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Abstract

Xanthenes are a special class of oxygen-incorporating tricyclic compounds. Structurally
related to xanthones, the presence of different substituents in position 9 strongly influences
their physical and chemical properties, as well as their biological applications. Several
methodologies have been employed to obtain 9H-xanthene, 9-hydroxyxanthene
(xanthydrol) and xanthene-9-carboxylic acid, as well as respective derivatives, from simple
starting materials or through modification of related structures. Xanthene derivatives have
shown ability to act as neuroprotectors, antitumor, antimicrobial, among others, proving the

versatility of this nucleus for different biological applications.

This work reports the synthesis of 36 compounds, xanthene and benzhydryl derivatives,
from which 24 were synthetized for the first time. Diverse maodifications were performed to
obtain the reported compounds, particularly, amide coupling, amide reduction, aromatic

halogenation, Suzuki coupling, and Curtius rearrangement.

The first set of compounds arise from the conjugation of xanthydrol with sulfamerazine,
sulfamethazine, sulfacetamide, and aniline. These compounds were evaluated regarding
their minimum inhibitory concentration on Gram-positive and Gram-negative strains, efflux
pump inhibition activity, influence on biofilm formation, and quorum-sensing inhibition.
Despite no activity was found on inhibiting bacterial growth, the compounds obtained,
particularly the xanthene sulfonamide derivatives MM17 and MM18, showed interesting

preliminary results regarding their impact on different mechanisms of bacterial resistance.

A series of xanthene-9-carboxylic acid derivatives were obtained employing distinctive
synthetic procedures: aromatic halogenation, amide coupling, amide reduction, and Suzuki
coupling. Twenty different compounds were obtained, with different substituents in the
position 9 of the xanthene and at positions 2,7 of the aromatic rings. Fourteen compounds
showed to be activators of P-glycoprotein, a key transporter for the elimination of the
amyloid beta peptide, whose abnormal accumulation is linked with neurotoxicity and
development of Alzheimer’s disease. Compound MM42C provided the best result, showing
an increase in P-glycoprotein activity of 58% and 76% at the concentration of 10 yM and
25 uM, respectively. All the 14 compounds showed to be permeant to blood-brain barrier, 8
in an in vitro assay and the remain compounds by in silico predictions. Additionally, eleven
compounds showed to provide protection against iron-induced cytotoxicity, another

potential strategy for neuroprotection.
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Diphenylacetic acid was used as starting material for the synthesis of benzhydryl carbamate
and urea derivatives through a continuous flow, diphenylphosphoryl azide - mediated
Curtius rearrangement procedure. Twelve compounds were easily obtained through the
conjugation of diphenylacetic acid with different alcohols and amines as nucleophiles.
These compounds were tested against T. brucei, the parasite responsible for the Human
African Trypanosomiasis, also known as sleeping sickness. Compound MM99 showed to
be the most promising compound, with an ICso= 1.1 uM and a Sl (ICso (HeLa cells) / ICso
(T. brucei) =181.4. Additionally, this compound also showed to be tolerated at the

cumulative dose of 150 mg/kg in an in vivo study.

The work presented in this thesis aims to contribute to the discovery of suitable synthetic
routs to easily obtain novel xanthene and benzhydryl derivatives with biological activity,

hopefully leading to a compound with clinical relevance.

Keywords

Xanthene derivatives; benzhydryl derivatives; multi-drug resistance; neuroprotection;
Alzheimer’s disease; P-glycoprotein activation; AB clearance; iron-induced cytotoxicity;
Trypanosoma brucei; amide coupling; amide reduction; aromatic halogenation; Suzuki

coupling; Curtius rearrangement; Flow chemistry.

XVii



XVviii



Resumo

Os xantenos sdo uma classe especial de compostos triciclicos que incorporam oxigénio.
Estruturalmente relacionados com as xantonas, a presenca de diferentes substituintes na
posicao 9 influencia fortemente as suas propriedades fisicas e quimicas, bem como as
suas aplicacdes bioldgicas. Diversas metodologias tém vindo a ser utilizadas para obter
9H-xanteno, 9-hidroxi-xanteno (xantidrol) e &cido xanteno-9-carboxilico, bem como os seus
respetivos derivados, a partir de materiais de partida simples ou através da modificacdo de
estruturas relacionadas. Os derivados de xanteno tém demonstrado capacidade de agir
como neuroprotetores, antitumorais, antimicrobianos, entre outros, comprovando a

versatilidade deste nucleo para diferentes aplicagdes biolédgicas.

Este trabalho relata a sintese de 36 compostos, derivados do xanteno e do nudcleo
benzidrilico, dos quais 24 foram sintetizados pela primeira vez. Foram realizadas diversas
modificagBes para obter os compostos descritos, nomeadamente, acoplamento de amida,

reducdo, halogenagcédo aromatica, acoplamento de Suzuki e rearranjo de Curtius.

