lead to the requirement of 796
phenol analogs. The commercial availability of the usual vendors of the group (Sigma-Aldrich,

Fluorochem, Abcr, Alfa Aesar and TCl) was checked programmatically using ChemSpiPy62

wrapper to
access and query ChemSpider'®® database using Python. Surprisingly, amongst the above mentioned

796 possible phenol analogs, only 191 derivatives were found.

Therefore, the previous filtered dataset of 12,736 8AQ analogs was lowered to 3,056
compounds considering this commercial limitation. These were contained in 9 out of the 10 formed
clusters but represent the 90.0% SC and 99.9% PC (leaving unrepresented the cluster 0 which only

contains 4 molecules).

However, it should be emphasized once again that this filter was applied to simplify the
synthesis process due to time limitations, some of the possible non-commercially available phenols

could also be obtained by adding some side synthetic steps.
c. Lipinski rule of five

The last filter applied to the database of study was the consideration of Lipinski’s rule of five
which, as introduced in the Chapter |, defines four rules to measure the druglikeness or druggability
of a molecule by a limited range of molecular properties*®*. These rules predicts that poor absorption

or permeation is more likely when:
1. There are more than 5 hydrogen bond donors
2. There are more than 10 hydrogen bond acceptors
3. The molecular weight is greater than 500
4. The LogP is greater than 5

In order to avoid a highly restrictive threshold, we defined this last filter to select those
molecules which violated none or at least one of the rules leading to a final curated set of 2,548

tafenoquine analogs.
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3.3.2. Rational selection of Tafenoquine’s analogs

After data curation, the resulting chemical database declined from an original chemical space
consisting in 25,472 to an accessible space described by 2,548. However, although the real accessible
database was only represented by a 10% of its original data (2,548 out of 25,472) the unique chemical
space appears to be better described than the known until date in literature. Remarkably, this short,
filtered sample contains representative molecules of 8 out of the 10 formed clusters (leaving cluster
0 and 5 unrepresented). Therefore, the achievable exploration through rational selection in our
circumstances could optimally represent the 80% SC and 95% PC. Therefore, we performed the
rational selection of 8 representative compounds being these the nearest to each cluster centroid

accessible compound. These selection appertain the molecules shown in Figure 3.17.
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Figure 3.17. Rationally selected candidates to represent the 80% SC and 95% PC of the chemical space of Tafenoquine analogs

All things considered, as shown in Table 3.4, in this case of k= 10 clusters, the coverage results
of a random selection of 10 candidates would only improve the PC results in contrast with the BD
coverages. However, it is worth noting that the rational selection of the 8 candidates has increased

both SC and PC in contrast with the 58 molecules known until date.
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Table 3.4 Comparison of different coverage results of the chemical space obtained for BD selection, random selection and rational selection in
k=10 clusters

Selection Subset size SC PC
Bibliographical
58 50.0 % 42.5%
Data
Random 10 37.7% 73.2%
Rational
Selection of 8 80.0 % 95.0%

accessible space

In conclusion, the rational selection of a sample of eight molecules, one per each
synthetically accessible cluster, would largely increase the actual knowledge of Tafenoquine’s
chemical space by a 30.0% SC and 47.5% PC. Indeed, there is an abysmal difference in its
representativeness if comparing the seven described molecules in the drug’s patents which poorly
represent the 30.0% SC and 34.1% PC.

3.4. Synthesis of 8-aminoquinolines
3.4.1. General synthetic Route

As stated above, 8-aminoquinolines are very versatile compounds that have been widely
used and explored as potential antimalarial candidates. The overall synthetic route used for the
synthesis of the rationally selected analogs comprehend a route of 9-step synthesis that,
schematically follows the derivatization pathway showed in Figure 3.18. As explained through the
curation process, this route has been designed considering analogs with R2=H. Thus, no derivatization

point in C2 is reflected in the procedure for these 8-aminoquinolines obtention.

o~ 07 Ry Rs Rs
3 steps 3 steps 3 steps
_0O ps _0 N p _0 _ p _0 _
— J T S <
N N N
HN.
NO, NO, R,

l
NH,
1 2 3 4
Figure 3.18 Schematic synthetic route considering the steps to obtain the intermediates with the derivatization points of the scaffold of study

The simplified route shows how every different substituent can be obtained via three-steps

synthesis from the previous derivatization point. Therefore, the shared synthetic steps of the analogs
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of study affected only to the three first steps and increased the complexity of the parallel synthesis.
However, this limitation was overcome as all the rationally selected molecules presented a methyl
group in Rs. Therefore, a large batch of product until the fifth step could be produced before the step

involving the second derivatization point formation.

In the designed synthetic route, many reactions have been changed in contrast with the
procedure suggested by the patent claim in order to afford a more efficient, safer and cleaner
experimentation. However, the structural modifications follow the same order has the suggested by
the drug developers. Finally, the general synthetic route followed for the obtention of the selected

molecules is shown in Figure 3.19. This will be disclosed below in the following sections.
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Figure 3.19 General synthetic route designed for 8-aminoquinoline obtention

3.4.2. Preparation of 5,6-dimethoxy-4-methyl-8-nitroquinoline (8)

The 5,6-dimethoxy-4-methyl-8-nitroquinoline (8) scaffold needed for the preparation of the
different compounds of interest can be synthesized directly from commercial 4,5-dimethoxy-2-
nitroaniline (6) and methyl vinyl ketone (7). However, as both 6 and even 5 (its precursor)
intermediates trend to be expensive reagents (e.g. for both cases its cost for only 10mg is 132.0€ in
Sigma-Aldrich) and it is necessary a huge quantity of departing material in order to perform so high

number of steps of synthesis, we decided to start directly from veratrole (1) structure in order to
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perform a cost-effective synthetic procedure. In contrast, the cost of 1 in Sigma-Aldrich database is

24,10€ per 100g of product.

Following an adapted procedure described by Hirth et al.%> veratrole (1) reacts with 9.0 eq.
of 65% nitric acid and 3.7 eq. of concentrated sulfuric acid to obtain the dinitrated analog 5 with a
98% yield. This intermediate 5 is later monoreduced adapting the procedure described by Wulfman
et al.1%® where it is used powder iron as a reductant agent in acidic conditions (facilitated by glacial
acetic acid) to obtain, through a highly vigorous and exothermic reaction the intermediate 6 with 87%
yield (Figure 3.20).

- o~ e
o HNO; o CH3COOH glacial
e H,S04 -~ Fe powder
. ——
RT, 3h N02 16500, 15min NH2
98% yield NO, 87% yield NO,
1 5 6

Figure 3.20. First two steps of the synthetic route to obtain 8AQ analogs
The reaction conditions and product isolation regarding the second step were modified and
improved from its original procedure to raise the reaction yield . The final procedure LMF241 was

chosen as the most suitable as shown in Table 3.5.
Table 3.5. Experimental conditions tested for the obtention of intermediate 6.

Experiment
No.

Conditions Observations Yield

As stated in Wulfman et al.1%5: Reaction
was performed at 140 °C. Product
LMF202 isolation consist in two filtration: while
being hot (separating iron traces) and
after precipitating the filtrate in water.

Low vyield, no vigorous reaction was 31%
seen. Some of them did not progress.

Vigorous reaction occurred but isolation
presented difficulties. The first filtration
forced the precipitation of the product | 58 %
along with the iron traces due to RT

LMF217 Temperatyre reaction vyas rais'ed Fo
165 °C to stimulate reaction activation.

conditions.
Reaction temperature was settled to
165 °C. Work-up conditions were
modified: the crude was directly The work-up procedure facilitated the
LMF241 precipitated in water, filtered, and the isolation of the product in terms of time | 87 %
solid was transferred by dilution to a and yield effectiveness.

new flask with acetone separating it
from the iron traces.
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Finally, the scaffold formation can be obtained through a Doebner-Miller reaction (also
known as Skraup-Foebner-Bon Miller quinoline synthesis). This step affords intermediate 8 via
conjugate addition of the compound 6, a primary arylamine with an unsubstituted ortho position,
with the a,B-unsaturated compound, methyl vinyl ketone (7), in presence of a protic acid which serves
as a catalyzer for dehydrative cyclization such as orthophosphoric acid and using As20s as oxidant to

favor the oxidative aromatization.

Although no reaction mechanism is totally confirmed until date for this kind of synthesis, an
approach is shown in Figure 3.21. The aniline serves as nucleophile which attacks the B position of
the 2-butenone forming the Michael adduct (19) which presents a keto-enol tautomerism. The
intermediate then suffers a cyclization mechanism where the amine favors the electron transfer until
closing the ring which through a series of deprotonations and elimination of two molecules of water

will finally lead to the aromatization of the cycle by oxidation affording the quinolinic scaffold.
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Figure 3.21 Doebner-Miller reaction mechanism to obtain intermediate 8.

However, as expected for this sort of reactions involving a,B-unsaturated compound
conjugations, the described yields in literature (30%%° or 38%%7) are not as promising as desired. The
high reactivity of a,B-unsaturated analogs in high temperature reactions with such acidic conditions
normally involves the formation of undesired side products and cleavages, forcing the final product

isolation to be driven via column chromatography. Thus, some attempts changing the reaction
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conditions have been tested and are described in Table 3.6. These modifications departed from an
adaptation of the methodology suggested by Jain et al.'®” for quinoline obtention. Consequently,

although an improvement has been achieved, this reaction has consisted in the bottleneck step for

the overall obtention of 8AQ.
Table 3.6. Experimental conditions tested for the obtention of intermediate 8.

Experiment

Conditions Observations Yield
No.
Adaptation from Jain et al.1%7,
It has been used 2.0 eq. of As205 instead of arsenic acid Complex charcoal
and 4.5 eq. of methyl vinyl ketone (7), which was added filtration and further
dropwise in three parts. Reaction took place at 100-110 °C extraction as the
for 2 hours. The subsequent work-up consisted in: crude crude is highly dense
LMF203 precipitation in an ice-water batch, a charcoal treatment | which results in a very 9
followed by filtration, alkalinization with 30% ammonia, time-consuming
extraction with dichloromethane (DCM) and solvent work-up. An
elimination and a final residue purification by improvement of
chromatographic column over silica gel (20:80 product isolation is
cyclohexane (Cy)-DCM, Rf 0.19) . Described yield (with needed.
another substrate): 38%.
Modification from procedure of Lamontagne et al.125. The . .
. . L . Time-consuming
previous reaction conditions are followed but residue was
urified before chromatographic column with an extra work-up process o
LMF203b P . L . . although problems 26%
step involving its reflux in toluene and further solid traces e .
. . " with filtration have
separation. Chromatographic column conditions: 50:50 been overcome
toluene -DCM, Rf 0.35. Described yield: 30% ’
Same procedure as LMF203b but with new Improved yield due to
LMF203d chromatographic column conditions (20:80 Cy -DCM, Rf comatographic 33%
0.19) conditions
L iel
Same procedure as LMF203b but with new O\A;]eirﬁ? \C;;Z?nd
LMF203f chromatographic column conditions (40:60 Cy -DCM, Rf gy . 30%
consuming separation
0.04)
column
Reaction was performed with no oxidant agent (As205) The process was
and the mixture was stirred for 4h at 100 °C. Work-up was simplified and the
LMF245 simplified by direct crude precipitation in ice-water bath, yield was the highest 37%

alkalinization with 30% ammonia, extraction with AcOEt,
washings and final product was isolated column
chromatography (silica gel with 30:70 Cy:DCM)

obtained through all
the experimentation
assays.

Experiment LMF245, where no oxidant was used, was tracked during 28h at 100 °C to study
if the evolution of the reaction was time dependent. Previous crude purification had permitted the
isolation of a stable form (19) of the Michael adduct intermediate. Its characteristic triplet signal
assigned to NH group (in blue) at 8.52ppm (as described in Chapter V) in contrast with the doublet
formation assigned to C1 of the desired product 8 at 8.65ppm (in green) gave us insights of the

reaction evolution over time as shown in Figure 3.22. At the light of the results, we concluded that
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the highest conversion rate could be achieved through a 4h-reaction at 100 °C if discarding the use of

any oxidant agent and using only phosphoric acid along with the desired a,B-unsaturated compound.
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Figure 3.22 Doebner-Miller reaction crude evolution until 28h of reaction at 100 °C departing from intermediate 6 (reagent). The formation of
16 (Michael adduct) is observed in blue, the desired product 8 evolution in green and unknown signals from another side product in orange.

3.4.3. Preparation of 5-phenoxy-6-methoxy-4-methyl-8-nitroquinoline

derivatives (11)

The different 5-phenoxy-6-methoxy-4-methyl-8-nitroquinoline (11) intermediates were
obtained through three steps of synthesis. In order to facilitate the final nucleophilic aromatic
substitution, the habilitation of a good leaving group such as a chloride on C5 was necessary. All things
considered, there are other approaches to enable this substitution such as the formation of a

sulfonate like tosylate in C5 or another halide like bromide or iodide.
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Figure 3.23 Fourth and fifth step of the general synthetic route to obtain 8AQ analogs
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In this case, the methoxy group was selectively removed through an acidic cleavage (Sn2)
driven by a reflux of compound 8 with hydrochloric acid in an aqueous ethanolic solution to obtain
the corresponding alcohol derivative (9) with excellent yields following the procedure described by
Carroll et al.*%8 Making use of the same protocol, the intermediate 9 was further chlorinated using
phosphorus (V) oxychloride as a powerful chlorodehydroxylation agent to afford compound 10 with
guantitative yields. The product isolation of this last step must be carefully driven as the POCI3

quenching present high risk of toxic fumes formation mainly containing hydrogen chloride among.

Above all, these two synthetic steps can be easily tracked through the *H NMR comparison
of significant signals of the three intermediates as shown in Figure 3.24. As an example, the alcohol
formation can be clearly evidenced by the clearence of a methoxy group (C11) and the large C7 and
slight C10 signals upfield displacement when comparing 8 and 9 spectra. Finally, the intermediate 10
may corroborate the presence of the newly incorporated halide in C5 due to the deshielded C7 and
C10 signals. This last intermediate was confirmed by mass spectrometry proving the expected

presence and 3:1 abundance of the [M]* and [M+2]* peaks (see Chapter 5).
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Figure 3.24 *H NMR comparison of intermediates 8, 9 and 10.

The first intermediates with different derivatization residues in C5 were finally obtained via

nucleophilic aromatic substitution (SnAr) of the chloride using different affordable commercial
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phenols. In this step, a Williamson ether synthesis takes places thanks to the presence of a hydroxide
ion containing base to allow the phenoxide formation which acts as a nucleophile to displace the
halide.
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NG, 28-96% yields NO,
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Figure 3.25 Sixth reaction step involving the nucleophilic substitution of the C5 chloride compound 10 using a phenol as nucleophile to yield 11
derivatives.

Firsts attempts (LMF206) in 2-ethoxyethanol and formal heat until reflux were performed as
described by Nodiff et al.*?* being inconclusive as the substrate 10 was reobtained. The base was then
hopeless changed to sodium hydride (strong base) deriving to the production of a mixed residue
which forced its purification by column chromatography (LMF222). Finally, it was proved that
compound 11 obtention depended on a previous isolated formation of the phenoxide with potassium
hydroxide in DMF at room temperature to react with a later introduced substrate 10. Finally, the
protocol described by Chaurasiya et al.'?® involving conventional heating was followed and was

successfully improved by the use of microwave irradiation to perform the reaction.

As shown in Table 3.7, the obtained yields were excellent ranging from 75 to 96% except for
a unique case (the less nucleophilic phenoxide) out of the nine derivatives synthesized which showed
a 28% vyield. Nine compound 11 analogs were synthesized during this study. In contrast with the
introduced rational selection, compound 11{8} was synthesized aiming the obtention of one
compound not included in the library which will be discussed below. Moreover, it was taken into
consideration the cost-effectiveness of the phenols (purchased in Fluorochem?®) involved during the

rational selection as evidenced next.
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Table 3.7. 5-phenoxy-6-methoxy-4-methyl-8-nitroquinoline derivatives (11) prepared in this project with its corresponding yields and the
commercial price of the involving phenols (16) for its synthesis.

Commercial .
Aryl structure | Name . Yield
substrate price

1141} = 16{1}: 12£/1g | 84%

\
sif
o)

/

Cl

11{2} | 16{2}: 36£/25g | 96%

11{3} | 16{3}:18£/50g | 85%

g

11{4} | 16{4}:10£/1g | 91%

-
(@]
\

11{5} | 16{5}: 10£/1g | 75%

2
}—g}_‘
m

/
o

11{6} | 16{6}.26£/1g | 82%

S

11{7} | 16{7}: 10£/1g | 28%

ﬂ

g

}—<§ )
o

11{8} | 16{8}: 10£/1g | 89%

o | 11{9} | 16{9}: 10£/1g | 83%

il

We hypothesize that the low yields obtained for 11{7} can be rationalized by the charge
delocalization among the phenolate group provoked by the trihalide presence in ortho- and para-
positions which leads to a highly stable structure lowering its nucleophilicity and impeding the
reaction evolution. The repetitions of this experiment (LMF302) involved a later product purification

by automated flash chromatography separation (silica column, AcOEt:Cy 1:1). Despite modifying MW
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time and 11{7} equivalents, in all cases both substrates (10 and 11{7}) were recuperated along with

the product of interest 11{7} so no improvement was achieved.

3.4.4. Preparation of N-(6-methoxy-4-methyl-5-(phenoxy)quinolin-8-
yl)alkyldiamine derivatives (15)

Final obtention of the desired 8AQ of interest was achieved by three last steps involving the
nitro group reduction, a reductive alkylation to add the corresponding alkylamino sidechain protected

with a phthalimide group and a final protecting group removal by hydrazinolysis.

The seventh synthetic step consisting in the selective nitro reduction (Figure 3.26) was
performed with an efficient procedure normally used for nitroarene reductions treating the
intermediates 11 with 5.0 equivalents of tin (Il) chloride dihydrate as reducing agent in highly acidic
conditions favored by the presence of concentrated hydrochloric acid. The reaction is normally
quenched with an alkaline base to remove the excess of the tin (Il) chloride dihydrate which tends to
firstly precipitate as the hydrated tin (Il) oxide form which is finally dissolved as a stannite salt in
excess of base. Nevertheless, other reductive procedures could have also been considered. To name
a few, Azad et al.'®® obtained these analogs through Ni-Raney reduction, Chaurasiya et al.*?°
performed a catalytic hydrogenation with 10% Pd on C (Pd/C) or the original procedure stated in the
drug patent'? suggested another catalytic hydrogenation using H2/PtO2. The procedure finally used
in this study afforded excellent yields ranging from 74% to 100% with the exception of 12{8} with a
57% and 12{9} with a 13% yield. The last poor obtained yields are attributed to a deficient
experimental performance that did not enhance the total dissolution of the corresponding 11
substrate —which clumps rupture had been normally assisted by sonication —leading to the obtention
of a mixture of reactant and product which forced the purification through column chromatography

(silica gel, Cy:AcOEt 1:1) and a corresponding product loss.

Aryl Aryl<
0 SnCly-2H,0 0
O X conc. HCI O X
— —
N 4h RT N
NO, 13-100% yields NH,
1" 12

Figure 3.26. Seventh reaction step involving the C8 nitro reduction compound 11 using tin (Il) chloride dihydrate in acidic conditions to yield 12
derivatives.
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Finally, in order to proceed with the C8 amino derivatization, a previous preparation of the
corresponding alkylamino groups was necessary. As above shown in the selected structures (see
Figure 3.17, page 75), three different sidechains had to be attached (Figure 3.27).

J;/\/NHZ J;/\/\NH2 I/\/\

NH
a b c 2

Figure 3.27. Sidechains needed to derivatize C8 position as shown in the rational selected molecules: 4 analogs present a sidechain structure,
three analogs b and one analog c.

The common methodology used to attach these alkylamine chains as described in
literature!?>129155 syggest the use of the amine-protected oxoalkane form of these analogs to react
with the corresponding 12 substrates. It is crucial the protection of the free amine group in order to
avoid undesired side reactions with the same reactant which could evolute forming polymeric
structures leading to a substantial loss of substrate. Thus, the previous synthesis of these 13 reactants

presenting an amino protecting group was required.

This was achieved by a Gabriel reaction which first step (Figure 3.28) was able to transform
the oxoalkyl halide (17) substrates to their intermediate N-oxoalkylphthalimides (13) derivatives
which, after the attachment to the main scaffold, were finally deprotected through a last synthetic

step to yield the desired terminal free amine structures (15).

0 KoCOs , Nal o
2 DMF 9
)Wm +  HN - )J\/\l\/],N
12 70°C, 24h 12
4 0
39-89% yields
17 18 13

Figure 3.28. First step of Gabriel reaction to form the N-alkylphthalimides (13)

The first step for the obtention of 13 intermediates was adapted from the protocol described
in WO 03/093239 patent'’® . Intermediates 17 were treated with 1.5 equivalents of potassium
carbonate and after studying the influence of the phthalimide rate by a few attempts, the amount of
compound 18 was fixed to 1.1 equivalents. Finally, the comparison with other procedures gave us a
sight that sodium iodide might increase the obtained yields as it acts as a catalyst in this nucleophilic
substitution (Sn2). These first attempts to stablish the improved conditions are resumed in Table 3.8

in a preliminary study developed to obtain 2-(4-oxopentyl)isoindoline-1,3-dione (13{1}).
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Table 3.8. Tested conditions to improve the product purity and yields for the first step of the Gabriel synthesis to produce 17 reactants.

17(1} = Phth. = K.COs & _ Nal | ]
Exp. No. Time Yield Observations
eq. eq. eq. eq.
Conditions as described in
literature’®. Crude
LMF250 1.0 2.2 1.5 22h - 21%
purification needed column
chromatography.
Crude purification needed
LMF250c 1.0 2.0 1.5 24h - 51%

column chromatography.
Pure product obtained
without purification. Better
LMF254 2.0 1.0 1.5 24h 1.0 96% | yields obtained but implies a
large waste of the most
expensive reagent 17{1}.
Best yield measured for
direct obtention of the pure
product without 17{1}

LMF255 1.0 1.1 1.5 24 1.0 40%

waste.

Unfortunately, not all the three 17 necessary reagents could be purchased as only two of
them presented an affordable cost. 5-Chloropentan-2-one (17{1}) and 6-chlorohexan-2-one (17{2})
could be purchased in Fluorochem for 14£/25g and 19£/1g respectively. However, 4-chlorohexanal,
the necessary corresponding analog to obtain c sidechain above introduced in Figure 3.27 (page 87),
was not commercially available. Other compounds were considered as listed in Table 3.9 even
contemplating a previous one-step synthetic preparation but all direct approximations were

inconclusively due to commercial unavailability or high reagent costs.

Table 3.9. Alternatives considered to overcome the commercial unavailability of 4-chlorohexanal.

Commercial . .

Reagent I Synthetic observations
availability

) ~o None Direct first step Gabriel synthesis
halide
An additional previous oxidative step would
7Y o 700%/1g
Cl be necessary
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Commercial

Reagent L Synthetic observations
availability
WO
o=N_0 Direct reaction with 12 for scaffold
None
attachment

~o

Os_NH Direct reaction with 12 for scaffold
Y 700$/1¢g

o\l< attachment

At the light of the reasons explained above, the synthesis of the rationally selected molecule
from cluster 8 with library ID 20370 could not be achieved in this study. Its replacement by another
analog in the cluster was considered but no alternative molecule could be synthesized due to time

and costs limitations.

Even though, the achievable synthesis of the seven out of the initial eight considered analogs
did still increase the knowledge of the chemical space in terms of space and population coverage as

discussed below.

These were finally obtained by two last synthetic steps (Figure 3.29) following the protocol
described by McChesney et al.?>>. Firstly, the attachment of the sidechain was performed through a
reductive amination of the compounds 12 and 13 in moderate acidic conditions and using sodium

borohydride as reductant agent.

aryl aryl\o Ar\O
NaBH,4 o N,oH,4 -H,O o
Ch3COOH (gIaC|aI) e X EtOH - X
RT, 1 hour N/ Reflux 5h N/
28-52% yields _NH 83-100% yields _NH
R4 84
|
12 o= N_0 14 NH, 15
. J

Figure 3.29. Last two steps to afford the rationally selected 8-aminoquinoline derivatives

The first reaction takes places in two parts. A first nucleophilic addition of the amine with the
carbonyl group forms the imine intermediate which is afterwards reduced through a second step to
the secondary amine thanks to the reductant action of the sodium borohydride. However, during this

process, side-products may be formed coercing the product purification by column chromatography.
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This isolation procedure of such derivatives leads to relatively poor yield values which ranges from

28% to 52% making a huge impact to the global reaction yield which will be furtherly discussed.

Finally, the deprotection of the terminal amine by the hydrazinolysis of the phthalimido
group with hydrated hydrazine in ethanol afforded the rationally racemic selected compounds 15

with excellent yields (83-100%) as described in literature.
1.1.1.Global synthesis overview

To sum up, seven out of the originally eight selected Tafenoquine derivatives were finally
synthesized following the 9-step synthesis methodology described above. Table 3.10 serves as a
summary of the single yields obtained to synthesize the corresponding intermediate derivatives. The
overall global yield measured ranges from 2% to 8% with a mean value of 5%. The limitation steps, as
mentioned are the step 3 (Doebner-Miller reaction), which conditions and yield were improved, and

step 8 (reductive amination).

In general, the obtained total yields are considered acceptable for a multistep process
because no optimization study has been considered during the process as it was not the objective of
the present work. In fact, as many other drugs in the market that are the product of several steps of
chemical synthesis, the overall percent yield might be tiny, which is one factor in the huge cost of

some drugs®’*.

A total of 39 molecules have been synthesized during this study. Among these, 28 novel

molecules have been successfully obtained and fully characterized.
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Table 3.10. Overview of every single step yield and the overall yield obtained for the 9-steps synthesis of the seven 8AQ synthesized and the two 12 intermediates. In brackets is identified the intermediate
obtained through the assigned synthetic step.

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9

Product Exp. ID yield % yield % yield % yield % yield % yield % yield % yield % yield % Olverall

[s] [6] [8] [9] [10] [11] [12] nag  ps "%
15{1} LMF270 98 87 37 73 95 84 98 52 83 8
15{2} LMF274 98 87 37 73 95 9 79 28 93 4
15{3} LMF269 98 87 37 73 95 85 100 33 89 5
15{4} LMF261 98 87 37 73 95 91 79 34 94 5
15{5} LMF273 98 87 37 73 95 75 94 31 93 4
15{6} LMF306 98 87 37 73 95 82 95 43 90 7
15{7} LMF308 98 87 37 73 95 28 74 43 100 2
12{8} LMF265 98 87 37 73 95 89 57 - - 11
12{9} LMF264 98 87 37 73 95 83 13 - - 2

Mean 98 87 37 73 95 79 77 38 92 5



3.5. Biological activity

Many previous studies have reported the antiplasmodial potential of 8AQ against multiple
cycles of the parasite species’?'73. Actually, the discovery of new antimalarial drugs has been
normally achieved departing from first exploratory attempts with well-established cultures models
such as P. falciparum (SD7 and Dd2 strains) blood stages or P. berghei liver stages focusing on
inhibition of the fast growth of in-blood asexual replication and liver schizonts but disregarding to

174 In fact, as Tafenoquine is preferably prescribed for P. vivax

address the hypnozoite biology
treatment, its in vitro study against this specie would be the choice of interest for the biological
assessment of the developed analogs. However, P. vivax continuous in vitro culture is so difficult to
standardize and yet has become a challenge for those research groups studying the parasite. The
nature of its difficult maintenance relies in its parasitemia dynamics (in culture, the ability to re-invade
new host cells is lost) and the amount of days for preserving a P. vivax culture!’. Still, at the light of
the abovementioned hurdles, there are emerging protocols such as the described by Russell et al. for
culturing P. vivax which forces the laboratories to be located in endemic countries in order to isolate

freshly collected samples?’.

To sum up, it is a common pre-screening practice to use one or more of the aforementioned
P. falciparum or P. berghei culture models as a fast and inexpensive method for first assessment of a
compound library. Consequently, it has been determined the ICso values for in vitro growth inhibition
assay for blood stages of P. falciparum with tafenoquine, its seven analogs 15{1-7} and eight
intermediates (14{1-7} and 12{8}) which are not included in the original Markush combinatorial
library.

Intraerythrocytic growth inhibition of strain P. falciparum 3D7A was determined following
the detailed procedure explained in Chapter 5 which adapts the methodology from Desjardins et a/*”’.
Asynchronous parasite cultures (ca. 70% rings) were incubated with 3-fold serial dilutions of the drugs
indicated for 24h. Tritiated hypoxanthine was added and incubated at 37 °C for an additional 24 hours.
This reagent is a radiochemical agent commonly used to measure whole-cell activity of antimalarial
drugs in parasite studies. Parasite viability was finally measured and expressed in terms of the half

maximal inhibitory drug concentration (ICso) to compare potency and selectivity.

All the molecules tested, with the corresponding library identification (for the rationally
selected compounds), their experimental identifier and their structure are shown in Figure 3.30. The
compounds were synthesized by the method above outlined (resumed Figure 3.19, page 78) and

tested by Dr. Franisco-Javier Gamo and Dr. Sonia Moliner from GSK-Global Health Medicine R&D Unit.
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RATIONAL SELECTION - TAFENOQUINE ANALOGS
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Figure 3.30. Library ID, experimental ID and structure of the molecules tested in vitro. Those molecules present in the green squares are
analogs present in the combinatorial library derived from Tafenoquine’s Markush structure (Tafenoquine rationally selected analogs present in
the chemical space of study)
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Results later shown in Figure 3.31, Figure 3.32 and Figure 3.33 are summarized in Table 3.11.
Chloroquine has been tested in parallel as a standard quality control inhibitor frequently used in the
assay. At present, this drug, which was once the convenient primary chemotherapeutic means of
malaria control and treatment, is not further in used as this specie has developed resistance against
the 4-aminoquinoline’®17°, Tafenoquine was tested in parallel too to contrast the synthesized

compounds biological results with the original hit of the database.

Table 3.11 ICsq results summary for the molecules tested. In grey are represented the control molecules; tafenoquine (the original combinatorial
library hit) and chloroquine. In yellow are represented the seven rationally selected molecules. In white, the extra molecules tested not involved
in the original Markush combinatorial library.

Compound | Average ICso (WM) Standard Deviation ICso  plCso

Chloroquine 0.021 0.002 7.68
Tafenoquine 4.122 0.657 5.38
LMF274 4.159 0.620 5.38
LMF260 4.787 7.351 5.32
LMF306 5.126 0.371 5.29
LMF308 5.135 4.941 5.29
LMF273 6.388 0.729 5.19
LMF270 7.236 1.421 5.14
LMF271 7.964 1.771 5.10
LMF307 8.504 0.558 5.07
LMF272 8.715 2.089 5.06
LMF266 9.420 2.476 5.03
LMF269 10.243 1.094 4.99
LMF267 11.244 2.848 4.95
LMF261 11.876 1.164 4.93
LMF305 12.013 1.977 4.92
LMF265 36.626 4.941 4.44
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Figure 3.31 The 48-h drug susceptibility assay using strain P. falciparum 3D7A testing LMF270, LMF274, LMF269, LMF261, LMF273 and LMF306
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Figure 3.32 The 48-h drug susceptibility assay using strain P. falciparum 3D7A testing LMF308, LMF265, LMF267, LMF272, LMF266 and LMF260

96



% Activity

120

TTTTT T T TTTTI T T TTTTI

o o

o) o ©

100

[o5)
o

D
o

N
o

N
o

o

0.01 0.1 1
[LMF271]uM

120

100

80

60

% Activity

40

20

[Tafenoquine]uM

T T TTTT

T

[Chloroquine]uM

T TTTI T 1 120 LU 1 1 01 120 T T T T T T TTTTT
- L O i L o)
o O o)
| 100 © o 100
80 80
Pl 2
2 =
2 60 g 60
B 8
40 40
20 20
0 0 vl v vl ol
10 0.01 0.1 1 10 0.01 0.1 1
[LMF305]uM [LMF307]uM
LI 1 00 T T —_—
- o 5 O o o — 100 -
80 —
> i
E 60 —
< A
<3
S 40 -
20 —
0 Lol 1 ol 10110 C)
0.01 0.1 1 10 0.001 0.01 0.1 1

10

Figure 3.33 The 48-h drug susceptibility assay using strain P. falciparum 3D7A testing LMF271, LMF305, LMF307, Tafenoquine and chloroquine (latter two used as controls).
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Thirteen out of the fifteen compounds tested displayed a great degree of effectiveness, with
ICso values below 12uM. This limit is the accepted in-house threshold (three times the ICso activity
measured for Tafenoquine) in GSK-Global Health Medicine R&D Unit for the screening study of first
in vitro inhibition growth trials against P.falciparum blood stages when it is aimed to find new leads
alike to tafenoquine. These set of molecules are at present continuing with further pre-clinical assays
to study their viability and, if any of them succeed these first steps, the candidates will be ulterior

tested against P.vivax in endemic areas.

At the light of the results, it first stands out the close relationship in terms of biological
inhibitory activity of LMF274 (ICs0=4.159 + 0.620uM) compound with Tafenoquine
(IC50=4.122 £ 0.657uM), the original hit. Even more, LMF260 compound, which is not present in the
original Markush combinatorial library, has also showed interesting ICso measured values although its
large standard deviation has discarded it as an optimal antimalarial candidate in the present results.
More replicates should be considered in further studies to proof the suitability of this compound.
Above all, five out of the seven candidates (LMF274, LMF306, LMF308, LMF273 and LM270) have
shown interesting biological activity results and, even more, four molecules not considered in the
original Markush combinatorial library (LMF271, LMF307, LMF272, LMF262) have also shown great
ICso values ranging from 7.964 to 9.420 uM opening the doors for the search of new 8AQ structures
as an alternative for the tafenoquine’s Markush-defined analogs. Indeed, the fact that the
predecessors containing the phthalimide protecting group have shown interesting activity values may

suggest the further study in C8 chain derivatization or elongation.

All together, regarding the aim of this research, these results provide in vitro confirmation of
experimental antiplasmodial activity of many of the tested 8AQs providing useful information to

optimally describe the behavior of the analogs depending on their chemical space location.
3.6. Results discussion

The chemical space described by the combinatorial library developed by the Markush
structure of Tafenoquine reported patents'®®>> contains 25,472 analogs. Among these, only 58
molecules have been described until date in literature poorly representing the dataset chemical
diversity in terms of chemical space coverage. The database has been divided in 10 clusters using HRC
algorithm using the average linkage method and Euclidean metric. This has been considered a suitable

approach to homogeneously classify the data of the combinatorial library of 8AQ analogs.

The database has been curated considering the synthetic feasibility, the druggability of the
analogs and the availability of the commercial reagents needed. Consequently, the final accessible
chemical space attending to our time and resources limitations was lowered to 7 clusters. Therefore,

seven analogs were selected with the criteria of being the nearest to centroid chemically accessible
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compound. However, as summarized in Table 3.12, the final achievable representation has been able
to increase the knowledge until date of the chemical space of study from a 50% to 70% SC and from
42.5- to 74.8%PC being even the random choice of 10 molecules more representative than BD

database in terms of population coverage.

Table 3.12. Summary of coverages represented by the different selected datasets of k=10 clusters. Random selection is considered as the
average coverage values calculated for 5,000 repetitions of cherry-picking selection of 10 molecules. In brackets are the number of analogs of
each selection.

Selection Subset size SC PC
Bibliographical
58 50.0% 42.5%
Data
Random 10 37.7% 73.2%
Rational
Selection of 7 70.0% 74.8%

accessible space

The selected analogs were successfully synthesized with a 9-step synthetic route with overall
yields ranging from 2% to 8% with a mean value of 5%. The general obtained yields are mainly limited
by the third and eight steps. A total amount of 35 molecules were synthesized during the process and,

among these, 28 had not been previously described.

Biological results were obtained concerning to the ICso values measured for in vitro growth
inhibition assay for blood stages of P. falciparum with the synthesized compounds. These obtained
results can be extrapolated to the chemical space description and give an insight in terms of

biologically active regions depiction.

As already introduced, the results concerning to the rational selection of the seven analogs
serve as a sample of the biological activity of the analogs coexisting in the same cluster of the selected
molecules. Therefore, the ranking of these measured ICso values from more active (lower ICso values,
in green) to less active (higher ICso values, in red) and its representation on its original chemical space
(described by the Markush combinatorial library of Tafenoquine analogs) could pave the way for

further optimization procedures (Figure 3.34).

As expected, Tafenoquine takes part in an active cluster (cluster 7), the selected molecule
representing this region (LMF308) showed a consistent ICso value of 5.135 uM with only one unit of
difference in contrast with the original hit. The most active region measured through our rational
selection would correspond to the subset described by cluster 3, represented by LMF274.

Nevertheless, as no large quantitative ICso differences have been observed for the results measured
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for clusters 3, 4 and 7, these three could be clearly regarded as the most active regions. In contrast,

clusters 2 and 1 would mainly represent the less active analogs.

Tafenoquine's Chemical Space

Combinatorial Library
2001 ¢¢ LMF274 - cluster 3 =
$ LMF306 - cluster 4 m Mk
#¢ LMF308 - cluster 7 i i
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Figure 3.34. Tafenoquine's chemical space with its clusters colored in concordance with the activity measured for the rationally selected
analog. In grey are represented de chemical inaccessible molecules during this study (three out of ten clusters).

Above all, by coloring the chemical space attending to the ranking of the obtained scores of
the representative molecules, it has been able to update the information of the chemical space
description regarding to the biological activity of its compounds. Through its fast visual inspection, it
can be observed that the less active compounds are clearly located in an isolated region. Surprisingly,
when compared to the bibliographical data known until date, this part of the chemical space which
would not be recommended to further study matches with the most explored space by the reported
literature until date (see Figure 3.35). These results then reinforce our hypothesis confirming that the
actual R&D Methodology is highly focused and putting in doubt whether if the medicinal chemists are

wasting time, resources and efforts in less interesting or poorly-active regions.
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Figure 3.35 Tafenoquine's chemical space with the representation of Tafenoquine (as an upside-down triangle), the bibliographical data known
until date (in blue dots) and the tested rationally selected molecules (colored crosses).

Furthermore, in this research, eight alternative molecules which are not included in the
Markush structure of discussion has also been tested aiming to find new hits and enlarge the
knowledge of the 8-aminoquinoline biological inhibitory activity against malaria infection. Among
these, 5 compounds (LMF260, LMF271, LMF307, LMF272, LMF266) have showed interesting 1Cso
values ranging from 4.8 to 9.4 uM. The LMF265 compound has been considered as non-active
showing the poorest ICso (36.6 uM) among all the subset tested. After comparing the structural
features of the fifteen tested molecules we sustain that; (a) the 12 intermediates with a free primary
amine group in C8 position do not show antimalarial activity, (b) both compounds with protected and
deprotected terminal amines from the sidechain attached to C8 (intermediates 14 and the rationally

selected molecules) present antimalarial activity.

To sum up, if considering proceeding with any further exploratory research, at the light of
the results obtained in our study, the three most active clusters (3, 4 and 7) would be recommended
to be deeply analyzed in order to increase the probabilities to find an alternative optimal hit. Finally,
we suggest not only to bitterly explore these family of analogs but new compounds (following
structure 14) outside of the chemical space of study presenting phthalimide protected amines or

other structural modification involving C8 chain elongation or derivatization.
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3.7. Conclusions

In this study we have applied and defended an alternative methodology based in rational
selection which may be more efficient in the early drug discovery stages. Through the deep
exploration of the Tafenoquine chemical space described by its combinatorial library derived from
the Markush structure stated in its patents, seven compounds with expected antimalarial activity
have been rationally selected and synthesized being more representative (with a 70.0% SC and
74.8%PC) than the 58 reported analogs until date.

After their biological assessment, the obtained results have evidenced that there are three
regions with highly active analogs and two which would be well unrecommended to be furtherly
explored as they contain poor or less active analogs. Therefore, it has been confirmed our hypothesis
that rational selection has proven to be a more efficient methodology of exploration suitable for the
early drug discovery stages. Moreover, new compounds have been tested presenting interesting

biological activity values opening new doors to the development of new antimalarial drugs.
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Chapter 4: Dacomitinib. Study of substituted quinazoline

derivatives as irreversible inhibitors of EGFR

4.1. Introduction to Dacomitinib

4.1.1. Non-small-cell lung cancer (NSCLC)

One of the biggest threaten to human health at present which more than the 40% of the
global research is destinated is cancer. Indeed, the find of a cure for the different neoplasms known
until date is clearly evidenced by the latest FDA approved antineoplastic drugs (2008-2020), which
englobes the 26.7% of the overall approved drugs (see Chapter 2). According to the International
Agency for Research on Cancer (IARC)*®, the global cancer burden in 2020 estimated new 19.3 million

(Figure 3.1) cases and 9.9 million related-deaths (Figure 4.2).

Breast
2261419(11.7%)

Lung
2206771 (11.4%)

Other cancers
8275743 (42.9%) Colorectum

1931 590 (10%)

Prostate

1414 259 (7.3%)
Stomach
1089 103 (5.6%)

Cervix uteri Liver
604 127 (3.1%) 905 677 (4.7%)

Oesophagus
604 100 (3.1%)

Total: 19 292 789 cases

Figure 4.1. Number of new cancer cases in 2020, both sexes, all ages. Source: Globocan 2020 18°
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3557 464 (35.7%)

Colorectum
935 173 (9.4%)

Liver

830 180 (8.3%)
Stomach
768 793 (7.7%)

Oesophagus Breast
544 076 (5.5%) 684 996 (65.9%)

Prostate
375304 (3.8%)

Pancreas
466 003 (4.7%)

Total: 9 958 133 deaths

Figure 4.2. Number of cancer-related deaths in 2020, both sexes, all ages. Source: Globocan 2020 18°

In terms of incidence indexes, the four most common types of cancer present worldwide are
female breast, lung, colorectum and prostate cancers and account for more than four in ten (40%) of
all new cases. Amongst these, lung-related cancer stands out as the deadliest with a global morbidity
rate of 18% (2020). More specifically, the estimations of 2020 dictate that, in Spain, the 20.3% of the

general cancer-related deaths were attributed to this type®e°,

The world age-standardized incidence rate of lung cancer (Figure 4.3) shows that this disease
is at present affecting largely in men rather than in females with 31.5 and 14.6 new cases for every
100,000 men and women respectively. Additionally, Asia and Europe are the most impacted

continents by this disease.
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Figure 4.3. Global age standardized incidence lung cancer rates by sex. Source: Globocan 2020 18°

In general terms, cancer is a multifactorial disease which arises from the transformation and
of normal cells into the abnormal or tumor cells driven by a multistage process. Thus, this disease
appears as a result of the progressive acquisition and accumulation of several genetic mutations*®.,
These are stored on the cell genome, dysregulating the normal activity of genes that are in charge of

cell growth control, genetic stability maintenance and sensitivity regulation to apoptosis®2,

The World Health Organization (WHO) maintains that the genetic mutations can be produced
as a result of the interaction between the genetic factors of the host and three external agents; (a)
physical carcinogens like ionizing and ultraviolet radiation, (b) biological carcinogens like infections
from viruses, parasites or bacteria and (c) chemical carcinogens such as tobacco smoke, alcohol,
asbestos or other food and drink contaminants'®. Therefore, due to the nature of these introduced
risk factors, it seems quite obvious that people’s live style plays a key role in the probability of
acquiring cancer making it a preventable disease. However, cancer is not only dependent on this but
also to age, gender and even geographical situation as evinced with the previous figure. As a matter
of fact, the 10% of the cases are attributed to genetic defects disabling the actual capabilities to totally

abolish this life-threatening disease!®18,

Particularly, in the case of lung cancer, the cell growth of abnormal cells may occur in any

part of the respiratory system. It typically starts in the windpipe (trachea), the main airway (bronchus)
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or the lung tissue where tumors can be formed. Depending on the type of cell that the cancer started
in, two primary lung cancers can take place: the small cell lung cancer (SCLC) and non-small-cell lung
cancer (NSCLC). The most abundant type (around 85 out of 100 cases'®¢187) js NSCLC. This term groups
three major histological subtypes as they behave and respond to treatment in a similar way: (a)

adenocarcinoma, (b) squamous cell cancer, (c) large cell carcinoma?é,

The cause of this cancer is primarily related to smoking. Indeed, in 2019, more than the 64%
of the global cases are caused by this risk factor and, particularly in Spain the 75% of cases were
attributed to it'®, However, other causes may be surveilled such as the exposure to radon gas, certain

chemicals in the workplace or the family history of lung cancer.