A primeira série de compostos surge da conjugagdo do xantidrol com sulfamerazina,
sulfametazina, sulfacetamida e anilina. Estes compostos foram avaliados em relacdo a sua
concentracdo inibitéria minima em estirpes bacterianas Gram-positivo e Gram-negativo,
atividade de inibicdo da bomba de efluxo, influéncia na formacgéo de biofilme e inibi¢do do
quorum sensing. Apesar de néo ter sido encontrada atividade na inibicdo do crescimento
bacteriano, os compostos obtidos, particularmente os derivados xanteno-sulfonamida
MM17 e MM18, apresentaram resultados preliminares interessantes em relacdo ao seu

impacto em diferentes mecanismos de resisténcia bacteriana.

Foi obtida uma série de derivados do &cido xanteno-9 carboxilico utilizando diversos
procedimentos de sintese: halogenagcdo aromética, acoplamento de amida, reducdo de
amida e acoplamento de Suzuki. Foram obtidos 20 compostos diferentes, com diferentes
substituintes na posi¢édo 9 do xanteno e também nas posi¢des 2,7 dos anéis aromaticos.
Catorze compostos mostraram ser ativadores da glicoproteina-P, um transportador chave
para a eliminacdo do peptideo beta-amiloide, cuja acumulagdo anormal esta ligada a
neurotoxicidade e ao desenvolvimento da doenca de Alzheimer. O composto MM42C
apresentou o resultado mais promissor, mostrando um aumento da atividade da
glicoproteina-P de 58% e 76% na concentracao de 10 uM e 25 pM, respetivamente. Todos
0s catorze compostos mostraram ser capazes de penetrar a barreira hematoencefalica,

oito através de um ensaio in vitro e os restantes num ensaio preditivo in silico. Além disso,
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onze compostos mostraram fornecer protecdo contra citotoxicidade induzida pelo ferro,

outra potencial estratégia para promover neuroprotecao.

O &cido difenilacético foi utilizado como material de partida para a sintese de ureias e
carbamatos benzidrilicos através de um procedimento de sintese em fluxo continuo por
rearranjo de Curtius mediado por difenilfosforil azida. Doze compostos foram obtidos
através da conjugacdo de &cido difenilacético com diferentes &lcoois e aminas como
nucleofilos. Estes compostos foram testados contra T. brucei, o parasita responséavel pela
tripanossomiase africana (HAT), também conhecida como doeng¢a do sono. O composto
MM99 mostrou ser 0 composto mais promissor, com um ICso = 1,1 yM e um SI (células
HelLa) / ICso (T. brucei) =181,4. Além disso, este composto também mostrou ser bem
tolerado num estudo in vivo, onde foi estado numa dose cumulativa de 150 mg/kg.

O trabalho apresentado nesta tese pretende contribuir para o desenvolvimento de vias
sintéticas adequadas para a obtencdo de novos xantenos e benzidrilos com atividade

biologica, na expectativa de conduzir a obtencdo de um composto com relevancia clinica.

Palavras-chave

Derivados de xanteno; derivados do &cido difenilacético; derivados benzidrilicos;
resisténcia a mdultiplos farmacos; neuroprotecdo; doenca de Alzheimer; ativacdo da
glicoproteina P; eliminacao do AB; citotoxicidade induzida pelo ferro; Trypanosoma brucei;
acoplamento amida; reducdo de amida; halogenacdo aromatica, acoplamento Suzuki;

rearranjo de Curtius; quimica de fluxo.
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Outline of the thesis

Chapter 1 — Introduction

In this chapter a theoretical background concerning the synthetic methodologies developed
to obtain 9H-xanthene, 9-hydroxyxanthene and xanthene-9-carboxylic acid, as well as
respective derivatives, from simple starting materials or through modification of related
structures is presented. Biological and pharmacological activities of several derivatives are
described.

This chapter was adapted from the review paper of Miguel Maia et al *. The review
manuscript was written by Miguel Maia, Diana Resende and Fernando Durdes, under the
supervision of Emilia Sousa. All co-authors contributed to the bibliographic search and

revision of the manuscript.

Chapter 2 — Synthesis of 9-hydroxyxanthene derivatives and biological activity

Chapter 2 describes the synthesis and structural characterization of the 9-hydroxyxanthene
derivatives, obtained from xanthydrol with sulfonamides and aniline. Results of biological
activity against mechanisms of bacterial resistance are also presented.

This chapter was adapted from the original research work submitted to Drugs and Drug
Candidates in October 2022.