4.1.2. Tyrosine kinase inhibitors; a key to treat epidermal growth factor receptor
(EGFR) and its mutations in NSCL.

Through the above-mentioned process, the uncontrolled growth of new tissue (neoplasia)
lead to the formation of a tumor which may be either malignant or benign. The first, are capable to
invade surrounding tissues and move to distant locations in a process known as metastasis and its
treatments generally involve the initial surgical removal of the tissue followed by radiation and/or
chemotherapy!®!®3, When the surgery is not feasible, radiation and chemotherapy become the only
available options. The latter, refers to the group of drugs that are used to kill cells — desirably with

selective toxicity targeting the affected biochemical pathway—and are also called antineoplastics.

Extensive molecular and genetic studies of lung cancer showed that these have multiple
genetic and epigenetic alterations. In brief, it has been demonstrated that it is developed from normal
epithelial cells through a multistep process involving successive genetic and epigenetic abnormalities

contributing to the initiation, development and maintenance of lung cancer®®.

Epidermal growth factor receptor (EGFR, also known as ERBB1, shown in Figure 4.4) has been
accepted among others as a prognosis marker in NSCLC. Specifically, EGFR and its mutations has been
widely studied as a main biomarker or biological therapy target in lung cancer as it is known to be
overexpressed in a large percentage of clinical cancers. EGFR is a cell surface receptor and such as
other protein containing tyrosine kinases domains, catalyzes the transfer of phosphate groups on
adenosine triphosphate (ATP) to tyrosine residues of other important proteins leading to a cascade
of activated factors'®!. Specifically, this transmembrane protein regulates important tumorigenic
processes including proliferation, angiogenesis, invasion and apoptosis through its overexpression
and/or mutation'®?'%3, Indeed, key driver mutations of EGFR have been discovered in the specific
subgroups of NSCLC and are the first target for selective treatment with small molecule inhibitors of

tyrosine kinases domain.
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Figure 4.4. EGFR and KRAS main mutations in NSCLC. Source: Aréchaga-Ocampo et al.*?

As a result, there is significant interest in small molecule inhibitors of the human epidermal

growth factor receptor family of tyrosine kinases for the treatment of cancer.

Most patients acquire drug resistance to first-line treatment of cancer. In these cases,
through diverse mechanisms, the cancer cells develop new routes to maintain a continuous
proliferation despite the presence of an EGFR inhibitor. Acquired resistance mechanisms can be
originated by on-target secondary mutations, histological transformation or by the acquisition of
‘bypass’ signaling pathways. Alternatively, the causes may be external to tumor cell and be caused by

the biology of its microenvironment!®4,

The 90% of EGFR mutations are a deletion in exon 19 (del19) or a missense mutation in exon
21 (L858R). Approximately 60% of patients treated with first- or second-generation EGFR tyrosine
kinase inhibitors (TKls) develop a secondary T790M gatekeeper mutation in exon 20 that leads to
acquired resistance to EGFR inhibitors. A fourth missense mutation in the catalytic tyrosine kinase
domain observed within exon 18 is G719C*57'%7, Overall, as the response rates to EGFR TKls are
depends on this mutations, combination therapies of different therapies involving the three
generations of TKls along with the development of novel agents that bind and inhibit EGFR by a

distinct, non-ATP competitive mechanism (Figure 4.5).
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Chapter 4

Figure 4.5 Resistance to kinase inhibitors. Source: Cohen et al.1**

Since the approval of fasudil in 1995, the total of approved kinase inhibitors worldwide has
risen to 98 drugs, being 71 of them small molecules that have been approved by the FDA. More than
the 20% of these agents have been approved for the treatment of NSCLC'%. These illustrate how
research has overcome the different outcomes caused by the appearance of new target resistant
mutations by the development of three generations of EGFR tyrosine kinase inhibitors which are in

present available for mutation-positive NSCLC%%2% (Figure 4.6):
- First-generation reversible EGFR TKIs: gefitinib and erlotinib.
- Second-generation irreversible ERBB family blockers: afatinib and dacomitinib.

- Third-generation irreversible wild-type sparing EGFR TKI (EGFR mutant-specific inhibitor):

osimertinib.
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Figure 4.6 Mechanism of action of EGFR TKIs. Source: Kujtan et al.?©

First and second-generation EGFR TKls are approved as first-line therapy due the clinical trials
performed which has largely demonstrated superior response rates in terms of survivalism.
Additionally, the third-generation TKI are being designed to maximize the selectivity for EGFR-
activating mutations such as T790M acquires resistance mutation?®’. As a consequence, the present
combination of first or second generation TKls with third generation inhibitors seem to be an effective

therapy to maximize overall survival rates and overcome the cancer resistance mechanisms?°2,

4.1.3. Dacomitinib and substituted quinazoline derivatives as irreversible TKI for
NSCLC treatment.

The first TKls targeting EGFR wild type (wt) and approved for NSCLC in the early 2000s were
gefitinib (2003) and erlotinib (2004)%°. Later, as mutation-induced drug resistant mechanisms were
developed in many cases arising T790M gatekeeper mutation or the classical EGFR activating
mutations (L858R and del19), second generation covalent TKIs were developed including afatinib
(2013) and dacomitinib (2018). Finally, third generation TKls, such as osimertinib (2020), have been

recently approved to selectively target activating mutations as well as T790M mutation?20420,

Altogether, the large existing studies and the development and approval of the second
irreversible inhibitors neratinib, dacomitinib and afatinib, all of them quinazoline derivatives, have
focused the researchers attention in its interesting scaffold in order to explode it in the search of new
TK1s206-213 |n fact, the review developed by Attwood et al.1°® confirmed that this structure is a trending
approach in the chemistry of approved kinase inhibitors as it has been widely explored. Indeed, the

14% of the existing approved general kinase inhibitors in present have this moiety (Figure 4.7).
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Figure 4.7 Chemical scaffolds used in FDA approved kinase inhibitors. The number of approved drugs using each moiety is provided in brackets.
Adapted from Attwood et al.1%8

Amongst these (Figure 4.9), Dacomitinib (originally termed as PF002998042%*) stands out as
a second-generation TKI developed by Pfizer Inc. which has recently been approved by the FDA in
2018. This active principal ingredient is the actual drug of interest for the treatment of NSCLC
presenting EGFR with del19 and L858R mutations. In contrast with first-generation TKI, this inhibitor
it is considered a TKI with more attractive pharmacokinetic properties, lower plasma clearance,
greater bioavailability, larger volume of distribution and longer half-life. Indeed, from a detailed
multicenter, randomized, open-label and active controlled trial, it was demonstrated a significant
improvement in progression-free survival in contrast with gefitinib (14.7 vs. 9.2 months
respectively)?*>2'7, Finally, this quinazoline derivative is a potent inhibitor of EGFR-activating

mutations as well as the EGFR T790M resistance mutation both in vitro and in vivo.

Above all, the main difference among Dacomitinib and its predecessors (gefitinib and
erlotinib is that this has a potential efficacy as an irreversible pan-erbB inhibitor irreversibly inhibits
tyrosine autophosphorylation of EGFR (also known as HER1 or erbB1), HER2 (erbB2) and HER4 (erbB4)
as previously showed in Figure 4.6. Its irreversible inhibition is achieved via covalent bonding to

cysteine residues of the catalytic domains of the erbB receptors. Specifically, its electrophilic moiety
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is subject to a nucleophilic attack by Cys-797 of EGFR (Figure 4.8) performing a covalent bond between
ligand and receptor leading to the inhibition of the enzyme via this irreversible binding?!8. As a result,

C797S is a common mutation observed as mechanism acquired by EGFR to resist dacomitinib?*.

Figure 4.8 Close-in view of dacomitinib recognition in EGFR. lllustrated interactions: The covalent bond between Cys-797; the nitrogen from the
quinazoline ring makes a single hydrogen bonding contact with the backbone nitrogen of Met-793; the aryl group of the aniline accessing the
end of the ATP-binding pocket, in van der Waals contact with Leu-788, Met-790, Thr-854 and Lys-745; the aniline nitrogen involved in water-

mediated interactions with Asn-842 and Asp-855. Source: Gajiwala et al.8

The original efficacy comparison of these molecules containing the same main scaffold is

shown in Figure 4.9. These results, shown as ICso values which were measured for in vitro kinase assay

of wild-type erbB proteins, were obtained by Engelman et al.?** while studying Dacomitinib.
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Figure 4.9 Main quinazoline structures and efficacy comparison in terms of I1Cso values of each drug using an in vitro isolated kinase assay
against wild type erbB receptors. Values obtained by Engelman et al.?'4.
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The results shown in this original study showed Canertinib as a potential pan-erbB inhibitor.
Indeed, this molecule is still considered as an experimental drug candidate as it reached the initial
phase | of clinical testing conducted in NSCLC patients. However, its development carried out by Pfizer

Inc. was discontinued in 2015 due to skin toxicity and the observation of thrombocytopenia??.

Additional results in in EGFR mutant cell lines showing outstanding values suggested that
Dacomitinib is effective against a T790M mutation, L858R and 19 deletion activating mutation. These
evidences positioned dacomitinib as the actual oral, once-daily, pan-erbB inhibitor indicated as first-
line treatment for patients with metastatic NSCLC with EGFR del19 and L858R mutations at present??,

At the light of this scenario, Dacomitinib seems to be a promising candidate in the present
discussion as a second practical case of study as it has been recently approved by the FDA (2018) and
is an emerging TKI of interest which belongs to a presumably largely explored family of quinazoline
analogs. Thus, it is expected that its developed chemical space may be better explored than the

previous practical study introduced in Chapter 4.

4.2. Chemical space assessment of Dacomitinib’s analogs

4.2.1. Dacomitinib library of analogs and its chemical space

The Markush structure containing Dacomitinib structure can be found in the drug’s patent

(US20050250761%22) in their concluding claims section.

R1
H\f HNQ

R« /)

X N

Figure 4.10 Markush structure of Dacomitinib analogs
The complete combinatorial library of anilinoquinazoline analogs depends on three main
points: (a) the aryl structure in C4, (b) the chain in C7 position and (c) the enlargement of the a,B
unsaturated carbonyl sidechain in C6. However, when looking closely to each substituent definition,

a main drawback was found relating to unprecise terminology:

1. R1 and R2: The patent stablishes that R1 can be any halide from F, Br, Cl and | and R2

the same set or halogens plus hydrogen. Therefore, this point of substitution,
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considering all the possible positions available in the five available in the ring and

discarding repetitions would lead to 86 possible substructures in C4.

2. X and R3: The patent claim defines X as O, S or N. Nevertheless, the description of R3

may trigger more difficulties. As extracted from the text it can be a selection from:

a. “Ci-Cs straight or branched alkyl optionally substituted by one or more
halogens”. In other words, 4 unhalogenated —in SMILES; C, CC, CCC, C(C)C—and
28 halogenated derivatives — CZ, CCZ, C(Z)C, CCCZ, C(Z)CC, CC(Z)C, C(C)CZ being
Z=F, Cl, Brand | —. In total, 32 substructures.

b.  “(CHz)n — Het” being n an integer from 1 to 4 and Het consist in 9 different
heterocycle: morpholine, piperidine, piperazine, piperazine-N(C:-Cs alkyl) (4
inherent possible combinations considering isopropyl and unbranched alkyls),
pyrrolidine or imidazole. In total, this group would consist in 36 combinations

(4x9) if only considering that the attachment to heterocycle is to its NH group.

In total, 272 possible substructures ((32+36)x4) could be considered for C7 derivatization

point

3. R4: “(CH2)m — Het” being m an integer from 1 to 3 and Het consist in 12 different
heterocycle: morpholine, piperidine, piperazine, piperazine-N(Ci-Cs alkyl) (4 inherent
possible combinations as mentioned before), pyrrolidine, imidazole, azepane, 3,4-
dihydro-2H-pyridine or 3,6-dihyidro-2H-pyridine. However, the complexity of this
substitution point relies in the possibility of presence of 0 to 3 substitution within each
heterocyclic moiety with 18 possible functional groups: Ci-Cs alkyl (4 combinations),
halogen (F, Cl, Br, 1), OH, NH2, NH(C:-Cz alkyl) (4 combinations) or N(C:-Cs alkyl)2 (4
combinations). As an example of these vague indetermination for the heterocycle
substitution and assuming once again that the attachment to the heterocycle is to its
NH, for the unique case of piperidine, the possible combinations would lead 187,410
possible substructures as it presents five aliphatic carbons that could show two groups
attached. Specifically, these substructures are enumerated without distinguishing the

chiral conformation of them.

The total amount of 1,854,474 distinguishable substructures indorsed in R4 classified by its

main ring are listed below:
a. Morpholine derivatives: 94,503

b. Piperidine derivatives: 187,410
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c. Piperazine derivatives: 540,336 (162,324 + 4 x 94,503)
d. Pyrrolidine derivatives: 94,503

e. Imidazole derivatives: 20,577

f.  Azepane derivatives: 322,545

g. 3,4-dihydro-2H-pyridine derivatives: 297,300

h. 3,6-dihyidro-2H-pyridine derivatives: 297,300

Hence, at the light of the ambiguous description of R4 that would lead to an enormous
description of the combinatorial library of Dacomitinib involving more than 10 billion analogs
(43,379,855,808=86x272x1,854,474), a new approach was considered for this second case of study.
In this case, expecting to better explore a synthetic feasible fraction of the gigantic library described
above, the rational study of the drug derivatives would be applied to the combinatorial library of the
already described analogs by the inventors. In other terms, the claim 5 of the abovementioned patent
contains 51 described compounds that have already been synthesized and therefore protected by
Pfizer Inc. The combinatorial library of these known analogs would build the explored Markush
structure by the drug developers containing the subfraction of the chemical space explored until date.
The fragment combination of these 51 analogs present in the claim 5 of the patent resulted in a
database of 16,530 analogs as shown in jError! No se encuentra el origen de la referencia.. This is
the result of the combination of the 58 possible anilines in C4, 19 substituents in C6 and 15 sidechains

in C7 (58x19x15).

Table 4.1 Fragments used to build the 16,530 compounds library of Dacomitinib analogs.

R1 | R2 X-R3 R4
H|-H -0-C -S-CCF -cN1cceccl -Cnlcnccl
| -F -S-C -0-CC(F)(F)F -CN1CCC(F)cC1  -CN1ccecl
Br | -Br | -N(H)-C -O-C(F)CF -CN1CCCC(F)C1  -CCN1CCCCcl
-l | -c| -o-cc -0-CC(F)F -CN1C(F)CCCC1  -CCN1CCC(F)CCl
-0-CCC  -0-CCCN1CCOCCL | -CN1CCOCC1  -CCN1CCCC(F)C1
-0-C(C)C  -0-CCN1CCCCC1 | -CN1CCCCCCl  -CCN1C(F)CCCCl
-O-C(F)(F)F -CN1C=CCCC1  -CCN1CCOCCl
-O-CF -CN1CC=CCC1  -CCN1CCCCCCl
-0-CCF -CN1CCNCC1  -CCCN1CCCCcl
-CN1CCN(C)cCl
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4.2.2. Choice of a suitable clustering methodology

In order to perform a further rational selection of a tractable number of representative
molecules to be synthesized in the laboratory, the first assessment of the chemical space was
performed with the proper choice of a suitable clustering methodology. In this case, the chemical
space was firstly assessed attending to the classification of the data in VN = 129 clusters. As with
Tafenoquine’s study, it was studied the data distribution for the same previously reported (see
Chapter 3) nine clustering and two partitioning algorithms. Binning and optimum variance binning

(OV BIN) algorithms were able to classify the data in 102 and 101 occupied bins respectively.

Consistent with the previous case, to contrast all the classificatory methodologies, the
centroid of each cluster/bin was picked leading a selection of 129 candidates for each case — with the
exception of the 102 and 101 compounds selection for binning and OV binning partitioning
methodologies— and the values of space and population coverages were calculated when overlapping
these subselections on the other clusters resulting from the different algorithms. The obtained results

are shown through two heatmap plots showed in Figure 3.7 and Figure 3.8.
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Figure 4.11 Space coverage heatmap for the clustering and partitioning methodologies assessing Dacomitinib's chemical space in 129 groups.

115



Population Coverage

HRC_single -KslsN153.6 /515160.6 kK] 48.8 48.3 54.6 7/ 161.1 70.6 100

P oIl 0].9100.091.1 88.2 96.0/80.4 77.3 77.884.9 83.5 82.9 %
S HRC_median £ERI70. 20NN EERI63.4 67.4 65.5 [ UN IR T RC)
é— RIOREVEIET SR 08.2 83.3 91.8100.097.479.0 78.4 ¥R 88.0 83.5 80.9
S HRC_centroid 92.485.7 76.2100. (PRI X°EN79.9 82.3 82.3 80
E RIORVEIGERO05.4 84,3 91.5 93.2 96.7100.088.7 73.4 87.8 84.3 87.6
§ (I 96.580.989.8 91.2 96.7 82.6100.075.8 87.2 86.4 85.8 70
fg [UISvE88.5 yFH1184.4 78.5 92.9 A AN 00.078.6 83.9 81.3
% spectral_clust SIEN166. 6 CRelv SR A=Wl 58.3 59.2 58.5 IeJeRer 2 H: A HG) - 60
© BINNING 1:59457.1 /85166, 3 LN 51.0 53.2 52.4 71.91K[eNvEH0)

OV_BIN «/£57/52.365.4 54.7 :E8847 .4 46.4 46.5 62.3 72.811WK1 - 50

IWERE92.4 71.2 85.3 78.5 94.5 67.7 68.2 67.3 81.6 81.7 83.5
std- 7.4 14.8 9.6 14.1 52 16.6 16.914.9 9.8 9.7 7.0

ge -

‘ ' ] ' ' ‘ ] '
o w c T T =2 o wn u =2
© 3 & g 2 g 3 LY 3 Z &
S 2 % § &8 5 ¥ g 9 z
I E E = @ u T Z O
U © B O S @
[~ | | =
Y U oo T 9]
Ty £ g =z 2
e© T T 0

T
Clustering method used for space division

Figure 4.12. Population coverage heatmap for the clustering and partitioning methodologies assessing Dacomitinib's chemical space in 129
groups.

Firstly, as already demonstrated with the previous study, HRC single and HRC centroid were
discarded as these clustering methodologies trend to present large, overpopulated clusters leading
to unbalanced population distribution. This is evidenced by the lowest SC (with a mean of 46.9% and
35.9% respectively) and largest PC (with a mean of 92.4% and 94.5% respectively) measured in
contrast with the other classificatory approaches. Indeed, cluster 115 in HRC single contains 4,173
analogs (the 25% of the database) and the cluster 97 in HRC centroid contains 8,408 compounds (the
51% of the database).

Another point of view to demonstrate this first indication can be reflected in the population
distribution inside the different clustering and partitioning methodologies performed. These are
revealed via boxplot representation (shown in Figure 3.9 and Figure 3.10). As anticipated, HRC single
and HRC centroid are the two most notorious algorithms showing a larger overcrowded clusters as
outliers (showed in Figure 3.9 as flying circles). However, this new perspective reveals that also HRC
median, spectral clustering and both binning methodologies lacks of uniformity in its population
distribution. These three classificatory methods were secondly discarded considering the aim of

avoiding overcrowded cluster formation.
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Figure 4.13 Population distribution of Dacomitinib database of analogs for k=129 considering outliers

After these two first clustering subset rejections, HRC complete, HRC ward, HRC average,
KMN, KMED and binning were left for a further assessment. Figure 3.10 shows that the four clustering
approaches show a balanced distribution. Therefore, the use of any of these methodologies could be
suitable for the performance of a rational selection. Lastly, for Dacomitinib’s chemical space
assessment, KMN was chosen in contrast to the first study (which explored the chemical space with
a HRC algorithm) to apply this highly commonly used algorithm as an example of stochastic approach.
However, in order to ensure the repeatability of the study and save the classified data for further

chemical space explorations, the cluster indexes were saved and are available in Annex VIII.
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Figure 4.14 Population distribution of Dacomitinib database of analogs for k=129 without outliers

4.2.3. The explored space known until the date

After choosing KMN clustering as the clustering methodology of choice to assess this second
study concerning to Dacomitinib’s chemical space, research of the compounds described in
bibliography was conducted to discuss the explored space until date. This was again accomplished by
inspecting programmatically the publicly available information in PubChem?*® when crosschecking

the database of study.

A total amount of 60 coincident molecules were found in bibliography. Unfortunately, for all
cases, the coincident molecules found in this source do not present any publicly available biological
data as they are all related to the already cited Dacomitinib’s or other related patents (such as
US20130274275 or US20100190977). As this set contained the 51 original patent molecules but the
rest of the molecules (9) were not found explicitly defined in the mentioned patents, BD was defined
as the original bibliographical dataset of 51 compounds found in the 5% claim. The sorted list of this
bibliographic data (BD) with the Library ID of the database and corresponding CID of PubChem per
each compound can be found in Annex VII. Therefore, it is expected that all the set of molecules has
been tested to treat NSCLC as it is prescribed for its original hit. Furthermore, the same patents leaves
the door open for further applications such as it defends that these novel compounds “are useful in

methods of treating, preventing or inhibiting proliferative diseases, including cancer, atherosclerosis,

restenosis, endometriosis and psoriasis”???.
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When representing the BD found in the drug’s chemical space in the first three principal
components (Figure 3.11 which explains the 55.4% of the variance) it can be easily perceive that the
data known until date is largely spread over the chemical space. In this case, it is assumed a large
representativeness of the BD as the chemical space itself has been built up from the fragment
combination of this set of molecules. Still, there are some unexplored regions that, in the case of
being synthetically accessible, would be interesting to be deeper explored.

Combinatorial Library

Molecules found in patent (BD)
¥ DACOMITINIB

4
PCA 3

PC4 2

Figure 4.15 First three principal component plot displaying BD in Dacomitinib's chemical space

Actually, for the standard size of VN = 129 clusters calculated via KMN, the overall subset
of 51 analogs (N ) would represent the 23.3% SC and the 30.5% PC. In contrast, a random choice of
Npgp analogs (calculated as the mean of 5,000 repetitions) would better represent the chemical space
with 31.8% SC and 36.9%PC and a rational selection of 51 analogs could maximally cover the 39.5%
SC and 57.2% PC (as the 51 firsts most populated clusters contain a total sum of 9461 analogs). In
contrast with the previous study with antimalarial drugs (Chapter 3), this database shows a significant
representativeness through its BD sample as already evidenced by the visual inspection of its chemical
space. As expected, the same trend occurs when clustering the space in Ngp clusters. The BD data
covers the 47.1% SC and 66.7% PC while a cherry-picking approach could achieve to cover a mean
value of 57.4% SC and 69.6% PC. Still, even the BD dataset cannot achieve to cover all the chemical

space of its derived combinatorial library leaving more than the half of it unexplored. A better
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exploration would be suggested by picking 51 rationally selected samples to elucidate the biological

behavior of the other half of the chemical space.
4.3. Rational Selection analysis

However, attending to the time and resources of the ongoing research, the rational selection
of the same amount of BD analogs was not reasonably attainable. Instead, the chemical space was
divided into 10 clusters using KMN algorithm to later on describe the database in an optimal

subsequent representation of ten molecules if the further data curation grants it.

This clustering algorithm led to the classification of the data as shown in in Figure 3.15.
However, part of this chemical space might be inaccessible considering factors that may impede the

synthesis of its inner analogs.
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Figure 4.16 t-SNE representation of Dacomitinib’s chemical space after KMN clustering (k=10)

4.3.1. Database curation; shaping the accessible chemical space.

For Dacomitinib’s chemical space, only two factors have been considered in order to shape
the real accessible space considering our time and resources limitations and the drug-likeness of the

derivatives: Lipinski’s rule of five and the commercial availability of the reagents.

In contrast with the previous discussed case, the synthetic feasibility has been not

questioned with this database as this has been built up from a previous subset of already synthesized
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analogs (the 51 explicitly described molecules). Its synthesis consisting in a 8-step route, which will
be further discussed in section 4.4, did not present any limitation which could restrict the synthesis

of Dacomitinib’s dataset of analogs.
a. Lipinski rule of five

The first filter applied to the database of study was the consideration of Lipinski’s rule of five
in order to only ponder those parts of Dacomitinib’s chemical space containing drug-like molecules
by its molecular properties!®*. As a reminder, these rules predicts that poor absorption or permeation

is more likely when:
1. There are more than 5 hydrogen donors
2. There are more than 10 hydrogen bond acceptors
3. The molecular weight is greater than 500
4. ThelogP is greater than 5

In order to avoid a highly restrictive threshold, we defined this first filter to select those
molecules which violated none or at least one of the rules leading to a curated set of 4,895

Dacomitinib analogs.
b. Commercial availability of the reagents

The second restriction considered after designing the synthetic route consisted in checking
the commercial availability of the reagents needed. All the solvents, acids, bases, reductive or oxidant
agents were available in the laboratory of the research group. Therefore, apart from the first two
departure reagents to form the scaffold — 2-amino-4-fluorobenzoic acid and formamide — the
commercial availability reagents needed to derivatize the different substitution points had to be
examined. This was checked programmatically using ChemSpiPy wrapper to access and query
ChemSpider'®® database of commercial vendors using Python. In particular, this was effectuated by
filtering the usual vendors of the group (Sigma-Aldrich, Fluorochem, Abcr, Alfa Aesar, BLDpharm and
TCl).

Taking a look to the above-mentioned Markush structure, three positions (in C4, C6 and C7)

have to be substituted (Figure 4.17):

a) Derivatization of C4 of general structure 20 depends on the nucleophilic substitution of 58
possible anilines (21) which are the result of all the possible combinations of the hydrogen
or halides of R1 and R2 in the different five ring positions. 57 of them are commercially

available.
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b) Derivatization of C6 depends on two group of structures. The first compound with general
structure 22, is used to introduce the a,B-unsaturated ketone (with E conformation)
terminated with a bromide to ensure the final substitution with compounds 23. Three
possible carboxylic acids depending on the number of methylene unities (from one to three)
would need to be purchased. Only 4-bromocrotonic acid (n=1) is commercially available by
BLDpharm at a reasonable prize (88€/10g). Nor the acid form neither its ester analogs for
n=2,3 were found in the suppliers’ websites. Finally, only ten out of the twelve possible
heterocycles possible as compound 23 were found in the mentioned purchase databases.
Therefore, 10 out of the 19 possible structures contemplated for C6 substitution are

commercially available.

c) To derivatize C7 position, two thiols (24), twelve alcohols (25) and methylamine (26) would
be necessary. Among these set of 15 reagents, 10 can be bought through the above-

mentioned vendors websites.

Br
(a3 Ry
1-3
R+ Lo < |
23 22
OH ©
HN Sy 21
Rs Re C‘3H3 y
\ | =
OH SH NH, {3 Ry N
24 25 26 20

Figure 4.17 Simplified scheme for the need of the different reagent comprehension for the three derivatization points of the Markush
structure.

The subset of molecules that could be synthesized attending to the restrictions of

commercial availability would be uniquely formed by 5,700 analogs (57x10x10).

Therefore, the previous filtered dataset of 4,895 quinazoline analogs (after Lipinski’s rule of

five filtration) was finally lowered to 3,373 compounds considering this commercial limitation.

In conclusion, the final accessible space defined by the 16,530 analogs of the combinatorial
database of the 51 Dacomitinib reported derivatives was finally lowered to 3,737 analogs. However,
it is necessary to emphasize that this represents even a portion of the subspace generated by the
derivatives found in the claim 5 of the drug’s patents as the vastness of the real chemical space by
the Markush structure would be computationally unattainable and unrealistic. An overview of the

final filtered subset can be depicted in Figure 4.18.
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Figure 4.18 Filtration review departing from the original combinatorial database of Dacomitinib's Markush structure until the final accessible
space .

4.3.2. Rational selection of Dacomitinib’s analogs

Although final accessible space only contains the 20.4% of the original data (3,373
compounds out of the overall combinatorial set of 16,530), the representativeness of this filtered
space in the chemical space of study is surprisingly large. Indeed, this subset of accessible molecules
contains derivatives representing 8 out of the 10 clusters formed by KMN (leaving clusters 0 and 9
unrepresented). Thus, the maximum representation achievable by a rational selection could explain
the 80.0% SC and 87.4% PC.

In contrast with the BD dataset, at the light of the t-SNE representation shown in Figure 4.19,
this accessible space might seem poorly representative in order to perform a rational selection.
However, the BD set of 51 molecules does also represent 8 out of the 10 clusters of the chemical
space. Specifically, cluster 0 and 8 are not represented by the BD selection. Although the accessible
space cannot achieve to represent neither the cluster 0, the 8th cluster present synthetically feasible
analogs. Therefore, with the selection of 8 accessible analogs, it would not be increased the

knowledge of this chemical space in terms of SC but, at least, a new region would be explored.

The rational selection of 8 representative compounds (later shown in Figure 3.17.) was
performed, being these the nearest to each cluster centroid accessible compound. The visual
comparison of the rational selected subset with BD and the accessible chemical space is shown in
Figure 4.19.
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Figure 4.19 t-SNE plots representing Dacomitinib’s chemical space (in grey), the accessible space defined by the filtered 3,373 analogs (in blue),
the BD (in red), the original hit (as a black triangle) and the rationally selected analogs (dark blue stars).

All things considered, as shown in Table 4.2, in this case of k= 10 clusters, neither the

coverage results of a random nor rational selection of 10 candidates would improve the SC and PC

results obtained by BD. This is a sign proving that we are focusing on a chemical subspace that appears

to be highly explored as expected for its combinatorial nature which is BD-dependent. However, with

this methodology, if having been previously implemented, the same chemical space would have been

explored with the synthesis of much fewer candidates (only 8 in comparison with the 51 described)

saving time, costs and resources to the original developers. Once again, this case is a new evidence of

the main advantages of the suggested methodology of this thesis.

Table 4.2 Comparison of different coverage results of the chemical space obtained for BD selection, random selection and rational selection in

k=10 clusters

124

Selection Subset size SC PC
Bibliographical
51 80.0 % 92.6%
Data
Random 10 57.8% 82.5%
Rational
Selection of 8 80.0% 87.4%
accessible space




Hitherto, as not much public data is available concerning the biological activity of the BD
analogs, its space description is still to be defined. In fact, only the inhibitory activity of seven
molecules (analogs with library ID 8255, 8351, 8399, 8423, 8591, 9095, 16026) representing merely
three clusters (1, 3 and 7) is specified in the proper patent describing poorly the 30% SC and 49.8 %
PC. Thus, apart from describing all the accessible chemical space through the rationally selected
samples, the aim of this study is focused in describing the inhibitory behavior of these analogs against
EGFR, some of its main mutations, HER2 and HER4 and give insights for further lead optimization
purposes.
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Figure 4.20. Rationally selected candidates to represent the 80% SC and 87% PC of the chemical space of Dacomitinib analogs
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4.4, Synthesis of quinazolines

4.4.1. General synthetic Route

The general procedure for Dacomitinib derivatives obtention described in the drug’s patent
involves 8 steps of synthesis. However, after the study and synthesis of the rationally selected analogs,
the general synthesis of this quinazoline derivatives has been achieved by alternative methodologies
involving only 6 steps as it will later be disclosed. The overall synthetic route used for the synthesis of
the rationally selected analogs (considering also the two additional steps described by the patent)

schematically follows the derivatization pathway showed in Figure 3.18.

Ry
G 3 e
g2 NI T2 o \J 2
HNT PR, HN PR, HNT PR,
COOH 3-4 steps O,N 1step o,N 2-3 steps HN
R — 2 \N R — 2 \N R e— \N
/) Pz Pz
F NH, F N N N
27 28 29 30

Figure 4.21 Schematic synthetic route considering the steps to obtain the intermediates with the derivatization points of the scaffold of study

The simplified route shows that there can be 3 or 4 initial shared synthetic steps until the
obtention of the first derivatization point in C4. Afterwards, through a single step, the derivatives with
substituted C7 positions are synthesized and, finally, the final Dacomitinib derivatives can be obtained
through 2 to 3 synthetic steps depending on the complexity of the product isolation as explained

below in the following sections.

Finally, the general 6-step synthetic route followed for the obtention of the selected
molecules is shown in Figure 3.19. The conditions of the fourth step are not specified as they depend
on the nature of the compound Rs3X as it can be an alcohol (24), sodium methanethiolate (25) or
methylamine (26) to afford the desired substitution with the fluorine in C7. This route will be deeply

described below in the following sections.
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Figure 4.22 General synthetic route designed for the quinazoline derivatives obtention

4.4.2. Preparation of 7-fluoro-6-nitroquinazolin-4(3H)-one (33)

The 7-fluoro-6-nitroquinazolin-4(3H)-one intermediate (33) is the last shared intermediate
after first derivatization of the quinazoline scaffold. This compound can be obtained through two
steps of synthesis departing from the commercially available 2-amino-4-fluorobenzoic acid (27,
128£/100g in Fluorochem).

i
0 0
NH, H,SO

2504 (c)

/@:GOOH 31 NH fuming HNO; O2N NH

B — e B — e
. NH,  120°C, OIN E N/) RT, 1h E N/)
2 77% yield 110°C, 2h
92% yield
27 32 33

Figure 4.23. First two steps of the synthetic route to obtain quinazoline analogs

127



The first step synthesis consists in the classical Niementowski quinazolinone synthesis which
affords 3H-quinazolin-4-ones by the condensation of an anthranilic acid with an amide. This synthetic
step to obtain compound 32 was performed adapting the procedure described by Huan et al.??3,
which reacts 1 eq. of compound 27 with an excess of formamide (10 eq.) serving the latter as solvent.
The mixture, after left reacting overnight at 120 °C is then poured into ice-cold water to allow the
precipitation of compound 32 which is isolated from the excess of formamide due to its different
solubility in water. The original protocol stablishes that 3h of reaction are enough for total conversion
but a previous follow-up of the reaction with TLC revealed that more than 5h are needed in order to
obtain the pure product 32 without traces of 27 which would co-precipitate with the desired product

during the work-up.

The obtention of product 32 can be easily proved by its *H-NMR spectrum (Figure 4.24) which
evidences the ring formation due to the characteristic singlet of C2 and the NH in present in downfield
along with the three proton signals corresponding to C5, C6 and C8 which multiplicity are altered

(being dd, td, and dd respectively) due to their coupling with the fluorine isotope (*°F).
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Figure 4.24 *H-NMR spectrum of intermediate 32.
Secondly, the C6 position of the quinazolinone undergoes a nitration through an electrophilic

aromatic substitution (SeAr) in order to later permit the derivatization in this position. This nitration

was performed following the procedure described by Hansel et al.??* which describes the obtention
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of compound 33 through the reaction of 1 eq. of the intermediate 32 in a mixture of concentrated
sulfuric acid an fuming nitric acid at high temperatures. This acidic mixture undergoes the formation
of the nitronium ion which acts as an electrophile nitrating which replaces the hydrogen in C6

position.

At first, the execution of this reaction did improperly undergo yielding the departing material
(32). This occurred after using 65% nitric acid as the presence of water in the reaction system impedes
the proper reaction evolution to nitronium ion formation (product) as shown in Figure 4.25. This

shifted equilibrium can be explained by the Le Chatelier’s principle.

(\\ 9
H-O0-S-0OH
9 N\ 6 C“) O@

o N I
0”@ OH N+ HO

nitronium ion

Figure 4.25 Reaction mechanism for nitronium ion formation.

Therefore, the use of fuming nitric acid (>90%) is a must for this synthetic step. This can be
purchased although it is an expensive reagent (e.g. 466€/1L in Sigma-Aldrich). Thus, it was freshly
prepared in the laboratory before the abovementioned reaction through its isolation via distillation

while reacting sodium nitrite (1.0 eq) with concentrated sulfuric acid (1.3 eq.) at 100 °C.

The nitration placement of intermediate 33 is confirmed by the disappearance of the proton
in C6 in its *H-NMR spectrum with the subsequent simplification of the C2, C5 and C8 system shown
by two doublets (C5 and C8 coupling with '°F) and one singlet (the isolated C2). However, the most
revealing evidence of the nitro addition is seen in the IR spectrum which evidences the appearance
of the two bands corresponding to the characteristic asymmetric (1572 cm™) and symmetric (1326
cml) N-O stretches (Figure 4.26).
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Figure 4.26 IR spectrum of intermediate 33. The bands at 1572 and 1326 cm™ correspond to the N-O asymmetric and symmetric stretching
demonstrating the successful nitration of the 32 intermediate.

When this synthetic route was designed and performed (in September2021) neither the
intermediates 32 nor the compound 33 were found at a reasonable price in the vendors websites.
However, at the end of this thesis a new product 33 has been found at the affordable cost of 67€/100g
in BLDpharm (updated in July 2022). Thus, if considering repeating the synthesis of the rationally
selected analogs or other derivatives, it would be recommended to depart directly from the

commercially available reagent 33 and then reduce the synthesis to a final 4-steps route.
4.4.3. Preparation of 7-fluoro-N-phenyl-6-nitroquinazolin-4-amines (28)

The following step to derivatize the C4 position of the quinazoline involves two reactions: a
first C4 chlorination and a further nucleophilic substitution (Sn2) of the halide by different anilines
(34).

2) iProH
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o] cl HoN R HNT R,
O,N 1)SOCI2 POCl;, DMF  g,N 34 O,N L
110°C 2h RT, ON
F ) ) F N/)
33 38 28

Figure 4.27 . Third step (involving two reactions) of the synthetic route to obtain quinazoline analogs
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Following the procedure described by Hansen et al.??%, the quinazolinone (33) was treated
with two chlorinating agents, thionyl chloride (24.5 eq.) and phosphoryl chloride (3.44 eq.), along with
dimethylformamide (DMF, catalytic amounts) resulting in the desired 4-chloroquinazoline (38). This
reaction involves conventional heat and the further removal under vacuo of the reagents in excess.
As an improvement in the synthetic route (an already seen strategy with other procedures and
conditions described by Zhao et al.??), the chlorinated intermediate (38) is used further on without
purification to proceed with the derivatization of C4 position. The described yield for the first reaction
is 74%.

Thus, the 38 intermediate undergoes directly a nucleophilic substitution driven by its
reaction with different anilines (34) at room temperature using isopropanol (iPrOH) as solvent to
afford the precipitation of the desired 28 derivative. The yields obtained for this step involving the
two reactions described ranges from 61 to 99% depending on the aniline used as substrate. Seven
intermediate 28 analogs were synthesized during this study. In contrast with the introduced rational
selection, compounds 28{6} and 28{7} were synthesized in the search of the obtention of two
compounds not included in the library which will be discussed below. Moreover, it was previously
taken consideration during the rational selection process the cost-effectiveness of the anilines

involved (purchased in Fluorochem?®?) as evidenced in Table 3.7.

Table 4.3. 7-fluoro-N-phenyl-6-nitroquinazolin-4-amines derivatives (28) prepared in this project with is corresponding yields and the
commercial price of the involving anilines (34) for their synthesis.

.. Commercial .
Aniline structure | Name . Yield
substrate price

F

@\ 34{1} = 16{1}: 10£/1g | 97%
Cl
Cl

(;[F 342} | 16{2}: 10£/1g = 99%

F
Cl
34{3} | 16{3}: 21£/100g | 77%
;
(;[Cl 34{4} | 16{4} 10f/1g | 91%
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Commercial

Aniline structure | Name . Yield
substrate price
F 34{5} | 16{5}: 38£/100g | 96%
NH,
CF3
34{6} | 16{6}. 14£/25g | 61%
cl
NH,
F
34{7} | 16{7}:10£/1g | 82%
NH,

At the light of the anilines shown in the table above, it can be easily seen that all the
derivatives contain at least one additional fluorine atom (a trifluoromethyl group in the case of 34{6})
which resulted in the obtention of the 28 derivatives with complex NMR spectrum due to their *H-°F
and 3C-1°F couplings. The 'H-NMR (Figure 4.28) and *3C-NMR (Figure 4.29) spectra of compound 28{5}
may serve as an explanatory example. At the light of the 'H-NMR spectrum, the successful
substitution of the aniline is evidenced by the appearance of a broad labile signal in 11.82 ppm
corresponding to the secondary amine linking the aryl group (7.55-7.33 ppm) to the quinazoline
structure (evidenced by the three main protons with multiplicity d, s, d, respectively). However, the

multiplicity of the protons of the aniline ring shows an altered multiplicity of its protons due to the

presence of the fluorine atom in C11.
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Figure 4.28 Zoom in the aromatic region of the *H-NMR spectrum of intermediate 28{5}.

The proper identification of these latter protons can be easily elucidated with the HSQC
spectrum. Depending on the coupling constant (Jcr) of each carbon signal, each location relative to
the fluorine atom can be predicted (the nearest to the halide, the greatest the Jcr value).
Furthermore, the difference between C7 and C11 assignation, which are both present at downfield,
is also proved by the Jcr and the HMBC spectrum. The fluorine atom in the quinazoline typically

presents a Jcr=267Hz and fluorine atoms present in phenyl rings shows Jc.r=245Hz.
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Figure 4.29 Zoom if the region of 13C-NMR spectrum with the intermediate 28{5} signals.
Additionally, the structure composition of compound 28{5} composition was confirmed by

HRMS.
4.4.4. Preparation of 7-substituted-N-phenyl-6-nitroquinazolin-4-amines (29)

The second substituted position is C7 considering the synthetic route. In order to derivatize
this point with the stated substructures, three possible different nucleophilic substitutions of the
fluorine can take place depending on the nature of the reagent leading to the attachment of a

methylthiol group 29{1}, seven alkoxy chains 29{2,3,4,9,6,7,10} or methylamine, 29{5,8}.

In order to obtain the thiolate intermediate 29{1} an adaptation of the procedure described
by Vasu et al.?%® was carried out (Figure 4.30). In this case, the 7-fluoro quinazoline derivative (28{1},
1.00 eq.) was treated with sodium methanethiolate (25, 4.00 eq.) in DMF at 100 °C for 4 hours to

afford, after product isolation, the desired thiolate intermediate 29{1} with excellent yields.
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Figure 4.30 C7 derivatization with methanethiolate.

Furthermore, to introduce different alkoxy groups in C7, two approaches were performed
depending on the nature of the alcohol reagent (25). Both of them involved the transformation of the
diverse alcohols to its alkoxide forms with the use of different bases depending on the reaction

conditions.

When the alcohol can be used both as reagent and solvent (method A in Figure 4.31), an
excess of it was used along with 10.0 eq. of sodium hydroxide until 28 was totally dissolved and was
refluxed at the alcohol’s boiling point temperature for 30 minutes. The product isolation involved its
precipitation in a sodium bicarbonate saturated solution, filtration and solvent removal under
pressure. When using 1-propanol (25{1}) or ethanol (25{2}), the obtained products did not needed
further purification steps. However, after using 2,2,2-trifluoroethan-1-ol (25{3}) with this
methodology, the obtention of the intermediate 29{4} required its purification by column
chromatography due to the formation of different side-products or product decomposition

evidencing the need of a different methodology.