Candidate contribution: synthesis and characterization of the 9-hydroxyxanthene
derivatives and discussion of the results obtained in the biological activity assays; writing of
the original manuscript. The docking studies and biological activity was performed by
Fernando Duraes and Nikoletta Szemerédi under the supervision of Gabriella Spengler, at
Department of Medical Microbiology, Albert Szent-Gyérgyi Health Center and Faculty of
Medicine, University of Szeged, Hungary. Single crystal X-ray diffraction was performed by
Luis Gales at 13S — Instituto de Investigacdo e Inovacao em Saude, University of Porto,
Portugal.

* Maia, M.; Resende, D. I. S. P.; Durdes, F.; Pinto, M. M. M.; Sousa, E., Xanthenes in Medicinal Chemistry —
Synthetic strategies and biological activities. European Journal of Medicinal Chemistry 2021, 210, 113085.
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Chapter 3 — Synthesis of xanthene-9-carboxylic acid derivatives and biological

activity

Chapter 3 describes the synthesis and structural characterization of derivatives of
xanthene-9 carboxylic acid, namely xanthene-carboxamides, and further functionalization
with aromatic halogenation and Suzuki coupling. This set of compounds was tested for anti-
parasitic and neuroprotection activities.

The introduction to Alzheimer’s disease and BACE1 inhibition was adapted from the review
paper of Miguel Maia et al *. The review manuscript was written by Miguel Maia under the
supervision of Emilia Sousa

Candidate contribution: synthesis and structural characterization of the xanthene-9-
carboxylic acid derivatives described; discussion of the results obtained in the biological
activity assessment.

The biological activity was performed by 1) Ana Rita Monteiro under the supervision of
Renata Silva and Fernando Remido, at Department of Biological Sciences, Laboratory of
Toxicology, Faculty of Pharmacy, University of Porto (cytotoxicity, modulation of P-gp and
iron (lll)-induced cytotoxicity assays); 2) Ana Martinez et col., at Center for Biological
Research (CIB), Spanish National Research Council (CSIC), Madrid, Spain (PAMPA-BBB

assay).

Chapter 4 — Synthesis of benzhydryl derivatives and biological activity

In this chapter, the synthesis and structural characterization of diphenyl acetic acid
derivatives obtained through a continuous flow, Curtius rearrangement procedure is
described. Several alcohols and amines were used as nucleophiles and a library of
carbamate and urea derivatives was obtained. These compounds were tested for
antiparasitic activity.

Candidate contribution: synthesis and structural characterization of the benzhydryl
derivatives herein described; discussion of the results obtained in the biological activity
assessment. The synthesis was performed at the Baumann Research Group, School of
Chemistry of the University College Dublin, Dublin, Ireland. The biological activity assays
was performed by Fernando Durdes under the supervision of John Kelly and Amanda

Fortes Francisco at London School of Hygiene & Tropical Medicine, London, UK.

* Maia, M. A.; Sousa, E., BACE-1 and y-Secretase as Therapeutic Targets for Alzheimer’s Disease.
Pharmaceuticals 2019, 12 (1)
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Chapter 5 — General discussion and conclusions

This chapter summarizes the main results obtained in this thesis regarding synthesis and

biological activities and presents the main achievements and conclusions of this thesis.

Chapter 6 — References

The references of this thesis are presented in this chapter and follow the ACS style guide.
The main databases/search engines used were ISI Web of Knowledge, Scopus, PubMed,
Google Scholar, Espacenet and PATENTSCOPE.

Annex | = HPLC and NMR spectra and electrospray ESI data

This annex depicts HPLC, NMR and electrospray ESI data for each compound described

in this thesis.

Annex Il - Chemical structures of the investigated compounds

Annex |l provides a resume of the chemical structures, molecular weight and name of the

compounds synthetize in the present work.
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Chapter 1. — Introduction

Adapted from Miguel Maia et al *.

* Maia, M.; Resende, D. I. S. P.; Duraes, F.; Pinto, M. M. M.; Sousa, E., Xanthenes in Medicinal
Chemistry — Synthetic strategies and biological activities. European Journal of Medicinal Chemistry
2021, 210, 113085.
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1.1. Xanthenes

Xanthenes are a special class of oxygen-incorporating tricyclic compounds characterized
by a dibenzol[b,e]pyran nucleus. Despite their sparkly occurrence in nature, in the last
decades there were some reports regarding their discovery from natural extracts:
blumeaxanthene (1) has been isolated from Blumea riparia DC., a Chinese medicinal herb
traditionally used to treat gynecological disorders 1, compounds 2, 3, and 4 were isolated
from a marine mangrove endophytic fungus Penicillium sp and showed potential to be
precursors of new biopesticides 2, and compounds 5 and 6 from foliar fungal endophytes of

Pinus strobus exhibited antimicrobial activity 3.
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Figure 1. Natural xanthenes.

Most of the known xanthenes were obtained artificially, through cyclization processes of
suitable building blocks or by modification of related structures, namely xanthones. The
presence of different substituents in position 9 has a large impact on their physical and
chemical properties, as well as their biological applications. 9H-Xanthene (7), 9-
hydroxyxanthene (xanthydrol, 8), xanthene-9-carboxylic acid (9) (Figure 2), and their
respective derivatives have been reported to exhibit remarkable biological activities, namely
neuroprotection, antiparasitic, cytotoxic, and antibacterial. These compounds have also
been used as sensitizers in photodynamic therapy 4 and as dyes in food (rhodamine B,
erythrosine) °, industrial materials ® and in the visualization of biomolecules as chemical

probes 7.
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Figure 2. Structures of 9H-xanthene (7), 9-hydroxyxanthene (xanthydrol, 8), and xanthene-9-
carboxylic acid (9).

1.1.1. Synthesis

1.1.1.1.  Synthesis of 9H-xanthene derivatives

Different strategies have been applied for the synthesis of 9H-xanthene, as depicted in
Scheme 1. One of the first synthesis was reported by Sean et al. & where 3-
hydroxyxanthene was obtained through the condensation of saligenin (10) with resorcinol
(11) in the presence of ZnCl; (Scheme 1, Method A). Xanthene derivatives with alkyl
substituents can be obtained through the condensation of alkylphenoxy-magnesium halides
12 with 2-hydroxyaryl-1-carboxyaldehyde diethylacetals 13 (Scheme 1, Method B) °. Firstly,
13 is obtained through a C-regiospecific attack of triethyl orthoformate at the phenolic
system of 12, which then reacts with another equivalent of 12 to form an ether intermediate.
Consequent aromatic cyclization via xanthylium ion led to the obtention of several xanthene
derivatives with alkyl substituents at positions 2 and 5 with 25-85 % yield. Bop et al. 1°
developed a more versatile method, allowing to obtain derivatives containing hydroxyl, alkyl,
methoxyl, and halogen derivatives (Scheme 1, Method C). It consists on a condensation of
different salicylaldehydes 15 and cyclohexanones 14 using Sc(OTf)s (scandium(lll)
trifluoromethanesulfonate) as a Lewis acid catalyst. The application of microwave radiation
(MW) instead of conventional heating provided better results, up to 200 % increase in yield
and applying shorter reaction times. Eight xanthene derivatives were obtained with 55-86
% yield with these conditions. Lastly, 9H-xanthenes can be obtained through the reduction
of xanthone derivatives 16 (Scheme 1, Method D). Sousa et al. 1! explored the catalytic
activity of several high-valent dioxidomolybdenum complexes for the direct deoxygenation
of aryl ketones to aryl alkanes, and reported the use of PhSiH3s/[Mo"'Cl,02(H20),] in toluene
for the reduction of unsubstituted xanthone to xanthene with 98 % yield. Despite the

excellent yield obtained, these reaction conditions were not applied to substituted
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xanthones and no information is provided regarding its selectivity. Another method for the
reduction of xanthones was reported by Vieira et al. 12, describing the reduction of several
halogenated xanthones with borane dimethyl sulfide complex (BHs.Me,S). Despite no yields
being provided, it suggests the use of this standard reducing agent as suitable for the

reduction of substituted xanthones to the respective xanthenes.
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Reagents and conditions: (a) anhydrous ZnCl, , 2-3 h, 140-180 °C; (b) s- butoxymagnesium bromide, benzene, 10-12 h,
reflux; (¢) Sc(OTf);, chlorobenzene, MW (180 °C, 30 min) or reflux (conventional heating,18-44 h). (d)
PhSiHg/[MoY'Cl,0,(H,0),], toluene, 16 h, reflux; (d') BHz.Me,S, THF, 2 h, 45 °C;

Scheme 1. Synthesis of 9H-xanthene derivatives.

Knight and Little ** reported a synthetic methodology for the intramolecular trapping of
benzynes by phenols and 4-iodo-5-methoxy-9H-xanthene (24) was successfully obtained
(Scheme 2). Firstly, the dianionic species 18 is generated through the metalation of 1-(tert-
butoxycarbonylamino)benzotriazole (17) with butyllithium in the presence of tetraglyme and
CeCls 14 Subsequent condensation with 2-(tert-butyldimethylsilyloxy)-3-
methoxybenzaldehyde (19) provided a good isolated yield of the ortho-substituted
intermediate 20. Cleavage of the tert-butyldimethylsilyl (TBDMS) group was readily
achieved by treatment with hydrogen fluoride-pyridine complex to obtain the free phenol 21,
followed by reduction with hydrogen and 5% Pd/C (palladium on carbon) leading to the
benzyl derivative 22. Lastly, N-deprotection with trifluoroacetic acid (TFA) and benzyne
generation using two equivalents of N-iodosuccinimide (NIS) ** led to the reactive
intermediate 23, which undergo intramolecular cyclisation with incorporation of iodine,