Thus, alternatively, the procedure described by Shao et al.??’ was used when the alcohol
reagent consisted in a substituted and limited alcohol (not commonly used as solvent). In this case
(method B in Figure 4.31), dimethyl sulfoxide (DMSO) was used as the solvent were 1.0 eq. of the
starting product 28 reacted with 1.5 eq. of the alcohol 25{4,5} in basic conditions favored by the
presence of 3.0 eq. of potassium tert-butoxide. The complete product transformation took place after
30 minutes of reaction at 25 °C and this was isolated after its precipitation by the reaction quenching

in water, filtration, washing and its dryness in vacuo.
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Figure 4.31 Two methods used for the C7 derivatization with different alcohols

Finally, for the obtention of the 29{5} and 29{8} intermediates, the corresponding 28
substrates were directly reacted with an excess of methylamine which serves both as base and
nucleophilic agent. The same procedure as method A for the fluorine substitution with different
alcohols was followed. In this case, isopropanol (iPrOH) was used as solvent and no base was used

rather than the same reagent 28. The reflux temperature was settled to 83 °C (isopropanol’s boiling

point).
2 . 2 .
g2 NJ 2
HNT PR, HNT R,
2 SN * CHgNH, ——————— 2 SN
/) 2h, 83°C /)
F N Yield: 65-66% R30 N
28{1,5} 27 29/(6,7,10}

Figure 4.32 C7 derivatization with methylamine

An example of this different derivatization of C7 can be shown by the H-NMR spectra
differentiation of the intermediates 29{1}, 29{2} and 29{5}. These compounds share the same
substrate 28{2} so its main differentiation can be evidenced by the signals of the newly chain attached
to C7 position as highlighted by different colors in Figure 4.33. Furthermore, the disappearance of the
downfield doublet signal with Jc.r=267Hz in the 3C-NMR spectra of all the analogs confirms the
disappearance of the fluorine atom in C7. In all cases, the structures were confirmed by mono and

bidimensional NMR spectroscopy observing the expected signals and IR spectroscopy was used to
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identify the presence or absence of the main groups. The compounds compositions were confirmed
by HRMS.
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Figure 4.33 *H-NMR spectrum of compounds 29{1}, 29{2} and 29{5} sharing the same scaffold and aniline attached to C4.
4.4.5. Preparation of dacomitinib analogs (30)

The last derivatization of the quinazoline scaffold relies on the C6 position of the aromatic
ring. In order to achieve the final obtention of the dacomitinib analogs two or three steps can be

considered depending on the methodology used for the final introduction of the a,B-unsaturated

chain presenting a heterocyclic fragment in its end.
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Firstly, the reduction of the nitro group present in C6 to a primary amine is needed in order
to permit the next formation of the amide bond desired. To reduce this nitro and obtain the diverse
7-substituted-N*-phenyl-6-nitroquinazolin-4,6-diamines, the classic and highly effective reduction
with tin (Il) chloride dihydrate was performed. The nitroarenes derivatives (29) were treated with 5.0
equivalents of tin (Il) chloride dihydrate as reducing agent in highly acidic conditions favored by the
presence of concentrated hydrochloric acid. The reaction was quenched with a 2M sodium hydroxide
solution to remove the excess of the tin (1) chloride. The desired diamine analogs (35) were obtained
with excellent yields ranging from 80% to 99%. .
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Figure 4.34 Fifth step of the synthetic route to obtain quinazoline analogs

The effectiveness of this synthetic step if easily evidenced by the examination of its IR
spectrum of the molecule which show the characteristic bands of the newly formed primary amine.
To name an example, Figure 4.35 shows the intermediate 35{3} IR spectrum which shows the
presence of the following distinctive bands: the asymmetric and symmetric N-H stretches at 3250 and
3154 cm? respectively (A, B) properly attributed to primary amines, the scissoring N-H bending at
1509 cm™ (C), the C-N stretching at 1261 cm™ (D) and the wagging N-H bending in 756 cm™. In contrast
with the bands shown for its predecessor 29{3}, the typical asymmetric and symmetric stretches of

the nitro group have disappeared (1571 and 1326 cm™).
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Figure 4.35 IR spectrum of compound 35{3} with the highlighted bands at 3250 (A), 3154 (B), 1509 (C), 1261 (D) and 756 cm (E).

Last of all, the final obtention of the Dacomitinib analogs was achieved through two

procedures involving one or even an additional step as shown in Figure 4.36)
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Figure 4.36 Two methods applied for the final obtention of Dacomitinib analogs. Method A is adapted from the drug’s patent protocol??? and
method B from Smaill et al.2°8

Firstly, adapting the methodology stated in the drug’s patent??? (method A in Figure 4.36)
acyl chloride (36) was freshly prepared to react with the desired 35 intermediate. This was set to react
the previous day in an overnight reaction consisting in the 4-bromocrotonic acid substrate (2.0 eq.)

with oxalyl chloride (2.2 eq.) in dichloromethane. Later, 1.0 eq. of the corresponding 35 intermediate
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was reacted with the acyl chloride (36) and a base media favored by N,N-diisopropylethylamine
(DIPEA) in tetrahydrofuran (THF) during 2 hours at room temperature to allow the amide bond
formation through nucleophilic substitution. Later, after the attachment of the 36 to 35 was expected
to have been successfully completed, 2.2 eq. the desired heterocycle (37) were added and the
reaction was let to stir at room temperature overnight. The following day, an additional amount of
5.7 eq. of compound 37 were added and the mixture was heated to 70 °C for 3 hours. The cited
procedure suggests the reaction quenching with water. However, this work-up step did show
inconveniences involving the formation of thick slurries which were difficult to redissolve in the
subsequent extractions affecting the final reaction yields. Thus, the protocol was adapted skipping
this isolation step and directly removing the solvent under vacuo. The crude was extracted with ethyl
acetate, washed with water and brine and dried over anhydrous sodium sulphate yielding a solid
which was finally purified automated flash chromatography (silica gel 0-20% DCM: MeOH) to yield
the desired product 30.

This first methodology was applied to obtain four Dacomitinib derivatives 30{3,4,5,6,9} which
presented poor yields ranging from 15% to 38%. Apart from wasting a large amount of 35 substrate
with this reaction step, it involved a difficult separation of the product through a chromatographic
column. As shown in Figure 4.37, the isolation of the product 39{8} through this methodology
(NotebooklID: LMF377) involved a tedious process of almost 3 hours which separated the desired
product (colored in yellow) with still some impurities. Thus, the combination of the poor yield
measured values, the complexity in the product purification and the unsuccessful obtention of the
analog 39{8} through this methodology forced the search of an alternative approach to obtain the

rest of compounds.
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Figure 4.37 Automated clash chromatography chromatogram to isolate compound 30{8} (fraction colored in yellow) through methodology A.
Conditions: silica gel, DCM:MeOH.
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Other methodologies were attempted such as the Sheehan and Hess approach??8 for peptide
synthesis, involving the use of coupling reagents such as 1-ethyl-3-carbodiimide (EDC) or
dicyclohexylcarbodiimide (DCC) with 4-dimethylaminopyridine (DMAP) to directly react the N-Het-
bromocrotonic acid structure with the 35 intermediates. However, the attempts were unsuccessful

leading to complex crude mixtures where no product was able to be identified.

Finally, the rest of dacomitinib analogs were successfully obtained following the
methodology described by Smaill et al.2%® (method B in Figure 4.36) which involved one further step
for the intermediate isolation of the compound 38. In this case, 1.31 eq. of the acyl chloride (36) were
freshly prepared by a 3-hour reaction at room temperature and directly dissolved in 3 ml anhydrous
THF. The reaction of the desired 35 was driven in a basic media of 30 ml THF with 2.5 eq. of
triethylamine (TEA) at -20 °C (in a salted ice-water bath). The solution containing compound 36, was
poured dropwise for 30 minutes and the reaction was let to stir at -20 °C for an additional 30 minutes.
The crude work-up, similarly, to described in the method A, involved three extractions with ethyl
acetate, a washing with brine, its dryness with anhydrous sodium sulphate and solvent removal under
vacuo. Finally, intermediate 38 was obtained through a previous purification through automated flash
chromatography with gentler conditions (silica gel 0-2% DCM: MeOH). As a comparative example with
the chromatogram shown for the obtention of 30{8}, the purification of the intermediate 38{8}
presented a cleaner column involving 90 minutes of separation with a slope from 0 to 4% of
dichloromethane-methanol mixture used as mobile phase. Indeed, the time of purification could be
improved and reduced at the light of the shape of mixture separation. However, no further attempts
were performed for the optimization of the column conditions. Overall, through this additional step,

the complexity of the product purification was lowered and measured yields ranged from 29% to 78%.
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Figure 4.38 Automated clash chromatography chromatogram to isolate compound 38{8} (fraction colored in yellow) through methodology A.
Conditions: silica gel, DCM:MeOH.
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Finally, the four resting dacomitinib analogs were obtained through a second nucleophilic
substitution reacting 1.0 eq. of the isolated 38 intermediates with 6.8 eq. of the corresponding 37
heterocycle in 5 ml of DMF (the procedure stated by Smaill et al. suggests the use of
dimethylacetamide) at -20 °C for 2 hours, after the complete reaction was checked by TLC. This was
finally quenched with water, poured into saturated NaHCOs solution, and extracted twice with of
ethyl acetate. The combined organic fractions were washed with brine, dried and the solvent was
removed under reduced pressure to finally afford, without further purification steps, the desired
product 30. The yields measured for this final step ranged from 24% to 97%.

Consequently, by the use of this alternative methodology B, the general yield measured (as
the product of the two steps yields) ranges from 11% to 55% slightly increasing the effectiveness of
this in contrast with the methodology A which showed 15%-38% vyields. Overall, the advantages of
this this additional procedure implicates the use of a neater synthesis with less time-consuming and

easier work-up and purification steps.

The discussion of the NMR spectra of the compounds obtained by this additional
methodology can evidence the structure modifications observed in each synthetical step. Next, an
example of the final analog 30{7} and its intermediate 38{7} is given with their H-NMR spectra (Figure
4.39) and 3C-NMR spectra (Figure 4.40).
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Figure 4.39 *H-NMR spectrum of the intermediate 38{7} and the final product 30{7}.
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Figure 4.40 3C-NMR spectrum of the intermediate 38{7} and the final product 30{7}.

Firstly, the expected amide bond formation was confirmed by the appearance of the two
characteristic protons of the unsaturation: the a-H is assigned to the doublet in downshield (6.65
ppm) and the B-H to the signal at 6.53 ppm. Furthermore, the doublet in upfield (6.44 ppm) confirmed
the attached methylene to the bromide. The further nucleophilic substitution of the bromide by the
pyrrolidine was easily confirmed both by the shifted position of the a-H and B-H signals in the *H-NMR
spectrum (6.55 ppm and 6.84 ppm respectively) and their deshielded locations (along with the
methylene signal) of their corresponding carbons in the 3 C-NMR spectrum (shifting from 128.8 ppm
and 110.8 ppm to 142.4 ppm and 125.0 ppm respectively). The appearance of the two signals of the
pyrrolidine group in both spectra confirmed the overall structure. Furthermore, the HMBC spectrum
of product 30{7} (Figure 4.41) showed a correlation between the proton signal of the methylene of
the chain (in green) with the 3C the double bond (blue and yellow) and the first pyrrolidine methylenic
group (in dark red). Plus, the constant coupling (J = 15 Hz) of both proton signals taking part in the

double bond confirms the E configuration of the structure.
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Figure 4.41 HMBC of compound 30{7} demonstrating the bromide substitution by the desired heterocycle.

4.4.6. Global synthesis overview

The final eight Dacomitinib derivatives were finally synthesized following a 6-step synthesis
for four of them (30{3,4,5,6} and an additional analog outside of the Markush chemical library 30{9})
and a 7-step synthesis for the rest of the rational selection (30{1,2,7,8}). The larger synthetic route
consisting in seven steps offered a cleaner and slightly more effective alternative in terms of
measured yields and time expended during product purification. The overall global yield measured
ranges from 6% to 29% with a mean value of 11% (Table 4.4). The limitation steps are mainly present
in the final derivatization of C6, which involves the attachment of a reactive a,B-unsaturated chain
that affords the formation of undesired side products that forces the product purification via column

chromatography.

Altogether, the measured total yields are considered acceptable for a multistep process as

no optimization study has been implemented during the process of product obtention.

Finally, a total amount of 44 molecules have been synthesized (also considering the acyl
chloride 36 used in the final step). Even more, among these, 35 previously undescribed molecules

have been synthesized and fully characterized.

144



Table 4.4. Overview of every single step yield and the overall yield obtained for the synthesis of the nine quinazolines synthesized and the 35 intermediate. In brackets is identified the intermediate obtained
through the assigned synthetic step.

Step 6 Step 6 Step 7
Step 1 Step 2 Step 3 Step 4 Step 5 . . .
. . . . . yield % yield % yield % Overall
Product yield % yield % yield % yield % yield % .
Method A Method B Method B yield %
[32] [33] [28] [29] [35]
[30] [38] [30]
30{1} 77 92 97 86 92 - 44 24 6
30{2} 77 92 97 80 95 - 78 71 29
30{3} 77 92 99 98 95 27 - - 18
30{4} 77 92 77 69 94 16 - - 6
30{5} 77 92 97 65 99 15 - - 7
30{6} 77 92 92 54 80 38 - - 11
30{7} 77 92 77 85 82 - 29 97 11
30{8} 77 92 96 66 95 - 53 26 6
30{9} 77 92 61 88 97 31 - - 11
35{10} 77 92 82 80 91 - - - 42
Mean 77 92 88 77 92 25 51 55 11
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4.5. Biological activity

Following the synthesis of this family o quinazoline compounds, it was next aimed to assess
their biological activity in terms of tyrosine kinase inhibition for their further purpose to treat NSCLC.
The eight rationally selected analogs 30{1-8} and three extra compounds not considered in the
Markush combinatorial library were tested (shown in Figure 4.42). The additional structures were
added to assess the influence of the following structural modifications in the inhibitory activity of the
scaffold (highlighted in the subsequent figures): the use of a different aniline in C4 (30{9}), the removal
of the nitrogenated heterocycle in the C6 sidechain (38{2}) and both the use of a different aniline in
C4 and the replacement of the sidechain containing the cleavage point for the covalent bond between

ligand and receptor by a free amine (35{10}).

To study the inhibitory activity of this set of molecules, nine enzymes of interest —among all
the diverse offered by the external company responsible of the in vitro testing — were chosen as target

receptors attending to the described inhibitory behavior of the original hit (explained in Section 4.1):
- Wild-type EGFR, HER2 and HER4 (as an irreversible ERBB blocker)?**

- EGFRL858R??! and EGFR T790M?*° the commonly known acquired mutations as a mechanism

of resistance to first and second generation TKIs.
- The main Dacomitinib and Osemirtinib acquired resistance mutation C7975219.229,230
- The G719S acquired mutation9>197.231

- And the double and triple mutated kinases T90M/L858R and T790M/C797S/L858R

respectively.

The in vitro study of this family of compounds (the rationally selected molecules and the set
of structures with the abovementioned modifications) and the original hit (Dacomitinib) as tyrosine
kinase inhibitors was performed in the proper isolated enzymes through the external company
Reaction Biology Corp.?32. The Determination of the effect of the 12 compounds on the kinase activity
of the 9 protein kinases in vitro was performed with a radiometric protein kinase assay (33PanQinase®
Activity Assay). The kinase inhibition profile was determined by measuring the residual activity values

at two concentrations each in singlicate in the 9 protein kinase assays.

Results found in literature?'* of Dacomitinib in vitro kinase inhibitory assay of wild-type EGFR
proof its ICso value is at 1.8nM. Furthermore, complementary studies developed by Zhang et al.2%®

involving quinazoline analogs similar to the Dacomitinib derivatives of study have shown ICsovalues
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ranging from 2 nM to 6 nM. Consequently, the synthesized compounds were tested at the following

final assay concentrations, in singlicate: 2 nM and 10 nM.
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Figure 4.42. Library ID, experimental ID and structure of the molecules tested in vitro. Those molecules present in the green squares are
analogs present in the combinatorial library derived from Dacomitinib’s Markush structure (Dacomitinib rationally selected analogs present in
the chemical space of study). In red circles, the structural modifications studied to assess the characteristics of the alternative molecules.
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The general overview of the results obtained for the 14 molecules tested in the 9 kinases are
summarized in Table 3.11. In general terms, these family of analogs, as expected, appear to be
promising, since all of them have shown interesting inhibitory activity against wild-type EGFR at

10nM. A few assumptions can be formed by a first general glimpse of the results.

Firstly, the candidate 30{3} has shown highly similar values to the original hit at both
concentrations (2nM and 10nM) demonstrating that its ICso might fit with Dacomitinib’s.
Furthermore, analogous highly active results have been measured for the isolated G7196 and L858R
EGFR mutations. In contrast, Dacomitinib have shown better inhibitory activity against HER2 and
HERA4.

The less active molecule is the compound 30{9}, which presence of the trifluoromethyl group
in the aniline moiety in C4 may have affected negatively to the general interaction of this ligand with
the different receptors of study. Still, it has shown inhibitory activity at 10nM against wild-type EGFR,
G719S and L858R.

Surprisingly, the compound 35{10}, did show some inhibitory activity against 7 of the 9
kinases testes. The absence of the a,B-unsaturated sidechain in C6 was expected to affect
detrimentally the inhibitory activity of the molecule due to the unviability of the covalent bond
formation. However, the results have shown that the ligand may have stablished other non-covalent
interactions with the different receptors. Still, this should ideally be deeper analyzed and proved

computationally through a modelling study.

Plus, the results shown by the compound 38{2}, which do not extremely differ from the
dataset of 35 analogs but show slightly larger residual values, confirms that either the presence of the
terminal heterocycle in C6 sidechain makes an additive contribution to the overall inhibitory activity

of the molecule, or the presence of a terminal bromide affects negatively.

Finally, although singlicates at two concentrations have been tested in order to provide a
lower and upper limit to rank the different inhibitory behavior of the molecules against the 9 kinases,
the upper limit (10nM) has shown more variety of results. Therefore, these latter results will be more

extensively disclosed in the following section.
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Table 4.5 Results summary of the enzymatic radiometric assay performed by Reaction Biology Corp. Values indicate the residual kinase activity (%) of the 9 kinases tested after treatment with the indicated
compounds. Dacomitinib is used as positive control as it is the original hit of the study. In yellow are indicated those results with values ranging 25-50%, in green those with values below 25%.

Compound ID 30{1} 30{2} 30{3} 30{4} 30{5} 30{6} 30{7} 30{8} 30{9} 38{2} 35{10} Daco.
Assay conc. (nM) 2 102 102 10 | 2 102 102 102 10(2 10|2 102 10|2 10(2 10
EGFR 81 37 |74 32|45 59 . 60 .‘ 57 . 77 . 72 31 | 84 . 80 41 | 67 . 34
EGFR C797S 88 69 84 73|63 76 42 169 52|62 30|94 42|75 57|95 75|88 62|81 54|63
EGFR G719S 73 28 |45 29|41 58 54 55 66 65 . 79 63 29 (57 26|35
EGFR L858R 69 40 | 71 37 | 45 54 57 49 66 61 35|75 76 52|71 49 |37
EGFRT790M 79 36 (84 608 37|69 31|68 87 68|82 40|74 32|88 79|89 40|77 33|79 30
EGFR 84 50 |8 58|81 47|76 39|75 40|82 40 (8 57|78 40 |9 53|87 53|80 41|81 46
T790M/C797S/L858R

EGFRT790M/L858R |84 47 |60 44 |80 41|75 37|78 37|74 39|87 45|75 36|76 51|90 49 |76 38|75 40
HER2 87 87 |8 71104 51103 72 ({9 72|93 62|89 59|81 609 69|98 81|92 64|77 45
HER4 69 36|61 26|65 26|53 26|57 29|66 26|83 27|55 . 74 28 | 68 31|61 . 52 m
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4.6. Results discussion

Dacomitinib’s chemical space described by the combinatorial library developed by the
Markush structure present in its patent??? is computationally unfeasible as if fully enumerated it
would involve a total amount of more than 10 billion analogs. An alternative approach has been
performed with this family of TKI developing a new database of derivatives considering those 51
structures explicitly described in the drug’s patent. Thus, a new library of 16,530 analogs has been

created by the fragment combination of the developed molecules by the drug inventors.

Among these, 60 molecules have been described until date in literature. These, as expected,
richly represent this chemical subspace described by the 16,530 analogs as its nature mainly relies on
the fragment combination of the 85% bibliographical database (51 out of 60). However, as there is a
lack of publicly available information concerning the inhibitory activity of these described analogs the
aim of this study has been redefined to describe and rank the different biological behavior hidden in

the chemical space regions through a rationally selected set of molecules.

The database has been divided in 10 clusters using KMN clustering both aiming to still explore
undiscovered regions with a tiny selection of analogs and considering the time and cost limitations of
the present research. This has been considered a suitable method to homogeneously classify the data
of the combinatorial library of quinazoline analogs. Next, the database has been curated considering
the drug-likeness of the analogs (via Lipinski’s rule of five) and the availability of the commercial
reagents needed. The final accessible chemical space was lowered to 8 clusters after data curation.
Thus, 8 analogs were rationally selected by picking the nearest to centroid chemically accessible
compound. Hence, the represented chemical space with this selection consists in 80.0% SC and 87.4%
PC, similar to the bibliographical data (80.0% SC and 92.6% PC).

The selected analogs were successfully obtained by a 6-step and 7-step designed synthetic
routes with overall yields ranging from 6% to 29% with a mean value of 11%. The general obtained
yields are mainly limited by the last synthetic step. Overall, during the synthetic process, 44 molecules
have been obtained (accounting Dacomitinib analogs and intermediates) and, among these, 35 had

not been previously described.

The in vitro inhibitory activity of the 8 rationally selected analogs and 3 additional compounds
against have been tested at 2nM and 10nM concentrations through a radiometric protein kinase assay
(33PanQinase® Activity Assay) against 9 kinases (wild-type EGFR, 6 mutated EGFR, HER2 and HER4)
have been tested. The 10nM concentration results where higher inhibitory activity have been
measured (resulting in lower residual activity values) serve as a guide map to better evaluate the

compounds efficacy.
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The obtained results when testing the inhibition of wild-type EGFR activity surprisingly
evidence that all compounds show a residual activity below 50%. Even more, the compound 30{3}
shows a close measured value to the original hit which proofs the hypothesis of the study that their
similar biological behavior is related to their chemical similarity as they both take part in the same
cluster 3. It should be pointed out that the aim of this implemented process was not rather to optimize
the hit area but to significantly represent the chemical space described by the dataset of analogs and

no optimization process. Still, compound 30{3} appears to be an interesting lead candidate.

Table 4.6 Results from the enzymatic radiometric assay of the 12 molecules tested in wild-type EGFR. Values indicate the residual activity in %
for the specified concentration. In yellow are indicated those results with values ranging 25-50%, in green those with values below 25%.

Cluster Exp. ID ID 10nM
3 Dacomitinib | Dacomitinib
3 LMF348 30{3}
4 LMF362 30{4}
6 LMF374 30{6}
7 LMF409 30{7}
5 LMF361 30{5}
LMF371 35{10}
LMF363 30{19}
8 LMF414 30{18} 31
2 LMF413 30{2} 32
1 LMF415 30{1} 37
LMF410 38{2} 41

The ranking of these results from more active (lower residual activity, in green) to less active
(larger residual activity, in red) and its translation to the original chemical space is shown in Figure
4.43. At a first sight, it can be seen that the three most active clusters (3, 4, 6) are spread in the lower

regions of the described space.
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Figure 4.43. Dacomitinib’s chemical space with its clusters colored in concordance with the residual activity measured for the rationally
selected analogs in EGFR inhibition. In grey are represented de chemical inaccessible molecules during this study (two out of ten clusters).

The following tables (Figure 4.7, Figure 4.8 and Figure 4.9) summarize the ranked results for
the tested molecules in the L858R, G719S and C797S respectively mutated EGFR kinase. In all cases,
there is an observed trend placing the cluster 3 in the top of the ranking followed by clusters 4, 6, 7
and 5. The set of compounds have shown great activity values for the first two mutations and slightly
worst results for C797S which was expected as this widespread mutation is a resistance mechanism

commonly induced by covalent inhibitors in order to avoid its interaction with the Cys-797 cleavage.
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Still, compound 30{3} appears to be a great TKI as it shows close values to Dacomitinib’s.
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Table 4.7 Results from the enzymatic radiometric assay of the 12 Table 4.8 Results from the enzymatic radiometric assay of the 12

molecules tested in EGFR L858R. molecules tested in EGFR G719S.
EGFR EGFR
L858R Cluster | Compound 10nM 67195 Cluster Compound 10nM
3 Dacomitinib 3 Dacomitinib
3 30{3} 3 30{3}
4 30{4} 4 30{4}
5 30{5} 6 35{10}
30{9} 7 30{8}
7 30{7} 5 30{6}
6 30{6} 30{7}
8 30{8} 8 30{2}
2 30{2} 37 30{5}
1 30{1} 40 1 30{9} 28
35{10} 49 2 30{1} 29
38{2} 52 38{2} 29

Table 4.9 Results from the enzymatic radiometric assay of the 12 molecules tested in EGFR C797S.

EGFR C797S | Cluster | Compound | 10nM

3 30(3}

3 Dacomitinib

6 30{6} 30

4 30{4} 42

7 30(7} 42

5 30/{5} 52
35{10} 54

8 30/{8} 57
38{2} 62

1 30{1} 69

2 30{2} 73
30/{9} 75

One of the most interesting, mutated EGFR enzymes to be improved in terms of drug efficacy
is T790M as it is the most common acquired resistance mechanism to first- and second-generation
EGFR-targeted TKls. As a second-generation TKI, Dacomitinib is also affected by this mutation.

Therefore, an alternative molecule showing a higher inhibitory value for this mutation or double or
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triple mutated EGFR showing combined mutations along with T790M (such as T90M/L858R and
T790M/C7975/L858R) would be an interesting optimization of the actual hit.

In this case, at the light of the results shown in the following tables (Table 4.10, Table 4.11
and Table 4.12), the inhibitory activity of the candidates has not improved Dacomitinib’s except for
30{5}. However, for the double and triple mutated cases, no great difference was observed between

the candidates.

Table 4.10 Results from the enzymatic radiometric assay of the Table 4.11 Results from the enzymatic radiometric assay of the
12 molecules tested in EGFR T790M. 12 molecules tested in EGFR T790M/L858R.
EGFR EGFR
T790M Cluster | Compound | 10nM T790M/ Cluster | Compound | 10nM

5 30(5} ‘ L858R

3 Dacomitinib 30 8 30{8} 36

4 30{4} 31 4 30{4} 37

8 30{8} 32 5 30(5} 37

35{10} 33 35{10} 38

1 30{1} 36 6 30{6} 39

3 30{3} 37 3 Dacomitinib 40

7 30{7} 40 3 30{3} 41

382} 40 2 302} 44

2 30{2} 60 7 30(7} 45

6 30{6} 68 1 30{1} 47

30{9} 79 38{2} 49

30{9} 51

Table 4.12 Results from the enzymatic radiometric assay of the 12 molecules tested in EGFR T790M/L858R.

T790M/Ef::S/L858R Cluster | Compound | 10nM

4 30{4} 39
5 30{5} 40
8 30{8} 40
6 30{6} 40

35{10} 41
3 Dacomitinib 46
3 30{3} 47
1 30{1} 50
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EGFR
Cluster | Compound | 10nM

T790M/C797S/L858R
30/(9} 53
38{2} 53
7 30(7} 57
2 30{2} 58

Finally, the results obtained for the inhibition of HER2 and HER4 are consistent with the
measured values for Dacomitinib. On the one hand, HER2 was not highly inhibited by the set of
samples (with measured residual values from 45% to 87%). On the other hand, the inhibition in vitro

tests of HER4 show residual values ranging from 14% (Dacomitinib) until 36%.

To sum up, the 30{3} analog has shown great activity values against the receptors tested,
similar to Dacomitinib. The fact that they are both part of the same cluster could leave the door open
for further optimization steps involving the deep exploration of this cluster in order to possibly find
more potential candidates with optimal activity values. The Euclidean distance between Dacomitinib
and compound 30{3} in the 13-PCs dimensional space is of 3.075. This is a mid-value considering that
the minimum in-cluster distance to the hit is 0.362 and the maximum 7.537. Thus, after re-clustering
the cluster 3 containing 3,120 Dacomitinib analogs in 10, a resulting subclassification (shown in Figure
4.44) would place the Dacomitinib molecule in cluster 8 (in dark pink) and the 30{3} hit in cluster 3 (in
green). Therefore, if it was aimed to continue this study in further optimization steps, it would be
suggested to rationally select a representative compound of each of the eight unrepresented clusters
in order to synthesize them and test their in vitro inhibitory activity against the same targets

performed in this study.

As an open suggestion that would need a further assessment considering its synthetic
feasibility, Figure 4.45 is given to summarize the closest-to-centroid analogs selected for the eight

remaining clusters in case any future optimization studies will be performed.
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Figure 4.44. Dacomitinib’s chemical space with the original k=3 cluster re-clustered in 10. In grey are other discarded molecules of the dataset
(due to chemical inaccessibility and worst biological activities measured) .
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Figure 4.45. Rationally selected compounds selected and recommended to proceed with this study.

156



4.7. Conclusions

As Dacomitinib’s in-patent Markush structure describes a chemical space computationally
unattainable with more than 10 billion analogs, an alternative approach applying rational selection
has been performed in its study. Instead, the combinatorial library derived from the 51 described
analogs in the drug’s patent has been developed shaping a new alternative chemical space of analogs.
As expected, the bibliographical data found in literature (60 molecules) largely represent this chemical
database with 80.0% SC and 92.6% PC. However, the publicly available data concerning to the
biological activity of these analogs is extremely short. Thus, a rational selection of the eight
synthetically feasible analogs (representing 80.0% SC and 87.4% PC) was performed in order to better
describe the inhibitory in vitro behavior in the described chemical space. A total amount of 44
molecules were synthesized during the process and, among these, 35 had not been previously

described.

The in vitro biological assessment of the 8 rational selected analogs and three additional
compounds with some structural modifications in contrast with the original combinatorial library
were tested with a radiometric protein kinase assay against EGFR (wild-type and 6 of its mutations),
HER2 and HERA4. All the molecules showed some inhibitory activity at 10nM for all cases except for
HER2. Surprisingly, the candidates not considered in the original combinatorial library did also show
interesting results. In fact, even the compound 35{10}, which does not present the typical C6 residue
involved in the covalent interaction with the tyrosine kinases, showed some inhibitory activity against
7 of the 9 kinases tested. Compound 30{3} stands out as the most interesting candidate for further
studies as it has shown analogous inhibitory trend compared to Dacomitinib. This showed low residual
inhibitory values for wild-type EGFR, the mutations C797S, G719S, L858R, HER4 and intermediate
values for T790M, T790M/L858R, T790M/C7975/L858R. In consequence, as this analog and the
original hit are part of the same cluster (3), it would be suggested to deeply explore this region in an
additional optimization step in the search for a lead candidate. This could be performed through
further re-clustering steps in order to probably find more active hits. Above all, this exploratory
strategy has successfully find a new possible lead candidate without aiming to optimize the original

hit — which may have been obtained as a result of a previous hit-to-lead optimization process —.
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Chapter 5: Experimental part

5.1. Computational methods; introduction to PyLINS

Due to its extensive libraries support, syntax simplicity and its late popularity in the scientific
community, Python 3.7.3 was chosen as the most suitable programming language to develop this
project. The described strategy and all the involved developed and applied modules in this thesis
involving python coding have been collected in a package named PyLINS. This is an updated version
of the previously developed software (in C+ coding) in the group called Pralins (Program for Rational
Analysis of Libraries in silico) developed by R. Pascual et al.®® and contains new functions, clustering

and partitioning algorithms.

& pylins

Pralms 2.0

Figure 5.1 PyLINS logo.

The PyLINS.py script is attached in the Annex IX of the thesis with an exemplifying Jupyter
Notebook (PyLINS.ipynib) file.

The general and recommended methodology followed to obtain the different computational
results shown in this project were obtained following the schematic representation shown in Figure
5.2. In order to enable the comprehension of this developed strategy, the next sections will be

introduced and described following this workchart.

» The correlation of the introduced concepts and methods with PyLINS scheme and

nomenclature will be highlighted from now and on in this format during the Section 5.1.
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5.1.1. Dataset assembly and curation

5.1.1.1. Combinatorial library enumeration

Markush combinatorial libraries (MCL) were fully enumerated using MarvinSketch for
drawing, displaying and enumerating the Markush analogs of the chemical libraries (Marvin 20.21,

2020, ChemAxon Ltd., obtained with an academic license)?33
5.1.1.2. Data curation and filtering

All datasets including MCL, the small molecule approved by FDA in the period from 2008 to
2020 and ChEMBL database?** were desalted, protonated at pH 7, and their partial charges were
calculated using MMFF94x forcefield using MOE2020.09 software?>. A total of 206 1D and 2D
molecular descriptors were calculated using MOE2020.09 (the complete list of molecular descriptors

is available in Annex Il) to describe the chemical space mathematically.

ChEMBL database was curated selecting only those entries containing organic molecules and

a molecular weight lower than 1,000.

Tafenoquine and Dacomitinib were also filtered to describe the chemically accessible space
attending to the introduced three criteria stated in Chapter 3 and Chapter 4. RDkit 2019.03.4.0
(rdkit.Chem.Recap() module) package was used to filter those analogs containing undesired structural
motifs due to their synthetic unfeasibility. The commercial availability of the necessary reagents for
product obtention was checked programmatically using ChemSpiPy 2.0.0. The Lipinski violation filter
was implemented through data mining of the datasets as there is a column containing the

['lip_violation'] descriptor.

Additional basic Python packages were involved also in the code definition of the

abovementioned filters: matplotlib 3.2.2, numpy 1.21.5 and pandas 1.3.4.

» All these datasets englobe the df.txt necessary to start the computational calculations.
These must contain all the molecules represented as SMILES in the first column of the

matrix.

» The function retrieving the list of commonly consulted chemical suppliers in PyLINS for

a given list of reagents is called ReagentSearcher
5.1.2. Principal Component Analysis reduction

The key idea of PCA is to find a new system of coordinates in which the input data with

dimension M can be explained by many less variables in a reduced dimension W with no significant
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error. The calculation of these principal components of a certain training can be calculated by the
standard matrix factorization named singular value decomposition. This can decompose an original
matrix database M into the dot product of three matrices. This algorithm performs an iterative search
of axis directions with the maximum amount of variance in a multidimensional data space leading to
an overall transformation from correlated variables to a smaller number of uncorrelated ones for an
optimal data presentation. In this new system, the new coordinates are defined by a lineal

combination of the original attributes.

Mathematically, the dimensionality reduction of the matrix M (with n instances and j
features) departs from data standardization to lead to matrix Z as explained in [Eq. 6]. The
standardization involves the calculus of the subtraction between every value (p,,) and the mean

value of the variable considered (p};) divided by the standard deviation (o; ;).

P11 —Pn Pin — P [Eq. 6]
Upj1 O-Pjn
Z = : :
Pri—Pji Pin " Pm
Upj1 opjn

The new matrix Z is centralized around zero (mean-centered) and presents a standard
deviation of value 1 for all the data in the matrix. This is afterwards used to compute the covariance
matrix calculation of the dataset via X = ZT - Z. Finally, through the decomposition of X the
eigenvectors and corresponding eigenvalues can be obtained, these later will explain the percentage
of explained variance. The eigenvalues vector (1) can be obtained by solving det(X — Al = 0) and
the ith eigenvector (e;) by solving Xe; = A;e;, being. Eigenvectors are finally sorted attending to a
decreasing sorting of their corresponding eigenvalues (from higher to lower explained variance) and
the desired k eigenvectors are chosen with the largest eigenvalues to form a n x k dimensional matrix
W with the overall variance of interest. This matrix is obtained as the result of W = Z - e . The new
coordinates will be defined as the projection of the ancient system into the new by solving the linear

combination definition described in [Eq. 7] for each principal component.
X, =pi1-e tPip e+t Dk e [Eq. 7]

The unit vector that defines the jth axis is called the jth principal component (PC). The plot
normally is represented by the plane of the first two PCs or the space of the first three PCs (that

typically involves above the 60-80% of the overall variance).

161



For all combinatorial libraries derived from each Markush structure (MCL libraries), the space
dimensionality was reduced using Principal Component Analysis (PCA), keeping 95% of the original
variance. The PCA was performed through Python scripting using Scikit-Learn 0.23.223¢ and its
variance can be interactively visualized thanks to plotly 5.7.0. The visualization plots were favored by

both matplotlib 3.2.2 and seaborn 0.11.2 packages.

» Through the PCA function it can be obtained the PCs resulting matrix for a desired
number of components or explained accumulative variance, the list of variances per PC

or an interactive graphic showing the accumulated explained variance per component.
5.1.3. Clustering methodologies

As introduced, clustering is a technique for exploratory data analysis and is used more and
more in preliminary analyses of large datasets of small and high dimensionality. It is used as a method
of diversity analysis, selection and data reduction. At present, many clustering methodologies have
been developed and are used in many studies. These can be generally categorized as hierarchical and
non-hierarchical clustering. Following, a brief review of the main clustering methods used in the

chemical databases of the project is introduced.
- Hierarchic agglomerative clustering (HRC):

The hierarchic agglomerative classifications are produced in a bottom-up manner by the
fusion of individual compounds (also called singletons) into clusters and then the fusion of these into
larger clusters with a parent-child relationship resulting in a single cluster that represents the entire
data set. Each level of the hierarchy represents a partitioning of the data set into a set of clusters and
can be represented through dendrogram plots. These techniques are also known as sequential

agglomerative hierarchical non-overlapping (SAHN) methods.

The performance of these algorithms departs from generating a proximity matrix containing
all the pairwise proximities between all the pair of clusters or singletons of the dataset. Secondly, the
matrix is scanned in order to find the closest pair of clusters/singletons and the merge them into a
new cluster by replacing the original term. This step implies the update of the proximity matrix by
replacement of the original pair of values by the new distances representing the new cluster
proximities with the other remaining clusters. This process is iterated by the continuous modification

of the stored matrix until one cluster remains.

Depending on the aggregation criteria chosen to merge the pair of clusters into a final single

cluster, different linkage methods have been described®8%:237;

162



a) The single linkage (HRC single) produces binary tree-like classifications and is characteristic
of a range of hierarchic clustering methods in which small clusters of very similar molecules
are nested within larger and larger clusters of less closely related molecules. In this case the
two clusters are merged by minimizing the distance (D;;) between the closest molecules

(x,y) of pair of clusters (C; and ;) [Eq. 8] .
Dij = minXECi,yEde(xl y) [Eq 8]

b) The complete linkage (HRC complete) minimizes the maximum distance between

observations of pairs of clusters [Eq. 9].
Dy; = maxyec,yec;d(x, y) [Eq. 9]

c¢) The average linkage (HRC average) minimizes the average of the distances between all
observations of pairs of clusters ( being n;, n; the number of elements in clusters C; and ()
[Eq. 10].

3 d(x,y) [Eq. 10]
Dij = sumyec,yec; o
13 ]

d) The centroid linkage (HRC centroid) finds the mean vector location for each of the clusters
(or gravity centers) and measures the squared euclidean distance between the two centroids
[Eq. 11].

Dy =||% - 5|’ [Eq. 11]

e) The median linkage (HRC median) assigns D;; like the centroid method. When two clusters
C; and C; are combined into a new cluster , the average of centroids stablishes the new
centroid. This is also known as the Weighted Pair Group Method with Arithmetic Mean
(WPGMC) algorithm.

f) The Ward linkage (HRC Ward) minimizes the total within-cluster variance or the sum of
squared differences within all clusters. As a result, it is a variance-minimizing approach and,
in this sense, it is similar to the k-means algorithm (later explained) but tackled with a

hierarchical agglomerative approach.

A dendrogram is a useful tree diagram to represent the hierarchical clustering arrangement.

Each node represents the clusters to which the data belong, and the height represent the distance or
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dissimilarity. Figure 5.3 illustrates exemplifying dendrograms evidencing their different distributions
and in-cluster connectivity performance depending on the linkage method chosen for the same

dataset (first 20 samples of Fischer’s Iris Dataset) classification in five clusters.
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Figure 5.3 Different dendrograms obtained for the hierarchical clustering of the first 20 samples of Fischer’s Iris Dataset in k=5 clusters with the
linkages; single, complete, average, centroid, median and Ward.

For a data set of N compounds, the stored-matrix algorithm for SAHN methods requires
O(N?) time and O(N?) space for the creation and storage of the proximity matrix while requiring O(N?)

time for the clustering. Thus, this algorithm is very time and resources demanding for large datasets®.

HRC algorithms and the calculation of the cophenetic coefficients and dendrograms have

been implemented using scipy 1.7.3 package?3.
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- K-means (KMN):

This relocation algorithm departs from a random selected set of compounds as starting point
which serve as cluster centroids. Compounds in their surrounds are assigned to the nearest cluster
and the centroids are recalculated continuously as data is merged through an iterative assessment

until convergence.

This iterative algorithm tries to partition the dataset into a predefined number of different
non-overlapping clusters (k) trying to make the intra-cluster data points to the greatest similarity
while keeping the cluster centroids as far (or, in other terms, dissimilar) as possible. Mathematically,
data is assigned to a cluster such that the sum of the squared distance between the data points and
the centroid of the cluster is at the minimum. This leads to clusters with small variation in its data,

which can be translated to more homogeneous or similar data points are within the same cluster.

However, given the iterative nature of KMN and the initialization of a set of centroids at the
start of the algorithm, different centroid departing points may lead to different clusters since KMN

algorithm may stuck in a local optimum and may not converge to global optimum.

For a data set of N compounds, the complexity of the algorithm is O(Nmk), where k is the
number of clusters and m the number of iterations needed until convergence, which is normally

negligible?3°,
KMN algorithm has been implemented using scipy 1.7.3 packages?®.
- K-medoid (KMED):

KMED algorithm is a clustering methodology similar to KMN and was named after Kaufman
et al.*® work with their PAM algorithm. While KMN tries to minimize the within cluster sum-of-
squares via centroid recalculation, KMED tries to minimize the sum of distances between each point
and the medoid of its cluster. The medoid consists in a data point of the set which has the least total
distance to the other members of its cluster and is used to represent the center of the cluster. Hence,

in this case, different distance metrics or similarity coefficients can be used.

The complexity of the algorithm is O(N°mk), where k is the number of clusters and m the
number of iterations needed until convergence. This makes it more suitable for smaller datasets in

comparison to KMN.

KMED algorithm has been implemented using pyclust 0.2.0 package?*!.
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- Spectral Clustering:

Spectral clustering is a methodology with origins in graph theory. This approach is used to
identify groups of nodes in a graph based on the edges connecting them?*2. Hence, the main tools for
spectral clustering are graph Laplacian matrices?*3. It is a flexible method and enables to cluster non
graph data as well. This algorithm uses information from the eigenvalues of special matrices built
from the graph or the data set. It is very useful when the shape of the individual clusters is highly non-
convex, or in other terms, when the measurement of the center of the cluster is not a suitable
description of the complete cluster, for spread values such as when clusters are nested circles on a

2D plane. Hence, it is highly recommended for non-flat geometry data points distribution.
The basic methodology of the algorithm can be explained in four steps:
1. The Laplacian (or normalized Laplacian) L matrix is calculated.

2. The first k eigenvectors are calculated (corresponding to the k smallest eigenvalues of
L).

3. A matrix formed by the first k eigenvectors is built-up. In this, the ith row defines the

features of / graph node.
4. The graph nodes are clustered based on these features.
Spectral clustering algorithm has been implemented using Scikit-Learn 0.23.2 package?3®.

Overall, as it is known in the clustering field, depending on the shape, dimensionality and
distribution of the dataset, one algorithm may be more suitable than another, there is no optimal
approach which is applicable to all general sets. Each dataset of study should be uniquely considered
and assessed although some common applications tend to use explode certain methodologies (e.g.,

KMED for face recognition).
5.1.4. Binning and Optimum Variance binning

Cell-based or binning is a method partitioning method to discretize the values of a
continuous variable into bins or partitions seeking for a maximal occupancy. Through binning
methodology, the partition of the descriptor or reduced chemical space is performed via
unsupervised techniques which divide it in equal-width and equal-size or equal-frequency interval
binning leading to the generation of hypercubic cells in which the compounds are placed according
to their property values. The binning process might require satisfying certain constraints which might

range from requiring a minimum number of records per bin to monotonicity constraints?**. Normally,
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the process divides the property ranges in such manner that the number of occupied cells is always

equal or less than to the number of desired molecules to select.

Programmatically, the binning methodology sorts the Principal Components axes (PCAs) by
descending order of its explained variance. When a certain number of bins is requested (k), the
algorithm will divide each axis subsequently until the number of occupied bins are equal or less than
k. Hence, each partition results in the formation of 2" bins, being n the number of divided PCs.
However, although the definition of a binning size (k) will divide the dataset in the closest 2"< k value,

this will not imply that all of them are occupied. For all cases, it will be confirmed k,. < 2" < k.

An alternative to simple binning partition (Figure 5.4) has been developed and implemented
in this project adapting the optimum binning approach described by Pascual et al. **°°. This new
approach, called Optimum Variance binning (OV binning) bins the properties with a bias towards the
ones that exhibit the largest variation. Hence, those properties with large ranges have a tendency to
have more divisions than the others, aiming to form bins as much equal faced as possible while

maintaining the desired number of occupied cells.
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Figure 5.4 Description of the Binning and OV Binning partitioning methods implemented in this study. Fisher’s Iris dataset (Fisher, R. A. Ann.
Eugen. 1936, 7 (2), 179-188) is used in the example to show how (a) binning partitioned the space in the three firsts PCs

The inner mechanism of OV Binning algorithm also sorts the PCAs by descending order of its
explained variance but, assuming that the division of an axis divides its variance in two subaxes, the
following partition is reimplemented in the same PCA only if its variance is greater than the explained

variance of the following axis. With this procedure, multiple partitions can be observed in the first
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PCAs as they contain higher explained variance values proceeding from the Principal Component

Analysis. Hence, molecules are binned with a bias toward the PCs that exhibit the largest variation

An example of the algorithms difference between binning and optimum variance binning is
shown in Figure 5.5. This shows the representation of the 8 bins formation of the same dataset
displayed in its 3D (A, B) and 2D (C, D) chemical space. For 2D examples, partition subaxes are
represented when the showed axes are divided: once for PCA1 and PCA2 in binning (C, with a
subsequent not-visible third partition in PCA3) and three times for PCA1 in optimum binning as cells

have been subdivide attending to balance their grade of variance (D).
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Figure 5.5. Application of binning and optimum binning on an illustrative dataset to divide the chemical space into 8 bins.