giving the iodoxanthene 24, with an overall yield of 37 %.
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Reagents and conditions: (a) butyllithium, dry tetraglyme, CeCls, dry THF, 4 h, -70 °C to 0 °C; (b)
18 in dry THF (1 mL mmol), 16 h, -78 °C to rt; (c) hydrogen fluoride-pyridine complex,
dichloromethane, 48 h, rt; (d) Hp, 5 % Pd/C, methanol, 4 h, rt; (e) i) TFA, CH,Cl,, 0.5 h, rt, i)
NIS, CH,Cl,, 0.5 h, rt.

Scheme 2. Synthesis of 4-iodo-5-methoxy-9H-xanthene 24.

1.1.1.2. Functionalization of 9H-xanthene derivatives

Functionalization of position 9 of xanthene has been performed through different techniques
(Scheme 3). One methodology is by asymmetric conjugation of xanthene with aldehydes
through an oxidative dehydrogenative a-alkylation process via benzylic C-H bond activation
(Scheme 3, Method A) 6. Oxygen was used as an inexpensive and environmental benign
oxidant in conjugation with a MacMillan catalyst. This asymmetric transformation led to
several xanthene derivatives 25 in moderate to good vyields (48-77 %) with excellent
enantiomeric excess (ee) values (81-92 %). For the conjugation of xanthene with n-
alkoxyamides, Lin et al. " used an intermolecular electrochemical C(sp®)-H/N-H cross-
coupling method using ferrocene (Fc) as redox catalyst and eighteen N-alkoxy-N-(9H-
xanthen-9-yl)-benzamides 26 were obtained with 70-77 % yields (Scheme 3, Method B).
Electrochemical methodologies were also employed in the dehydrogenative coupling of
xanthenes with azoles and imides (Scheme 3, Method C) 18 1° Pyrazoles, imidazoles,
triazoles, tetrazoles, and benzimidazoles react smoothly with xanthene derivatives using
these metal free coupling methodologies, affording the corresponding xanthen-9-amines 27
in 50-92 % vyield.

Another methodology allows the one-pot azidation of xanthene to obtain xanthene 9-yl-
triazoles (Scheme 3, Method D) %. This technique was developed for compounds in which
a stable radical or carbocation can be generated, in which the azide unit of the C(sp®)-Ns
species is promptly cleaved. Therefore, the in situ generation and trapping of the azide
8



would be essential when the target is difficult to handle during workup, purification, and
following synthetic steps. The tandem reaction of 1) azidation of 9H-xanthene with
trimethylsilyl azide (TMSN3) and copper bromide as catalyst and 2) cycloaddition with
different alkynes allows to obtain several xanthene-9-yl-triazoles 28. The method showed a
good steric and electronic functional group tolerance providing substituted products in good
yields (up to 82 %). A more recent method reports the conjugation of xanthenes with
ketones, 1,3-dicarbonyls, and arenes under mild reaction conditions using acidic carbon
dots surface functionalized with — SOsH groups (s-CDs) as visible-light induced
photocatalyst (Scheme 3, Method E) 2X. The s-CDs demonstrated dual catalytic properties
that include photoactivation of benzylic —CH» groups in xanthene in the presence of O,
resulting in the formation of the hydroperoxyl intermediate, followed by coupling of the
nucleophiles catalyzed by acid surface functionalities. This cross-dehydrogenative coupling
(CDC) methodology showed to be selective and efficient, allowing to obtain several
xanthene derivatives 29 with 68-96 % yield. The easy synthesis of s-CDs, biocompatibility,
recyclability, possibility of integrating catalytically active entities on the surface and inherent
enzyme mimetic activities are pointed as benefic characteristics that made this catalyst a
green alternative to metal catalysts for various multi-step organic synthesis.

Method E

R CHO 0 RN \N/
R._CHO R)k/R € ) /NH
N A Z X
Method A Ry | SR h RmR Method C

PN a \ / corc' 0

25 A N 27

R ‘ —R
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Method B RmR4—/ m» mR Method D

Reagents and conditions: (a) MacMillan catalyst ((S)-2,2,3-trimethyl-5-phenylimidazolidin-4-one trifluoroacetate salt),
H,0, CH3NO,, O, (1 atm), -5 to 5 °C, 96 h; (b) Fc, Na,COs, carbon anode, carbon cathode, supporting electrolyte:
LiCIO4/CH3CN:CH,Cl,, (2:1), undivided cell, J=5 mA/cm?, rt, 5.5 to 8 h; (c) MsOH, CH3CN, carbon rod anode, platinum
plate cathode, supporting electrolyte : "BusNBF,, constant current = 10 mA, air, rt, 2 h; (c') CH3CN, carbon cathode,
nickel anode, supporting electrolyte: nBuyNCIO, (tetra-n-butylammonium tetrafluoroborate), undivided cell, constant
current =7 mA, air, 23 °C, 1.5 to 3 h; (d) i) CuBr, TMSN3, TBHP, CH3CN, 50 °C, 2 h; ii) R-acetylene, sodium ascorbate,
DIPEA, tert-butanol, 50 ° C, 4 to 24 h; (e) s-CD, 34 W blue LED lamp (hn =425 nm), O,, 25°C, 3t0o 12 h.