The complexity of cell-based techniques does not exceed O(N) making these procedures
suitable for large datasets. However, they suffer from edge effects, contrary to cluster-based
methods?*.

» The desired calculation of all or individual clustering/partitioning methodologies can be

achieved through the Cluster module which will retrieve a matrix (X_cluster) containing

the PCA system followed by columns containing the cluster index of each analog.
» Other interesting functions implemented for cluster analysis can be found such as:
» PopDistribution_Boxplots: Given an X_Cluster matrix and the desired list of

clustering/partitioning names to be analyzed, it retrieves a plot representing the
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individual boxplots of the different population distribution for each

clustering/partitioning method.

» Cluster3d_distribution: Given a X_Cluster matrix, a better exploratory analysis through
the clusters/bins formed by a desired algorithm can be performed. This function
retrieves: (1) the colored database in the 3D PCA plot depending on their clustering
indexes, (2) a bar plot with the population in each cluster and (3) information of the most
and less populated clusters. Afterwards, it asks the user to choose any the cluster of
interest for the study and displays the chemical space containing only the molecules

within the specified cluster.

» Clusters_3dplot: Given a X_Cluster matrix and an array of the desired clustering
methodologies (clustering_names). Different 3D plots are returned showing the

chemical space with the different analogs colored depending on its cluster index.
5.1.5. Library sizes and selections

5.1.5.1. Bibliographic data search

The bibliographic data search has been performed programmatically by using Pubchem’s
PUG-REST?*¢ Application Programming Interface (APl). The whole procedure was integrated into a

Python script, which checked the presence of a given compound (entered as a SMILES) on PubChem.

» Through the PubChemBibliographicDataSearcher function, the user can introduce the
desired string of smiles to be checked and will receive back a dataframe containing the

library index and related Pubchem CIDs of the reported molecules.
5.1.5.2. Library sizes

Different numbers of clusters have been studied in the present work to assess the chemical
space in terms of population and space coverage. Actually, the number of partitions (whether they
are clusters or bins) ultimately determines the number of compounds to pick via rational selection,

since they will correspond to the representative compound from each partition.

Preliminary studies were carried out to assess the behavior of a k-optimal, g, vN and 10 -

VN space fragmentation, being N the total number of compounds in each dataset. Finally, VN was
taken as a reference in clustering to optimally represent large datasets. Moreover, BD and BCL sizes
(Ngp and Ny, correspondingly) were also used to discuss the representativeness of the analogs
known until the date, in contrast with a random selection of the same size. Random selections were

calculated as the mean value of the coverages represented by Nz, and N, random samples (with
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5000 repetitions) as a contrasting result with data found in the bibliography or other rational

selections.
5.1.5.3. Rational selection

Centroid coordinates are calculated for each cluster or bin as the mean of each principal
component for compounds in it. The Euclidean distance is therefore calculated between all
compounds belonging to a particular cluster or bin and its centroid. The nearest compound to the
centroid is selected or, if there are inaccessibility-related issues, the closest chemically accessible

compound will be chosen.

An alternative methodology is the cherry-picking selection. In this case, a random compound

per cluster is chosen to represent each group of molecules.

» The class Selection allows both selection options for a given dataset and

clustering/partitioning methodology.

» Also, this same class contains the function directed_selection which returns a matrix
with compounds sorted in nearest position to cluster's centroid in case synthetic

unfeasibility reasons hinders the obtention of the first centroid candidate.
5.1.6. Space and Population coverage calculation

Space and Population coverages are two parameters highly exploded in this work to assess
the representativeness of given subsets of interest (e.g. BD, rational selections). The equations

introduced in Chapter 1 are reproduced here to favor the reader’s comprehension.

Space Coverage (SC) represents the percentage of selected (occupied) clusters or bins (k)

by a given number of selected compounds over the total number of partitions, k [Eq. 4].

koc
SC == 7 . 100 [Eq. 4]

Given a database of N compounds, Population Coverage (PC) measures the SC weighted by
the occupancy in each cluster or bin, by dividing the population of the occupied clusters (n,.) among
N [Eq. 5].

170



N (Eq. 5]

Complementary, an interesting application of their calculation has been exploited in this
research through the representation of heatmaps representing the different algorithm distribution
overlap. This departs from setting all the centroids of the studied methodologies and calculates their

coverage coefficient (SC or PC) in the other clustering systems.

» These coefficients can be calculated through the SpaceCoverage and PopCoverage

functions.

» The class coverage_heatmap enables the heatmap calculation and representation for
SC (spacecov) and PC (popcov) of a given X cluster and the desired

clustering/partitioning methodologies.
5.1.7. t-SNE plots

Another approach for high-dimensional data processing is the t-SNE (t-Distributed Stochastic
Neighbor Embedding), developed by Van der Maaten® which has gained large popularity for data
visualization. Briefly, it is a nonlinear dimensionality reduction which departs from the calculation of
the distance matrix calculated through a given metric, then it proceeds stablishing a Gaussian
probability distribution which is expected to represent the similarities between neighbor samples.
Data points are embedded in a low-dimensional space (2D or 3D) attending to joint probabilities (local
densities) and divergence is minimized (Figure 5.6). One of the major weaknesses of t-SNE is that the

cost function is not convex, as a result of which several optimization parameters need to be chosen.

Two key features are fundamental for the embedding distribution in order to balance the
resulting data; the establishment of a perplexity value (which targets the desired amount of neighbors
to the central point, it is suggested to use values between 5-50) and the number of iterations to train
the model in order to converge?*’. However, this approach present two notorious drawbacks?*; in
one hand, it cannot be applied to new data as its sensitive to the curse of the intrinsic dimensionality
of the data, with different initializations we can get different result so the modification of the dataset
obliges to reevaluate the system, in the other hand, the use of this methodology implies the
complexity of distance calculation and is computational consuming in terms of the quadratic
calculation of its datapoints. Overall, although it is a good tool for visualization maps for large
datasets, it is not recommended or still unclear the use for further reduction purposes as it loses high

resolution and a subsequent predictive power. The behavior of t-SNE when reducing data to two or
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three coordinate system cannot readily be extrapolated for more dimensions because of the heavy
tails of its t-student distribution. Hence, when using large datasets, much part of the local structure
of the dataset may not be preserved as a relatively large portion of the probability mass will be placed

in the tails of the distribution.
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Figure 5.6 Graphical representation of Fisher’s Iris Dataset clustered in 4 groups via KMN and visualized by: its two firsts PCs (A), its three firsts
PCs (B) and t-SNE plot with perplexity = 80 and 10,000 iterations (C).

» The function tsne_pylins simplifies the process for looped optimization studies by only
demanding the PCA coordinates, perplexity and iterations values and results in a plot

showing the t-SNE studied system.
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5.2. Synthesis and compound characterization

5.2.1. Instrumentation

Nuclear Magnetic Resonance spectra (*H-NMR and *C-NMR) were recorded in a Varian 400-
MR spectrometer (*H-NMR 400 MHz and *3C-NMR 100.6 MHz), in the Organic Chemistry Department
at 1QS under the leadership of Dr. X. Batllori. Chemical shifts are reported in parts per million (ppm)
on the 6 scale and referenced to the residual signal of the solvent (DMSO-ds: 2.5 ppm in *H-NMR and
39.52 ppm in 3C-NMR, CDCls: 7.26 ppm in *H-NMR and 77.16 ppm in 3C-NMR, TFA-d: 11.50 ppm in
IH-NMR and 164.2 ppm and 116 ppm in 3C-NMR). Coupling constants (J) are reported in Hertz (Hz).
Standard and peak multiplicities are designated as follows: s (singlet), d (doublet), dd (doublet of
doublets), ddd (doublet of doublet of doublets), t (triplet), g (quartet), gn (quintet), m (multiplet), br
(broad signal). Other spectral splitting pattern designated is * which accounts for exchangeable signal

assignments.

Infrared Spectra (IR) were recorded in a Nicolet iS10 FTIR spectrometer with Smart iTr
(Thermo Scientific) by Mrs. N. Ruiz, Dr. Albert Gibert and the present author at the Organic and
Pharmaceutical Chemistry department at IQS under the leadership of Dr. X. Batllori, using a potassium
bromide (KBr) disc or ATR. Wave number values are reported in cm™. The notation used is: st

(stretching), b (bending), oop (out of plane), sc (scissoring), w (wagging).

Organic elemental analysis (OEA) were obtained on a EuroEA 3000 Elemental Analyzer
(EuroVector) by Mrs. N. Ruiz at the Organic and Pharmaceutical Chemistry department at 1QS under
the leadership of Dr. X. Batllori at the Organic and Pharmaceutical Chemistry Department at IQS.

Mass Spectrometry (MS) was conducted on an Agilent Technologies 5975 mass spectrometer

operating in electron ionization (EI) mode at 70 eV and at 4kV accelerating potential.

High Resolution Mass Spectrometry (HRMS) was conducted on a SCIEX X500B QTOF high
resolution mass spectrometer operating in ESI mode at the Organic and Pharmaceutical Chemistry

department at I1QS under the leadership of Dr. Ana Belén Cuenca.

The melting point (MP) was determined with a SMP3 melting point apparatus (Stuart

Scientific).

Automatic flash chromatography was performed in an Combiflash®Rf (Teledyne Isco) with

RediStep® silica gel columns or basic alumina columns.

Microwave irradiation experiments were carried out in an InitiatorTM (Biotage) microwave

apparatus, operating at a frequency of 2.45 GHz with continuous irradiation power from 0 to 400 W.
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Reactions were performed in 5 mL glass tubes, sealed with aluminum/Teflon crimp tops, which can
be exposed up to 250 °C and 20 bar internal pressure. Temperature was measured with an IR sensor
on the outer surface of the process vial. After the irradiation period, the reaction vessel was cooled

rapidly to 50 °C by air jet cooling.
5.2.2. Synthesis of 8-aminoquinoline derivatives

5.2.2.1. Synthesis of 1,2-dimethoxy-4,5-dinitrobenzene

o~
o~ 65% HNO3 2
conc. Hy,SO,4 0 3
/O L 4
RT, 3h NO,
NO,
1 5

5.00g (36.19 mmol, 1 eq) of veratrole (1) were added dropwise to 22.63 ml (9 eq.) of cooled
stirred 65% nitric acid keeping the temperature below 50 °C during the addition. After 30 minutes the
mixture resulted in a red solution with a dark-red precipitate (the mononitro derivative). 7.14 ml (3.7
eq.) of 96% sulfuric acid were added dropwise and the mixture was stirred at room temperature for
2 hours leading to a dark suspension. Ice and water were added to the suspension to precipitate the
product. The solid was filtered, washed with water, and dried in vacuo over P20s to afford 7.72 g of
1,2-dimethoxy-4,5-dinitrobenzene (5, LMF201) as pale-yellow solid (98% yield).

Spectroscopic data:
1H NMR (400 MHz, CDCl3) 6 7.34 (d, J = 0.4 Hz, 2H, C3-H), 4.01 (d, J = 0.4 Hz, 6H, C1-Hs).
13C NMR (100 MHz, CDCl3) § 152.0 (C2), 136.9 (C4), 107.1 (C3), 57.2 (C1).

IR (KBr), vmax (cm™) 3074 (st Csp?-H), 1528 (asym st NO>), 1373 (sym st NO2), 1285 (st Ar-O-CHs),
1234, 1050, 880, 789 (00p b Car-H).

The recorded spectroscopic data are consistent with the previously described (bibliographic yield:
96%)1,
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5.2.2.2. Synthesis of 4,5-dimethoxy-2-nitroaniline

- ~
0 Fe powder 30
O glacial CH;COOH 8/O 4 2
. > 1
N02 140°C, 15min 5 3 NH2
NO, NO,
5 6

6.00g (26.30 mmol, 1 eq) of intermediate 5 were added to 50 ml of glacial acetic acid in an
argon-flushed 250 ml three-neck round-bottom flask equipped with a reflux condenser. The three-
neck system was closed, and the mixture was heated to 165 °C until boiling was observed. Rapidly,
after removing the heating plate, 4.43g of iron powder (79.33 mmol, 3.0 eq.) were added with
vigorous stirring and a quick spontaneous boiling was observed turning the crude mixture in a dark
brown color with a black solid precipitate. After the exothermic reaction had subsided (~5 minutes)
the mixture was refluxed for 10 minutes and the poured into 300ml ice/water bath observing the
formation of an orange-red precipitate which is furtherly filtrated. After filtration, the product is
isolated by its dilution using acetone as solvent and separating it from the solid iron traces of the
crude. The solvent is afterwards removed by rotary evaporation and the slightly wet product is dried
in vacuo over P20s overnight to afford 4.51 g of 4,5-dimethoxy-2-nitroaniline (6, LMF241) as an
orange-red solid (87% yield).

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) & 7.46 (s, 2H, NH2), 7.33 (s, 1H, C5-H), 6.51 (s, 1H, C2-H), 3.80 (s, 3H,
C8-Hs), 3.72 (s, 3H, C7-Hs).

13C NMR (100 MHz, DMSO-ds) 5 156.8 (C3), 144.5 (C4), 140.6 (C1), 122.3 (C6), 105.2 (C5), 99. 1 (C2),
55.8 (C6), 55.7 (C7).

IR (KBr), vmax (cm™) 3458 (asym st NH), 3329 (sym st NHz), 3155 (st Csp?-H), 1513 (asym st NOa),
1397 (sym st NO2), 1253 (st C-N), 1097, 997, 851, 607.

Elemental analysis: Calculated for CsH1oN204: C: 48.49%, H: 5.09%, N: 14.14%. Found: C: 48.29%, H:
5.00%, N: 13.79%.

The recorded spectroscopic data are consistent with those previously described (bibliographic yield:
76%)249‘250.
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5.2.2.3. Synthesis of 5,6-dimethoxy-4-methyl-8-nitroquinoline

O/
0 Oj/ H3PO, 85%
+
=
NH; 100°C, 4h
6 7 8

2.40g (1.21 mmol, 1.0 eq) of intermediate 6 and 18ml of 85% phosphoric acid was placed in
a 50ml round-bottomed flask. The reaction mixture was stirred and heated to 100 °C when 0.22ml of
methyl vinyl ketone (2.70 mmol, 2.2 eq.) was added dropwise. The reaction mixture was heated and
stirred for 4h and the resulting dark solution was poured onto ice water (50ml). The aqueous crude
was alkalinized with 30% ammonia, extracted with AcOEt (2x100ml) and washed with water (3x25ml).
The extract was dried over anhydrous Na2SO4 and concentrated to dryness. The black residue was
finally chromatographed over silica gel using 30:70 Cy-DCM as eluant to afford 1.10g of 5,6-
dimethoxy-4-methyl-8-nitroquinoline (8, LMF245) as a yellow crystalline product (37% yield).

Spectroscopic data:

1H NMR (400 MHz, DMSO-ds) & 8.65 (d, J = 4.3 Hz,C2-1H), 8.32 (s, 1H, C7-H), 7.40 (dd, J = 4.3, 0.9 Hz,
C3-H), 4.00 (d, J = 0.6 Hz, C11-Hs), 3.92 (d, J = 0.6 Hz, C10-Hs), 2.85 (t, J = 0.8 Hz, C9-Hs).

3¢ NMR (100 MHz, DMSO-ds) § 150.1 (C2), 148.3 (C6), 146.2 (C5), 144.8 (C8a*), 144.0 (C4), 134.9
(C8*), 125.2 (C3), 123.5 (C4a), 112.1 (C7), 61.0 (C10), 57.2 (C11), 22.7 (C9).

IR (KBr), vmax (cm™) 3431, 2951, 1938, 1592, 1530, (asym st NO), 1350 (sym st NO2), 1308, 1260 (st
C-N), 1116, 1044, 971, 855,768 (0op b Car-H).

Elemental analysis: Calculated for C12H12N204: C: 58.06%, H: 4.87%, N: 11.29%. Found: C: 58.06%,
H:4.75%, N: 11.04%.

MS (70 eV, El) m/z (%): 249.1 (16%) [M+1]*, 248.1 (100%) [M]*, 218.1 (29%) [M-CH,0]", 188.1 (32%).
mp: >250 °C

The melting point measured is consistent with previously described data (bibliographic yield: 30%)2.
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4-((4,5-dimethoxy-2-nitrophenyl)amino)butan-2-one

o~ 0
0ol
i T3y
12 &4
13 H
NO, 5
19

Intermediate (19) obtained as a red crystalline solid after column purification of the crude in
the isolation of 5,6-dimethoxy-4-methyl-8-nitroquinoline (8).

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) § 8.52 (t, J = 5.9 Hz, 1H, N5-H), 7.44 (d, J = 2.6 Hz, 1H, C12-H), 6.41 (d,
J=2.7 Hz, 1H, C7-H), 3.92 (d, J = 2.8 Hz, 3H, C9*-H3), 3.73 (d, / = 2.7 Hz, 3H, C11*-H3), 3.58 (dt, / = 5.9,
6.2 Hz, 2H, C4-H2), 2.88 (t, J = 6.4 Hz, 2H, C3-H3), 2.14 (s, 3H, C1-H3).

13C NMR (100 MHz, DMSO-ds) & 207.4 (C2), 157.7 (C8**), 143.7 (C6), 140.3 (C10**), 122.7 (C13),
106.4 (C12), 95.0 (C7), 56.3 (C9*), 55.7 (C11*), 41.9 (C3), 37.3 (C4), 30.0 (C1).

5.2.2.4. Synthesis of 6-methoxy-4-methyl-8-nitroquinolin-5-ol

_0 X EtOH-H,0 (1:1)
P -
N 100°C, 2h
NO,
8 9

1.43g (5.79 mmol, 1.0 eq) of intermediate 8 was refluxed with 5 ml of concentrated
hydrochloric acid and 40 ml of ethanol-water (1:1) solution in a 100 ml round-bottomed flask at 100
°C upon 3h. Upon cooling in an ice-water bath, the formation of red crystals was observed. The crude
was left to crystallize overnight and was afterwards filtrated and dried in vacuo over P20s to afford
995.8mg of 6-methoxy-4-methyl-8-nitroquinolin-5-ol (9, LMF204) as a red-brown crystalline product
(73% yield).

Spectroscopic data:

'H NMR (400 MHz, TFA-d) & 8.98 (d, J = 5.8 Hz, 1H, C2-H), 8.89 (s, 1H, C7-H), 7.86 (d, J = 5.8 Hz, 1H,
C3-H), 4.24 (s, 3H, C10-Hs), 3.35 (s, 3H, C9-Hs).
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13C NMR (100 MHz, TFA-d) 5 167.5 (C4*), 155.5 (C5**), 146.6 (C6), 146.4 (C2), 130.3 (C8**), 129.7
(C8a**), 126.2 (C3), 121.3 (C4a*), 119.9 (C7), 59.1 (C10), 27.2 (C9).

IR (KBr), vmax (cm™) 3431 (st OH), 3080 (st Car-H), 1624, 1591, 1557 (asym st NO2), 1382 (st C-N),
1315 (sym st NO2), 1266, 1202, 1155 (st C-O), 1096, 1048, 998, 929, 834, 797 (oop b Car-H).

MS (70 eV, El) m/z (%): 235.1 (19%) [M+1]*, 234.1 (100%) [M]*, 204.1 (53%) [M-CH.0]*, 189.1 (31%),
174.1 (29%), 146.1 (23%), 120.0 (21%), 117.1 (36%)

mp: >250 °C
Melting point measured is consistent with previously described data (bibliographic yield: 92%)2°.

5.2.2.5. Synthesis of 5-chloro-6-methoxy-4-methyl-8-nitroquinoline

OH
_0 N POCl;
) -
N 80°C, 2h
NO,
9 10

750.7mg (3.20 mmol, 1.0 eq) of intermediate 9 was placed with 10.8 ml of phosphorous (V)
oxychloride in a 5 ml round-bottomed flask and refluxed at 80° for 2h. The mixture was later cooled
with an ice-water batch and quenched with agueous ammonia which was poured dropwise carefully
to smoothly hydrolyze the unreacted remaining POCls. Base was slowly poured until neutralization
avoiding a vigorous exothermic reaction of the crude which may present the formation of hydrogen
chloride fumes during neutralization. The residue was extracted with three parts of DCM that were
later unified in a single orange organic phase which was dried over anhydrous MgS0O4 . The solvent
was finally removed under reduced pressure to afford 797.8mg of 5-chloro-6-methoxy-4-methyl-8-

nitroquinoline (10, LMF205) as a light brown powdery product with quantitative yields (95%).
Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) 6 8.71 (d, J = 4.3 Hz, 1H, C2-H), 8.43 (s, 1H, C7-H), 7.55 (dd, J = 4.4, 1.0
Hz, 1H, C3-H), 4.05 (s, 3H, C10-Hs), 3.04 (d, J = 1.0 Hz, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) 6§ 152.5 (C6), 150.0 (C2), 148.5 (C8a*), 144.4 (C4), 134.8 (C8*), 127.1
(C3), 127.0 (C4a), 118.1 (C5*), 110.2 (C7), 57.7 (C10), 24.8 (C9).

IR (KBr), vmax (cmY) 3426, 3092 (st Car-H), 2944, 2682, 1533 (asym st NO2), 1383, 1340 (sym st NO»),
1253 (st C-N), 1106, 1055, 899, 769 (0op b Car-H).

178



Elemental analysis: Calculated for C11HsCIN203: C: 52.29%, H: 3.59%, N: 11.09%. Found: C: 51.76%, H:
3.47 %, N: 10.33%.

MS (70 eV, EI) m/z (%): 254.1 (35%) [M+2]*, 253.1 (16%) [M+1]*, 252.1 (100%) [M]*, 222.1 (34%) [M-
CH20]", 194.1 (29%), 128.1 (28%).

mp: 165-170 °C
Melting point measured is consistent with previously described data (bibliographic yield: 69%)%.

5.2.2.6. Synthesis of 5-phenoxy-6-methoxy-4-methyl-8-nitroquinoline

derivatives
Phenol Arvl

Cl 16 & ~o

0 N KOH, DMF 0 N

— —
N MW, 140°C, 2h N

N02 NOZ
10 1

0.43 mmol (1.1 eq.) of the corresponding phenol (16), 0.43 mmol (1.1 eq.) of powder KOH
were stirred with 1.5 ml of anhydrous DMF under argon atmosphere at room temperature in a
previously dried 5ml microwave glass tube until total dissolution was observed. Then, 0.39 mmol (1.0
eq.) of compound 10 were added with 2ml of anhydrous DMF. The vial was sealed and heated under
microwave irradiation at 140° for 2 hours. The solvent was eliminated under reduced pressure and
the residue was diluted in AcOEt and washed twice with a LiCl concentrated solution to ensure the
total DMF removal. The organic layer was washed with an alkaline KOH solution (pH=14) to remove
any excess or unreacted phenol substrate. Finally, the organic solution was washed with water, dried
over anhydrous MgS04 and concentrated under reduce pressure to afford the corresponding 5-

phenoxy-6-methoxy-4-methyl-8-nitroquinoline (11).
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6-methoxy-4-methyl-8-nitro-5-(3,4,5-trimethoxyphenoxy)quinoline (11{1})

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 3,4,5-trimethoxyphenol
(16{1}), the product 11{1} (LMF228) was obtained as a powdery brown solid with 84% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) & 8.72 (d, J = 4.3 Hz, 1H, C2-H), 8.46 (s, 1H, C7-H), 7.44 (dd, J = 4.4, 0.9
Hz, 1H, C3-H), 6.12 (s, 2H, C14-H, C14’-H), 3.87 (s, 3H, C10-Hs), 3.65 (d, J = 1.0 Hz, 6H, C15-Hs, C15’-
Hs), 3.61 (d, J = 0.8 Hz, 3H, C16-Hs), 2.69 (d, J = 1.0 Hz, 3H, C9-Hs).

3¢ NMR (100 MHz, DMSO-ds) & 154.0 (C11), 153.6 (C13, C13’), 150.3 (C2), 148.6 (C6), 146.4 (C5*),
143.2 (C4), 138.4 (C8a*), 135.0 (C8*), 132.6 (C14), 125.7 (C3), 124.2 (C4a), 112.1 (C7), 92.7 (C12, C12’),
60.1 (C16), 57.3 (C10), 56.0 (C15, C15’), 22.5 (C9).

IR (ATR), vmax (cm) 2939 (st C-H), 2849, 1594, 1525 (asym st NO.), 1524, 1499, 1442, 1323 (sym st
NOz),1224 (st Car-N), 1176, 1123 (st C-0O), 1011, 974, 763 (oop b Car-H).

MS (70 eV, El) m/z (%): 401.2 (33%) [M+1]*, 400.2 (100%) [M]*, 385.2 (85%) [M-CH.0]*, 218.1 (76%)
[M+H-C9H1104{phenolate)]+, 184.1 (61%)[C9H1204{phenol)] +, 183.1 (63%) [C9H1104(phenolate)]+, 169.1 (74%),
141.1 (50%) [M+H-CoH1104(phenolate)-NO2-OCH3z]*, 117.1 (48%), 69.1 (65%), 57.1 (49%).

HRMS (Q-TOF): m/z calculated for C20H20N207 [M]*: 400.1271. Found: 401.1331 [M+H]*

mp: 154-158 °C
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6-methoxy-4-methyl-8-nitro-5-(2,4,5-trichlorophenoxy)quinoline (11{2})

142}

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 2,4,5-trichlorophenol (16{2}),
the product 11{2} (LMF234) was obtained as a pale yellow pulverulent solid with 96% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) & 8.74 (d, J = 4.1 Hz, 1H, C2-H), 8.50 (s, 1H, C7-H), 8.02 (s, 1H, C13-H),
7.48 (d, J = 4.2 Hz, 1H, C3-H), 7.05 (s, 1H, C16-H), 3.88 (s, 3H, C10-Hs), 2.64 (s, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) 5 152.1 (C11), 150.3 (C2), 147.9 (C6), 147.2 (C5*), 142.5 (C4), 137.0
(C8a*), 135.0 (C8*), 131.3 (C13), 131.0 (C15), 126.0 (C3), 125.0 (C14), 123.6 (C4a), 120.8 (C12), 116.4
(C16), 112.0 (C7), 57.5 (C10), 21.8 (C9).

IR (ATR), vmax (cm™) 3101 (st Car-H), 2996, 2944 (st C-H), 1529 (asym st NO2), 1511, 1338 (sym st NO2),
1254 (st C-N), 1055, 846, 777 (0oop b Car-H).

HRMS (Q-TOF): m/z calculated for C17H11ClsN204 [M]*: 411.9784. Found: 412.9853 [M+H]*, 414.9826
[M+H+2]*, 416.9807 [M+H+4]*, 418.9789 [M+H+6]*,

mp: 147-160 °C

5-(2-fluorophenoxy)-6-methoxy-4-methyl-8-nitroquinoline (11{3})

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 2-fluorophenol (16{3}), the
product 11{3} (LMF236) was obtained as a brown pulverulent solid with 85% yield.
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Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) & 8.73 (d, J = 4.2 Hz, 1H, C2-H), 8.50 (s, 1H, C7-H), 7.47 (d, J = 4.3 Hz,
1H, C3-H), 7.38 (ddd, J = 11.6, 7.9, 1.9 Hz, 1H, C13-H), 7.15 — 6.89 (m, 2H, C14-H, C16-H), 6.63 (td,
J=8.6, 1.8 Hz, 1H, C15-H), 3.85 (s, 3H, C10-Hs), 2.67 (s, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-de) 5 151.1 (d, J = 244.4 Hz, C12), 150.4 (C2), 148.3 (C6), 146.7 (C5*), 145.1
(d, J = 10.4 Hz, C11), 142.8 (C4), 138.0 (C8a*), 134.9 (C8), 125.9 (C3), 125.1 (d, J = 3.7 Hz, C16), 123.9
(C4a), 123.1 (d, J = 6.9 Hz, C14), 116.8 (d, J = 17.3 Hz, C13), 115.8 (C15), 111.9 (C7), 57.4 (C10), 21.9
(C9).

IR (ATR), vmax (cm™) 3067(st Car-H), 2922 (st C-H), 2852, 1528 (asym st NO3), 1500, 1352 (sym st NO,),
1312, 1265 (st Car-N), 1246, 1194 (st C-0), 1170, 1105, 1078, 1030, 919, 848, 741 (oop b Car-H).

MS (70 eV, EI) m/z (%): 329.1 (34%) [M+1]*, 328.1 (100%) [M]*, 298.1 (34%) [M-CH20]*, 172.1 (16%),
144.1 (22%), 116.1 (21%), 109.1 (30%), 89.1 (22%), 75.1 (19%)

HRMS (Q-TOF): m/z calculated for C17H13FN204 [M]*: 328.0859. Found: 329.0921 [M+H]*
mp: 132-137 °C

5-(4-fluoro-2-methoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline (11{4})

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 4-fluoro-2-methoxyphenol
(16{4}), the product 11{4} (LMF238) was obtained as a brown greyish pulverulent solid with 91% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 5 8.71 (d, J = 4.3 Hz, 1H, C2-H), 8.44 (s, 1H, C7-H), 7.43 (d, J = 4.4 Hz,
1H, C3-H), 7.07 (dd, J = 10.5, 2.9 Hz, 1H, C13-H), 6.54 (td, J = 8.6, 2.9 Hz, 1H, C15-H), 6.41 (dd, J = 9.0,
5.5 Hz, 1H, C16-H), 3.88 (s, 3H, C10-Hs), 3.82 (s, 3H, C17-Hs), 2.65 (s, C9-Hs).

13C NMR (100 MHz, DMSO-ds) § 157.5 (d, J = 237.7 Hz, C14), 150.3 (C2), 149.2 (d, J = 10.3 Hz, C12),
148.2 (C6), 146.3 (C5*), 143.2 (C11), 143.1 (C4), 139.0 (C8a*), 135.0 (C8*), 125.6 (C3), 123.9 (C4a),
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114.1 (d, J = 10.2 Hz, C16), 112.1 (C7), 105.9 (d, J = 23.1 Hz, C15), 101.3 (d, J = 27.6 Hz, C13), 57.3 (C17),
56.3 (C10), 21.7 (C9).

IR (ATR), vmax (cm™) 2918 (st C-H), 2849, 1622, 1529 (asym st NO2), 1505, 1447, 1308 (sym st NO2),
1256 (st Car-N), 1180 (st C-0), 1154, 1106, 1078, 1027, 950, 833 (0op b Car-H), 768.

MS (70 eV, El) m/z (%): 359.1 (35%) [M+1]*,358.1 (100%) [M]*, 328.1 (24%) [M-CH20]*, 142.1 (44%),
127.1 (57%), 109.1 (29%), 99.1 (40%).

HRMS (Q-TOF): m/z calculated for C1gH1sFN2Os [M]*: 358.0965. Found: 359.1026 [M+H]*
mp: 153-161 °C

5-(4-bromo-2-fluorophenoxy)-6-methoxy-4-methyl-8-nitroquinoline (11{5})

115}

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 4-bromo-2-fluorophenol
(16{5}), the product 11{5} (LMF240) was obtained as a dark brown pulverulent solid with 75% vyield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 6 8.74 (d, J = 4.3 Hz, 1H, C2-H), 8.50 (s, 1H, C7-H), 7.74 (dd, J = 10.7, 2.2
Hz, 1H, C13-H), 7.48 (dd, J = 4.2, 0.8 Hz, 1H, C3-H), 7.20 (dt, J = 8.9, 2.0 Hz, 1H, C16-H), 6.66 (dd,
J=9.0, 1.8 Hz, 1H, C15-H), 3.86 (s, 3H, C10-Hs), 2.66 (d, J = 0.8 Hz, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) 5 152.3 (d, J = 228.3 Hz, C12), 150.4 (C2), 148.1 (C6), 146.9 (C5*), 142.6
(C4), 137.5 (C8a*), 134.8 (C8*), 127.9 (d, J = 3.7 Hz, C16), 125.9 (C3), 123.7 (C4a), 123.7 (d, J = 4.2 Hz,
C14), 120.1 (d, J = 21.0 Hz, C13), 117.6 (C15), 113.2 (d, J = 14.8 Hz, C11), 111.9 (C7), 57.4 (C10), 21.8
(C9).

IR (ATR), vmax (cm™!) 3451, 3325, 3094 (st Car-H), 2953 (st C-H), 2830, 1646, 1592, 1510 (asym st NO2),
1495, 1447, 1423, 1395, 1316 (sym st NO2), 1231 (st Ca-N), 1093, 995, 848 (0op b Car-H), 780, 756.

HRMS (Q-TOF): m/z calculated for C17H12BrFN204 [M]*: 405.9965. Found: 407.0032 [M+H]*, 409.0013
[M+H+2]*
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mp: 141-145 °C

5-(3-bromo-4-methoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline (11{6})

11{6}

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 3-bromo-4-methoxyphenol
(16{6}), the product 11{6} (LMF301) was obtained as a brown pulverulent solid with 82% vyield.

Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) 5 & 8.72 (d, J = 4.3 Hz, 1H, C2-H), 8.46 (s, 1H, C7-H), 7.45 (dd, J = 4.4,
1.0 Hz, 1H, C3-H), 7.15 (d, J = 3.0 Hz, 1H, C12-H), 7.02 (d, J = 9.1 Hz, 1H, C15-H), 6.78 (dd, J = 9.0, 3.0
Hz, 1H, C16-H), 3.85 (s, 3H, C10-Hs), 3.79 (s, 3H, C17-Hs), 2.66 (d, J = 0.8 Hz, 3H, C9-H3).

13C NMR (100 MHz, DMSO-ds) 6 151.6 (C11), 150.8 (C14), 150.4 (C2), 148.5 (C6), 146.5 (C5*), 142.9
(C4), 138.5 (C8*), 134.9 (C8a*), 125.8 (C3), 124.0 (C4a), 119.4 (C12), 114.6 (C16), 113.4 (C15), 112.0
(C7),111.1 (C13), 57.3 (C10), 56.5 (C17), 22.4 (C9).

IR (ATR), vmax (cm™) 3077(st Car-H), 2935 (st C-H), 1738, 1526 (asym st NO.), 1486, 1339 (sym st NOa),
1253 (st C-N), 1200 (st C-0), 1050, 1034, 869, 749 (oop b Car-H).

MS (70 eV, El) m/z (%): 420.0 (96%) [M+2]*, 419.1 (34%) [M+1]*, 418.0 (100%) [M]*, 254.0 (19%),
252.0 (56%), 202.0 (30%), 116.0 (36%), 63.0 (34%).

HRMS (Q-TOF): m/z calculated for C1sH1sBrN2Os [M]*: 418.0164. Found: 419.0231 [M+H]*, 421.0212
[M+H+2]*

mp: 202-211 °C
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5-(4-bromo-2-chloro-6-fluorophenoxy)-6-methoxy-4-methyl-8-nitroquinoline (11{7})

Br

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 4-bromo-2-chloro-6-
fluorophenol (16{7}), the residue was purified by automated flash chromatography (silica column,
Cy:AcOEt 1:1) to obtain product 11{7} (LMF302) as an orange-colored thick slurry with 28% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-de) 6 8.75 (d, J = 4.3 Hz, 1H, C2-H), 8.40 (s, 1H, C7-H), 7.75 (dd, J = 2.3, 1.9
Hz, 1H, C13-H), 7.68 (dd, J = 11.1, 2.3 Hz, 1H, C15-H), 7.54 (dd, J = 4.4, 1.0 Hz, 1H, C3-H), 3.75 (s, 3H,
C10-Hs), 2.81 (d, J = 0.8 Hz, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) 5 153.1 (d, J = 252.2 Hz, C16), 150.6 (C2), 146.0 (C6), 145.7 (C5*), 143.4
(C4), 141.4 (C8a*), 140.6 (d, J = 11.6 Hz, C11), 134.7 (C8*), 128.5 (C13), 127.6 (d, J = 3.1 Hz, C12), 126.1
(d, J = 3.6 Hz, C14), 125.9 (C3), 122.3 (C4a), 119.5 (d, J = 22.5 Hz, C15), 112.1 (C7), 57.8 (C10), 22.9
(C9).

IR (ATR), vmax (cm™) 3087 (st Car-H), 2930 (st C-H), 2852, 1530 (asym st NO.), 1465, 1440, 1309 (sym
st NO2), 1260 (st C-N), 932, 918, 844, 746 (oop b Car-H).

MS (70 eV, El) m/z (%): 444.0 (26%) [M+4]*, 442.0 (100%) [M+2]*, 440.0 (80%) [M]*, 410.0 (29%) [M-
CH20J", 261.0 (42%), 226.0 (39%), 220.0 (24%), 116 (34%).

HRMS (Q-TOF): m/z calculated for Ci7H11BrCIFN20s [M]*: 439.9575. Found: 440.9638
[M+H]*,442.9615 [M+H+2]*, 444.9602 [M+H+4]*
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5-(3,5-dimethoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline (11{8})

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 3,5- dimethoxyphenol (16{8}),
the product 11{8} (LMF230) was obtained as a metallic black solid with 89% yield.

Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) 5 8.71 (d, J = 4.3 Hz, 1H, C2-H), 8.46 (s, 1H, C7-H), 7.43 (d, J = 4.4 Hz,
1H, C3-H), 6.21 (s, 1H, C14-H), 5.93 (s, 2H, C12-H, C12’-H), 3.87 (s, 3H, C10-Hs), 3.68 (s, 6H, C15-Hs,
C15’-H3), 2.66 (s, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) & 161.4 (C13, C13’), 159.4 (C11), 150.3 (C2), 148.6 (C6), 146.5 (C5*),
142.9 (C4), 138.1 (C8a*), 134.8 (C8*), 125.7 (C3), 124.0 (C4a), 111.9 (C7), 94.0 (C14), 93.8 (C12, C12'),
57.3 (C10), 55.3 (C15, C15’), 22.3 (C9).

IR (ATR), vmax (cm™) 3383, 2929 (st C-H), 2849, 1589 (asym st NO2), 1531(st Car- Car), 1438, 1307 (sym
st NO2), 1256 (st Car-N), 1203, 1150, 1128 (st C-0), 1051, 1033, 821 (00p b Car-H).

MS (70 eV, EI) m/z (%): 371.1 (50%) [M+1]*, 370.1 (100%) [M]*, 339.1 (60%) [M-OCHs]*, 293.1 (30%),
151.1 (29%).

HRMS (Q-TOF): m/z calculated for C1oH18N206 [M]*: 370.1165. Found: 371.1227 [M+H]*

mp: 96-105 °C
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5-(2,6-dimethoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline (11{9})

Starting from 5-chloro-6-methoxy-4-methyl-8-nitroquinoline (10) and 2,6- dimethoxyphenol (16{9}),
the product 11{9} (LMF231) was obtained as an ocher crystalline solid with 83% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) 5 8.70 (d, J = 4.3 Hz, 1H, C2-H), 8.22 (s, 1H, C7-H), 7.44 (d, J = 4.4 Hz,
1H, C3-H), 7.04 (t, J = 8.4 Hz, 1H, C14-H), 6.72 (d, J = 8.4 Hz, 2H, C13-H, C13’-H), 3.58 (s, 6H, C15-Hs,
C15’-H3), 3.56 (s, 3H, C10-H3), 2.82 (s, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-de) & 151.0 (C12, C12’), 150.2 (C2), 145.4 (C6), 145.4 (C5*), 144.8 (C4),
144.0 (C8a*), 135.3 (C11), 135.3 (C8*), 125.0 (C3), 123.6 (C14), 122.7 (C4a), 113.4 (C7), 105.9 (C13,
C13’), 57.9 (C10), 56.1 (C15, C15’), 23.3 (C9).

IR (ATR), vmax (cm™) 3057 (st Car-H), 2942, 2840 (st C-H), 1530 (asym st NO2), 1478, 1308 (sym st
NO:), 1254 (st C-N), 1108 (st C-O), 1033, 765 (0oop b Car-H), 736.

HRMS (Q-TOF): m/z calculated for C1sH18N20s [M]*: 370.1165. Found: 371.1225 [M+H]",

mp: 156-164 °C
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5.2.2.7. Synthesis of 5-phenoxy-6-methoxy-4-methylquinoline-8-amine

derivatives
0 SnCly-2H,0 0
0 0
e X conc. HCI - X
~ —
N 4h RT N
N02 NH2
1 12

1.00 mmol (1.0 eq.) of the corresponding 5-phenoxy-6-methoxy-4-methyl-8-nitroquinoline
derivative (11) were placed in a 50 ml round-bottomed flask with 5.00 mmol (5.0 eq.) of SnCl>:2H.0
along with a stirring bar. 10 ml of concentrated hydrochloric acid (37%) were added dropwise until
total solution was observed (sonication was facilitated in some of the cases) and then the reaction
was stirred for 4 hours at room temperature. Later, the mixture was slowly basified with a 2M NaOH
solution in an iced-water bath to mitigate the exothermic reaction until pH = 14. A clear color variation
was observed during alkalinization. The crude was later extracted with three fractions of chloroform.
The organic layers were unified, dried with MgSO4 and concentrated under reduce pressure to afford

the corresponding 5-phenoxy-6-methoxy-4-methylquinoline-8-amine derivatives (12).

6-methoxy-4-methyl-5-(3,4,5-trimethoxyphenoxy)quinolin-8-amine (12{1})

Starting from 6-methoxy-4-methyl-8-nitro-5-(3,4,5-trimethoxyphenoxy)quinoline 11{1}, the product
12{1} (LMF257) was obtained as a dark bronze solid with 98% yield.

Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) 5 8.41 (d, J = 4.2 Hz, 1H, C2-H), 7.17 (d, J = 4.3 Hz, 1H, C3-H), 6.87 (s,
1H, C7-H), 6.03 (s, 2H, N17-H2), 5.99 (s, 2H, C12-H, C12’-H), 3.75 (s, 3H, C10-Hs), 3.60 (s, 6H, C15-
Hs,C15’-Hs), 3.58 (s, 3H, C16-Hs), 2.56 (s, 3H, C9-Hs).
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13C NMR (100 MHz, DMSO-ds) & 155.8 (C11), 153.4 (C13, C13’), 150.8 (C6), 144.6 (C2), 144.5 (C5*),
141.5 (C4), 132.6 (C8*), 131.8 (C14), 124.8 (C8a*), 124.6 (C3), 123.9 (C4a*), 96.3 (C7), 92.1 (C12, C12'),
60.0 (C16), 56.0 (C10), 55.8 (C15, C15’), 22.6 (C9).

IR (ATR), vmax (cm™) 3467 (st N-H), 3354 (st N-H), 2928 (st C-H), 1726 (summation bands), 1613, 1594
(b N-H), 1518 (sc N-H), 1499, 1461, 1444, 1440, 1219 (st Ca-N), 1126 (st C-O), 1044, 1009, 987, 805
(oop b Car-H).

MS (70 eV, El) m/z (%): 371.1 (6%) [M+1]*,370.1 (27%) [M]*, 340.1 (9%) [M-OCHs]*, 203.1 (22%) [M-
C9H1203(aryl)]+, 188.1 (49%) [M-C9H1104(phenolute)]+, 184.1 (71%) [C9H1104(phenalate)]+, 169.1 (100%)
[CoH12030ary]*, 159.1 (29%), 141.1 (47%), 111.0 (22%).

HRMS (Q-TOF): m/z calculated for C20H22N20s5 [M]*: 370.1529. Found: 371.1589 [M+H]*
mp: 162-164 °C

6-methoxy-4-methyl-5-(2,4,5-trichlorophenoxy)quinolin-8-amine (12{2})

12{2}

Starting from 6-methoxy-4-methyl-8-nitro-5-(2,4,5-trichlorophenoxy)quinoline 11{2}, the product
12{2} (LMF263) was obtained as a yellow solid with 79% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) § 8.43 (d, J = 4.2 Hz, 1H, C2-H), 7.94 (s, 1H, C13-H), 7.21 (dd, J = 4.3, 1.0
Hz, 1H, C3-H), 6.88 (s, 1H, C7-H), 6.54 (s, 1H, C16-H), 6.18 (s, 2H, N17-H2), 3.76 (s, 3H, C10-Hs), 2.51
(d, J = 0.9 Hz, 3H, C9-Hs).

13 NMR (100 MHz, DMSO-ds) 5 154.0 (C11), 150.2 (C6), 145.7 (C5*), 144.7 (C2), 140.7 (C4), 132.5
(C8*), 131.2 (C13), 130.6 (C15), 125.0 (C3), 123.5 (C8a*), 123.4 (C14), 123.1 (C4a), 120.4 (C12), 115.4
(C16), 95.7 (C7), 56.0 (C10), 21.7 (C9).