Scheme 3. Synthesis of 9H-xanthene derivatives.



1.1.1.3.  Synthesis of 9-hydroxyxanthene

Xanthydrol can be obtained starting with the coupling reaction of 3-
(dimethoxymethyl)phenol (30) with 2-bromobenzaldehyde (31) (Scheme 4, Method A) 22, A
diphenyl ether is obtained, which through intramolecular phenyl-carbonyl coupling reaction
affords a xanthydrol derivative with a carbaldehyde in position 3 with 81 % yield. Another
methodology to obtain xanthydrols consists in the reaction of o-trimethylsilylphenyl triflates
32 with salicylaldehydes 33 (Scheme 4, Method B) . Using this one-step procedure under
smooth conditions, several alkyl and methoxyl xanthydrol derivatives were obtained with
52-85 % yield. Later, the same authors reported a similar method for the synthesis of
unsubstituted xanthydrol (8, Scheme 4, Method C) 2. Two equivalents of o-
trimethylsilylphenyl triflate (34) reacted with DMF to afford xanthydrol in 52 % yield. In both
methods, CsF is used as catalyst and K.COsz assures basic conditions to prevent
disproportionation. Lastly, xanthydrol (8) can be obtained through the reduction of
xanthones 35. Older reports considered the use of toxic and unsafety conditions (Hg and
metal Na) %, but recently this reduction has been accomplished through a very simple
procedure applying zinc and sodium hydroxide in reflux EtOH (ethanol) (Scheme 4, Method
D) 2. If no issues are predicted regarding the presence of other functional groups
susceptible to reduction, this seems to be the most straightforward procedure for the
synthesis of xanthydrol derivatives, considering the commercially availability and low price

of xanthones.
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Reagents and conditions: (a) i) (CuOTf),CgHg, Cs,COg3, toluene, 110 °C,12 h, ii) HCI, rt, 3 h, iii) Smlo,/HMPA, THF, 0 °C, 0.5 h;

(b) CsF, K,COj3, CH3CN, rt, 6 to 15h; (c) CsF, DMF, K,CO3, CH3CN, rt, 14 h; (d) Zn, NaOH, 96 % ethanol, 90 °C, 2 h.

Scheme 4. Synthesis of 9-hydroxyxanthenes.

1.1.1.4.  Synthesis of 9-hydroxyxanthene derivatives

Since the report of the use of 9-hydroxyxanthene (xanthydrol, 8) for the estimation of blood
urea, its reactivity has been explored for the determination of different components in
different matrices 2731, Additionally, it has been used for the synthesis of xanthene

derivatives, taking advantage of its reactivity through the formation of the xanthylium ion,
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readily formed in presence of an appropriate catalyst 2. Nucleophilic attack by an electron
pair through Sn1 reaction from a molecule of relatively high electron density leads to the
substitution product 36 (Scheme 5, Method A). Acetic acid 32 33, ceric ammonium nitrate
(CAN) 34, ferric hydrogensulfate (Fe(HSO.)) %, and ionic liquid medium of 1-butyl-3-
methylimidazolium tetrafluoroborate (BmimBF4) 3¢ were reported as efficient catalysts for
this transformation. A different methodology was developed by Xiau 7 to obtain chiral
xanthene derivatives. He reported the use of cooperative systems of diarylprolinol silyl ether
with CuCl, IrCl;, or InBr; as Lewis acid catalysts to achieve the enantioselective
intermolecular a-alkylation of aldehydes with alcohols (Scheme 5, Method B). Xanthydrol
(8) was used as a model substrate and react with both linear and bulky aldehydes 37 to
produce chiral xanthene derivatives 38 in high vyields (63-96 %) and excellent
enantioselectivities (90-99 % ee). Xanthydrol (8) was also explored as starting material to
obtain six-membered lactams. Through a five-step methodology Carmen de la Fuente and
Dominguez 2 reported the synthesis of the isoquinolinone 39 through the construction of

the nitrogenated ring by electrophilic cyclization with an overall yield of 40 % (Scheme 6 ).