IR (ATR), vmax (cm™) 3470 (st N-H), 3358 (st N-H), 3094 (st Car-H), 2928 (st C-H), 1615, 1579 (b N-H),
1518 (sc N-H), 1471, 1443, 1399, 1350, 1224 (st Car-N), 1071 (st C-O), 1038, 946, 830 (w N-H), 674 (oop
b Car-H).
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HRMS (Q-TOF): m/z calculated for C17H13CIsN202 [M]*: 382.0043. Found: 383.0109 [M+H]*, 385.0081
[M+H+2]*, 387.0061 [M+H+4]*, 389.0042 [M+H+6]*,

mp: 160-165 °C

5-(2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-amine (12{3})

1243}

Starting from 5-(2-fluorophenoxy)-6-methoxy-4-methyl-8-nitroquinoline 11{3}, the product 12{3}
(LMF258) was obtained as a black solid with quantitative yield (100%).

Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) & 8.42 (d, J = 4.2 Hz, 1H, C2-H), 7.35 — 7.25 (m, 1H, C13-H), 7.18 (dd,
J=4.3,1.0 Hz, 1H, C3-H), 6.95 (ddd, J = 6.8, 3.6, 1.6 Hz, 2H, C14-H, 16-H), 6.88 (s, 1H, C7-H), 6.45 —
6.36 (m, 1H, C15-H), 6.08 (s, 2H, N17-H,), 3.74 (s, 3H, C10-Hs), 2.53 (d, J = 0.9 Hz, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) 5 151.0 (d, J = 243.5 Hz, C12), 150.6 (C6), 146.9 (d, J = 10.4 Hz, C11),
145.1 (C5*), 144.6 (C2), 141.1 (C4), 132.6 (C8*), 124.8 (d, J = 3.7 Hz, C16), 124.7 (C3), 124.1 (C8a*),
123.6 (C4a), 121.5 (d, J = 6.7 Hz, C14), 116.4 (d, J = 17.6 Hz, C13), 115.1 (C15), 96.1 (C7), 56.0 (C10),
21.8 (C9).

IR (ATR), vmax (cm™) 3445 (st N-H), 3329 (st N-H), 2928 (st C-H), 1721 (summation bands), 1614 (b N-
H), 1586, 1521 (sc N-H), 1497, 1449, 1398, 1254 (st Car-N), 1228 (st Car-F), 1199, 1141, 1102, 1037 (st
C-0), 941, 829, 750 (oop b Car-H).

MS (70 eV, EI) m/z (%): 299.1 (17%) [M+1]*,298.1 (70%) [M]*, 203.1 (45%) [M-CsHaFary)]*, 188.1 (49%)
[M-CsHaFOphenoiate)]*, 159.1 (60%), 158.1 (30%), 145.1 (31%), 112.1 (78%) [CsHaFOphenon]*, 64.1 (30%).

HRMS (Q-TOF): m/z calculated for C17H1sFN202 [M]*: 298.1118. Found: 299.1182 [M+H]*

mp: 129-130 °C
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5-(4-fluoro-2-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-amine (12{4})

12{4)

Starting from 5-(4-fluoro-2-methoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline 11{4}, the
product 12{4} (LMF253) was obtained as a black solid with 79% yield.

Spectroscopic data:

1H NMR (400 MHz, DMSO-ds) & 8.40 (d, J = 4.2 Hz, 1H, C2-H), 7.15 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 6.99
(dd, J=10.6, 2.9 Hz, 1H, C13-H), 6.86 (s, 1H, C7-H), 6.49 (ddd, /= 8.9, 8.3, 3.0 Hz, 1H, C15-H), 6.16 (dd,
J=8.9, 5.6 Hz, 1H, C16-H), 6.02 (s, 2H, N18-H3), 3.88 (s, 3H, C17-Hs), 3.72 (s, 3H,C10-Hs), 2.50 (s, C9-
Hs).

13C NMR (100 MHz, DMSO-ds) 6 156.7 (d, J = 236.2 Hz, C14), 150.5 (C6), 148.9 (d, J = 10.3 Hz, C12),
145.0 (C11), 144.7 (C5*), 144.5 (C2), 141.4 (C4), 132.7 (C8*), 124.8 (C8a*), 124.5 (C3), 123.8 (C4a),
112.9 (d, J = 10.2 Hz, C16), 105.6 (d, J = 22.7 Hz, C15), 101.0 (d, J = 27.4 Hz, C13), 96.4 (C7), 56.1 (C17),
55.9 (C10), 21.6 (C9).

IR (ATR), vmax (cm™) 3366 (st N-H), 2965, 2930 (st C-H), 2858, 1720 (summation bands), 1613 (b N-
H), 1583 (sc N-H), 1500, 1446, 1202, 1187 (st C-0), 1144, 1106, 1029, 936, 831 (0op b Car-H).

MS (70 eV, El) m/z (%): 329.1 (5%) [M+1]*,328.1 (23%) [M]*, 340.1 (9%) [M-OCHzs]*, 310.1 (39%) [M-
CsH1203aryy]*, 203.1 (20%), 188.1 (100%) [M-C7H6FO2(phenolate)]*, 174.2 (21%), 159.1 (62%), 158.1 (32%),
145.1 (32%), 142.1 (76%) [C7H7FO2(phenoy]*, 128.0 (32%), 127.0 (76%) [C7H7FOaryy]*, 99.0 (55%).

HRMS (Q-TOF): m/z calculated for CigH17FN203 [M]*: 328.1223. Found: 329.1286 [M+H]*

mp: 100-110 °C
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5-(4-bromo-2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-amine (12{5})

12{5}

Starting from 5-(4-bromo-2-fluorophenoxy)-6-methoxy-4-methyl-8-nitroquinoline 11{5}, the product
12{5} (LMF262) was obtained as a black solid with 94% yield.

Spectroscopic data:

!H NMR (400 MHz, DMSO-ds) § 8.42 (d, J = 4.2 Hz, 1H, C2-H), 7.64 (dd, J = 10.8, 2.4 Hz, 1H, C13-H),
7.20 (dd, J=4.3,1.0 Hz, 1H, C3-H), 7.16 (ddd, J = 8.8, 2.4, 1.5 Hz, 1H, C16-H), 6.87 (s, 1H, C7-H), 6.40
(t,4=9.0 Hz, 1H, C15-H), 6.12 (s, 2H, N17-H.), 3.75 (s, 3H, C10-Hs), 2.52 (d, J = 1.1 Hz, 3H, C9-Ha).

13¢ NMR (100 MHz, DMSO-ds) 6 151.0 (d, J = 249.1 Hz, C12), 150.4 (C6), 146.7 (d, J = 22.9 Hz, C11),
145.3 (C5), 144.6 (C2), 140.9 (C4), 132.5 (C8), 127.8 (d, J = 3.9 Hz, C16), 124.8 (C3), 123.8 (C8a), 123.4
(C4a), 119.7 (d, J = 21.0 Hz, C13), 116.9 (C15), 111.6 (d, J = 8.4 Hz, C14), 95.9 (C7), 56.0 (C10), 21.8
(C9).

IR (ATR), vmax (cm!) 3329 (st N-H), 2940 (st C-H), 1614, 1587 (b N-H), 1519 (sc N-H), 1490, 1447,
1395, 1262 (st Ca-N), 1194 (st C-0), 1142, 1037, 941, 831 (w N-H), 805 (00p b Car-H).

HRMS (Q-TOF): m/z calculated for C17H14BrFN202 [M]*: 376.0223. Found: 377.0291 [M+H]*, 379.0272
[M+H+2]*,

mp: 88-92 °C
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5-(3-bromo-4-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-amine (12{6})

12{6}

Starting from 5-(3-bromo-4-methoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline 11{6}, the
product 12{6} (LMF303) was obtained as a black-greenish solid with 95% yield.

Spectroscopic data:

1H NMR (400 MHz, DMSO-ds) 6 8.41 (d, J = 4.2 Hz, 1H, C2-H), 7.17 (dd, J = 4.3, 1.0 Hz, 1H, C3-H), 7.00
(d, J=9.1 Hz, 1H, C15-H), 6.90 (d, J = 3.0 Hz, 1H, C12-H), 6.87 (s, 1H, C7-H), 6.67 (dd, J = 9.0, 3.0 Hz,
1H, C16-H), 6.05 (s, 2H, N18-H), 3.76 (s, 3H, C17-Hs), 3.73 (s, 3H, C10-Hs), 2.53 (d, / = 0.7 Hz, 3H, C9-
Hs).

13C NMR (100 MHz, DMSO-ds) 6 153.5 (C11), 150.6 (C6), 150.0 (C14), 144.8 (C5), 144.6 (C2), 141.2
(C4), 132.6 (C8*), 124.9 (C8a*), 124.7 (C3), 123.7 (C4a), 118.7 (C12), 114.3 (C16), 113.5 (C15), 110.8
(C13), 96.2 (C7), 56.5 (C17), 56.0 (C10), 22.5 (C9).

IR (ATR), vmax (cm™t) 3489 (st N-H), 3379 (st N-H), 2935 (st C-H), 1614, 1580 (b N-H), 1517 (sc N-H),
1487, 1446, 1397, 1265 (st Ca-N), 1194 (st C-0), 1043, 1031, 939, 831 (w N-H), 752 (0op b Car-H).

MS (70 eV, ElI) m/z (%): 390.1 (50%) [M+2]", 389.1 (9%) (50%) [M+1]*, 388.1 (52%) [M]", 204.0 (41%)
[C7H7BrO2phenon+21*, 203.0 (100%) [C7H7BrO2(phenon+1]* 202.0 (35%) [C7H7BrO2iphenon]”, 188.9 (33%),
188.1 (82%) [M-C7HeBrOz(phenoiate)]*, 187.1 (39%), 177.1 (42%), 15591.1 (56%), 83.0 (33%).

HRMS (Q-TOF): m/z calculated for CigsH17BrN20O3 [M]*: 388.0423. Found: 389.0486 [M+H]*, 391.0467
[M+H+2]*

mp: 145-149 °C
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5-(4-bromo-2-chloro-6-fluorophenoxy)-6-methoxy-4-methylquinolin-8-amine (12{7})

Starting from 5-(4-bromo-2-chloro-6-fluorophenoxy)-6-methoxy-4-methyl-8-nitroquinoline 11{7},
the product 12{7} (LMF304) was obtained as a black-greenish solid with 74% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) 6 8.44 (d, J = 4.2 Hz, 1H,C2-H), 7.65 (dd, J = 2.3, 1.9 Hz, 1H, C13-H), 7.53
(dd, J = 11.6, 2.4 Hz, 1H, C15-H), 7.26 (dd, J = 4.3, 1.0 Hz, 1H, C3-H), 6.74 (s, 1H, C7-H), 5.96 (s, 2H,
N17-H>), 3.63 (s, 3H, C10-Hs), 2.68 (d, J = 0.7 Hz, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) 5 153.11 (d, J = 252.5 Hz, C16), 148.8 (C6), 144.8 (C2), 144.2 (C5), 142.2
(d, J = 9.8 Hz, C11), 141.7 (C4), 132.3 (C8), 129.3 (C8a), 128.3 (d, J = 3.4 Hz, C13), 126.0 (d, J = 5.0 Hz,
C12), 124.7 (C3), 122.6 (C4a), 119.5 (d, J = 22.7 Hz, C15), 112.8 (d, J = 10.7 Hz, C14), 96.0 (C7), 56.4
(C10), 22.7 (C9).

IR (ATR), vmax (cm) 3489 (st N-H), 3376 (st N-H), 2922 (st C-H), 1616, 1580 (b N-H), 1518 (sc N-H),
1487, 1468, 1443, 1398, 1264 (st Car-N), 1223, 1195, 1180 (st C-0), 1135, 1031, 940, 844 (w N-H), 830
(oop b Car-H).

HRMS (Q-TOF): m/z calculated for Ci7H1sBrCIFN;0> [M]*: 409.9833. Found: 410.9896 [M+H]",
412.9876 [M+H+2]*, 414.9858 [M+H+4]",

mp: 187-193 °C
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5-(3,5-dimethoxyphenoxy)-6-methoxy-4-methylquinolin-8-amine (12{8})

Starting from 5-(3,5-dimethoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline 11{8}, the product
12{8} (LMF265) was obtained as a bronzed-colored solid film with 57% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) & 8.40 (d, J = 4.2 Hz, 1H, C2-H), 7.16 (dd, J = 4.3, 1.0 Hz, 1H, C3-H), 6.86
(s, 1H, C7-H), 6.12 (t, J = 2.2 Hz, 1H, C14-H), 6.03 (s, 2H, N16-H2), 5.82 (d, J = 2.2 Hz, 2H, C12-H, C12’-
H), 3.74 (s, 3H, C10-H3s), 3.64 (s, 6H, C15-Hs, C15’-Hs), 2.53 (d, J = 0.7 Hz, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) & 161.4 (C11), 161.2 (C13, C13’), 150.6 (C6), 144.7 (C5), 144.5 (C2),
141.3(C4), 132.5 (C8), 124.8 (C8a), 124.6 (C3), 123.8 (C4a), 96.2 (C7), 93.5 (C12, C12’), 92.9 (C14), 56.0
(C15, C15’), 55.1 (C10), 22.4 (C9).

IR (ATR), vmax (cm™) 3469 (st N-H), 3363 (st N-H), 2931 (st C-H), 2835, 1591 (b N-H), 1516 (sc N-H),
1441, 1399, 1208, 1146 (st C-0), 1123, 1053, 816 (00p b Car-H).

HRMS (Q-TOF): m/z calculated for C1sH20N204 [M]*: 340.1423. Found: 341.1476 [M+H]",

mp: 131-140 °C
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5-(2,6-dimethoxyphenoxy)-6-methoxy-4-methylquinolin-8-amine (12{9})

1413 15

12 O/

Starting from 5-(2,6-dimethoxyphenoxy)-6-methoxy-4-methyl-8-nitroquinoline 11{9}, the product
12{9} (LMF264) was obtained as an ocher solid with 13% yield.

Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) & 8.41 (d, J = 4.2 Hz, 1H, C2-H), 7.18 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 6.92
(dd, J = 8.6, 8.0 Hz, 1H, C14-H), 6.65 (d, J = 8.3 Hz, 2H, C13-H, C13-H’), 6.65 (s, 1H, C7), 5.67 (s, 2H,
N16-Hz), 3.50 (s, 6H, C15-Hs, C15’-Hs), 3.46 (s, 3H, C10-Hs), 2.72 (d, J = 0.6 Hz, 3H, C9-Hs).

13C NMR (100 MHz, DMSO-ds) 5 151.4 (C12, C12’), 148.1 (C6), 144.6 (C2), 143.4 (C4), 142.1 (C5), 137.4
(C8a), 133.0 (C8), 132.8 (C11), 123.9 (C3), 123.4 (C4a), 122.1 (C14), 106.6 (C13, C13’), 98.2 (C7), 56.8
(C10), 56.2 (C15, C15’), 23.2 (C9).

5.2.2.8. Synthesis of 2-(oxoalkyl)isoindoline-1,3-dione derivatives

(0] (0]
O K2CO3 y Nal O
)J\/\Hm +  HN > )J\/\HN
1-2 DMF 1-2
(0] 70°C, 24h ©
17 18 13

3.71 mmol (1.0 eq.) of the corresponding oxoalkyl chloride derivative (17), 4.09 mmol (1.1
eq.) of phthalimide, 5.57 mmol (1.5 eq.) of K2CO3 and 3.71 mmol (1.0 eq.) of Nal were placed in a
previously dried 10 ml round-bottomed flask with 5 ml of anhydrous DMF along with a stirring bar.
The mixture was stirred at 70 °C for 24 hours under argon atmosphere. The solvent was later
eliminated under reduced pressure and the residue was diluted in AcOEt and washed twice with a
LiCl concentrated solution to ensure the total DMF removal. The organic phase was washed with a
1M NaOH solution to remove any excess or unreacted 18 substrate. Finally, the organic solution was
washed with water, dried over anhydrous MgS04 and concentrated under reduce pressure to afford
the 2-(oxoalkyl)isoindoline-1,3-dione (13).
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2-(4-oxopentyl)isoindoline-1,3-dione (13{1})

13(1}

Starting from 5-chloropentan-2-one 17{1}, the product 13{1} (LMF255) was obtained as dark yellow
solid with 39% yield.

Spectroscopic data:

'H NMR (400 MHz, CDCls) § 7.83 (dd, J = 5.3, 3.1 Hz, 2H, C8-H, C8'-H), 7.71 (dd, J = 5.4, 3.1 Hz, 2H, C9-
H, C9’-H), 3.70 (t, J = 6.7 Hz, 2H, C5-H2), 2.49 (t, J = 7.2 Hz, 2H, C3-H), 2.13 (s, 3H, C1-Hs), 1.95 (p,
J =6.9 Hz, 2H, C4-H,).

13C NMR (100 MHz, DMSO-ds) 5 207.6 (C2), 168.6 (C6, C6'), 134.1 (C9, CY’), 132.2 (C7, C7’), 123.4 (C8,
C8'), 40.7 (C3), 37.3 (C5), 30.1 (C1), 22.8 (C4).

IR (ATR), vmax (cm™) 2928 (st C-H), 1770, 1705 (st C=0), 1396 (rock C-H), 1362, 1333, 1163, 1047,
873, 719 (0op b Car-H).

MS (70 eV, El) m/z (%): 232.2 (2%) [M+1]*, 231.1 (9%) [M]*, 188.1 (72%) [C10H11NO2]*, 174.1 (100%)
[CoHaNO2]*, 161.1 (26%), 160.1 (67%) [CH2Phth]*, 130.1 (17%), 104.0 (24%), 77.0 (24%), 76.0 (32%).

mp: 70-74 °C

Spectroscopic data and melting point are consistent with those previously described (biblipgraphic
yield: 74%)51,

2-(5-oxohexyl)isoindoline-1,3-dione (13{2})

(0] (0]
)J\/“\/G\
1727 5 N
78
O 9 10
13{2}

Starting from 6-chlorohexan-2-one 17{2}, the product 13{2} (LMF256) was obtained as a pale-yellow
solid with 89% yield.
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Spectroscopic data:

14 NMR (400 MHz, CDCls) & 7.83 (dd, J = 5.5, 3.0 Hz, 2H, C9-H, C9’-H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H,
C10-H, C10’-H), 3.69 (t, J = 6.9 Hz, 2H, C6-H3), 2.49 (t, J = 7.2 Hz, 2H, C3-Hy), 2.13 (s, 3H, C1-H3), 1.73 -
1.57 (m, 4H, C4-Hz, 15-H,).

3¢ NMR (100 MHz, CDCls) & 208.5 (C2), 168.6 (C7, C7’), 134.1 (C10, C10’), 132.2 (C8, C8'), 123.4 (C9,
C9'), 43.0 (C3), 37.6 (C6), 30.1 (C1), 28.1 (C5), 20.9 (C4).

IR (ATR), vmax (cm't) 2941 (st C-H), 1770, 1702 (st C=0), 1395 (rock C-H), 1358, 1045, 716 (00p b Car-
H).

MS (70 eV, El) m/z (%): 246.2 (2%) [M+1]*, 245.2 (13%) [M]*, 202.1 (13%) [M-C2H40]*, 189.1 (10%),
188.1 (72%) [C10H11NO2]*, 161.1 (33%), 160.1 (100%) [CH2Phth]*, 130.1 (20%).

mp: 62-63 °C
Spectroscopic data and melting point are consistent with those previously described (bibliographic
yield: 89%)2%2.

5.2.2.9. Synthesis of 2-(5-((4-(phenoxy)-3-methoxy-5-methylnaphthalen-1-

yl)amino)alkyl)isoindoline-1,3-dione derivatives

O NaBH,4 Aryl\O

O X o) CH3COOH glacial fo)

~ X
N/ * )WN —
12 N
o) (6]
NH; NH
12 13 14 /WN
12

A mixture of 0.91 mmol (1.0 eq.) of the corresponding 12 analog and 1.3 mmol (1.4 eq.) of

the desired compound 13 was placed in a previously dried 50 ml round-bottomed flask along with 10
ml of glacial acetic acid. The mixture was stirred under argon atmosphere at room temperature for
30 minutes. Later, 1.76 mmol (1.9 eq.) of sodium borohydride were added portionwise (the formation
of bubbles could be seen) maintaining the temperature at 25-30 °C making use of a water bath. After
the addition, the reaction mixture was stirred for 30 min and the poured carefully into an ice-cold
solution of 2M sodium hydroxide. The clear formation of a precipitate was seen. This was filtered and
chromatographed over silica gel using an automated flash chromatography (silica column, , Cy: AcOEt
1:1) to finally afford the 2-(5-((4-(phenoxy)-3-methoxy-5-methylnaphthalen-1-
yl)amino)alkyl)isoindoline-1,3-dione (14).
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2-(4-((6-methoxy-4-methyl-5-(3,4,5-trimethoxyphenoxy)quinolin-8-yl)Jamino)pentyl)isoindoline-
1,3-dione (14{1})

A )
25 26
Starting from 6-methoxy-4-methyl-5-(3,4,5-trimethoxyphenoxy)quinolin-8-amine 12{1} and 2-(4-
oxopentyl)isoindoline-1,3-dione 13{1}, the product 14{1} (LMF267) was obtained as a yellow solid
with 52% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-de) 5 8.36 (d, J = 4.2 Hz, 1H, C2-H), 7.83 — 7.78 (m, 4H, C25-H, C25’-H, C26-
H, C26’-H), 7.17 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 6.60 (s, 1H, C7-H), 6.28 (d, J = 9.1 Hz, 1H, N17-H), 5.98
(s, 2H, C12-H, C12’-H), 3.83 — 3.74 (m, 1H, C19-H), 3.75 (s, 3H, C10-Hs), 3.62 — 3.60 (m, 2H, C22-H),
3.58 (s, 6H, C15-Hs, C15’-H3), 3.57 (s, 3H, C16-Hz3), 2.54 (d, J = 0.7 Hz, 3H, C9-H3), 1.81 — 1.53 (m, 4H,
C20-Hz, C21-H5), 1.22 (d, J = 6.3 Hz, 3H, C18-Hs).

13C NMR (100 MHz, DMSO-ds) 5 168.2 (C23, C23'), 156.0 (C11), 153.6 (C13, C13’), 151.2 (C6), 144.5
(C2), 143.2 (C5*), 141.9 (C4), 134.5 (C26, C26), 132.9 (C8*), 132.0 (C14), 131.6 (C25, C25’), 125.0 (C3),
124.5 (C8a*), 124.1 (C4a), 123.1 (C24, C24’), 93.3 (C7), 92.4 (C12, C12’), 60.3 (C16), 56.4 (C10), 55.9
(C15, C15'), 47.1 (C19), 37.7 (C22), 33.3 (C20), 24.9 (C21), 22.7 (C9), 20.3 (C18).

IR (ATR), vmax (cm™) 3378 (st N-H), 2931 (st C-H), 2853 (st C-H), 1709 (st C=0), 1581(b N-H), 1526 (st
Car- Car), 1469 (st Car- Car), 1449, 1396, 1210 (st C-O), 930, 874, 716 (w N-H).

MS (70 eV, El) m/z (%): 586.4 (28%) [M+1]*, 585.4 (70%) [M]*, 418.3 (15%), 398.3 (26%), 397.3 (100%),
[M-C11H10NO3]*, 367.3 (10%), 309.2 (18%), 215.2 (21%) [C13H1aN20]*, 160.1 (75%) [CoHsNO3]*, 130.1
(20%).

HRMS (Q-TOF): m/z calculated for C3sH3asN3O7 [M]*: 585.2475. Found: 586.2515 [M+H]*,
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mp: 70-74 °C

2-(5-((6-methoxy-4-methyl-5-(2,4,5-trichlorophenoxy)quinolin-8-yl)amino)hexyl)isoindoline-1,3-
dione (14{2})

Starting from 6-methoxy-4-methyl-5-(2,4,5-trichlorophenoxy)quinolin-8-amine 12{2} and 2-(5-
oxohexyl)isoindoline-1,3-dione 13{2}, the product 14{2} (LMF272) was obtained as a yellow solid with
28% vyield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) & 8.37 (d, J = 4.3 Hz, 1H, C2-H), 7.97 — 7.92 (s, 1H, C13-H), 7.80 (s, 4H,
C26-H, C26’-H, C27-H, C27'-H), 7.21 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 6.62 (m, 2H, C7-H, C16-H), 6.39 (d,
J=8.9Hz, 1H, N17-H), 3.81 (s, 3H, C10-Hs), 3.80 —3.72 (m, 1H, C19-H), 3.57 (t, J = 7.0 Hz, 2H, C23-H,),
2.50 (s, 3H, C9-H3), 1.67 (m, 4H, C20-H2,C21-H>), 1.39 (m, 2H, C22-H2), 1.24 (d, J = 6.2 Hz, 3H, C18-Ha).

13C NMR (100 MHz, DMSO-ds) § 167.9 (C24, C24’), 154.0 (C11), 150.6 (C6), 144.4 (C2), 144.0 (C8a*),
140.9 (C4), 134.3 (C27, C27'), 132.6 (C5*), 131.5 (C25, C25’), 131.2 (C13), 130.6 (C15), 125.2 (C3),
123.5(C14), 123.1 (C4a), 122.9 (C26, C26'), 122.8 (C8*), 120.4 (C12), 115.5 (C16), 92.4 (C7), 56.3 (C10),
47.0 (C19), 37.3 (C23), 35.7 (C20), 27.9 (C22), 22.9 (C21*), 21.7 (C9), 20.4 (C18).

IR (ATR), vmax (cm™) 3382 (st N-H), 2936 (st C-H), 2851 (st C-H), 1709 (st C=0), 1611 (b N-H), 1526 (st
Car- Car), 1449 (st Car- Car), 1449, 1395, 1350, 1224 (st C-0), 1074 (st C-N), 878, 717 (w N-H).

HRMS (Q-TOF): m/z calculated for C31H2sClsN3Os [M]*: 611.1145 Found: 612.1197 [M+H]*, 614.1174
[M+H+2]*, 616.1163 [M+H+4]*, 618.1173 [M+H+6]*

mp: 76-80 °C
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2-(4-((5-(2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-yl)Jamino)pentyl)isoindoline-1,3-dione
(14{3})

Starting from  5-(2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-amine  12{3} and 2-(4-
oxopentyl)isoindoline-1,3-dione 13{1}, the product 14{3} (LMF266) was obtained as a thick yellow
slurry with 33% vyield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) & 8.39 (d, J = 4.2 Hz, 1H, C2-H), 7.86 — 7.79 (m, 4H, C25-H, C25’-H, C26-
H, C26’-H), 7.34 = 7.26 (m, 1H, C13-H), 7.20 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 7.02 - 6.89 (m, 2H, C14-H,
C16-H), 6.61 (s, 1H, C7-H), 6.43 - 6.37 (m, 1H, C15-H), 6.35 (d, J =9.1 Hz, 1H, N17-H), 3.82 (m, 1H, C19-
H), 3.76 (s, 3H, C10-Hs), 3.63 (t, J = 6.5 Hz, 2H, C22-Hs), 2.52 (d, J = 0.8 Hz, 3H, C9-Hs), 1.85 — 1.56 (m,
4H, C20-H2, C21-H2), 1.23 (d, J = 6.3 Hz, 3H, C18-Hs).

13C NMR (100 MHz, DMSO-ds) 5 168.0 (C23, C23’), 151.0 (d, J = 243.7 Hz, C11), 150.9 (C6), 146.9 (d,
J=10.0 Hz, C11), 144.3 (C2), 143.5 (C8a*), 141.3 (C4), 134.3 (C26, C26'), 132.8 (C5*), 131.6 (C24,
C24’), 125.0 (C3), 124.8 (d, J = 3.7 Hz, C16), 123.6 (C8*), 123.6 (C4a), 122.9 (C25, C25'), 121.5 (d,
J=6.8 Hz, C14), 116.4 (d, J = 17.5 Hz, C13), 115.1 (C15), 92.8 (C7), 56.2 (C10), 47.0 (C19), 37.5 (C22),
33.2(C20), 24.8 (C21), 21.8 (C9), 20.2 (C18).

IR (ATR), vmax (cm™) 3400 (st N-H), 2931 (st C-H), 2855 (st C-H), 1706 (st C=0), 1614 (b N-H), 1525 (st
Car- Car), 1498 (st Car- Car), 1454, 1397, 1365, 1257 (st C-0), 1193 (st C-N), 1044, 792, 744, 721 (w N-H).

MS (70 eV, El) m/z (%): 514.4 (17%) [M+1]*, 513.4 (42%) [M]*, 326.2 (23%), 325.2 (100%) [M-
C11H10NO2]*, 215.2 (28%) [C13H14N20]*, 160.1 (42%) [CoHeNO2]*.

HRMS (Q-TOF): m/z calculated for C3oH28FN304 [M]*: 513.2064 Found: 514.2106 [M+H]*
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2-(4-((5-(4-fluoro-2-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-
yl)amino)pentyl)isoindoline-1,3-dione (14{4})

Starting from 5-(4-fluoro-2-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-amine 12{4} and 2-(4-
oxopentyl)isoindoline-1,3-dione 13{1}, the product 14{4} (LMF260) was obtained as a yellow
crystalline solid with 34% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-de) & 8.37 (d, J = 4.2 Hz, 1H, C2-H), 7.89 — 7.77 (m, 4H, C25-H, C25'-H, C26-
H, C26'-H), 7.17 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 6.99 (dd, J = 10.6, 2.9 Hz, 1H, C13-H), 6.60 (s, 1H, C7-
H), 6.54 — 6.44 (m, 1H, C15-H), 6.30 (d, J = 9.0 Hz, 1H, N18-H), 6.15 (dd, J = 9.0, 5.6 Hz, 1H, C16-H),
3.88 (s, 3H, C17-Hz), 3.80 (s, 1H, C20-H), 3.74 (s, 3H, C10-H3), 3.63 (t, J = 6.5 Hz, 2H, C23-H,), 2.49 (s,
3H, C9-Hz), 1.85 — 1.54 (m, 4H, C21-Ha, C22-H3), 1.23 (d, J = 6.3 Hz, 3H, C19-H3).

13C NMR (100 MHz, DMSO-de) 5 168.0 (C24, C24’), 156.7 (d, J = 236.1 Hz, C14), 150.9 (C6), 148.8 (d,
J=10.3 Hz, C12), 145.0 (C11), 144.2 (C2), 143.1 (C8a*), 141.7 (C4), 134.3 (C27, C27’), 132.9 (C5*),
131.6 (C25, C25), 124.8 (C3), 124.2 (C8*), 123.8 (C4a), 123.0 (C26, C26'), 112.9 (d, J = 10.3 Hz, C16),
105.6 (d, J = 22.5 Hz, C15), 101.0 (d, J = 27.5 Hz, C13), 93.1 (C7), 56.2 (C10), 56.1 (C17), 47.0 (C20),
37.5(C23), 33.3 (C21), 24.9 (C22), 21.6 (C9), 20.3 (C19).

IR (KBr), vmax (cm™) 3367 (st N-H), 2937 (st C-H), 1709 (st C=0), 1610 (b N-H), 1525, 1502 (st Car- Car),
1450 (st Car- Car), 1395, 1187 (st C-O), 1106 (st Car-N), 1028, 951, 831, 718 (w N-H).

MS (70 eV, El) m/z (%): 544.3 (15%) [M+1]*, 543.3 (33%) [M]*, 356.2 (15%), 355.2 (61%) [M-
Ci1H10NO2]*, 216.1 (17%), 215.2 (28%) [C13H1aN20]*, 188.1 (58%) [C11H10NO2]*, 161.2 (18%), 160.2
(100%) [CoHeNO2]*, 130.1 (33%), 84.0 (33%).

HRMS (Q-TOF): m/z calculated for C31H30FN3Os [M]*: 543.2169 Found: 544.2206 [M+H]*
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mp: 117-121°C

2-(5-((5-(4-bromo-2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-yl)Jamino)hexyl)isoindoline-
1,3-dione (14{5})

14({5} 20 21

Starting from 5-(4-bromo-2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-amine 12{5} and 2-(5-
oxohexyl)isoindoline-1,3-dione 13{2}, the product 14{5} (LMF271) was obtained as a yellow slurry
with 31% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) & 8.36 (d, J = 4.2 Hz, 1H, C2-H), 7.81 (s, 4H, C26-H, C26'-H, C27-H, C27-
H'), 7.64 (dd, J = 10.8, 2.4 Hz, 1H, C13-H), 7.20 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 7.17 (ddd, J = 8.8, 2.4,
1.5 Hz, 1H, C16-H), 6.61 (s, 1H, C7-H), 6.43 (t, J = 9.0 Hz, 1H, C15-H), 6.34 (d, J = 8.9 Hz, 1H, N17-H),
3.79 (s, 3H, C10-Hs), 3.77 = 3.72 (m, 1H, C19-H), 3.58 (t, J = 7.0 Hz, 2H, C23-H,), 2.52 (d, J = 0.6 Hz, 3H,
C9-H3), 1.77 — 1.29 (m, 6H, C20-H2,C21-H2,C22-H>), 1.23 (d, J = 6.3 Hz, 3H, C18-Hs).

13C NMR (100 MHz, DMSO-ds) § 168.0 (C24, C24’), 151.0 (d, J = 248.7 Hz, C12), 150.8 (C6), 146.5 (d,
J=10.4 Hz, C11), 144.4 (C2), 143.7 (C8a*), 141.1 (C4), 134.3 (C27, C27’), 132.6 (C5*), 131.5 (C25, C25'),
127.8(d, J = 3.5 Hz, C16), 125.1 (C3), 123.4 (C4a), 123.2 (C8*), 122.9 (C26, C26), 119.8 (d, J = 20.6 Hz,
C13), 117.0 (C15), 111.5 (d, J = 8.5 Hz, C14), 92.5 (C7), 56.3 (C10), 47.1 (C19), 37.3 (C23), 35.8 (C20),
27.9(C22*), 23.0 (C21*), 21.8 (C9), 20.4 (C18).

IR (ATR), vmax (cm) 3379 (st N-H), 2931 (st C-H), 2855 (st C-H), 1707 (st C=0), 1616 (b N-H), 1526 (st
Car- Car), 1500 (st Car- Car), 1395, 1353, 1261 (st C-0), 1194 (st C-N), 717 (w N-H).
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MS (70 eV, El) m/z (%): 607.3 (35%) [M+2]", 606.3 (6%) [M+1]*, 605.3 (36%) [M]*, 418.3 (16%), 417.3
(54%) [M-C11H10NO3]*, 406.1 (21%), 405.3 (51%), 403.3 (59%) [M-C12H12NO3]*, 216.1 (30%), 215.3
(83%), 215.1 (100%) [C13H14N20]*, 203.1 (44%) [C12H12NO2]*, 188.1 (23%) [CeH4BrF]* , 175.1 (29%),
173.1 (21%) [C10H/NO2]*, 172.1 (24%), 160.1 (69%) [CoHsNO2]*, 130.1 (25%), 56.1 (22%).

HRMS (Q-TOF): m/z calculated for C31H29BrFN304 [M]*: 605.1325 Found: 606.1360 [M+H]*, 608.1361
[M+H+2]*

2-(5-((5-(3-bromo-4-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-yl)amino)hexyl)isoindoline-
1,3-dione (14{6})

Starting from 5-(3-bromo-4-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-amine 12{6} and 2-(5-
oxohexyl)isoindoline-1,3-dione 13{2} , the product 14{6} (LMF305) was obtained as a thick yellow
slurry with 43% vyield.

Spectroscopic data:

H NMR (400 MHz, DMSO-de) & 8.35 (d, J = 4.2 Hz, 1H, C2-H), 7.82 — 7.80 (m, 4H, C27-H, C27'-H, C28-
H, C28"-H), 7.17 (dd, J = 4.3, 0.9 Hz, 1H, C3-H), 7.00 (d, J = 9.2 Hz, 1H, C15-H), 6.94 (d, J = 3.0 Hz, 1H,
C12-H), 6.68 (dd, J = 9.0, 3.0 Hz, 1H, C16-H), 6.60 (s, 1H, C7-H), 6.29 (d, J = 8.9 Hz, 1H, N18-H), 3.78 (s,
3H, C10-H3), 3.76 (s, 3H, C17-Hz), 3.73 (m, 1H, C20-H), 3.57 (dt, J = 9.7, 6.9 Hz, 2H, C24-H,), 2.53 (d,
J=0.6 Hz, 3H, C9-Hs), 1.79 — 1.40 (m, 6H, C21-Hz, C22-H,, C23-H2), 1.23 (d, J = 6.3 Hz, 3H, C19-Hs).

13¢C NMR (100 MHz, DMSO-ds) & 167.9 (C25, C25’), 153.5 (C11), 151.0 (C6), 150.0 (C14), 144.3 (C2),
143.3 (C8a*), 141.4 (C4), 134.3 (C28, C28'), 132.7 (C5*), 131.5 (C26, C26'), 124.9 (C3), 124.4 (C8*),
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123.8 (C4a), 123.0 (C27, C27’), 118.8 (C12), 114.3 (C16), 113.5 (C15), 110.9 (C13), 92.9 (C7), 56.5 (C17),
56.3 (C10), 47.1 (C20), 37.2 (C24), 35.8 (C21), 27.9 (C23), 22.9 (C22), 22.5 (C9), 20.4 (C19).

IR (ATR), vmax (cm™) 3393 (st N-H), 2929 (st C-H), 2856 (st C-H), 1705 (st C=0), 1608 (b N-H), 1525 (st
Car- Car), 1488, 1395 (st Car- Car), 1353, 1193 (st C-0), 1042 (st C-N), 717 (w N-H).

MS (70 eV, El) m/z (%): 619.3 (67%) [M+2]*, 618.3 (11%) [M+1]*, 617.3 (69%) [M]*, 418.3 (34%), 417.3
(95%), 415.2 (74%) [M-C12H12NO2]*, 215.1 (62%) [C13H1aN20]*, 203.1 (18%) [C12H12NO2]*, 188.1 (81%)
[C11H10NO2]*, 175.1 (28%), 174.1 (21%) [C10HsNO2]*, 160.2 (100%) [CoHsNO-2]*, 77.1 (26%), 76.1 (32%),
56.1 (25%).

HRMS (Q-TOF): m/z calculated for C32H32BrNsOs [M]*: 617.1525 Found: 618.1576 [M+H]*, 620.1561
[M+H+2]*

2-(4-((5-(4-bromo-2-chloro-6-fluorophenoxy)-6-methoxy-4-methylquinolin-8-
yl)Jamino)pentyl)isoindoline-1,3-dione (14{7})

Br.
14

14({7} 20 21

Starting from 5-(4-bromo-2-chloro-6-fluorophenoxy)-6-methoxy-4-methylquinolin-8-amine 12{7}
and 2-(4-oxopentyl)isoindoline-1,3-dione 13{1}, the product 14{7} (LMF307) was obtained as a thick
yellow slurry with 43% vyield.

Spectroscopic data:

H NMR (400 MHz, DMSO-de) 5 8.38 (d, J = 4.2 Hz, 1H, C2-H), 7.80 (m, 4H, C25-H, C25’-H, C26-H, C26'-
H), 7.61 (t, J = 1.9 Hz, 1H, C13-H), 7.49 (dd, J = 11.5, 2.3 Hz, 1H, C15-H), 7.25 (J = 4.3, 0.9 Hz, 1H, C3-
H), 6.44 (s, C7-H), 6.21 (d, J = 8.9 Hz, 1H, C7-H), 3.72 (m, 1H, C19-H), 3.60 (s, 3H, C10-Hs), 2.64 (d,
J=0.7 Hz, 3H, C9-Hz), 1.78 — 1.47 (m, 4H, C20-Ha, C21-H2), 1.17 (d, J = 6.2 Hz, 3H, C18Hs).
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13C NMR (100 MHz, DMSO-ds) & 168.0 (C23, C23’), 154.4 (d, J = 249.5 Hz, C16), 149.1 (C6), 144.5 (C2),
143.1 (C8a*), 142.6 (d, J = 8.4 Hz, C11), 141.9 (C4), 134.3 (C26, C26'), 132.5 (C5*), 131.5 (C23, C23'),
128.9 (C8*), 128.3 (d, J = 3.9 Hz, C13), 126.1 (d, J = 3.4 Hz, C12**), 124.9 (C3), 122.9 (C25, C25'), 122.6
(C4a), 119.5 (d, J = 22.9 Hz, C15), 112.9 (d, J = 9.7 Hz, C14), 93.0 (C7), 56.7 (C10), 46.9 (C19), 37.5 (C22),
32.9(C20), 24.6 (C21), 22.7 (C9), 20.1 (C18).

IR (ATR), vmax (cm™) 3383 (st N-H), 2929 (st C-H), 2851 (st C-H), 1708 (st C=0), 1613 (b N-H), 1572,
1525 (st Car- Car), 1487 (st Car- Car), 1395, 1252 (st C-0), 929, 718 (w N-H).

MS (70 eV, EI) m/z (%): 629.3 (9%) [M+4]*, 627.3 (22%) [M+2]*, 626.3 (5%) [M+1]*, 625.3 (18%) [M]",
593.3 (30%), 591.3 (24%) [M-CI]*, 439.2 (54%), 437.2 (43%) [M-C11H10NO2]*, 405.2 (991%), 403.2 (76%)
[M-C6H2BrCIFOphenoiate)]*, 389.2 (17%), 387.2 (15%), 215.1 (37%) [CisH1aN20]*, 203.1 (17%)
[C12H12NO2], 187.1 (81%) [C1HeNO2]*, 175.1 (15%), 161.1 (16%), 160.1 (100%) [CoHsNO2]*, 104.1
(21%), 77.1 (15%), 76.1 (14%).

HRMS (Q-TOF): m/z calculated for C3oH26BrCIFN304[M]*: 625.0779 Found: 626.0823 [M+H]*, 628.0802
[M+H+2]*, 630.0800 [M+H+4]*

5.2.2.10.Synthesis of N-(6-methoxy-4-methyl-5-(phenoxy)quinolin-8-

yl)alkyldiamine derivatives

Aryl Aryl
e Hydrazine hydrate e
-0 N BOH O N
N/o 80°C, 5h NT
NH NH
)\/\HN )\/\HNHg
1-2 1-2
(0]

14 15

A mixture of 0.21 mmol (1.0 eq.) of the corresponding 14 analog and 8 ml of ethanol were
placed in a 10 ml round-bottomed flask and refluxed at 80 °C for 30 minutes. Next, 0.07 ml (5.7 eq.)
of hydrazine hydrate were added and stirred at the same temperature for 5 hours. The reaction
mixture was evaporated under vacuum and the residue was partitioned twice with 3 ml of 10% KOH
and 3 ml of AcOEt. The resulting organic layers were washed four times with 3 ml of water, dried with
anhydrous sodium sulfate and the solvent was finally removed by rotary evaporation to yield the pure

desired N-(6-methoxy-4-methyl-5-(phenoxy)quinolin-8-yl)alkyldiamine derivative (15).
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N*-(6-methoxy-4-methyl-5-(3,4,5-trimethoxyphenoxy)quinolin-8-yl)pentane-1,4-diamine (14{1})

Starting from 2-(4-((6-methoxy-4-methyl-5-(3,4,5-trimethoxyphenoxy)quinolin-8-
yl)amino)pentyl)isoindoline-1,3-dione 14{1}, the product 15{1} (LMF270) was obtained as an orange
solid with 83% yield.

Spectroscopic data:

H NMR (400 MHz, CDs0D) & 8.39 (d, J = 4.3 Hz, 1H, C2-H), 7.17 (dd, J = 4.3, 1.0 Hz, 1H, C3-H), 6.65 (s,
1H, C7-H), 6.06 (s, 2H, C12-H, C12’-H), 3.86 (s, 3H, C10-Hs), 3.85 — 3.76 (m, 1H, C19-H), 3.71 (s, 3H,
C16-Hs), 3.68 (s, 6H, C15-Hs, C15-Hs), 2.85 — 2.76 (m, 2H, C22-Hy), 2.66 (d, J = 1.0 Hz, 3H, C9-Hs), 1.84
—1.65 (m, 4H, C20-H,, C21-H,), 1.36 (d, J = 6.4 Hz, 3H, C18-H3).

13C NMR (100 MHz, CDs0D) & 158.0 (C11), 155.1 (C13, C13’), 152.8 (C6), 145.7 (C2), 144.9 (C8a*),
144.2 (C4), 134.9 (C5*), 133.5 (C14), 127.1 (C8*), 125.9 (C4a), 125.9 (C3), 94.9 (C7), 93.6 (C12, C12'),
61.2 (C16), 57.2 (C10), 56.5 (C15, C15’), 49.0 (C19), 35.0 (C20), 28.5 (C21), 23.3 (C9), 20.9 (C18).

IR (ATR), vmax (cm™) 3378 (st N-H), 2934 (st C-H), 2832 (st C-H), 1595 (st Car- Car), 1525 (b N-H), 1445
(st Car- Car), 1219 (st Car-N), 1223 (st C-0), 1040 (st C-N), 988, 809 (w N-H).

MS (70 eV, El) m/z (%): 456.3 (39%) [M+1]*, 455.3 (100%) [M]*, 397.2 (94%) [M- CsHsN]*, 371.2 (22%)
[M- CsH12N]*, 203.1 (22%), 84.1 (39%), 57.1 (75%) [CaHo]*.

HRMS (Q-TOF): m/z calculated for CasH33N3Os [M]*: 455.2420 Found: 612.1192 [M+H]*, 614.1168
[M+H+2]*

mp: 87-92 °C
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N3-(6-methoxy-4-methyl-5-(2,4,5-trichlorophenoxy)quinolin-8-yl)hexane-1,5-diamine (15{2})

NH,
24

Starting from 2-(5-((6-methoxy-4-methyl-5-(2,4,5-trichlorophenoxy)quinolin-8-
yl)amino)hexyl)isoindoline-1,3-dione 14{2}, the product 15{2} (LMF274) was obtained as an orange
solid with 93% yield.

Spectroscopic data:

H NMR (400 MHz, CDsOD) 6 8.41 (d, J = 4.3 Hz, 1H, C2-H), 7.68 (s, 1H, C13-H), 7.20 (dd, J = 4.3, 0.9
Hz, 1H, C3-H), 6.62 (s, 1H, C7-H), 6.52 (s, 1H, C16-H), 3.87 (s, 3H, C10-Hs), 3.80 (m, 1H, C19-H), 2.76 (t,
J=6.9 Hz, 2H, C23-H2), 2.61 (d, J = 0.9 Hz, 3H, C9-H3), 1.84 — 1.66 (m, 2H, C20-H,), 1.68 — 1.51 (m, 4H,
C21-Ha, C22-H3), 1.36 (d, J = 6.3 Hz, 3H, C18-Hs).

3¢ NMR (100 MHz, CDsOD) & 155.8 (C13), 152.2 (C6), 145.8 (C2), 145.7 (C8a*), 143.3 (C4), 134.7
(C5*), 132.4 (C15), 132.2 (C13), 126.3 (C3), 125.5 (C14), 125.5 (C8*), 125.0 (C4a), 122.3 (C12), 116.9
(C16), 93.7 (C7), 57.1 (C10), 49.0, (C19), 41.9 (C23), 37.7 (C20), 32.1 (C22), 24.5 (C21), 22.6 (C9), 20.8
(C18).

IR (ATR), vmax (cm™) 3381 (st N-H), 2926 (st C-H), 2851 (st C-H), 1609 (st Car- Car), 1525 (b N-H), 1448
(st Car- Car), 1350 (st Car-N), 1224 (st C-O), 1075 (st C-N), 926, 753 (w N-H).

MS (70 eV, El) m/z (%): 487.2 (2%) [M+6]*, 485.2 (5%) [M+4]*, 483.2 (38%) [M+2]*, 481.1 (38%) [M]*,
413.5 (32%) [M+4-CaH1oN]*, 411.1 (93%) [M+2-CaH1oN]*, 409.1 (100%) [M-CaH10N]*, 215.1 (51%)
[C13H1aN20]*, 203.1 (54%), 98.1 (61%), 57.1 (75%) [CaHol*.

HRMS (Q-TOF): m/z calculated for C23H26ClsN3O2 [M]*: 481.1091 Found: 482.1153 [M+H]*, 484.1127
[M+H+2]*, 486.1113 [M+H+4]*, 488.1106[ M+H+6]*,

mp: 94-98 °C
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N*-(5-(2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-yl)pentane-1,4-diamine (15{3})

Starting from 2-(4-((5-(2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-yl)Jamino)pentyl)isoindoline-
1,3-dione 14{3}, the product 15{3} (LMF269) was obtained as a yellow solid with 89% yield.

Spectroscopic data:

1H NMR (400 MHz, CD:0D) & 8.39 (d, J = 4.3 Hz, 1H, C2-H), 7.23 — 7.18 (m, 1H, C13-H), 7.17 (dd,
J=4.3,1.0 Hz, 1H, C3-H), 6.95 — 6.90 (m, 2H, C14-H, C16-H), 6.63 (s, 1H, C7-H), 6.50 — 6.39 (m, 1H,
C15-H), 3.84 (s, 3H, C10-H), 3.83 —3.76 (m, 1H, C19-H), 2.76 (t, J = 7.0 Hz, 2H, C22-Hy), 2.64 (d, J = 0.7
Hz, 3H, C9-Hs), 1.82 — 1.63 (m, 4H,C20-H,,C21-H,), 1.36 (d, J = 6.3 Hz, 3H, C18-H3).

13C NMR (100 MHz, CD30D) 6 153.3 (d, J = 244.4 Hz, C12), 152.5 (C6), 148.77 (d, J = 10.3 Hz, C11),
145.7 (C2), 145.1 (C8*), 143.9 (C4), 134.9 (C8a*), 126.5 (C5*), 126.0 (C3), 125.7 (C4a), 125.4(d, J=3.8
Hz, C16), 122.6 (d, /= 6.7 Hz, C14), 117.2 (d, J = 17.9 Hz, C13), 116.4 (C15), 94.5 (C7), 57.1 (C10), 49.0
(C19), 42.3 (C22), 35.2 (C20), 29.6 (C21), 22.7 (C9), 20.9 (C18).

IR (ATR), vmax (cm™) 3374 (st N-H), 2935 (st C-H), 2860 (st C-H), 1609 (st Car- Car), 1525 (bend N-H),
1497 (st Car- Car), 1256 (st Car-N), 1192 (st C-0), 1103 (st C-N), 931, 747 (w N-H).

MS (70 eV, El) m/z (%): 384.3 (15%) [M+1]*, 383.3 (42%) [M]*, 325.2 (100%) [M- CsHsN]*, 299.2 (21%),
215.1 (29%) [C13H1aN201*, 203.1 (21%), 188.1 (27%) [C11H12N20]*, 175.1 (13%), 159.1 (18%).

HRMS (Q-TOF): m/z calculated for C22H26FN302 [M]*: 383.2009 Found: 384.2064 [M+H]*

mp: 88-103 °C
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N*-(5-(4-fluoro-2-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-yl)pentane-1,4-diamine
(15{4})

Starting from 2-(4-((5-(4-fluoro-2-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-
yl)amino)pentyl)isoindoline-1,3-dione 14{4}, the product 15{4} (LMF261) was obtained as an ocher-
brownish solid with 94% yield.

Spectroscopic data:

!H NMR (400 MHz, CD30D) & 8.38 (d, J = 4.3 Hz, 1H, C3-H), 7.15 (dd, J = 4.3, 0.9 Hz, 1H, C4-H), 6.89
(dd, J=10.3, 2.9 Hz, 1H, C13-H), 6.63 (s, 1H, C7-H), 6.44 (ddd, J = 8.9, 8.1, 2.9 Hz, 1H, C15-H), 6.25 (dd,
J=8.9,5.5 Hz, 1H, C16-H), 3.95 (s, 3H, C17-Hs), 3.83 (s, 3H, C10-Hs), 3.84 — 3.74 (m, 1H, C20-H), 2.84
—2.76 (m, 2H, C23-H,), 2.62 (d, J = 0.9 Hz, 3H, C9-Hs), 1.80 — 1.70 (m, 4H, C21-Hz, C22-H,), 1.36 (d,
J =6.3 Hz, 3H, C19-H3).

13C NMR (100 MHz, CD:0D) 6 158.9 (d, J= 237.6 Hz, C14), 152.5 (C6), 150.6 (d, J = 10.0 Hz, C12), 146.7
(C11), 145.7 (C2), 144.9 (C8a*), 144.2 (C4), 135.0 (C5*), 127.1 (C8*), 125.9 (C3), 123.4 (C4a), 114.5 (d,
J = 9.8 Hz, C16), 106.7 (d, J = 23.1 Hz, C15), 101.8 (d, J = 27.8 Hz, C13), 94.8 (C7), 57.1 (C10), 56.8
(C17), 49.0 (C20), 42.0 (C23), 35.0 (C21), 28.8 (C22), 22.5 (C9), 20.9 (C19).

IR (ATR), vmax (cm™) 3383 (st N-H), 2926 (st C-H), 2859 (st C-H), 1608 (st Car=Car), 1525 (b N-H), 1501,
1449 (st Car- Car), 1402 (st Car-N), 1187 (st C-F), 1148 (st C-O), 1103 (st C-N), 1030, 949, 832 (w N-H).

MS (70 eV, EI) m/z (%): 413.2 (24%) [M]*, 355.2 (44%) [M-CsHsN]*, 329.1 (11%) [M- CsH11N]* 188.1
(100%) [C13H1aN20]*, 159.1 (69%), 84.1 (23%) [CsH11N]*, 55.1 (38%).

HRMS (Q-TOF): m/z calculated for C23H2sFN303 [M]*: 413.2115 Found: 414.2170 [M+H]*

mp: 102-104 °C
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N3-(5-(4-bromo-2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-yl)hexane-1,5-diamine (15{5})

15(5} 20\ 21
2223
NH»
24
Starting from 2-(5-((5-(4-bromo-2-fluorophenoxy)-6-methoxy-4-methylquinolin-8-

yl)amino)hexyl)isoindoline-1,3-dione 14{5}, the product 15{5} (LMF273) was obtained as a yellow-

greenish solid with 93% yield. The product showed absorbance and fluorescence at UV at 366 nm.
Spectroscopic data:

H NMR (400 MHz, CDs0D) 6 8.38 (d, J = 4.3 Hz, 1H, C2-H), 7.41 (dd, J = 10.6, 2.3 Hz, 1H, C13-H), 7.17
(dd, J = 4.3, 1.0 Hz, 1H, C3-H), 7.09 (ddd, J = 8.9, 2.3, 1.6 Hz, 1H, C16-H), 6.60 (s, 1H, C7-H), 6.41 (t,
J=8.9 Hz, 1H, C15-H), 3.84 (s, 3H, C10-H3), 3.77 (qt, J = 6.3 Hz, 1H, C19-H), 2.72 (t, J = 6.9 Hz, 2H, C23-
H2), 2.63 (s, 3H), 1.83 — 1.46 (m, 6H, C20-H,, C21-Hz, C22-H2), 1.34 (d, J = 6.3 Hz, 3H, C18-Hs).

13C NMR (100 MHz, CD30OD) 6 153.1 (d, J = 249.8 Hz, C12), 152.4 (C6), 148.3 (d, J = 10.3 Hz, C11), 145.7
(C2), 145.4 (C8a*), 143.6 (C4), 134.8 (C5*), 128.5 (d, J = 3.9 Hz, C16), 126.1 (C3), 125.8 (C8*), 125.5
(C4a*), 120.7 (d, J = 21.3 Hz, C13), 118.0 (d, J = 2.0 Hz, C15), 113.2 (d, J = 8.0 Hz, C14), 94.1 (C7), 57.0
(C10), 49.0 (C19) 42.2 (C23), 37.7 (C22), 33.0 (C20), 24.6 (C21), 22.7 (C9), 20.8 (C18).

IR (ATR), vmax (cm™t) 3380 (st N-H), 2930 (st C-H), 2857 (st C-H), 1610 (st Car- Car), 1525 (b N-H), 1489
(st Car- Car), 1260 (st Car-N), 1194 (st C-O), 1118 (st C-N), 1037, 806 (w N-H).

MS (70 eV, El) m/z (%): 477.2 (58%) [M+2]*,476.3 (28%) [M+1]*, 475.2 (59%) [M]*, 443.2 (31%), 441.2
(30%), 405.1 (91%) 403.1 (100%) [M+2-CaH10N]*, 403.1 (100%) [M-CaH10N]*, 371.1 (47%), 369.1 (52%),
215.1 (38%) [C13H1aN20]*, 175.1 (32%), 160.2 (26%), 98.1 (42%), 84.1 (33%) [CsH11N]*, 55.1 (25%).

HRMS (Q-TOF): m/z calculated for C23H27BrFN3O2 [M]*: 475.1271 Found: 476.1334 [M+H]*, 478.1317
[M+H+2]*

mp: 82-94 °C
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N3-(5-(3-bromo-4-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-yl)hexane-1,5-diamine (15{6})

23 24

NH,
25

Starting from 2-(5-((5-(3-bromo-4-methoxyphenoxy)-6-methoxy-4-methylquinolin-8-
yl)amino)hexyl)isoindoline-1,3-dione 14{6}, the product 15{6} (LMF306) was obtained as a yellow
solid with 90% yield.

Spectroscopic data:

H NMR (400 MHz, CD30D) 6 8.39 (d, J = 4.3 Hz, 1H, C2-H), 7.16 (dd, J = 4.3, 1.0 Hz, 1H, C3-H), 6.93 (d,
J=9.1 Hz, 1H, C15-H), 6.91 (d, J = 3.0 Hz, 1H, C12-H), 6.69 (dd, J = 9.0, 3.0 Hz, 1H, C16-H), 6.62 (d,
J=9.0 Hz, 1H, C7-H), 3.84 (s, 3H, C17-H3), 3.81 (s, 3H, C10-Hs), 3.80 — 3.70 (m, 1H, C20-H), 2.74 — 2.68
(t,J = 6.9 Hz, 2H, C24-H,), 2.63 (d, J = 0.7 Hz, 3H, C9-Hs), 1.84 — 1.47 (m, 6H, C21-H,, C22-H,, C23-Ha),
1.35 (d, J = 6.3 Hz, 3H, C19-H3).

13C NMR (100 MHz, CDs0D) & 155.4 (C11), 152.6 (C6), 152.1 (C14), 145.7 (C2), 145.0 (C8a*), 143.9
(C4), 134.9 (C4), 127.2 (C8*), 125.9 (C3), 125.8 (C4a), 120.6 (C12), 115.5 (C16), 114.3 (C15), 112.9
(C13), 94.7 (C7), 57.2 (C17), 57.1 (C10), 49.0 (C20), 42.2 (C24), 37.7 (C21), 33.0 (C23), 24.6 (C22), 23.2
(€9), 20.9 (C19).

IR (ATR), vmax (cm!) 3375 (st N-H), 2923 (st C-H), 2846 (st C-H), 1607 (st Car- Car), 1524 (b N-H), 1487
(st Car- Car), 1450 (st Car- Car), 1263 (st C-0), 1193 (st Car-N), 1135 (st C-N), 1040 (st Car-Br), 803, 752 (w
N-H).

MS (70 eV, El) m/z (%): 489.2 (25%) [M+2]*, 488.2 (9%) [M+1]*, 487.2 (25%) [M]*, 417.1 (54%) [M+2-
CsH10N]*, 415.1 (56%) [M-C4H10N]*, 287.2 (18%), 216.1 (21%), 215.1 (100%) [C13H14N20]*, 203.1 (31%),
188.1 (34%) [C11H12N20]*, 175.1 (18%), 159.1 (17%), 98.1 (32%), 97.1 (20%), 85.1 (28%), 84.1 (26%)
[CsH11N]*, 71.1 (34%), 69.1 (20%), 57.1 (41%) [CaHs]*, 55.1 (27%).
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HRMS (Q-TOF): m/z calculated for C2sH30BrN3O3 [M]*: 487.1471 Found: 488.1526 [M+H]*, 490.1509
[M+H+2]*

mp:98-103 °C

N*-(5-(4-bromo-2-chloro-6-fluorophenoxy)-6-methoxy-4-methylquinolin-8-yl)pentane-1,4-diamine
(15{7})

15{7} 20\ 21

Starting from 2-(4-((5-(4-bromo-2-chloro-6-fluorophenoxy)-6-methoxy-4-methylquinolin-8-
yl)amino)pentyl)isoindoline-1,3-dione 14{7}, the product 15{7} (LMF308) was obtained as a yellow
solid with quantitative yield (100%).

Spectroscopic data:

1H NMR (400 MHz, CD30D) & 8.40 (d, J = 4.3 Hz, 1H, C2-H), 7.47 (s, 1H, C13-H), 7.28 (d, J = 11.4 Hz,
1H, C15-H), 7.23 (dd, J = 4.4, 1.0 Hz, 1H, C3-H), 6.50 (s, 1H, C7-H), 3.75 (m, 1H, C19-H), 3.72 (s, 3H,
C10-Hs), 2.78 (d, J = 0.8 Hz, 3H, C9-Ha), 2.76 (t, J = 7.0 Hz, 2H, C22-H>), 1.78 — 1.62 (m, 4H, C20-H,, C21-
H2), 1.33 (d, J = 6.3 Hz, 3H, C18-H3).

13C NMR (100 MHz, CD30D) & 155.2 (d, J = 252.9 Hz, C16), 150.7 (C6), 145.8 (C2), 144.4 (C4), 144.3
(C8a*), 144.1 (d, J = 9.8 Hz, C11) 134.7 (C5*), 129.5 (C13), 128.2 (C8*), 126.0 (C3), 124.6 (C4a), 120.2
(d, J = 23.3 Hz, C15), 119.1 (d, J = 5.3 Hz, C12), 114.1 (d, J = 10.7 Hz, C14), 94.5 (C7), 57.4 (C10), 49.0
(C19), 42.1 (C2), 35.0 (C20), 29.1 (C21), 23.5 (C9), 20.9 (C18).

IR (ATR), vmax (cm™t) 3380 (st N-H), 2932 (st C-H), 2857 (st C-H), 1572 (st Car- Car), 1525 (b N-H), 1467
(st Car- Car), 1403 (st Car- Car), 1262 (st Car-0), 1213 (st C-N), 929, 844 (w N-H).

MS (70 eV, El) m/z (%): 499.1 (10%) [M+4]*, 497.2 (36%) [M+2]*, 496.2 (8%) [M+1]*, 495.2 (29%) [M]",
441.1(20%), 439.1 (76%), 437.1 (64%) [M-C3HsN]*, 215.1 (28%) [C13H14N20]*, 203.1 (51%), 188.1 (20%)
[C11H12N20]*, 175.1 (29%), 129.1 (28%), 126.1 (58%), 111.1 (42%), 105.1 (55%), 98.1 (51%), 97.1 (56%),
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85.1 (52%) [CsH12N]*, 84.1 (56%) [CsH11N]*, 83.1 (59%), 81.1 (40%), 71.1 (68%), 69.1 (76%), 59.1 (87%),
57.1 (100%) [CaHs]*, 55.1 (95%).

HRMS (Q-TOF): m/z calculated for C22H24BrCIFN302 [M]*: 495.0724 Found: 496.0782 [M+H]*, 498.0760
[M+H+2]*, 500.0750 [M+H+4]*

mp: 88-92 °C
5.2.3. Synthesis of quinazoline derivatives

5.2.3.1. Synthesis of 7-fluoroquinazolin-4(3H)-one

COOH 0 5
CC" Y e CE
F NH, NH, 120°C, ON aaN/)2

F77
27 31 32

1

10.00g (64.5 mmol, 1.0 eq.) of 2-amino-4-fluorobenzoic acid (27) were added to a 50 ml
round-bottomed flask along with 22.2 ml (10.0 eq.) of formamide (31). The mixture was heated and
stirred at 120 °C and left reacting overnight. The reaction was checked by TLC ensuring the completely
disappearance of the starting materials (27). Later, the mixture was cooled to room temperature and
poured into ice-cold water with the subsequent formation of a pale brown precipitate. This was
filtered, washed three times with water and dried in vacuo over P20s to afford 8.18 g of 7-
fluoroquinazolin-4(3H)-one (32, LMF314) as pale-brown solid (77% yield).

Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) 5 12.34 (s, 1H, N3-H), 8.18 (dd, J = 8.8, 6.4 Hz, 1H, C5-H), 8.13 (s, 1H,
C2-H), 7.45 (dd, J = 10.1, 2.5 Hz, 1H, C8-H), 7.39 (td, J = 8.7, 2.6 Hz, 1H, C6-H).

13C NMR (100 MHz, DMSO-ds) 8 165.6 (d, J = 251.0 Hz, C7), 160.1 (C4), 150.9 (C8a), 146.9 (C2), 129.0
(d, J = 10.9 Hz, C5), 119.6 (C4a), 115.3 (d, J = 23.5 Hz, C6), 112.3 (d, J = 21.4 Hz, C8).

IR (ATR), ATR (cm%) 3180 (st N-H), 3042, 2891 (st C-H), 1683 (st C=0), 1617, 1450, 1252 (st C-N), 1127,
890 (oop b Car-H), 777.

HRMS (Q-TOF): m/z calculated for CsHsFN20 [M]*: 164.0386. Found: 165.0460 [M+H]*
mp: 247-248 °C
The recorded spectroscopic data are consistent with the previously described (bibliographic yield:

66%)20622%,
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5.2.3.2. Synthesis of 7-fluoro-6-nitroquinazolin-4(3H)-one

0 H3804c) s 9
NH fuming HNO, O,N. 6 o NH
/) RT. 1h 8a /)2
F N 110°C, 2h F77y~ N
)
32 33

10 ml of fuming nitric acid were poured dropwise over 10 ml of concentrated sulfuric acid
and mixed at 0 °C in an ice-water bath. The mixture was then added dropwise to a 50 ml round-
bottomed flask containing 5.00g (20.0 mmol, 1.0 eq.) of 7-fluoroquinazolin-4(3H)-one (32) and left
stirring at room temperature for 1 hour. Later, the mixture was slowly heated to 110 °C and stirred
for 2 hours turning into an orange color. The mixture was poured into 200 ml of ice-water forming a
pale-yellow precipitate and the aqueous mixture was allowed to warm to room temperature and
totally precipitate overnight. The precipitate was then separated from the suspension by vacuum
filtration, washed three times with water and dried in vacuo over P,Osto yield 5.84 g of 1,2-7-fluoro-
6-nitroquinazolin-4(3H)-one (33, LMF324) as a pale-yellow solid (92% yield).

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 5 12.82 (s, 1H, N3-H), 8.75 (d, J = 8.3 Hz, 1H, C5-H), 8.32 (s, 1H, C2-H),
7.80 (d, J = 12.3 Hz, 1H, C8-H).

13C NMR (100 MHz, DMSO-ds) 6 159.4 (C4), 157.6 (d, J= 265.6 Hz, C7), 154.1 (d, J= 13.6 Hz, C8a), 150.0
(C2), 135.4 (d, J= 9.8 Hz, C6), 125.6 (C4a), 119.3 (d, J= 2.3 Hz, C5), 115.6 (d, J= 23.5 Hz, C8).

IR (ATR), vmax (cm™) 3183 (st N-H), 3021, 2892, 1672 (st C=0), 1625, 1606 (st Car-Car), 1571 (st asym
NO:), 1521, 1342, 1326 (st sym NO), 1280, 1262 (st C-N), 937, 874 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for CsHaFN3O3 [M]*: 209.0237. Found: 210.0310 [M+H]*
mp: 277-282 °C

The recorded spectroscopic data are consistent with the previously described (bibliographic yield:
86%)206’224.
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5.2.3.3. Synthesis of 7-fluoro-N-phenyl-6-nitroquinazolin-4-amines

o 1) SOCI,, POCI3, DMF HN R4
O,N 110°C 2h O,N

_ 2) iPrOH »
F N RT, OIN F N

33 3 28

-TR
\\u 2
HoN R4

34

0.95 mmol (1.0 eq.) of 7-fluoro-6-nitroquinazolin-4(3H)-one (33), 23.30 mmol (24.5 eq.) of
thionyl chloride, 3.20 mmol (3.4 eq.) of phosphorus (V) oxychloride and 0.26 mmol (0.27 eq.) of dry
DMF were stirred in a 10 ml round-bottomed flask and heated to 100° for 2 hours. Later the
transparent yellow mixture was cooled to room temperature and the solvent removed in vacuo with
three washes of toluene to totally remove the DMF traces. The pale yellow remaining solid
corresponding to the chlorinated intermediate derivative was used further on without purification.
This was suspended in 20 ml of isopropanol (iPrOH) in a 50 ml round-bottomed flask and 1.36 mmol
(1.5 eq.) of the corresponding aniline (34) were added. The flask was set to stir at room temperature
overnight becoming a suspension. The following day, the total precipitation of the desired product
was favored by adding 15 ml of hexane. After 30 minutes, the suspension was filtered with suction,
washed twice with hexane and dried in vacuo to remove the excess of isopropanol or hexane to afford

the desired N-phenyl-7-fluoro-6-nitroquinazolin-4-amine (28).

N-(2-chloro-4-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{1})

15 13 F
10 12
s HN T
O,N. 6 4\; o]
4a
£7 8a 2y

28(1}

Starting from 7-fluoro-6-nitroquinazolin-4(3H)-one (33) and 2-chloro-4-fluoroaniline (34{1}), the
product 28{1} (LMF332) was obtained as a powdery yellow solid with 97% yield.
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Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) 5 11.14 (s, 1H, N9-H), 9.69 (d, J = 7.8 Hz, 1H, C5-H), 8.71 (s, 1H, C2-H),
7.93 (d, J = 12.0 Hz, 1H, C8-H), 7.67 (dd, J = 8.6, 2.9 Hz, 1H, C12-H), 7.60 (dd, J = 8.8, 5.7 Hz, 1H, C15-
H), 7.37 (ddd, J = 8.8, 8.2, 2.9 Hz, 1H, C14-H).

13C NMR (100 MHz, DMSO-ds) & 160.9 (d, J = 248.1 Hz, C13), 160.3 (C4), 157.4 (d, J = 268.1 Hz, C7),
155.6 (C2), 147.5 (C8a), 147.4 (C10), 136.4 (d, J = 9.9 Hz, C6), 131.9 (d, J = 11.7 Hz, C11), 130.8 (d,
J=10.2 Hz, C15), 125.6 (C5), 117.3 (d, J = 26.2 Hz, C12), 115.3 (d, J = 22.4 Hz, C14), 111.0 (d, J = 23.1
Hz, C8), 110.2 (C4a).

IR (ATR), vmax (cm™) 2993, 2648, 2605, 1618 (b N-H), 1548 (asym st NO2), 1491, 1434 (st Car-Car),
1381 (sym st NO2), 1334 (st Car-N), 1203, 901, 877, 798 (w N-H), 755 (0oop b Car-H).

HRMS (Q-TOF): m/z calculated for C1aH7CIF2N4O2 [M]*: 336.0226. Found: 337.0296 [M+H]*, 339.0274
[M+H+2]*

mp: 249-252 °C

N-(3-chloro-2-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{2})

15 13
9 10
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Starting from 7-fluoro-6-nitroquinazolin-4(3H)-one (33) and 3-chloro-2-fluoroaniline (34{2}), the
product 28{2} (LMF320) was obtained as a powdery yellow solid with 99% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 5 11.05 (s, 1H, N9-H), 9.67 (d, J = 7.9 Hz, 1H, C5-H), 8.75 (s, 1H, C2-H),
7.93 (d, J = 12.1 Hz, 1H, C8-H), 7.59 (ddd, J = 8.3, 6.8, 1.7 Hz, 1H, C15-H), 7.52 (ddd, J = 8.3, 6.8, 1.7 Hz,
1H, C13-H), 7.35 (td, J = 8.1, 8.1, 1.4 Hz, 1H, C14-H).

13C NMR (100 MHz, DMSO-ds) § 157.0 (d, J= 266.3 Hz, C7), 156.9 (C2), 156.9 (C4), 152.3 (d, J= 250.2
Hz, C11), 150.6 (C8a), 136.1 (C6), 136.0 (d, J= 10.0 Hz, C10), 128.8 (C13), 127.0 (C15), 125.3 (C14),
125.2 (d, J= 3.3 Hz, C5), 120.4 (d, J= 16.4 Hz, C12), 117.1 (C4a), 113.0 (d, J= 21.9 Hz, C8).
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IR (ATR), vmax (cmY) 3041 (st N-H), 2913, 2456, 1624 (b N-H), 1575 (asym st NO), 1480, 1439 (st Car-
Car), 1365 (sym st NO2), 1346 (st Car-N), 1050, 901 (w N-H), 778 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C1aH7CIF2N4O2 [M]*: 336.0226. Found: 337.0298 [M+H]*, 339.0274
[M+H+2]*

mp: 245-249 °C

N-(3-chloro-4-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{3})

O,N 4.3
2 : 4a\N
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F77 N
8 1
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Starting from 7-fluoro-6-nitroquinazolin-4(3H)-one (33) and 3-chloro-4-fluoroaniline (34{3}), the
product 28{3} (LMF339) was obtained as an orange solid with 77% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 5 11.31 (s, 1H, N9-H), 9.76 (d, J = 7.8 Hz, 1H, C5-H), 8.86 (s, 1H, C2-H),
8.11 (dd, J = 6.8, 2.6 Hz, 1H, C11-H), 7.93 (d, J = 12.0 Hz, 1H, C8-H), 7.79 (ddd, J = 9.0, 4.3, 2.6 Hz, 1H,
C15-H), 7.53 (t, J = 9.1 Hz, 1H, C14-H).

13C NMR (100 MHz, DMSO-ds) 6 158.8 (C4), 157.0 (d, J = 266.8 Hz, C7), 156.7 (C2), 154.6 (d, J = 245.4
Hz, C13), 150.0 (C8a), 136.0 (d, J = 9.7 Hz, C6), 134.7 (C10), 125.4 (C11), 125.1 (C12), 124.9 (C5), 124.1
(d, J=7.3 Hz, C15), 116.8 (d, J = 21.9 Hz, C14), 112.7 (d, J = 21.6 Hz, C8), 110.9 (C4a).

IR (ATR), vmax (cm™) 2995, 2547, 1619 (b N-H), 1576 (asym st NO>), 1496, 1440 (st Car-Car), 1379 (sym
st NO3), 1330 (st Car-N), 1262, 1206, 801 (w N-H), 783 (00p b Car-H).

HRMS (Q-TOF): m/z calculated for C14H7CIF2N4O2 [M]*: 336.0226. Found: 337.0299 [M+H]*, 339.0274
[M+H+2]*

mp: 232-238 °C
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N-(2-chloro-3-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{4})
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Starting from 7-fluoro-6-nitroquinazolin-4(3H)-one (33) and 2-chloro-3-fluoroaniline (34{4}), the
product 28{4} (LMF349) was obtained as a powdery pale-yellow solid with 92% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) 5 11.23 (s, 1H, N9-H), 9.65 (d, J = 7.8 Hz, 1H, C5-H), 8.68 (s, 1H, C2-H),
7.91(d, J=12.0 Hz, 1H, C8-H), 7.51 (m, C14-H), 7.45 (m, C15-H), 7.39 (d, / = 7.8 Hz, 1H, C13-H).

13C NMR (100 MHz, DMSO-ds) & 159.5 (C4), 158.1 (d, J = 246.7 Hz, C7), 157.4 (d, J = 267.6 Hz, C12),
155.6 (C2), 148.2 (s, C8a), 136.9 (C10), 136.3 (d, J = 9.8 Hz, C6), 128.6 (d, J = 9.0 Hz, C14), 125.6 (C5),
124.7 (C15), 118.1 (d, J = 16.8 Hz, C11), 115.6 (d, J = 21.2 Hz, C13), 111.5 (d, J = 22.5 Hz, C8), 110.6
(Caa).

IR (ATR), vmax (cm-!) 3030 (st N-H), 2456, 1616 (b N-H), 1570 (asym st NO3), 1551, 1464, 1427 (st Car-
Car), 1376 (sym st NO2), 1337 (st Car-N), 986, 926 (w N-H), 790 (oop b Car-H), 776.

HRMS (Q-TOF): m/z calculated for C1aH7CIF2N402 [M]*: 336.0226. Found: 337.0296 [M+H]*, 339.0273
[M+H+2]*

mp: 276-280 °C
7-fluoro-N-(2-fluorophenyl) -6-nitroquinazolin-4-amine (28{5})

14

Starting from 7-fluoro-6-nitroquinazolin-4(3H)-one (33) and 2-fluoroaniline (34{5}), the product 28{5}
(LMF351) was obtained as a yellow solid with 96% yield.
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Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 5 11.80 (s, 1H, N9-H), 9.82 (d, J = 7.8 Hz, 1H, C5-H), 8.83 (s, 1H, C2-H),
7.99 (d, J = 11.8 Hz, 1H, C8-H), 7.56 (td, J = 7.8, 1.6 Hz, 1H, C14-H), 7.47 — 7.39 (m, 2H, C15-H, C12-H),
7.33 (td, J = 7.4, 1.8 Hz, 1H, C13-H).

13C NMR (100 MHz, DMSO-ds) 6 160.0 (C4), 157.3 (d, J = 267.5 Hz, C7), 155.9 (C2), 156.6 (d, J = 248.7
Hz, C11), 148.1 (C8a), 136.2 (d, J = 9.8 Hz, C6), 129.2 (d, J = 7.8 Hz, C15), 128.4 (C14), 125.6 (C5), 124.8
(d, J = 3.6 Hz, C13), 124.4 (d, J = 12.4 Hz, C10), 116.3 (d, J = 19.7 Hz, C12), 111.3 (d, J = 22.5 Hz, C8),
110.4 (C4a).

IR (ATR), vmax (cm™) 3037 (st N-H), 29893, 2460, 1621 (b N-H), 1572 (asym st NO2), 1498, 1434 (st
Car-Car), 1376 (sym st NOz), 1343 (st Car-N), 1253, 1045, 777 (w N-H), 757 (0oop b Car-H).

HRMS (Q-TOF): m/z calculated for C14HsF2N4O2 [M]*: 302.0615. Found: 303.0680 [M+H]*
mp: 233-236 °C

N-(2-chloro-4-(trifluoromethyl)phenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{6})
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Starting from 7-fluoro-6-nitroquinazolin-4(3H)-one (33) and 2-chloro-4-(trifluoromethyl)aniline
(34{6}), the product 28{6} (LMF331) was obtained as a powdery pale-yellow solid with 61% yield.

Spectroscopic data:

4 NMR (400 MHz, CDsOD) & 9.62 (dd, J = 7.4, 0.4 Hz, 1H, C5-H), 8.87 (s, 1H, C2-H), 8.02 (dq, J = 1.6,
0.8 Hz, 1H, C12-H), 7.88 (dd, J = 10.8, 0.4 Hz, 1H, C8), 7.83 (d, J = 1.6 Hz, 2H, C14-H, C15-H)

13C NMR (100 MHz, CDs0D) & 162.8 (C3), 160.4 (d, J = 272.2 Hz, C7), 155.3 (C2), 145.3 (C8a), 139.2
(C6), 138.5 (C10), 133.4 (C11), 132.9 (q, J = 33.6 Hz, C13), 131.2 (C15), 128.6 (q, J = 4.0 Hz, C12), 126.5
(C5), 126.1 (q, J = 3.7 Hz, C14), 124.5 (q, J = 272.3 Hz, C16), 111.4 (d, J = 2.7 Hz, C4a), 110.6 (d, J = 25.0
Hz, C8).

19F NMR (376 MHz, CD30D) & -65.10 (s, CF3), -107.49 (dd, J = 10.6, 7.3 Hz, F).
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IR (ATR), vmax (cm™%) 3028 (st N-H), 2895, 1619 (b N-H), 1570, 1550 (asym st NO3), 1431 (st Car-Car),
1374 (sym st NO2), 1323 (st Car-N), 1262, 1175, 1125 (st CFs), 1078, 1038, 811 (w N-H), 707 (00p b Car-
H).

HRMS (Q-TOF): m/z calculated for C1sH7CIF4aN4O2 [M]*: 386.0194. Found: 387.0261 [M+H]*, 389.0240
[M+H+2]*

mp: 234-238 °C

7-fluoro-N-(4-fluoro-3-methylphenyl)-6-nitroquinazolin-4-amine (28{7})
10
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OaN_6 A A2
4a N
F77 BE]N/)2
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Starting from 7-fluoro-6-nitroquinazolin-4(3H)-one (33) and 4-fluoro-3-methylaniline (34{7}), the
product 28{7} (LMF350) was obtained as a yellow solid with 82% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 5 11.49 (s, 1H, N9-H), 9.79 (d, J = 7.7 Hz, 1H, C5-H), 8.85 (s, 1H, C2-H),
7.94 (d, J = 11.9 Hz, 1H, C8-H), 7.61 (dt, J = 8.2, 4.0 Hz, 1H, C15-H), 7.58-7.55 (m, 1H, C11-H), 7.26 (t, J
=9.1 Hz, 1H, C14-H), 2.29 (d, J = 1.8 Hz, 3H, C16-H3).

13C NMR (100 MHz, DMSO-ds) § 159.0 (C4), 158.5 (d, J = 242.6 Hz, C13), 157.1 (d, J = 267.3 Hz, C7),
156.0 (C2), 148.4 (C8a), 136.0 (d, J = 10.0 Hz, C6), 132.9 (d, J = 3.1 Hz, C10), 127.2 (d, J = 5.1 Hz, C15),
125.4 (C5), 124.6 (d, J = 18.4 Hz, C12), 123.5 (d, J = 8.3 Hz, C11), 115.2 (d, J = 23.6 Hz, C14), 111.4 (d,
J=22.5Hz, C8),110.7 (d, J = 2.1 Hz, C4a), 14.3 (d, J = 3.1 Hz, C1).

IR (ATR), vmax (cm™) 2989 (st C-H), 2637, 1616 (b N-H), 1577 (asym st NO2), 1495, 1382 (st Car-Car),
1363 (sym st NOz), 1330 (st Car-N), 1208, 902, 802 (w N-H), 772 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for CisH10F2N4O2 [M]*: 386.0194. Found: 387.0261 [M+H]*

mp: 256-258 °C
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5.2.3.4. Synthesis of N-(2-chloro-4-fluorophenyl)-7-(methylthio)-6-

nitroquinazolin-4-amine (29{1})
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516 mg (1.53 mmol, 1.0 eq.) of N-(2-chloro-4-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-
amine (28{1}) were dissolved in 2.5 ml of DMF in a 10 ml round-bottomed flask and stirred at room
temperature. After total dissolution of reagent 28{1}, 434.4 mg (6.13 mmol, 4.0 eq.) of sodium
methanethiolate (25) were added and the mixture was set to stir at 100 °C for 4 hours. The solvent
was removed under reduced pressure and the crude was washed three times with toluene to ensure
the total removal of DMF. The crude was later partitioned with ethyl acetate and a saturated solution
of sodium bicarbonate. The orange organic phases were finally washed with brine, dried with
anhydrous sodium sulphate and the solvent was removed under reduced pressure to afford 467.2 mg
of the product 29{1} (LMF369) which was obtained as a smelly yellow solid with 86% yield.

Spectroscopic data:

IH NMR (400 MHz, DMSO-ds) 6 10.55 (s, 1H, N9-H), 9.57 (s, 1H, C5-H), 8.54 (s, 1H, C2-H), 7.68 (s, 1H,
C8-H), 7.65 —7.56 (m, 2H, C12-H, C15-H), 7.34 (td, J = 8.4, 2.7 Hz, 1H, C14-H), 2.63 (s, 3H, C16-Hs).

13C NMR (100 MHz, DMSO-ds) 5 160.4 (d, J = 247.6 Hz, C13), 159.9 (C4), 158.6 (C2), 151.8 (C8a), 142.8
(C6), 142.1 (C7), 132.2 (d, J = 10.7 Hz, C11), 131.8 (C10), 131.1 (d, J = 10.1 Hz, C15) , 124.0 (C8), 123.4
(C5), 117.1 (d, J = 26.2 Hz, C12), 115.0 (d, J = 22.0 Hz, C14), 110.5 (C4a), 15.6 (C16).

IR (ATR), vmax (cm™) 3399 (st N-H), 3028 (st Car-H), 2918 (st C-H), 1609, 1558 (asym st NO2), 1526,
1493, 1406 (st Car-N), 1346 (sym st NO2), 1328, 1305, 1118, 1078, 893, 795(oop b Car-H).

HRMS (Q-TOF): m/z calculated for CisH10CIFN4O2S [M]*: 364.0197. Found: 365.0260 [M+H]*,
367.0240 [M+H+2]*

mp: 230-233 °C
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5.2.3.5. Synthesis of 7-alkoxy-N-phenyl-6-nitroquinazolin-4-amines (method A)

N N
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28(1,2,3,6} 25(1-3) 29¢2,3,4,9)

0.30 mmol (1.0 eq.) of the substrate 28{1,2,3,6} were dissolved in an excess of 10 ml of the
desired alcohol 25{1-2} in a 10 ml round-bottomed flask. 3.00 mmol (10.0 eq.) of sodium hydroxide
were later carefully added and the mixture was refluxed at the alcohol’s boiling point temperature
for 2 hours. The reaction was checked by TLC ensuring the completely disappearance of the starting
material (28). Later, the crude was precipitated over a solution of saturated sodium bicarbonate, the
solid was collected by filtration, washed with water three times and dried in vacuo to afford the

desired 7-alkoxy-N-phenyl-6-nitroquinazolin-4-amine (29).

N-(2-chloro-4-fluorophenyl)-6-nitro-7-propoxyquinazolin-4-amine (29{2})

5
O,N._6 4
2 4a\N

18 16 8a _
\/\O 7 N)2
1

17 8

29(2}

Starting from N-(2-chloro-4-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{1}) and 1-propanol
(25{1}), the product 29{2} (LMF401) was obtained as a dark brown solid with 80% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) § 10.19 (s, 1H, N9-H), 9.12 (s, 1H, C5-H), 8.41 (s, 1H, C2-H), 7.61 — 7.50
(m, 2H, C12-H,C15-H), 7.40 (s, 1H, C8-H), 7.29 (td, J = 8.5, 2.9 Hz, 1H, C14-H), 4.25 (t, J = 6.3 Hz, 2H,
C16-H2), 1.80 (sextet, J = 7.0 Hz, 2H, C17-H2), 1.02 (t, J = 7.4 Hz, 3H, C18-Hs).

13C NMR (100 MHz, DMSO-ds) 5 159.9 (d, J = 246.0 Hz, C13), 159.0 (C4), 157.6 (C2), 154.0 (C7), 153.3
(C8a), 138.6 (C6), 131.6 (d, J = 11.6 Hz, C11), 130.5 (d, J = 8.8 Hz, C15), 126.2 (C10), 122.1 (C5), 116.9
(d, J = 25.8 Hz, C12), 114.8 (d, J = 22.1 Hz, C14), 109.8 (C8), 108.2 (C4a), 71.0 (C16), 21.7 (C17), 10.3
(C18).
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IR (ATR), vmax (cm) 3371 (st N-H), 3077 (st Car-H), 2970 (st C-H), 2877, 1624, 1570, 1525 (asym st
NO2), 1495, 1415, 1357 (sym st NO), 1331, 1232, 1186, 849, 794 (00p b Car-H).

HRMS (Q-TOF): m/z calculated for C17H14CIFN4O3 [M]*: 376.0738. Found: 377.0800 [M+H]*, 379.078
[M+H+2]*

mp: 154-156 °C

N-(3-chloro-2-fluorophenyl)-7-ethoxy-6-nitroquinazolin-4-amine (29{3})
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Starting from N-(3-chloro-2-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{2}) and ethanol
(25{2}), the product 29{3} (LMF323) was obtained as a powdery yellow solid with 98% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) § 10.12 (s, 1H, N9-H), 8.93 (s, 1H, C5-H), 8.24 (s, 1H, C2-H), 7.34 (ddd,
J=8.0,7.1, 1.7 Hz, 1H, C15-H), 7.29 — 7.20 (m, 1H, C13-H), 7.19 (s, 1H, C8-H), 7.14 (td, J = 8.0, 1.3 Hz,
1H, C14-H), 4.29 (q, J = 6.9 Hz, 2H, C16-H2), 1.39 (t, J = 7.0 Hz, 3H, C17-Ha).

13C NMR (100 MHz, DMSO-ds) § 158.5 (C4), 158.2 (C2), 154.2 (C8a), 153.7 (C7), 151.6 (d, J= 246.6 Hz,
C11), 143.8 (C10), 137.2 (C6), 125.7 (d, J= 2.4 Hz, C15), 124.5 (C14), 124.5 (C13), 123.0 (C5), 119.8 (d,
J=16.80 Hz, C12), 110.7 (C4a), 108.9 (C8), 65.2 (C16), 14.2 (C17).