CH3COOH / Acid. ethanol
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H OH b \ H Nu
o] / o]
8 Fe(HSO4)3 36
C
BmimBF,

d

{ -er
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N
H OH H ,
o {N-or
‘ N AN FsC
Method B R | Rt H .
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Reagents and conditions: (a) rt, 0.5 h; (b) methanol, rt, sonication, 0.5 to 3 h; (¢) ethanol, reflux, 0.5 to
2 h; (d) rt, 24 h; (e) CuCl or IrCl3, CH,Cl,, rt, 12 to 36 h.

Scheme 5. Synthesis of 9-hydroxyxanthene derivatives.
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1.1.15.

Xanthene-9-carboxylic acid (9) is another intermediate of considerable value in Medicinal
Chemistry for the synthesis of bioactive compounds. In a protocol developed for the
synthesis of the natural dibenzopyranazepine alkaloid (z)-clavizepine, Vazquez et al. %
described the synthesis of the xanthene-9-carboxylic acid derivative 45 from simple and
commercially available materials (Scheme 7). It starts with 3,4-dimethoxyphenylacetic acid
(40), which was brominated and esterified to give 41. This compound was subjected to an
Ulimann condensation with catechol monobenzyl ether 42 under standard conditions to give
the diphenyl ether 43 in 54 % yield. Subsequent bromination and intramolecular addition of

the ester enolate afforded xanthene 9-carboxylate 44. Lastly, through alkaline hydrolysis

~~«%‘

OCH3

N CO,Et

— QO

OCH3

OCHs
N CO,Et

OCH3

¢Hs
O<_N
— QLI
e o)

OCH; 39

Reagents and conditions: (a) TMSCN, Znl,, CH,Cl,, 0 °C, 3 h; (b) BH3.Me,S,
THF, reflux, 2 h; (€) i) Na,COs3, ethyl chloroformate, THF, rt, 1 h; (d) i) sodium
hydride, DMF, 30 °C, 0.5 h, ii) methyl iodide, rt, 0.5 h; (e) TF,O, DMAP, CH,Cl,, 0

°C, 4 h.

Scheme 6. Synthesis of isoquinolinone 39.

Synthesis of xanthene-9-carboxylic acid

xanthene-9-carboxylic acid 45 was obtained.

12
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Reagents and conditions: (a) i) Br,, AcOH, rt, 1 h, ii) methanol, H,SOy, rt, 2 h (b) Cu, CuO, K,COs3,
pyridine, reflux, 10 h; (¢) Bry, NaOAc, AcOH, rt, 4 h; (d) i) LDA, THF, -78 °C, 45 min, ii)) 3 h at 0 °C; (e)

LiOH, THF, 80 °C, 3 h.

Scheme 7. Synthesis of xanthene-9-carboxylic acid 45.



Xanthene-9-carboxylic acid (9) can also be obtained by modification of related structures
(Scheme 8). Treatment of xanthydrol (8) with NaCN (sodium cyanide) and subsequent
hydrolysis under alkaline conditions afforded xanthene-9-carboxylic acid (9) with 68 % yield
(Scheme 7, Method A) *°. Starting with xanthene derivatives, deprotonation with lithium
diisopropylamide (LDA) and carboxylation with carbon dioxide afforded the corresponding

carboxylic acids in moderate to good yields (45-87 %) (Scheme 7, Method B) 240,

H. OH
etho T -
PN N a COOH

7 A
T/ ‘ /7R
O

R
Method B RmR _/
= o 4 b

Reagents and conditions: (a) i) NaCN, glacial acetic acid, 100 °C, 24 h ii)
75% methanol, KOH, reflux, 24 h; (b) i) LDA, THF, -70 °C, ii) CO,

Scheme 8. Synthesis of the xanthene-9-carboxylic acid from related structures.

1.1.1.6. Synthesis of xanthene-9-carboxylic acid derivatives

Maodifications to xanthene-9-carboxylic acid (9) have also been explored to obtain
biologically active substances through different techniques (Scheme 9 and Scheme 10).
Formation of amides is an usually explored methodology, employing coupling agents as
carbonyldiimidazole (CDI) or through the formation of an acyl chloride and subsequent
addition of the primary or secondary amine (Scheme 9, Method A) #* 42, Amide derivatives
46 obtained can be easily reduced to the correspondent amines 47 42, Formation of ester
derivatives 48 through Fisher esterification was also explored ** (Scheme 9, Method B), as
well as further functionalization with the inclusion of a hydroxyl in position 9 to obtain

derivatives 49 #.
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Reagents and conditions: (a) i) CDI, MeOTf, CH3NO,, 10 °C, 10 min; ii) 10 °C to rt, 15 h; (b) oxalyl
chloride, DMF, CH,Clj, reflux; (¢) BH3.THF, THF; (d) absolute dioxane, H,SOy, reflux, 24 h; (e) i)
potassium t-butoxide, THF, 0 °C, ii) O,, -10 to -5 °C, 2 h, iii) aqueous hydrochloric acid.