IR (ATR), vmax (cm™) 3384 (asym st NH) , 2989 (st C-H), 1629 (ring st Car-Car), 1571 (asym st NO2),
1457, 1355, 1326 (sym st NOz), 1234 (st C-N), 1105, 1023, 937, 848, 765 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C16H12CIFN4O3 [M]*: 362.0582. Found: 363.0640 [M+H]*, 365.062
[M+H+2]*

mp: 201-203 °C
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N-(3-chloro-4-fluorophenyl)-6-nitro-7-(2,2,2-trifluoroethoxy)quinazolin-4-amine (29{4})
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Starting from N-(3-chloro-4-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{3}) and 2,2,2-
trifluoroethan-1-ol (25{3}), the product 29{4} (LMF355) was obtained as a yellow solid after its
purification by automated flash chromatography (silica column, Cy:AcOEt-0.4%TEA 1:1) with 69%
yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 6 10.24 (s, 1H, N9-H), 9.30 (s, 1H, C5-H), 8.71 (s, 1H, C2-H), 8.15 (dd,
J=6.8,2.6 Hz, 1H, C11-H), 7.79 (ddd, J = 9.0, 4.3, 2.7 Hz, 1H, C15-H), 7.67 (s, 1H, C8-H), 7.47 (t,J = 9.1
Hz, 1H, C14-H), 5.17 (q, J = 8.6 Hz, 2H, C16-H.).

13C NMR (100 MHz, DMSO-de) 5 157.9 (C4), 157.7 (C2), 153.7 (d, J = 243.9 Hz, C13), 153.2 (C8a), 151.9
(C7), 138.4 (C6), 135.8 (d, J = 3.1 Hz, C10), 124.0 (C11), 123.5 (q, J = 277.4 Hz, C17), 122.8 (d,
J = 6.9 Hz, C15), 122.4 (C5), 118.9 (d, J = 18.6 Hz, C12), 116.7 (d, J = 21.7 Hz, C14), 111.4 (C8), 109.0
(C4a), 65.7 (q, J = 34.9 Hz, C16).

IR (ATR), vmax (cm™) 3390 (st N-H), 3090, 3052 (st Car-H), 1623 (b N-H), 1572, 1520 (asym st NO2),
1495 (st Car-Car), 1415, 1355 (sym st NO2), 1330 (st Car-N), 1286 (st CF3), 1229, 1157 (st C-0), 1106, 978,
845 (w N-H), 805, 747 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C16HsCIF2N4O3 [M]*: 416.0299. Found: 417.0370 [M+H]*, 419.0350
[M+H+2]*

mp: 214-215 °C
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N-(2-chloro-4-(trifluoromethyl)phenyl)-6-nitro-7-propoxyquinazolin-4-amine 29{9})
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Starting from N-(2-chloro-4-(trifluoromethyl)phenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{6}) and
1-propanol (25{1}), the product 29{9} (LMF340) was obtained as a yellow slightly greyish powder with
88% vyield.

Clear carbon assignation was unsuccessfully achieved as there was not easy spin relaxation even when
raising the system temperature until 101 °C. Bidimensional NMR spectra did not show clear cross-

signals for a proper assignation.
Spectroscopic data:

14 NMR (400 MHz, 101 °C, DMSO-ds) 5 10.38 (s, 1H, N9-H), 8.98 (s, 1H, C5-H), 8.37 (s, 1H, C2-H), 7.83
(d, J = 2.0 Hz, 1H, C12-H), 7.77 = 7.65 (m, 2H, C14-H, C15-H), 7.38 (s, 1H, C8-H), 4.26 (t, J = 6.3 Hz, 2H,
C17-H2), 1.84 (qt, J = 7.3, 6.3 Hz, 2H, C18-Ha), 1.04 (t, J = 7.4 Hz, 3H, C19-Hs).

13C NMR (100 MHz, 101 °C, DMSO-ds) § 208.0, 155.8 (C2*), 140.6 (C10*), 128.4 — 128.1 (C12), 126.3
(C15%*), 126.0 (C5*), 123.5 (C14), 111.0 (C8*), 72.6 (C17), 23.2 (C18), 11.5 (C19).

IR (ATR), vmax (cm™) 3421 (st N-H), 2970, 2879 (st C-H), 1623 (b N-H), 1535 (asym st NO2), 1416 (st
Car-Car), 1322 (sym st NO2), 1309 (st Car-N), 1176, 1112 (st CFs3), 1076 (st C-O), 1054, 964, 913, 850 (w
N-H).

HRMS (Q-TOF): m/z calculated for C1sH14CIF3sN4Os [M]*: 426.0707. Found: 427.0770 [M+H]*, 429.0750
[M+H+2]*

mp: 212-214 °C
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5.2.3.6. Synthesis of 7-alkoxy-N-phenyl-6-nitroquinazolin-4-amines (method B)

= | = |
+R 4R
N N
HNT R, HNT R,
O,N 2 O,N
2 SN + RyOH +-BuOK, DMSQ 2 SN
/) 30min, 25°C /)
F N R3O N
284,3,7} 25{4,5} 29(6,7,10}

A suspension of 1.1 mmol (1.0 eq.) of the substrate 28{3,4,7} and 1.65 mmol of the desired
alcohol 25{4,5} in 5 ml of DMSO was prepared in a 10 ml round-bottomed flask and stirred at room
temperature. After adding 3.3 mmol (3.0 eq.) of sodium tert-butoxide, the reaction was set to stir at
25 °C for 30 minutes. Later, sufficient water was added to quench the reaction and ensure the
complete precipitation of the product. This solid was collected by filtration, washed with water three

times and dried in vacuo to afford the desired 7-alkoxy-N-phenyl-6-nitroquinazolin-4-amine (29).

N-(2-chloro-3-fluorophenyl)-7-(2-fluoroethoxy)-6-nitroquinazolin-4-amine (29{6})
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Starting from N-(2-chloro-3-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{4}) and 2-
fluoroethan-1-ol (25{4}), the product 29{6} (LMF364) was obtained as a brown solid with 54% yield.

Spectroscopic data:

14 NMR (400 MHz, DMSO-ds) 5 10.59 (s, 1H, N9-H), 9.18 (s, 1H, C5-H), 8.47 (s, 1H, C2-H), 7.52 (s, 1H,
C8-H), 7.49 — 7.41 (m, 1H, C14-H), 7.41 — 7.34 (m, 2H, C13-H, C15-H), 4.82 (dt, J = 40.8, 3.5 Hz, 2H,
C17-H2), 4.60 (dt, J = 22.9, 3.7 Hz, 2H, C16-H,).

13C NMR (100 MHz, DMSO-ds) 5 158.1 (d, J = 245.7 Hz, C12), 157.0 (C4), 153.6 (C2), 152.8 (C7), 146.7
(C8a), 138.8 (C6), 134.3 (C10), 128.2 (d, J = 9.2 Hz, C14), 124.5 (C15), 122.2 (C5), 117.7 (d,
J=21.6 Hz, C11), 114.3 (d, J = 22.7 Hz, C13), 110.3 (C8), 108.4 (C4a), 81.6 (d, J = 167.4 Hz, C17), 69.2
(d, J = 18.9 Hz, C16).
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IR (ATR), vmax (cm) 3377 (st N-H), 3060, (st Car-H), 2981 (st C-H), 1625 (b N-H), 1571 (st Car-Car), 1522
(asym st NO2), 1472 (b C-H), 1446, 1360 (sym st NO2), 1330 (st Car-N), 1252 (w CH2F), 1226 (st C-O),
933, 773 (w N-H).

HRMS (Q-TOF): m/z calculated for C16H11CIF2N4O3 [M]*: 380.0488. Found: 381.0550 [M+H]*, 383.0530
[M+H+2]*

mp: 139-142 °C

N-(3-chloro-4-fluorophenyl)-7-(3-morpholinopropoxy)-6-nitroquinazolin-4-amine (29{7})

Starting from N-(3-chloro-4-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine (28{3}) and 3-
morpholinopropan-1-ol (25{5}), the product 29{7} (LMF402) was obtained as an ocher solid with 85%
yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) 5 10.13 (s, 1H, N9-H), 9.20 (s, 1H, C5-H), 8.65 (s, 1H, C2-H), 8.15 (dd,
J=6.9, 2.4 Hz, 1H, C11-H), 7.79 (m, 1H, C15-H), 7.51 — 7.38 (m, 2H, C7-H, C14-H), 4.33 (t, J = 6.1 Hz,
2H, C16-H2), 3.57 (t, J = 4.5 Hz, 4H, C20-Hz, C20’-Hz), 2.45 (t, J = 7.1 Hz, 2H, C18-H2), 2.37 (s br., 4H,
C19-H», C19"-H2), 1.93 (p, J = 6.6 Hz, 2H, C17-H,).

13C NMR (100 MHz, DMSO-ds) 5 157.8 (C4), 157.3 C2, 153.9 (C7), 153.60 (d, J = 243.7 Hz, C13), 153.3
(C8a), 139.5 (C10), 138.9 (C6), 123.9 (d, J = 6.8 Hz, C11), 122.6 (d, J = 6.9 Hz, C15), 121.8 (C5), 118.9
(d, J = 18.5 Hz, C12), 116.7 (d, J = 21.7 Hz, C14), 110.2 (C8), 107.9 (C4a), 68.0 (C16), 66.2 (C20, C20'),
54.5 (C18), 53.4 (C19, C19'), 25.4 (C17).

IR (ATR), vmax (cm!) 3296 (st N-H), 2954, 2870, 2811 (st C-H), 1624 (b N-H), 1568 (st Car-Car), 1495
(asym st NO2), 1420 (b C-H), 1343 (sym st NO2), 1310, 1230 (st Ca-N), 1115 (st C-O), 865, 800 (w N-H),
779 (w N-H), 757.

HRMS (Q-TOF): m/z calculated for C21H21CIFNsO4 [M]*: 461.1266. Found: 462.1320 [M+H]*, 464.1310
[M+H+2]*
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mp: 123-126 °C

N-(4-fluoro-3-methylphenyl)-7-(3-morpholinopropoxy)-6-nitroquinazolin-4-amine (29{10})
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Starting from 7-fluoro-N-(4-fluoro-3-methylphenyl)-6-nitroquinazolin-4-amine (28{7}) and 3-
morpholinopropan-1-ol (25{5}), the product 29{10} (LMF358) was obtained as an ocher solid with 80%
yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) & 10.05 (s, 1H, N9-H), 9.23 (s, 1H, 1H, C5-H), 8.60 (s, 1H, C2-H), 7.67 —
7.59 (m, 2H, C11-H, C15-H), 7.45 (s, 1H, C8-H), 7.18 (t, J = 9.1 Hz, 1H,C14-H), 4.34 (t, J = 6.1 Hz, 2H,
C17-Ha), 3.57 (t, J = 4.6 Hz, 4H, C21-H,, C21'-H1), 2.45 (t, J = 7.1 Hz, 2H, C19-H,), 2.37 (s br., 4H, C20-H,
C20’-H2), 2.27 (d, J = 2.0 Hz, 3H, C16-H3), 1.94 (p, J = 6.5 Hz, 2H, C18-H,).

13C NMR (100 MHz, DMSO-ds) 5 158.1 (C4), 157.6 (C2), 157.4 (d, J = 240.4 Hz, C13), 153.8 (C7), 153.3
(C8a), 138.8 (C6), 134.5 (d, J = 2.9 Hz, C10), 125.7 (d, J = 4.8 Hz, C11), 124.1 (d, J = 18.2 Hz, C12), 122.0
(d, J = 8.0 Hz, C15), 121.8 (C5), 114.8 (d, J = 23.1 Hz, C14), 110.1 (C8), 107.9 (C4a), 67.9 (C17), 66.2
(C21, C21’), 54.5 (C19), 53.4 (C20, C20°), 25.4 (C18), 14.4 (d, J = 3.1 Hz, C16).

IR (ATR), vmax (cm) 3399 (st N-H), 2957, 2846, 2813 (st C-H), 1622 (b N-H), 1574 (st Car-Car), 1518
(asym st NO2), 1500, 1423 (b C-H), 1353 (sym st NO2), 1323 (st Car-N), 1229 (w C-H), 1116, 1103 (st C-
0), 801 (w N-H).

HRMS (Q-TOF): m/z calculated for C22H24FN5O4 [M]*: 441.1812. Found: 442.1870 [M+H]*

mp: 170-172 °C
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5.2.3.7. Synthesis of N*-phenyl-6-nitroquinazolin-4,6-diamines

R R
N N2
HNT PR, . HNT R,
02N N N iPrOH 02N N
)N CH3NH, 4(3()’ )N
2h, 83
— ’ —
F N R30 N
28{1,5} 27 29(6,7,10}

A solution of 1.5 mmol (1.0 eq.) of the substrate 28{1,5} was prepared in 10 ml of isopropanol
in a 50 ml round-bottomed flask and stirred at room temperature. After adding 2.98 mmol (2.0 eq.)
of methylamine, the reaction was refluxed at 83 °C for 2 hours. Later, sufficient water was added to
quench the reaction and ensure the complete precipitation of the product. This solid was collected
by filtration, washed with water three times and dried in vacuo to afford the desired 7-alkoxy-N-
phenyl-6-nitroquinazolin-4-amine (29). Later, the crude was precipitated over a solution of saturated
sodium bicarbonate, the solid was collected by filtration, washed with water and was purified by
automated flash chromatography (silica column, Cy:AcOEt-0,2% TEA, 1:1) to afford the desired N*-

phenyl-6-nitroquinazolin-4,6-diamine (29).

N*-(2-chloro-4-fluorophenyl)-N’-methyl-6-nitroquinazoline-4,7-diamine (29{5})
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Starting from  N-(2-chloro-4-fluorophenyl)-7-fluoro-6-nitroquinazolin-4-amine  (28{1}) and
methylamine (27), the product 29{5} (LMF356) was obtained as a crystalline needle-shaped red solid
with 65% yield.

Spectroscopic data:

4 NMR (400 MHz, DMSO-ds) & 10.26 (s, 1H, N9-H), 9.45 (s, 1H, C5-H), 8.30 (s, 1H, C2-H), 7.98 (d,
J=5.1Hz, 1H, N16-H), 7.57 (m, 2H, C12-H, C15-H), 7.30 (td, J = 8.3, 2.8 Hz, 1H, C14-H), 6.90 (s, 1H, C8-
H), 2.99 (d, J = 4.8 Hz, 3H, C17-H3).

230



13C NMR (100 MHz, DMSO-ds) & 160.2 (d, J = 246.5 Hz, C13), 159.9 (C4), 158.3 (C2), 153.4 (C7), 146.7
(C8a), 133.0 (C6), 132.2 (C10), 131.3 (d, J = 9.3 Hz, C15), 124.8 (C5), 116.9 (d, J = 25.8 Hz, C12), 114.8
(d, J = 22.2 Hz, C14), 106.6 (C8), 104.6 (C4a), 29.9 (C17).

IR (ATR), vmax (cm™) 3420 (st N-H), 2990 (st C-H), 2164, 1623, 1564, 1528 (asym st NO2), 1502, 1415,
1359 (sym st NO2), 1231, 846, 793 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C1sH11CIFNsO2 [M]*: 347.0585. Found: 348.0650 [M+H]*, 350.0620
[M+H+2]*

mp: 243-245 °C

N*-(2-fluorophenyl)-N’-methyl-6-nitroquinazoline-4,7-diamine (29{8})
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Starting from 7-fluoro-N-(2-fluorophenyl)-6-nitroquinazolin-4-amine (28{5}) and methylamine (27),
the product 29{8} (LMF365) was obtained as a crystalline orange solid with 66% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) § 10.23 (s, 1H, N9*-H), 9.45 (s, 1H, N16*-H), 8.34 (s, 1H, C5-H), 7.99 (s,
1H, C2-H), 7.52 (t, J = 7.3 Hz, 1H, C14**-H), 7.37 = 7.21 (m, 3H, C15**-H, C12-H, C13-H), 6.89 (s, 1H,
C8-H), 2.99 (d, J = 4.9 Hz, 3H, C17-H3).

13C NMR (100 MHz, DMSO-ds) 5 159.5 (C4), 158.3 (C2), 156.6 (d, J = 240.7 Hz, C11), 153.5 (C8a), 146.7
(C7), 133.0 (C6), 128.5 (C14*), 127.6 (C15*), 125.0 (C5), 124.4 (d, J = 3.6 Hz, C13), 116.6 (d,
J=19.8 Hz, C10), 116.0 (d, J = 20.5 Hz, C10), 106.6 (C8), 104.8 (C4a), 29.9 (C17).

IR (ATR), vmax (cm™) 3420 (st N-H), 3074 (st Car-H), 2946 (st C-H), 1621 (b N-H), 1555 (st Car-Car), 1536
(asym st NOz), 1489 (b C-H), 1400 (st Car-Car), 1360 (rock C-H), 1333 (sym st NO2), 1260, 1235 (st Car-
N), 749 (w N-H).

HRMS (Q-TOF): m/z calculated for CisH12FNsO2 [M]*: 313.0975. Found: 314.1040 [M+H]*

mp: 208-210 °C
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5.2.3.8. Synthesis of 7-substituted-N*-phenyl-6-nitroquinazolin-4,6-diamines
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1.00 mmol (1.0 eq.) of the corresponding 7-substituted-N-(2-fluorophenyl)-6-
nitroquinazolin-4-amine (29) were placed in a 50 ml round-bottomed flask with 5.00 mmol (5.0 eq.)
of SnCl2-2H20 along with a stirring bar. 10 ml of concentrated hydrochloric acid (37%) were added
dropwise until total solution was observed (sonication was facilitated in some of the cases) and then
the reaction was stirred for 4 hours at room temperature. Later, the mixture was slowly basified with
a 2M NaOH solution in an iced-water bath to mitigate the exothermic reaction until pH = 14. A clear
color variation was observed during alkalinization. The crude was later extracted with three fractions
of chloroform. The organic layers were unified, dried with MgSO4 and concentrated under reduce

pressure to afford the 7-substituted-N*-phenyl-6-nitroquinazolin-4,6-diamine derivatives (35).

N*-(2-chloro-4-fluorophenyl)- 7-(methylthio)-6-nitroquinazolin-4,6-diamine (35{1})
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Starting from N-(2-chloro-4-fluorophenyl)-7-(methylthio)-6-nitroquinazolin-4-amine (29{1}), the
product 35{1} (LMF372) was obtained as a smelly pale-yellow solid with 92% yield.

Spectroscopic data:

1H NMR (400 MHz, DMSO-ds) 6 9.29 (s, 1H, N9-H), 8.21 (s, 1H, C2-H), 7.64 (dd, J = 8.9, 5.9 Hz, 1H, C15-
H), 7.55 (dd, J = 8.6, 2.9 Hz, 1H, C12-H), 7.45 (s, 1H, C5-H), 7.37 (s, 1H, C8-H), 7.28 (td, J = 8.6, 2.9 Hz,
1H, C14-H), 5.39 (s, 2H, N17-H2), 2.59 (s, 3H, C16-Hs).

13C NMR (100 MHz, DMSO-ds) 5 159.5 (d, J = 245.5 Hz, C13), 157.0 (C4), 150.8 (C2), 143.9 (C8a), 143.2
(C7), 133.4 (C6), 133.3 (d, J = 3.4 Hz, C10), 131.4 (d, J = 11.1 Hz, C11), 130.3 (d, J = 9.0 Hz, C15), 123.2
(C5), 116.7 (d, J = 25.9 Hz, C12), 114.6 (d, J = 22.0 Hz, C14), 113.3 (C4a), 101.6 (C8), 14.4 (C16).
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IR (ATR), vmax (cm™) 3466 (asym st NH), 3369, 3301, 3141(sym st NH), 2917 (st C-H), 1630 (sc N-H),
1523 (st Car-Car), 1482, 1414, 1183 (st C-N), 889 (oop b Car-H), 825 (w N-H).

HRMS (Q-TOF): m/z calculated for C1sH12CIFN4S [M]*: 334.0455. Found: 335.0520 [M+H]*, 337.0490
[M+H+2]*

mp: 201-205 °C

N*-(2-chloro-4-fluorophenyl)-6-nitro-7-propoxyquinazolin-4,6-diamine (35{2})

Starting from N-(2-chloro-4-fluorophenyl)-6-nitro-7-propoxyquinazolin-4-amine (29{2}), the product
35{2} (LMF403) was obtained as an off white solid with 95% yield.

Spectroscopic data:

1H NMR (400 MHz, DMSO-de) 5 9.09 (s, 1H, N9-H), 8.18 (s, 1H, C2-H), 7.63 (dd, J = 8.8, 6.0 Hz, 1H, C15-
H), 7.53 (dd, J = 8.6, 2.8 Hz, 1H, C12-H), 7.32 (s, 1H, C5-H), 7.27 (td, J = 8.6, 2.8 Hz, 1H, C14-H), 7.05 (s,
1H, C8-H), 5.31 (s, 2H, N19-H,), 4.11 (t, J = 6.4 Hz, 2H, C16-Ha), 1.84 (sextet, J = 7.1 Hz, 2H, C17-Ha),
1.10 (t, J = 7.4 Hz, 3H, C18-H3)

13C NMR (100 MHz, DMSO-ds) 5 159.4 (d, J = 244.9 Hz, C13), 156.4 (C4), 152.0 (C7), 150.7 (C2), 144.6
(C8a), 138.4 (C6), 133.6 (C10), 131.33 (d, J = 10.7 Hz, C11), 130.2 (d, J = 9.1 Hz, C15), 116.6 (d, J = 25.8
Hz, C12), 114.5 (d, J = 21.9 Hz, C14), 109.9 (C4a), 106.3 (C8), 100.9 (C5), 69.6 (C16), 21.9 (C17), 10.5
(C18).

IR (ATR), vmax (cm™) 3477, 3428 (asym st NH), 3293, 3149 (sym st NH), 1530 (sc N-H), 1512 (st Car-
Car), 1450, 1270 (st Car-N), 1209 (st C-0), 836 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C17H16CIFN4O [M]*: 346.0997. Found: 347.1013 [M+H]*, 349.0985
[M+H+2]*

mp: 211-215°C
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N*-(3-chloro-2-fluorophenyl)-7-ethoxy-6-nitroquinazolin-4,6-diamine (35{3})
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Starting from N-(3-chloro-2-fluorophenyl)-7-ethoxy-6-nitroquinazolin-4-amine (29{3}), the product
35{3} (LMF341) was obtained as a white solid with 95% yield.

Spectroscopic data:

1H NMR (400 MHz, DMSO-ds) & 9.29 (s, N9-H), 8.24 (s, C2-H), 7.54 (ddd, J = 8.4, 7.0, 1.7 Hz, C13*-H),
7.41 (ddd, J = 8.2, 6.7, 1.6 Hz, C15*-H), 7.31 (s, C5-H), 7.23 (td, / = 8.1, 1.4 Hz, C14-H), 7.07 (s, C8-H),
5.36 (s, N18-H), 4.22 (q, J = 6.9 Hz, C16-H2), 1.44 (t, J = 6.9 Hz, C17-Hs).

13C NMR (100 MHz, DMSO-ds) & 155.8 (C4), 152.1 (d, J= 248.7 Hz, C11), 152.0 (C8a), 150.6 (C2), 144.8
(C3), 138.6 (C6), 129.2 (d, J=11.7 Hz, C10), 126.3 (J= 10.8 Hz, C15, C13), 124.7 (d, J= 4.6 Hz, C14), 120.0
(d, J= 16.7 Hz, C12), 110.1 (C4a), 106.2 (C5), 100.9 (C6), 63.8 (C16), 14.4 (C17).

IR (ATR), vmax (cm™) 3413 (asym st NH), 3250 (asym st NH2), 3154 (sym st NH.), 2986 (st C-H), 1610,
1575, 1509 (sc N-H), 1440 (st Car-Car), 1388, 1261 (st Car-N), 1207 (st C-0O), 1040, 934, 823 (oop b Car-
H), 756 (w N-H).

HRMS (Q-TOF): m/z calculated for C16H14CIFN4O [M]*: 332.084. Found: 333.0900 [M+H]*, 335.0880
[M+H+2]*

mp: 225-228 °C
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N*-(3-chloro-4-fluorophenyl)-6-nitro-7-(2,2,2-trifluoroethoxy)quinazolin-4,6-diamine (35{4})
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Starting  from  N-(3-chloro-4-fluorophenyl)-6-nitro-7-(2,2,2-trifluoroethoxy)quinazolin-4-amine
(29{4}), the product 35{4} (LMF359) was obtained as a pale-yellow solid with 94% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) § 8.64 (s, 1H, N9-H), 7.57 (s, 1H, C2-H), 7.35 (dd, J = 6.9, 2.6 Hz, 1H, C11-
H), 6.97 (ddd, J = 8.9, 4.3, 2.7 Hz, 1H, C15-H), 6.63 (s, 1H, C8-H), 6.57 (t, J =9.1 Hz, 1H, C14-H), 6.47 (s,
1H, C5-H), 4.53 (s, 2H, N18-H.), 4.17 (q, J = 8.8 Hz, 2H, C16-H.).

13C NMR (100 MHz, DMSO-ds) 5 155.2 (C4), 152.8 (d, J = 242.1 Hz, C13), 150.6 (C2), 150.0 (C7), 144.3
(C8a), 138.1 (C6), 137.3 (d, J = 3.0 Hz, C10), 123.9 (q, J = 277.7 Hz, C17), 122.7 (C11), 121.6 (d,
J=6.6 Hz, C15), 118.6 (d, J = 18.2 Hz, C12), 116.4 (d, J = 21.5 Hz, C14), 111.4 (C4a), 107.9 (C5), 101.9
(C8), 64.9 (q, J = 34.7 Hz, C16).

IR (ATR), vmax (cm™) 3412 (asym st NH), 3312 (sym st NH), 1611 (sc N-H), 1576 (st Car-Car), 1495 (st
Car-Car), 1431, 1401, 1215 (st C-N), 1167 (st C-O), 1148, 840 (oop b Car-H), 798 (w N-H).

HRMS (Q-TOF): m/z calculated for CiH11CIFaN4O [M]*: 386.0558. Found: 387.0620 [M+H]*, 389.0590
[M+H+2]*

mp: 190-193 °C
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N*-(2-chloro-4-fluorophenyl)-N’-methyl-6-nitroquinazoline-4,6,7-triamine (35{5})
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Starting from N*-(2-chloro-4-fluorophenyl)-N7-methyl-6-nitroquinazoline-4,7-diamine (29{5}), the
product 35{5} (LMF360) was obtained as light pale-yellow solid with 99% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) & 8.77 (s, 1H, N9-H), 8.12 (s, 1H, C2-H), 7.71 (dd, J = 8.9, 5.9 Hz, 1H, C15-
H), 7.51 (dd, J = 8.7, 2.9 Hz, 1H, C12-H), 7.25 (ddd, J = 9.0, 8.2, 3.0 Hz, 1H, C14-H), 7.20 (s, 1H, C5-H),
6.53 (s, 1H, C8-H), 5.85 (q, J = 4.7 Hz, 1H, N16-H), 5.13 (s, N18-Hz), 2.86 (d, J = 4.7 Hz, C17-Hs).

13C NMR (100 MHz, DMSO-ds) 5 158.9 (d, J = 244.9 Hz, C13), 155.7 (C4), 150.6 (C3), 146.1 (C8a), 143.8
(C7), 136.3 (C6), 133.8 (d, J = 3.2 Hz, C10), 130.4 (d, J = 10.8 Hz, C11), 129.5 (d, J = 9.1 Hz, C15), 116.5
(d, J = 25.7 Hz, C12), 114.4 (d, J = 21.9 Hz, C14), 106.6 (C4a), 101.9 (C8), 100.9 (C5), 29.7 (C17).

IR (ATR), vmax (cm™) 3442 (asym st NH), 3325, 3290 (sym st NH), 3073 (st Car-H), 2927 (st C-H), 1619
(sc N-H), 1573, 1528 (st Car-Car), 1440 (b C-H), 1186 (st C-N), 848 (0oop b Car-H), 683 (w N-H).

HRMS (Q-TOF): m/z calculated for CisH13CIFNs [M]*: 317.0844. Found: 318.0900 [M+H]*, 320.0880
[M+H+2]*

mp: 244-246 °C

N*-(2-chloro-3-fluorophenyl)-7-(2-fluoroethoxy)-6-nitroquinazolin-4,6-diamine (35{6})
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Starting from N-(2-chloro-3-fluorophenyl)-7-(2-fluoroethoxy)-6-nitroquinazolin-4-amine (29{6}), the
product 35{6} (LMF370) was obtained as an ocher-brownish solid with 80% yield.
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Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) § 9.23 (s, 1H, N9-H), 8.24 (s, 1H, C2-H), 7.53 (d, 1H, J = 8.1, 1.7 Hz C15-
H), 7.44 — 7.35 (m, 1H, C14-H), 7.34 (s, 1H, C8-H), 7.28 (td, J = 8.7, 1.6 Hz, 1H, C13-H), 7.14 (s, 1H, C5-
H), 5.42 (s, 2H, N18-H,), 4.93 — 4.76 (m, 2H, C17-Hz), 4.49 — 4.37 (m, 2H, C16-H2).

13C NMR (100 MHz, DMSO-ds) 5 158.0 (d, J = 245.1 Hz, C12), 156.0 (C4), 151.6 (C7), 150.6 (C2), 144.6
(C8a), 139.0 (C10), 138.6 (C6), 127.8 (d, J = 9.4 Hz, C14), 123.5 (d, J = 3.0 Hz, C15), 116.9 (d,
J=17.6 Hz, C11), 112.9 (d, J = 21.0 Hz, C13), 110.5 (C4a), 106.7 (C5), 101.0 (C8), 82.0 (d, J = 166.5 Hz,
C17), 67.8 (d, J = 19.2 Hz, C16).

IR (ATR), vmax (cm) 3445 (asym st NH), 3315 (sym st NH), 1600 (sc N-H), 1532, 1512, 1466 (st Car-
Car), 1438 (st Car-Car), 1399, 1249 (st Car-N), 1200 (st C-O), 1045 (st C-N), 984, 774 (w N-H), 699 (oop b
Car-H).

HRMS (Q-TOF): m/z calculated for C16H13CIF2N4O [M]*: 350.0746. Found: 351.0800 [M+H]*, 353.0780
[M+H+2]*

mp: 180-185 °C

N*-(3-chloro-4-fluorophenyl)-7-(3-morpholinopropoxy)-6-nitroquinazolin-4,6-diamine (35{7})
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Starting from  N-(3-chloro-4-fluorophenyl)-7-(3-morpholinopropoxy)-6-nitroquinazolin-4-amine
(29{7}), the product 35{7} (LMF404) was obtained as a yellow solid with 82% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-de) 5 9.38 (s, 1H, N9-H), 8.37 (s, 1H, C2-H), 8.19 (dd, J = 6.9, 2.6 Hz, 1H, C11-
H), 7.81 (ddd, J = 8.8, 4.2, 2.7 Hz, 1H, C15-H), 7.42 — 7.36 (m, 2H, C5-H, C14-H), 7.08 (s, 1H, C8-H), 5.35
(s, 2H, N21-Hz), 4.20 (t, J = 6.2 Hz, 2H, C16-Ha), 3.58 (t, J = 4.4 Hz, 4H, C20-H,, C20’-H2), 2.50 (t,
J = 6.5 Hz, 2H, C18-H2), 2.39 (s br., 4H, C19-Hz, C19'-H>), 1.98 (p, J = 6.5 Hz, 3H, C17-Hs).

13C NMR (100 MHz, DMSO-ds) & 155.0 (C4), 152.6 (d, J = 241.7 Hz, C13), 152.0 (C7), 150.3 (C2), 144.8
(C8a), 138.6 (C6), 137.6 (C10), 122.4 (C11), 121.4 (d, J = 6.7 Hz, C15), 118.6 (d, J = 18.2 Hz, C12), 116.4
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(d, J = 21.5 Hz, C14), 110.3 (C4a), 106.5 (C8), 100.8 (C5), 66.5 (C16), 66.2 (C20, C20°), 54.9 (C18), 53.4
(C19, C19’), 25.6 (C17).

IR (ATR), vmax (cm™) 3404 (asym st NH), 3312 (sym st NH), 3098 (st Car-H), 2946 (st C-H), 2846, 1619
(sc N-H), 1584 (st Car-Car), 1534, 1512, 1495 (st Car-Car), 1444, 1212 (st C-0), 1114 (st C-N), 838, 803 (w
N-H), 776 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C21H23CIFNsO2 [M]*: 431.1524. Found: 432.1555 [M+H]*, 434.1528
[M+H+2]*

mp: 156-159 °C

N*-(2-fluorophenyl)-N’-methyl-6-nitroquinazoline-4,6,7-triamine (35{8})

15 13
10
9 12
18 HN "
HoN s A 2 F
2 6 \N
4a
17 8a
=
\N 7
H 8 1

35(8}

Starting from N*-(2-fluorophenyl)-N’-methyl-6-nitroquinazoline-4,7-diamine (29{8}), the product
35{8} (LMF373) was obtained as a pale-yellow solid with 95% yield.

Spectroscopic data:

1H NMR (400 MHz, DMSO-ds) 6 8.81 (s, 1H, N9), 8.14 (s, 1H, C2-H), 7.65 (ddd, J = 8.1, 5.7, 2.7 Hz, 1H,
C14-H), 7.25 (ddt, J =9.4, 5.8, 3.2 Hz, 1H, C12-H), 7.21 (s, 1H, C5-H), 7.22 — 7.15 (m, 2H, C13-H, C15-
H), 6.53 (s, 1H, C8-H), 5.84 (d, J = 4.8 Hz, 1H, N16-H), 5.11 (s, 2H, N18-Hy), 2.87 (d, / = 4.7 Hz, 3H, C17-
Hs).

13C NMR (100 MHz, DMSO-ds) 5 156.2 (d, J = 245.7 Hz, C11), 155.5 (C4), 150.7 (C2), 146.2 (C7), 143.8
(C8a), 136.3 (C6), 127.9 (d, J = 11.8 Hz, C10), 127.0 (d, J = 1.9 Hz, C14), 125.4 (d, J = 7.2 Hz, C13), 124.1
(d, J = 3.4 Hz, C15), 115.6 (d, J = 20.1 Hz, C12), 106.9 (C4a), 101.9 (C8), 101.2 (C5), 29.7 (C17).

IR (ATR), vmax (cm™) 3458 (asym st NH), 3347, 3239 (sym st NH), 3027 (st Car-H), 2808 (st C-H), 1614
(sc N-H), 1525 (st Car-Car), 1494 (st Car-Car), 1454, 1435, 1402, 1283 (st Car-N), 1256 (st C-N), 921, 820
(oop b Car-H), 760 (w N-H).

HRMS (Q-TOF): m/z calculated for CisH14FNs [M]*: 283.1233. Found: 284.1285 [M+H]*

mp: 225-227 °C
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N*-(2-chloro-4-(trifluoromethyl)phenyl)-6-nitro-7-propoxyquinazolin-4,6-diamine 35{9})

16
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35¢9}

Starting from N-(2-chloro-4-(trifluoromethyl)phenyl)-6-nitro-7-propoxyquinazolin-4-amine (29{9}),
the product 35{9} (LMF353) was obtained as a pale-yellow solid with 97% vyield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) 5 9.11 (s, 1H, N9-H), 8.30 (s, 1H, C2-H), 8.13 (d, J = 8.5 Hz, 1H, C15-H),
7.94 (s, 1H, C12-H), 7.75 (d, J = 8.7 Hz, 1H, C14-H), 7.30 (s, 1H, C8-H), 7.10 (s, 1H, C5-H), 5.45 (s, 2H,
N20-H2), 4.13 (t, J = 6.4 Hz, 2H, C17-H,), 1.85 (sextet, J = 6.5 Hz, 2H, C18-H,), 1.06 (t, J = 7.4 Hz, 3H,
C19-Ha).

13C NMR (100 MHz, DMSO-ds) § 155.2 (C4), 152.3 (C8a), 150.2 (C2), 145.0 (C7), 140.8 (C10), 139.0
(C6), 128.4 (C11), 126.7 (C15), 126.5 (C12), 125.5 (q, J = 32.9 Hz, C13), 124.6 (C14), 123.6 (q, J = 273.4
Hz, C16), 110.4 (C4a), 106.3 (C5), 100.2 (C8), 69.7 (C17), 21.8 (C18), 10.5 (C19).

IR (ATR), vmax (cm™) 3466 (asym st NH), 3420, 3298 (sym st NH), 3155 (st Car-H), 2963 (st C-H), 1609
(sc N-H), 1513 (st Car-Car), 1398 (b C-H), 1318 (rock C-H), 1268 (st Car-N), 1202 (st C-N), 1121 (st C-0),
1078 (st C-N), 965, 841 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C1sH16CIF3sN4O [M]*: 396.0965. Found: 397.1020 [M+H]*, 399.1000
[M+H+2]*

mp: 192-200 °C
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N*-(4-fluoro-3-methylphenyl)-7-(3-morpholinopropoxy)-6-nitroquinazolin-4,6-diamine (35{10})
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3510}

Starting from  N-(4-fluoro-3-methylphenyl)-7-(3-morpholinopropoxy)-6-nitroquinazolin-4-amine
(29{10}), the product 35{10} (LMF371) was obtained as an ocher-greenish solid with 91% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) § 9.18 (s, 1H, N9-H), 8.30 (s, 1H, C2-H), 7.69 (dd, J = 7.3, 2.6 Hz, 1H, C11-
H), 7.62 (ddd, J =9.1, 4.4, 2.6 Hz, 1H, C15-H), 7.39 (s, 1H, C5-H), 7.10 (t, J = 9.2 Hz, 1H, C14-H), 7.05 (s,
1H, C8-H), 5.27 (s, 2H, N22-H.), 4.19 (t,J = 6.2 Hz, 2H, C17-H.), 3.59 (t,/ = 4.3 Hz, 4H, C21-H,, C21’-Hy),
2.50 (t, J = 7.4 Hz, 2H, C19-H2), 2.39 (s, 4H, C20-H,,C20’-H2), 2.25 (d, J = 1.8 Hz, 3H, C16-Hs), 1.98 (p,
J=6.5Hz, 2H, C18-Hy).

13C NMR (100 MHz, DMSO-ds) 5 156.5 (d, J = 238.5 Hz, C13), 155.4 (C4), 151.8 (C7), 150.6 (C2), 144.7
(C8a), 138.3 (C6), 136.1 (d, J = 2.7 Hz, C10), 124.7 (d, J = 4.6 Hz, C11), 123.6 (d, J = 18.1 Hz, C12), 120.9
(d, J = 7.7 Hz, C15), 114.5 (d, J = 22.9 Hz, C14), 110.2 (C4a), 106.5 (C8), 101.1 (C5), 66.5 (C17), 66.2
(C21, C21’), 54.9 (C19), 53.4 (C20, C20’), 25.6 (C18), 14.5 (C16).

IR (ATR), vmax (cm™) 3385 (asym st NH), 3306 (sym st NH), 3141 (st Car-H), 2814 (st C-H), 1630 (sc N-
H), 1580 (st Car-Car), 1497 (st Car-Car), 1441 (b C-H), 1207 (st C-N), 1113 (st C-O), 847 (w N-H), 810 (oop
b Car-H).

HRMS (Q-TOF): m/z calculated for C22H26FNsO2 [M]*: 411.2071. Found: 412.2130 [M+H]*

mp: 141-145 °C
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5.2.3.9. Synthesis of (E)-N-(4-(phenylamino)-7substituted-quinazolin-6-yl)-4-
(Het)but-2-enamide (method A)

/
i R
I Re /C 2
% HN R

HN R4 1
HoN 1) DIPEA, THF
2 SN o 2) R, (37{1,2,3})
+
RuX N/) Br\/\)\m ON , RT RaX
3 3h, 70°C
35 36 30{3,4,5,6,9}

(E)-4-bromobut-2-enoyl chloride (35) was freshly prepared before each reaction. To obtain
the necessary amount of substrate, 1,30 mmol (2.0 eq.) of bromo-but-2-enoic acid were dissolved
with 5 ml of anhydrous DCM. Later, 1.43 mmol (2.2 eq) of oxalyl chloride were added along with 1
drop of DMF. The solution was stirred under argon atmosphere overnight at room temperature
turning the colorless transparent solution yellowish. The mixture was evaporated then to dryness

yielding compound 36 as a yellow oil which was directly used.

0.65 mmol (1.0 eq.) of the corresponding 35 intermediate were placed in a 10 ml round-
bottomed flask, dissolved in 5 ml of anhydrous THF and 0.6 ml of N, N-diisopropyl-ethylamine (DIPEA)
were added along with the previously prepared reagent 35. The mixture was stirred at room
temperature for 2 hours. Later, 1.43 mmol (2.2 eq.) of the corresponding heterocycle (37) were added
and the mixture was stirred at room temperature overnight. The following day, additional 3.7 mmol
(5.7 eq.) of the compound 37 were added and the mixture was heated to 70 °C. After 3 hours, the
solvents were removed under vacuo and the residue was extracted with ethyl acetate, washed with
water and brine and dried over NaSOs . The desired product was finally obtained after its purification
by automated flash chromatography (silica gel 0-4% DCM: MeOH).
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(E)-N-(4-((3-chloro-2-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl)-4-(piperidin-1-yl)but-2-
enamide (30{3})

N
14
22 |21 15 13
0 10
207 *HN” N2l
5 4 3
HN_6 o F
18 2a N
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17/\0 7 5 l:l
30{3}

Starting from N*-(3-chloro-2-fluorophenyl)-7-ethoxy-6-nitroquinazolin-4,6-diamine (35{3}), freshly
prepared (E)-4-bromobut-2-enoyl chloride (36) and piperidine (37{1}) the product 30{3} (LMF348) was
obtained as a powdery light beige solid with 27% vyield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) & 9.84 (s, 1H, N9-H), 9.49 (s, 1H, N18-H), 8.93 (s, 1H, C5-H), 8.40 (s, 1H,
C2-H), 7.47 (dtd, J = 8.3, 6.7, 1.7 Hz, 2H, C13-H, C15-H), 7.29 — 7.24 (m, 2H, C8-H, C14-H), 6.80 (dt,
J=15.4,6.1 Hz, 1H, C21-H), 6.57 (d, J = 15.4 Hz, 1H, C20-H), 4.30 (q, J = 7.0 Hz, 2H, C16-H,), 3.10 (dd,
J=6.1, 1.5 Hz, 2H, C22-H2), 2.36 (m, 4H, C23-Hz, C23"-H2 ), 1.51 (qt, J = 5.6 Hz, 4H, C24-H,, C24’-Ha),
1.46 (t,J = 7.0 Hz, 3H, C17-H3), 1.43 — 1.28 (m, 2H, C25-H>).

13C NMR (100 MHz, DMSO-ds) 5 163.5 (C19), 157.5 (C4), 154.3 (C7), 154.1 (C2), 152.4 (d, J= 249.3 Hz,
C11), 148.7 (C8a), 142.0 (C21), 128.6 (d, J= 11.7 Hz, C10), 127.4 (C6), 127.1 (C15*), 126.8 (C13*), 125.9
(C20), 124.8 (d, J= 4.55 Hz, C14), 120.0 (d, J= 16.5 Hz, C12), 115.5 (C5), 108.6 (C4a), 107.0 (C8), 64.5
(C16), 59.3 (C22), 54.1 (C23), 25.5 (C24), 23.9 (C25), 14.3 (C17).

IR (ATR), vmax (cm™) 3456 (st NH), 3297 (st NH), 2943 (st C-H), 1616, 1527 (sc N-H), 1449 (st Car-Car),
1422 (b C-H), 1387 (rock C-H), 1206 (st C-N), 1116 (st C-0), 941 (trans wag =C-H), 776 (oop b Car-H).

HRMS (Q-TOF): m/z calculated for C2sH27CIFNsO2 [M]*: 483.1837. Found: 484.1890 [M+H]*, 486.1890
[M+H+2]*

mp: 198-202 °C
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(E)-N-(4-((3-chloro-4-fluorophenyl)amino)-7-(2,2,2-trifluoroethoxy)quinazolin-6-yl)-4-
morpholinobut-2-enamide (30{4})

OjZ4
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Starting from N*-(3-chloro-4-fluorophenyl)-6-nitro-7-(2,2,2-trifluoroethoxy) quinazolin-4,6-diamine
(35{4}), freshly prepared (E)-4-bromobut-2-enoyl chloride (36) and morpholine (37{2}) the product
30{4} (LMF362) was obtained as laminated white solid with 16% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) 5 9.85 (s, 1H, N9-H), 9.67 (s, 1H, N18-H), 8.81 (s, 1H, C5-H), 8.57 (s, 1H,
C2-H), 8.15 (dd, J = 6.9, 2.6 Hz, 1H, C11-H), 7.81 (ddd, J = 9.1, 4.4, 2.7 Hz, 1H, C15-H), 7.50 (s, 1H, C8-
H), 7.43 (t, J = 9.1 Hz, 1H, C14-H), 6.79 (dt, J = 15.4, 6.1 Hz, 1H, C21-H), 6.51 (d, J = 15.4 Hz, 1H, C20-
H), 5.05 (g, J = 8.8 Hz, 2H, C16-H2), 3.61 (t, J = 4.6 Hz, 4H, C24-H,, C24’-Ha), 3.16 (dd, J = 6.2, 1.5 Hz,
2H, C22-Hy), 2.40 (t, J = 4.6 Hz, 4H, C23-H,, C23’-H2).

13C NMR (100 MHz, DMSO-ds) & 163.7 (C19), 156.8 (C4), 154.3 (C2), 153.8 (C7), 153.27 (d, J = 243.0
Hz, C13), 149.0 (C8a), 141.1 (C21), 136.6 (d, J = 3.1 Hz, C10), 126.8 (C6), 126.0 (C20), 123.8 (q, J = 278.3
Hz, C17), 123.6 (C11), 122.4 (d, J = 6.8 Hz, C15), 118.7 (d, J = 18.4 Hz, C12), 118.6 (C5), 116.5 (d,
J=21.6 Hz, C14), 109.8 (C4a), 108.8 (C8), 66.2 (C24), 65.2 (q, J = 34.9 Hz, C16), 58.8 (C22), 53.3 (C23).

IR (ATR), vmax (cm™) 3407 (st NH), 3274 (st NH), 2927 (st C-H), 2822, 1741 (st C=0) 1625, 1542, 1526
(sc N-H), 1498 (st Car-Car), 1457 (b C-H), 1424, 1275 (st Car-N), 1172, 1154 (st C-N), 1109 (st C-0), 961

(trans wag =C-H).

HRMS (Q-TOF): m/z calculated for C24H22CIF4aNsO3 [M]*: 539.1347. Found: 540.1400 [M+H]*, 542.1390
[M+H+2]*

mp: 204-207 °C
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(E)-N-(4-((2-chloro-4-fluorophenyl)amino)-7-(methylamino)quinazolin-6-yl)-4-(piperidin-1-yl)but-
2-enamide (30{5})
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Starting from N*-(2-chloro-4-fluorophenyl)-N’-methyl-6-nitroquinazoline-4,6,7-triamine  (35{5}),
freshly prepared (E)-4-bromobut-2-enoyl chloride (36) and piperidine (37{1}) the product 30{5}
(LMF361) was obtained as crystalline ocher-brownish solid with 15% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) & 8.21 (s, 1H, C2-H), 8.18 (s, 1H, C5-H), 7.58 (dd, J = 8.9, 5.7 Hz, 1H, C15-
H), 7.36 (dd, J = 8.4, 2.9 Hz, 1H, C12-H), 7.15 (ddd, J = 8.74, 8.01, 2.90, 1H, C14-H), 6.98 (dt, J = 15.5,
6.5 Hz, 1H, C21-H), 6.76 (s, 1H, C8-H), 6.38 (d, J = 15.3 Hz, 1H, C20-H), 3.21 (d, J = 6.5 Hz, 2H, C22-Ha),
2.94 (s, 3H, C17-Hs), 2.50 (s br., 4H, C23-Ha, C23'-H»), 1.65 (p, J = 5.5 Hz, 4H, C24-Ha, C24’-H3), 1.50 (s
br., 2H, C25-H,).

13C NMR (100 MHz, DMSO-de) 5 167.4 (C19), 162.2 (d, J = 247.5 Hz, C13), 160.1 (C4), 155.4 (C2), 151.2
(C8a), 151.0 (C7), 142.4 (C21), 133.6 (C10), 131.7 (C11), 131.6 (C15), 127.6 (C20), 125.8 (C6), 121.3
(C5), 118.1 (d, J = 26.0 Hz, C12), 115.7 (d, J = 22.2 Hz, C14), 106.5 (C4a), 103.2 (C8), 60.9 (C22), 55.6
(C23), 30.1 (C17), 26.6 (C24), 25.0 (C25).

IR (ATR), vmax (cm™) 3250 (st NH), 2933 (st C-H), 2854, 1621 (sc N-H), 1573, 1513 (st Car-Car), 1460,
1419 (st Car-Car), 1386 (rock C-H), 1255 (st Car-N), 1209, 1186 (st C-N), 1110, 823 (oop Car-H).

HRMS (Q-TOF): m/z calculated for C2aH26CIFNsO [M]*: 468.9614. Found: 469.1900 [M+H]*, 471.1890
[M+H+2]*

mp: 174-180 °C
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(E)-N-(4-((2-chloro-3-fluorophenyl)amino)-7-(2-fluoroethoxy)quinazolin-6-yl)-4-(1H-imidazol-1-
yl)but-2-enamide (30{6})
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Starting from N*-(2-chloro-3-fluorophenyl)-7-(2-fluoroethoxy)-6-nitroquinazolin-4,6-diamine (35{6}),
freshly prepared (E)-4-bromobut-2-enoyl chloride (36) and imidazole (37{3}) the product 30{6}
(LMF374) was obtained as an off-white slurry with 38% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) & 10.28 (s, 1H, N9-H), 10.12 (s, 1H, N18-H), 9.31 (s, 1H, C5-H), 8.80 (s,
1H, C2-H), 8.12 (s, 1H, C23-H), 7.90 — 7.79 (m, 2H, C15-H, C14-H), 7.80 — 7.71 (m, 2H, C13-H, C8-H),
7.62 (d, J = 1.2 Hz, 1H, C25-H), 7.40 (d, J = 1.2 Hz, 1H, C24-H), 7.37 (dt, J = 15.4, 4.9 Hz, 1H, C21-H),
6.75 (d, J = 15.4 Hz, 1H, C20-H), 5.32 (dd, J = 5.3, 1.9 Hz, 2H, C22-H,), 5.37 — 5.19 (m, 2H, C17-H,), 4.93
(dt, J = 22.8, 3.6 Hz, 2H, C16-H,).

13C NMR (100 MHz, DMSO-de) 5 163.2 (C19), 158.0 (d, J = 245.6 Hz, C11), 157.9 (C4), 154.4 (C7), 154.3
(C2), 148.8 (C8a), 140.3 (C21), 138.6 (C10), 137.5 (C23), 128.7 (C24), 127.9 (d, J = 9.0 Hz, C14), 127.1
(C6), 125.1 (C20), 124.6 (d, J = 2.5 Hz, C15), 119.7 (C25), 118.0 (d, J = 17.5 Hz, C11), 116.5 (C5), 113.8
(d, J = 21.3 Hz, C13), 108.8 (C4a), 107.6 (C8), 81.9 (d, J = 166.9 Hz, C17), 68.4 (d, J = 19.5 Hz, C16), 46.6
(C22).

IR (ATR), vmax (cm) 3222 (st NH), 2968 (st C-H), 1581, 1528 (st Car-Car), 1465, 1446 (st Car-Car), 1385
(st Car-N), 781 (00p Car-H).

HRMS (Q-TOF): m/z calculated for C23H19CIF2NsO2 [M]*: 484.1226. Found: 185.1290 [M+H]*, 487.1280
[M+H+2]*
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(E)-N-(4-((2-chloro-4-(trifluoromethyl)phenyl)amino)-7-propoxyquinazolin-6-yl)-4-(piperidin-1-
yl)but-2-enamide (30{9})

N 16
24 23 15 13 CF3
22 o o0 12
21 s HN , I
4
2oHN6 NN Cl
19 17 8 )
N7 N/ 2
18 8 )
3049

Starting  from  N*-(2-chloro-4-(trifluoromethyl)phenyl)-6-nitro-7-propoxyquinazolin-4,6-diamine
(35{9}), freshly prepared (E)-4-bromobut-2-enoyl chloride (36) and piperidine (37{1}) the product
30{9} (LMF363) was obtained as a white solid with 31% yield.

Spectroscopic data:

IH NMR (400 MHz, DMSO-ds) § 9.83 (s, 1H, N9-H), 9.47 (s, 1H, N20-H), 8.94 (s, 1H, C5-H), 8.41 (s, 1H,
C2-H), 7.97 (s, 1H, C12-H), 7.87 (d, J = 8.5 Hz, 1H, C15-H), 7.77 (d, J = 8.4 Hz, 1H, C14-H), 7.28 (s, 1H,
C8-H), 6.84—-6.75 (m, 1H, C23-H), 6.55 (d, J = 15.4 Hz, 1H, C22-H), 4.19 (t, J = 6.4 Hz, 2H, C24-H,), 3.10
(t, J = 6.1 Hz, 2H, C17-Hy), 2.35 (s, 4H, C25-H2, C25’-Hz), 1.86 (sextet, J = 6.9 Hz, 2H, C18-H.), 1.51 (p,
J=5.6 Hz, C26-Hz, C26'-H), 1.42 — 1.36 (m, 2H, C27-Hz), 1.08 — 1.00 (m, 3H, C19-H>).

13C NMR (100 MHz, DMSO-ds) § 163.7 (C21), 157.5 (C4), 154.6 (C8a), 153.9 (C2), 148.9 (C7), 142.0
(C23), 140.6 (C10), 130.5 (C11), 128.9 (C15), 127.6 (C6), 126.8 (q, J= 30.7 Hz, C13) 126.7 (d, J = 2.7 Hz,
C12), 125.9 (C22), 124.6 (C14), 123.5 (q, J = 272.3 Hz, C16), 115.5 (C5), 108.7 (C4a), 107.2 (C8), 70.3
(C17), 59.3 (C24), 54.1 (C25), 25.5 (C26), 23.9 (C27), 21.7 (C18), 10.4 (C19).

IR (ATR), vmax (cm) 3431 (st NH), 3285 (st NH), 2933 (st C-H), 2800, 1627 (st C=0), 1530 (sc N-H),
1424 (st Car-Car), 1384 (rock C-H), 1320 (st Car-N), 1308, 1276, 1173, 1114 (st C-O), 1078 1209, 1186 (st
C-N), 1110, 845 (oop Car-H).

HRMS (Q-TOF): m/z calculated for C27H29CIF3NsO2 [M]*: 547.1962. Found: 548.2010 [M+H]*, 550.2000
[M+H+2]*

mp: 180-184 °C
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5.2.3.10.Synthesis of (E)-4-bromo-N-(4-(phenylamino)-7-substituted-quinazolin-
6-yl)but-2-enamide (method B)

Br
~ 4R /@Rz
HN \\%12 o N \\R1
HN N
@

HzN SN 0 TEA, THF

+
N/) Bf\/\)\c, 30min, -20°C R,

35 36 38(1,2,3,4}

R3X

Firstly, (E)-4-bromobut-2-enoyl chloride (35) was freshly prepared before each reaction. To
obtain the necessary amount of substrate, 1.93 mmol (1.31 eq.) of bromo-but-2-enoic acid were
dissolved with 5 ml of anhydrous DCM. Later, 2.12 mmol (1.44 eq) of oxalyl chloride were added along
with 1 drop of DMF. The solution was stirred under argon atmosphere at room temperature for three
hours turning the colorless transparent solution yellowish. The mixture was evaporated then to

dryness yielding compound 36 as a yellow oil which was directly dissolved in 3 ml of anhydrous THF.

Secondly, 1.47 mmol (1.0 eq) of the corresponding compound 35 were dissolved in 30 ml of
anhydrous THF in a 50 ml round-bottomed flask. 3.68 mmol (2.5 eq.) of triethylamine (TEA) were
added and the flask was sealed under argon and cooled to -20 °C (ice-salt-water bath). The above THF
solution containing the acid 36 was then added dropwise over 30 minutes and the reaction mixture
was stirred for a further 30 minutes at this temperature. The mixture was diluted in 20 ml saturated
NaHCOs solution and extracted twice with 20 ml of ethyl acetate. The combined organic fractions
were washed with 20 ml brine, dried over Na2SOs, filtered, and the solvent was removed under
reduced pressure to give a crude solid which was purified by automated flash chromatography (silica
gel, 0-2% DCM: MeOH).

247



(E)-4-bromo-N-(4-((2-chloro-4-fluorophenyl)amino)-7-(methylthio)quinazolin-6-yl)but-2-enamide

(38{1})
Br 1
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Starting from N%-(2-chloro-4-fluorophenyl)-7-(methylthio)quinazoline-4,6-diamine (35{1}) and freshly
prepared (E)-4-bromobut-2-enoyl chloride (36) the product 38{1} (LMF411) was obtained as a slightly
yellowish-white cotton-like solid with 44% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) & 9.88 (s, 2H, N9-H, N17-H), 8.40 (s, 1H, C2-H), 8.32 (s, 1H, C5-H), 7.57
(dd, J=8.6, 2.9 Hz, 2H, C12-H, C15-H), 7.51 (s, 1H, C8-H), 7.30 (td, J = 8.5, 2.8 Hz, 1H, C14-H), 6.63 (d,
J=6.8 Hz, 1H, C19-H), 6.50 (q, J = 6.6 Hz, 1H, C20-H), 3.37 (d, J = 6.2 Hz, 2H, C21-H2), 2.57 (s, 3H, C16-
Hs).

13C NMR (100 MHz, DMSO-ds) 6 168.3 (C18), 161.3 (d, J = 244.5 Hz, C13), 158.7 (C4), 155.0 (C2), 148.4
(C8a), 144.6 (C7), 132.6 (C10*), 132.2 (C6), 131.2 (C15, C11*), 128.8 (C20), 121.3 (C5, C8), 116.9 (d,
/=259 Hz, C12), 114.8 (d, J = 22.5 Hz, C14), 111.2 (C4a), 110.6 (C19), 36.7 (C21), 13.9 (C16).

IR (ATR), vmax (cm™) 3439 (st NH), 3249 (st NH), 3028 (st Car-H), 2990 (st C-H), 2911, 1660 (st C=0),
1620, 1534 (sc N-H), 1490 (st Car-Car), 1421, 1392, 1300 (st Car-N), 1203 (w CH2Br), 1091 (st C-N), 820
(oop Car-H), 663.

HRMS (Q-TOF): m/z calculated for CisH1:BrCIFN4OS [M]*: 479.9823. Found: 480.9812 [M+H]",
482.9789 [M+H+2]*

mp: 224-228 °C
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(E)-4-bromo-N-(4-((2-chloro-4-fluorophenyl)amino)-7-propoxyquinazolin-6-yl)but-2-enamide
(38{2})
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Starting from N*-(2-chloro-4-fluorophenyl)-6-nitro-7-propoxyquinazolin-4,6-diamine (35{2}) and
freshly prepared (E)-4-bromobut-2-enoyl chloride (36) the product 38{1} (J) was obtained as an ocher
solid with 78% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) 5 9.73 (s, 1H, N9-H), 9.44 (s, 1H, N15-H), 8.76 (s, 1H, C2-H), 8.33 (s, 1H,
C5-H), 7.63 — 7.49 (m, 2H, C12-H, C15-H), 7.29 (dd, J = 8.5, 3.1 Hz, 1H, C14-H), 7.23 (s, 1H C8-H), 6.65
(d,J = 6.9 Hz, 1H, C21-H), 6.53 (q, J = 6.7 Hz, 1H, C22-H), 4.17 (t, J = 6.5 Hz, 2H, C16-H1), 3.44 (d, J = 6.2
Hz, 2H, C23-H,), 1.86 (sextet, J = 6.7 Hz, 2H, C17-Ha), 1.05 (t, J = 7.4 Hz, 3H, C18-Ha).

13C NMR (100 MHz, DMSO-ds) & 167.9 (C20), 159.9 (d, J = 244.8 Hz), 158.4 (C4), 154.9 (C2), 153.6
(C8a), 142.7 (C7), 132.8 (C10*), 132.1 (C6), 130.9 (C15), 128.8 (C22), 127.3 (C11*), 116.9 (d, J = 25.9
Hz, C12), 116.1 (C5), 114.7 (d, J = 21.7 Hz, C14), 110.9 (C21), 106.1 (C8), 70.3 (C16), 37.4 (C23), 21.7
(C17), 10.4 (C18).

IR (ATR), vmax (cm™) 3426 (st NH), 3385 (st NH), 2927 (st C-H), 2884, 1695 (st C=0), 1622, 1524 (sc
N-H), 1487 (st Car-Car), 1420, 1195 (st C-0), 964, 853 (w N-H).

HRMS (Q-TOF): m/z calculated for CoiH19BrCIFNzO2 [M]*: 492.0364. Found: 493.0380 [M+H]*,
495.0358 [M+H+2]*

mp: 158-162 °C
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(E)-4-bromo-N-(4-((3-chloro-4-fluorophenyl)amino)-7-(3-morpholinopropoxy)quinazolin-6-yl)but-
2-enamide (38{3})

38(3}

Starting from N%-(3-chloro-4-fluorophenyl)-7-(3-morpholinopropoxy)-6-nitroquinazolin-4,6-diamine
(35{7}) and freshly prepared (E)-4-bromobut-2-enoyl chloride (36) the product 38{3} (LMF408) was

obtained as a yellow crystalline solid with 29% yield.
Spectroscopic data:

H NMR (400 MHz, DMSO-ds) 5 9.78 (s, 1H, N9-H), 9.50 (s, 1H, N21-H), 8.75 (s, 1H, C5-H), 8.53 (s, 1H,
C2-H), 8.13 (dd, J = 6.9, 2.6 Hz, 1H, C11-H), 7.80 (ddd, J = 9.0, 4.3, 2.5, 1H, C15-H), 7.41 (t, J = 9.1 Hz,
1H, C14-H), 7.27 (s, 1H, C8-H), 6.65 (d, J = 6.9 Hz, 1H, C23-H), 6.53 (q, J = 6.7 Hz, 1H, C24-H), 4.25 (t, J
= 6.2 Hz, 2H, C16-Hz), 3.59 (s br., 4H, C20-Hz, C20’-H2), 3.44 (d, J = 6.0 Hz, 2H, C25-H2), 2.53 — 2.47 (m,
2H, C18-Hy), 2.40 (s br., 4H, C19-H,,C19’-Hz), 2.00 (qt, J = 6.9 Hz, 2H, C17-Ha).

13C NMR (100 MHz, DMSO-ds) 5 167.9 (C22), 156.8 (C4), 155.0 (C7), 154.0 (C2), 153.2 (d, J = 242.5 Hz,
C13), 149.2 (C8a), 136.8 (C10), 128.8 (C24), 127.1 (C6), 123.5 (C11), 122.4 (d, J = 7.2 Hz, C15), 118.7
(d, J = 18.3 Hz, C12), 116.5 (C5), 116.3 (d, J = 22.1 Hz, C14), 110.8 (C23), 108.7 (C4a), 107.3 (C8), 66.9
(C16), 66.1 (C20), 54.6 (C18), 53.3 (C19), 37.3 (C25), 25.4 (C17).

IR (ATR), vmax (cm™) 3395 (st NH), 3287 (st NH), 2957 (st C-H), 2821, 1684 (st C=0), 1624, 1578, 1530
(sc N-H), 1496, 1451, 1423 (st Car-Car), 1386, 1332 (st Car-N), 1208 (w CH1Br), 1113 (st C-0), 864.

HRMS (Q-TOF): m/z calculated for CasH26BrCIFNsOs [M]*: 577.0892. Found: 578.0914 [M+H]*,
580.0892¢ [M+H+2]*

mp: 208-210 °C
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(E)-4-bromo-N-(4-((2-fluorophenyl)amino)-7-(methylamino)quinazolin-6-yl)but-2-enamide (38{4})
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Starting from N*-(2-fluorophenyl)-N7-methyl-6-nitroquinazoline-4,6,7-triamine (35{4}) and freshly
prepared (E)-4-bromobut-2-enoyl chloride (36) the product 38{4} (LMF412) was obtained as an ocher-
greenish solid with 53% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) § 9.47 (s, 2H, N9-H, N18-H), 8.27 (s, 1H, C2-H), 8.16 (s, 1H, C5-H), 7.49
(t,J = 7.8 Hz, 1H, C14-H), 7.27 (dd, J = 8.7, 3.3 Hz, 2H, C13-H, C12-H), 7.22 (dd, J = 6.9, 3.8 Hz, 1H, C15-
H), 6.63 (s, 1H, C8-H), 6.61 (d, J = 6.8 Hz, 1H, C22-H), 6.55 (g, J = 6.5 Hz, 1H, C21-H), 6.20 (d, J = 4.4 Hz,
1H, N16-H), 3.39 (d, J = 6.1 Hz, 2H, C22-Hz), 2.83 (d, J = 4.8 Hz, 3H, C17-Ha).

13C NMR (100 MHz, DMSO-ds) 5 168.7 (C19), 157.6 (C4), 156.8 (d, J = 247.2 Hz, C11), 154.4 (C2), 150.2
(C8a), 149.2 (C7), 129.2 (C21), 128.2 (C14), 126.8 (d, J = 18.9 Hz, C10), 126.7 (d, J = 6.8 Hz, C13), 126.0
(C6), 124.2 (d, J = 3.4 Hz, C15), 121.1 (C5), 115.8 (d, J = 20.1 Hz, C12), 110.2 (C20), 104.9 (C4a), 102.1
(C8), 36.9 (C22), 29.5 (C17).

IR (ATR), vmax (cm™) 3203 (st NH), 2928 (st C-H), 1681 (st C=0), 1621, 1579 (st Car-Car), 1521 (sc N-H),
1500 (st Car-Car), 1453, 1417, 1387 (rock C-H), 1257 (w CH2Br), 843 (w N-H), 749 (oop Car-H).

HRMS (Q-TOF): m/z calculated for C1oH17BrFNsO [M]*: 429.0601. Found: 430.0588 [M+H]*

mp: 245-250 °C
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5.2.3.11.Synthesis of (E)-N-(4-(phenyl)amino)-7substituted-quinazolin-6-yl)-4-
(Het)but-2-enamide (method B)

Br
L e
O NN\Ug, O NNR,
HN X )N DMF, R, (37{1,4,5}) N

SN
= 30min, -20°C A
RaX N : RaX N

38(1,2,3,4} 30/1,2,7,8}

0.45 mmol (1.0 eq) of the corresponding compound 38 were dissolved in 7 ml of anhydrous
DMF and cooled to -20 °C (ice-salt-water bath). 3.05 mmol (6.8 eq.) of the corresponding 37
heterocycle were added dropwise and the reaction was set stirring for 2 hours at -20 °C. The complete
reaction was checked by TLC and this was quenched with 25 ml of water. Later, the aqueous mixture
was poured into 50 ml saturated NaHCOs solution and extracted twice with 20 ml of ethyl acetate.
The combined organic fractions were washed with 20 ml brine, dried over Na:SOsg, filtered, and the

solvent was removed under reduced pressure to yield the desired and pure product 30.

(E)-N-(4-((2-chloro-4-fluorophenyl)amino)-7-(methylthio)quinazolin-6-yl)-4-(piperidin-1-yl) but-2-
enamide (30{1})
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Starting from (E)-4-bromo-N-(4-((2-chloro-4-fluorophenyl)amino)-7-(methylthio)quinazolin-6-yl)but-
2-enamide (38{1}) and piperidine (37{1}) the product 30{1} (LMF415) was obtained as a pale-yellow
solid with 24% yield.

252



Spectroscopic data:

H NMR (400 MHz, DMSO-ds) § 9.81 (s, 2H, N9-H, N17-H), 8.39 (s, 1H, C2-H), 8.37 (s, 1H, C5-H), 7.56
(dd, J = 12.1, 7.6 Hz, 2H, C12-H, C15-H), 7.52 (s, 1H, C8-H), 7.29 (t, J = 8.0 Hz, 1H, C14-H), 6.83 — 6.72
(m, 1H, C20-H), 6.37 (d, J = 14.5 Hz, 1H, C19-H), 3.10 (d, J = 5.2 Hz, 2H, C21-H2), 2.57 (s, 3H, C16-Ha),
2.36 (s br., 4H, C22-H,, C22’-H»), 1.52 (s br., 4H, C23-H,, C23’-H, ), 1.39 (s br., 2H, C24-H,).

13C NMR (100 MHz, DMSO-de) 5 164.2 (C18), 161.3 (d, J = 246.1 Hz, C13), 158.6 (C4), 155.0 (C2), 148.5
(C8a), 144.3 (C7), 141.9 (C20), 132.6 (C10), 132.3 (C6), 131.3 (d, J = 10.2 Hz, C15), 125.1 (C21), 121.5
(C8), 121.1 (C21), 116.9 (d, J = 25.9 Hz, C12), 114.8 (d, J = 22.9 Hz, C14), 111.2 (C4a), 59.3 (C21), 54.1
(C22, C22’), 25.6 (C23, C23’), 23.9 (C24), 13.9 (C16).

IR (ATR), vmax (cm™) 3428 (st NH), 3228 (st NH), 3025 (st Car-H), 2944 (st C-H), 2911, 1679, 1654 (st
C=0), 1619, 1559, 1532 (sc N-H), 1472, 1413 (st Car-Car), 1199 (st C-N), 953, (trans wag =C-H), 814 (w
N-H), 780 (OOp Car'H).

HRMS (Q-TOF): m/z calculated for C2sH25CIFNsOS [M]*: 485.1452. Found: 486.1480 [M+H]*, 488.1465
[M+H+2]*

mp: 218-223 °C

(E)-N-(4-((2-chloro-4-fluorophenyl)amino)-7-propoxyquinazolin-6-yl)-4-(piperidin-1-yl) but-2-
enamide (30{2})
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Starting from (E)-4-bromo-N-(4-((2-chloro-4-fluorophenyl)amino)-7-propoxyquinazolin-6-yl)but-2-

enamide (38{2}) and piperidine (37{1}) the product 30{2} (LMF413) was obtained as a pale-yellow

solid with 71% yield.

Spectroscopic data:

'H NMR (400 MHz, DMSO-ds) 6 9.70 (s, 1H, N9-H), 9.45 (s, 1H, N19-H), 8.85 (s, 1H, C5-H), 8.33 (s, 1H,

C2-H), 7.65 — 7.47 (m, 2H, C15-H, C12-H), 7.32 — 7.25 (m, 1H, C14-H), 7.24 (s, 1H, C8-H), 6.79 (dt, J =
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15.4, 6.1 Hz, 1H, C22-H), 6.53 (d, J = 15.1 Hz, 1H, C21-H), 4.17 (t, J = 6.6 Hz, 2H, C16-H,), 3.10 (d,
J=6.0 Hz, 2H, C23-H2), 2.35 (s br., 4H, C24-H,, C24’-H), 1.86 (sextet, J = 7.3 Hz, 2H, C17-H2), 1.51 (qt,
J=5.3 Hz, 4H, C25-H,, C25'-H,), 1.39 (d, J = 2.8 Hz, 2H, C26-H,), 1.03 (t, J = 7.4 Hz, 3H, C18-Hs).

13C NMR (100 MHz, DMSO-ds) & 163.6 (C20), 162.3 (C4), 159.8 (d, J = 246.0 Hz, C13), 158.2 (C8a),
154.3 (C2), 148.8 (C7), 141.8 (C22), 133.1 (d, J = 3.4 Hz, C10), 132.1 (d, J = 11.1 Hz, C11), 130.9 (d,
J=9.2 Hz, C15), 127.2 (C6), 125.9 (C21), 116.8 (d, J = 25.9 Hz, C12), 116.3 (C5), 114.6 (d, J = 22.1 Hz,
C14), 108.4 (C4a), 107.1(C8), 70.1 (C16), 59.3 (C23), 54.1 (C24, C24’), 25.5 (C25, C25’), 23.9 (C26), 21.7
(C16), 10.4 (C17).

IR (ATR), vmax (cm™) 3422 (st NH), 2927 (st C-H), 1692 (st C=0), 1630, 1576, 1527 (sc N-H), 1449,
1423 (st Car-Car), 1200 (st C-N), 965, (trans wag =C-H), 862, 738 (0oop Car-H).

HRMS (Q-TOF): m/z calculated for C26H29CIFNsO2 [M]*: 497.1994. Found: 498.2013 [M+H]*, 500.2002
[M+H+2]*

mp: 145-155 °C

(E)-N-(4-((3-chloro-4-fluorophenyl)amino)-7-(3-morpholinopropoxy)quinazolin-6-yl)-4-(pyrrolidin-
1-yl)but-2-enamide (30{7})
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Starting from (E)-4-bromo-N-(4-((2-chloro-4-fluorophenyl)amino)-7-propoxyquinazolin-6-yl)but-2-
enamide (38{3}) and pyrrolidine (37{4}) the product 30{7} (LMF409) was obtained as a pale-brown
solid with 97% yield.

Spectroscopic data:

H NMR (400 MHz, DMSO-ds) 5 9.79 (s, 1H, N9-H), 9.50 (s, 1H, N21-H), 8.86 (s, 1H, C5-H), 8.53 (s, 1H,
C2-H), 8.14 (dd, J = 6.9, 2.4 Hz, 1H, C11-H), 7.81 (ddd, J = 8.9, 4.3, 2.5 Hz, 1H, C15-H), 7.42 (t, J = 9.1
Hz, 1H, C14-H), 7.27 (s, 1H, C8-H), 6.84 (dt, J = 15.3, 5.8 Hz, 1H, C24-H), 6.55 (d, J = 15.4 Hz, 1H, C23-
H), 4.26 (t, J = 6.2 Hz, 2H, C16-H2), 3.58 (t, J = 4.6 Hz, 4H, C20-H,, C20’-Ha), 3.26 (d, J = 5.7 Hz, 2H, C25-
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Hz), 2.51—2.41 (m, 6H, C27-Hz, C27'-H2,C18-Ha), 2.41 - 2.34 (m, 4H, C19-Hz, C19'-H2), 2.07 - 1.94 (m,
2H, C17-H2), 1.72 (s, 4H, C28-Ha, C28'-Ha).

13C NMR (100 MHz, DMSO-ds) 6 163.8 (C22), 156.7 (C4), 154.9 (C7), 153.9 (C2), 153.1 (d, J = 242.7 Hz,
C13), 149.1 (C8a), 142.4 (C24), 136.8 (C10), 127.3 (C6), 125.0 (C23), 123.5 (C11), 122.3 (d, J = 6.8 Hz,
C15), 118.7 (d, J = 18.2 Hz, C12), 116.4 (d, J = 21.6 Hz, C14), 116.4 (C5), 108.7 (C4a), 107.3 (C8), 67.0
(C16), 66.2 (C20), 56.2 (C25), 54.7 (C18), 53.6 (C27), 53.4 (C19), 25.4 (C17), 23.3 (C28).

IR (ATR), vmax (cm™) 3547 (st NH), 3317 (st NH), 3114 (st Car-H), 2957 (st C-H), 2800, 1670 (st C=0),
1628, 1531 (sc N-H), 1498, 1451, 1427 (st Car-Car), 1397, 1344, 1208 (st C-N), 1117 (st C-0), 850 (oop
Car'H).

HRMS (Q-TOF): m/z calculated for C29H34CIFNsO3 [M]*: 568.2365. Found: 569.2389 [M+H]*, 571.2380
[M+H+2]*

mp: 112-118 °C

(E)-N-(4-((2-fluorophenyl)amino)-7-(methylamino)quinazolin-6-yl)-4-(piperazin-1-yl)but-2-
enamide (30{8})
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Starting from (E)-4-bromo-N-(4-((2-chloro-4-fluorophenyl)amino)-7-propoxyquinazolin-6-yl)but-2-
enamide (38{4}) and piperazine (37{5}) the product 30{8} (LMF414) was obtained as an orange solid
with 26% yield.

Spectroscopic data:

1H NMR (400 MHz, DMSO-ds) § 9.46 (s, 1H, N9-H), 9.36 (s, 1H, N1*-H), 8.25 (s, 2H, C2-H, C5-H), 7.50
(t,J = 7.1 Hz, 1H, C14-H), 7.31 = 7.16 (m, 3H, C15-H, C13-H, C12-H), 6.73 (dt, J = 15.2, 6.0 Hz, 1H, C20-
H), 6.64 (s, 1H, C8-H), 6.36 (d, J = 15.9 Hz, 1H, C19-H), 6.12 (d, J = 5.3 Hz, 1H, C17-H), 3.11 (d,
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J=5.2 Hz, 2H, C21-H>), 2.83 (d, J = 4.8 Hz, 3H, C17-Hs), 2.76 — 2.73 (m, 4H, C23-H,, C23'-H2), 2.36 (s
br., 4H, C22-H,, C22'-H2 ).

13C NMR (100 MHz, DMSO-ds) 5 164.3 (C18), 157.6 (C4), 156.8 (d, J = 246.8 Hz, C11), 154.5 (C2), 150.4
(C8a), 148.7 (C7), 140.5 (C20), 128.2 (d, J = 19.9 Hz, C10), 128.2 (C14), 126.6 (d, J = 9.4 Hz, C13), 126.2
(C19), 124.3 (C6), 124.2 (d, J = 3.2 Hz, C15), 120.3 (C5), 115.8 (d, J = 20.0 Hz, C12), 105.1 (C4a), 102.6
(C8), 59.2 (C21), 53.9 (€22, C22’), 45.4 (C23, C23’), 29.6 (C17).

IR (ATR), vmax (cm™) 3428 (st NH), 3239 (st NH), 2922 (st C-H), 2854, 1673 (st C=0), 1646, 1619, 1559,
1530 (sc N-H), 1486, 1412 (st Car-Car), 1253 (st Car-N), 1183 (st C-0O), 783 (oop Car-H).

HRMS (Q-TOF): m/z calculated for C23H26FN7O [M]*: 435.2183. Found: 436.2210 [M+H]*
mp: 110-112 °C
5.3. Determination of the biological activity

5.3.1. P. falciparum in vitro growth inhibition assay

Intraerythrocytic strain P. falciparum 3D7A growth inhibition 1Cso was determined using a
modification of the in vitro [2H]-hypoxanthine incorporation method (Desjardins et al.}”’). Briefly,
asynchronous cultures (ca. 70% rings) at 2% hematocrit and 0.5% parasitemia with 5 pM
hypoxanthine were exposed to 3-fold serial dilutions of the compounds in 96 well plates (Costar
#3894). They were incubated 24 hours at 37 °C, 5% CO2, 5%02, 95% N.. After 24 hours of incubation,
[*H]-hypoxanthine was added, and plates were incubated for an additional 24 hours. After that period,
plates were harvested on glass fiber filters (Wallac #1450-421) using a cell harvester 96 (TOMTEC,
Perkin Elmer). Filters were dried and melt-on scintillator sheets (MeltiLex A, PerkinElmer #1450-441)
used to determine the incorporation of [*H]-hypoxanthine. Radioactivity was measured using a

microbeta counter (Perkin Elmer). ICso values were determined using Excel and Grafit 5 software.
5.3.2. EGFR enzymatic in vitro assay : measure of the residual activity

Determination of the effect of the compounds on the kinase activity of the 9 protein kinases
in vitro was performed with a radiometric protein kinase assay (*3PanQinase® Activity Assay) at
Reaction Biology Corp. (www.reactionbiology.com). Protein kinases used at Reaction Biology Corp.

were purchased from Life Technologies (Invitrogen Corporation).

The kinase inhibition profile of 14 compounds was determined by measuring residual activity
values at two concentrations each in singlicate in 9 protein kinase assays. Compounds were previously

prepared as 1 x 10% M/100% DMSO stock solutions. The compounds were tested at the following
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final assay concentrations, in singlicate: 2.0E-09 M and 1.0E-08 M. The final DMSO concentration in

all reaction cocktails (including high and low controls) was 1 %.
Protein Kinase Assay

A radiometric protein kinase assay (3*PanQinase® Activity Assay) was used for measuring
activity of the 9 protein kinases. All kinase assays were performed in 96-well ScintiPlatesTM from
Perkin Elmer (Boston, MA, USA) in a 50 pl reaction volume. The reaction cocktail was pipetted in 4
steps in the following order: (a) 10 ul of non-radioactive ATP solution (in H20), (b) 25 ul of assay
buffer/ [y- 33P]-ATP mixture, (c) 5 ul of test sample in 10% DMSO, (d), 10 pl of enzyme/substrate

mixture.

The assay for all protein kinases contained 70 mM HEPES-NaOH pH 7.5, 3 mM MgClz2, 3 mM
MnClz, 3 uM Na-orthovanadate, 1.2 mM DTT, 50 pg/ml PEG2o000, ATP (variable concentrations,
corresponding to the apparent ATP-Km of the respective kinase, see Table 5.1), [y- 33P]-ATP (approx. 8
x 10° cpm per well), protein kinase (variable amounts; depending on the stock), and substrate

(variable amounts; see Table 5.1 1).

All protein kinases provided by RBE were expressed in Sf9 insect cells or in E.coli as
recombinant GST-fusion proteins or His-tagged proteins, either as full-length or enzymatically active
fragments. All kinases were produced from human cDNAs. Kinases were purified by affinity
chromatography using either GSH-agarose or immobilized metal. Affinity tags were removed from a
number of kinases during purification. The purity of the protein kinases was examined by SDS-

PAGE/Coomassie staining. The identity of the protein kinases was checked by mass spectroscopy.

257



Table 5.1 Assay parameters for the tested protein kinases

e Kinase Kinase ATP Substrate
# | Kinase Name PQ Lot Concentration | Concentration | Concentration | Substrate Name | Substrate Lot | Concentration
(ng/50ul) (nMm) * (um) (ng/50ul)
1 | EGFR 018,19 | 10 2,2 0,3 Poly(Glu,Tyr)4:1 SIG_20K5903 0,125
2 | EGFR C797S 001,1 50 11,2 1 Poly(Glu,Tyr)4:1 SIG_20K5903 0,125
3 | EGFR G719S 001,5 10 2,2 0,3 Poly(Glu,Tyr)4:1 SIG_20K5903 0,125
4 | EGFR L858R 002,6 | 20 4,5 1 Poly(Glu,Tyr)4:1 | SIG_20K5903 | 0,25
5 | EGFR T790M 001,5 8 1,8 0,3 Poly(Glu,Tyr)4:1 SIG_20K5903 | 0,125
6 | EGFR T790M/C7975/L858R 001,1 | 10 2,2 0,3 Poly(Glu,Tyr)4:1 | SIG_20K5903 | 0,125
7 | EGFR T790M/L858R 001,6 10 2,2 0,3 Poly(Glu,Tyr)4:1 SIG_20K5903 0,125
8 | ERBB2 012,10 | 50 10,6 1 Poly(Glu,Tyr)4:1 SIG_20K5903 0,125
9 | ERBB4 007,8 5 1,0 0,3 Poly(Glu,Tyr)4:1 SIG_20K5903 0,125
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(*) Maximal molar enzyme assay concentrations, implying enzyme preparations exclusively containing 100 % active enzyme




The reaction cocktails were incubated at 30° C for 60 minutes. The reaction was stopped with
50 wl of 2 % (v/v) H3POs, plates were aspirated and washed two times with 200 ul 0.9 % (w/v) NaCl.
Incorporation of 33P; (counting of “cpm”) was determined with a microplate scintillation counter
(Microbeta, Wallac).

Protein Kinase Assay

For each kinase, the median value of the cpm of three wells with complete reaction cocktails,
but without kinase, was defined as "low control" (n=3). This value reflects unspecific binding of
radioactivity to the plate in the absence of protein kinase but in the presence of the substrate.
Additionally, for each kinase the median value of the cpm of three other wells with the complete
reaction cocktail, but without any compound, was taken as the "high control", i.e. full activity in the
absence of any inhibitor (n=3). The difference between high and low control was taken as 100 %

activity for each kinase.

As part of the data evaluation the low control value of each kinase was subtracted from the
high control value as well as from their corresponding "compound values". The residual activity (in %)

for each compound well was calculated by using the following formula:

(cpm of compound - low control)

Res. Activity (%) = 100
es. Activity (%) *1 (high control - low control)

Quality controls

As a parameter for assay quality, the Z'-factor?® for the low and high controls of each assay

plate (n = 8) was used. RBE’s criterion for repetition of an assay is a Z'-factor below 0.42%4,

As an additional quality control, a control inhibitor was tested in parallel, staurosporine

(RBE). The inhibitor activity values were in the expected range for each kinase.
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Chapter 6: Conclusions

All the reported results have proved that there is still space to be explored in the developed

combinatorial libraries derived from the claimed Markush structures in the drug patents. Two proofs

of concept have been developed to put in practice the suggested alternative strategy based in rational

analysis with the study of the family of analogs of Tafenoquine and Dacomitinib. At the light of the

results, we sustain that this methodology would highly benefit in terms of efficiency the early Drug

Discovery process along with the database description of libraries of analogs for further reprofiling

purposes. Consequently, considering the initial objectives stated in this thesis, the formulated

conclusions are the following:
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1.1.

1.2.

1.3.

2.1

The initial study extracted from the latest FDA approved small molecules has allowed us to
corroborate that the hit-to-lead procedure in the actual R&D process is highly localized

compromising its efficiency.

Seven uncorrelated drug patents (e.g. Dacomitinib, Abemaciclib, Tafenoquine) have been
analyzed to assess how well the chemical space claimed within is actually explored. It has
been confirmed through the calculation of the respective space and population coverages
that the reported molecules in literature (BD) do poorly represent the huge diversity
involved in patent claims. Clear evidence is given with the space coverage, which is about
20% on average when clustering the chemical space in VN clusters (being N clusters the

total number of analogs of the combinatorial library).

Neither the real explored space (BD) nor the fragment combination of the studied molecules
(BCL) significantly represent the space defined by the combinatorial libraries derived from
the Markush structure, even when compared with the coverage obtained by a statistically

sampling of VN molecules via cherry-picking.

The Tafenoquine’s chemical space study consisting in a family of 25,472 analogs have
resulted in the synthesis of seven rationally selected analogs which have proven to be more
representative (with a 70.0% SC and 74.8% PC) than the 58 reported analogs until date (with
a 50.0% SC and 42.5% PC). The results obtained by the biological activity tests against P.
falciparum asexual blood stages (which were conducted by GSK) showed that all candidates
present interesting activities, being compound 15{2} a potential lead candidate (which
showed a IC50 of 4.1 uM). The study of the explored chemical space evidenced that many
of the molecules reported in bibliography are placed in two regions with low ICso values

indicating a biased selection and a poor/limited exploration of the chemical space available



as, after this study, both clusters would not be recommended to be further explored in

optimization studies.

3.1. Dacomitinib’s chemical space study has evidenced the vagueness of some of the Markush
structure claimed in the patents, as the total enumeration of its derivatives comprehend
more than 10 billion analogs. Through the library selection of the synthetic accessible space,
it has been able to represent with only 8 compounds the same fraction represented by the
actual 60 reported molecules (with 8.0% SC and 92.6% PC). Their in vitro biological
assessment with a radiometric protein kinase assay against EGFR (wild-type and 6 of its
mutations), HER2 and HER4, have demonstrated that all the molecules show some
inhibitory activity at 10nM for all cases except for HER2. Compound 30{3} stands out as the
most interesting candidate for further studies as it has shown analogous inhibitory trend
compared to Dacomitinib. As both are part of the same cluster (3), it would be suggested to
deeply explore this region through further re-clustering steps in order to probably find a

new lead candidate.

4.1. Finally, in both proofs of concept, molecule intermediates and alternative analogs have also
shown interesting biological activities leaving the door opened for further hit-optimization

processes outside of the Markush claimed space.

Therefore, through this study, our principal hypothesis is confirmed as the rational selection
of a small sample of analogs has proven to be an efficient exploratory methodology suitable for the
early drug discovery stages such as the hit-to-lead process or for High-Throughput Screening

purposes.
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The

following annexes can be found in  PhDThesis LeticiaManénFreixa

https://tinyurl.com/PhDThesisLMF) :

Annex |: Database of the latest approved drugs by the FDA in the period from 2008 to
2020.

Annex Il: List of 206 1D and 2D descriptors calculated using MOE2020.09
Annex lll: Fragments used to build the different combinatorial libraries of analogs.

Annex IV: OV Binning partitioning representation of Tafenoquine’s case study dataset
for 2, 4, 8, 16, 32 and 64 bins.

Annex V: Folder containing the spectroscopic data concerning the library of Tafenoquine
analogs (NMR, IR, HRMS).

Annex VI: Folder containing the spectroscopic data concerning the library of Dacomitinib
analogs (NMR, IR, HRMS).

Annex VII: Folder containing the databases of the combinatorial libraries.
Annex VIII: Folder containing the clustered databases of the combinatorial libraries

Annex IX: Folder containing PyLINS.py script and the exemplifying Jupyter Notebook file
PyLINS_example.ipynb.

Annex X: Deconstructing Markush: Improving the R&D Efficiency Using Library Selection
in Early Drug Discovery (Published article with DOI: 10.3390/ph15091159)

Annex XI: Contributions to scientific meetings.
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