Scheme 9. Synthesis of xanthene-9-carboxylic acid derivatives.

A different xanthene derivative obtained from a xanthene-9-carboxylic acid was disclosed
in an international patent regarding compounds for treatment of viral diseases “°. As
depicted in Scheme 10, reduction of the carboxylic acid 50 to an alcohol and subsequent
chlorination allows to perform a cyclization with the deprotected hydroxy group at position

1 to obtain the tetracyclic compound 51.

Oy_OH

OH Cl
H;CO OCHj3 OCHj;
Br Br Br
— —
() = L — U0
Br (©) Br (©) Br (@)
50
Cl
OH (o)
O )
c
Br (@) d Br o
51

Reagents and conditions: (a) BH3.Me,S, THF, rt to reflux, 6 h; (b) SOCI,, pyridine, THF,
reflux, 8 h; (¢) BBrz, DCM, 0 °C, 24 h; (d) K,CO3, DMF, 80 °C, 15 h;

Scheme 10. Synthesis of tetracyclic compound 51.

1.1.1.7.  Synthesis of 9-alkyl xanthene derivatives

9-Alkyl derivatives can be obtained directly from the conjugation of building blocks
employing distinct methodologies (Scheme 11). Several examples were efficiently
prepared using FeCls as catalyst under MW irradiation conditions, under a cascade
benzylation-cyclization of phenols 53 with a variety of benzylating reagents 52 (Scheme 11,
Method A) #°. Twenty-two examples 54 were synthesized with this ecofriendly and low-cost
protocol with 40-77 % yield. Another method to obtain 9-alkyl xanthenes consists of a
14



cascade nucleophilic addition-cyclic Michael addition process of arynes 55 and phenols 56
substituted with a,B-unsaturated groups at ortho positions (Scheme 11, Method B) “¢. This
mechanism is performed in the presence of CsF and THF under reflux and several xanthene
derivatives 57 were obtained in moderate to good yields. Similar reaction conditions were
employed to obtain the exomethylene 60 reacting 58 with 2-hydroxyacetophenone (59)
(Scheme 11, Method C) %,

R4

R4 OH
X R = | | &
+ R .
Method A 27T a _
Br [©)
52 53

54

R3

- TMS AN Rs N N
Method B R, R — Rl R

Z ot OH °

55

56 57

5

CH,
TMS OH
Method C @i * — O O
oTf CHs ¢ o
58 9 O 60

Reagents and conditions: (a) i) FeClz, MW, 50 °C, 10 min, ii) Cs,CO3, DMF, MW, 130 °C,
10 min; (b) CsF, THF, 66 °C, 36 h; (c) CsF, CH3CN, rt, 15 h.

Scheme 11. Synthesis of 9-alkyl xanthenes.

9-Alkyl xanthenes can also be obtained from xanthone derivatives (Scheme 12). One
strategy is the reaction of xanthones with Grignard reagents to obtain several different 9-
alkyl xanthenols 61 (22 examples, 53-89 % vyield) (Scheme 12, Method A) *.
Exomethylenes 62 can be obtained through Peterson olefination of xanthones by treatment
with trimethylsilylmethyllithium followed by acetyl chloride workup (Scheme 12, Method B)
48_Methylation of xanthones with trimethylaluminum (MesAl) affords 9,9-dimethylxanthenes
63 (Scheme 12, Method C) “° and coupling with propiophenone under McMurry reaction
conditions affords compounds 64 (Scheme 12, Method D) *°.
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Reagents and conditions: (a) RMgBr, THF, -78 °C 1 h to rt 5 h; (b) i) trimethylsilyimethyllithium, THF, -78 °C, 0.5
h, ii) AcCl, rt, 3 h; (¢) Me3Al, toluene, 0 °C, 50 min, to rt 17 h; (d) propriophenone, TiCly, Zn, THF, -15 °C to reflux.

Scheme 12. Synthesis of 9-alkyl xanthenes from xanthone derivatives.

1.1.1.8.  Functionalization of 9-alkyl xanthene derivatives

Further modifications are reported allowing increasing functionalization and drug-likeness
of xanthene compounds (Scheme 13). Friedel-Crafts alkylation and bromination were
reported to introduce functional groups in the aromatic rings, in positions 2, 7 and 4, 5,
respectively (Scheme 13, Method A) 4° 51, Another interesting modification was employed
to introduce a fourth ring at position 9 (Scheme 13, Method B) “8. Several exomethylenes
treated with iodine isocyanate followed by ammonia allowed to obtain racemic mixtures of

aminooxazoline xanthene derivatives.

Method A
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Reagents and conditions: (a) i) RCI, FeClz CH,Cl,, 0 °C 50 min to rt 18 h, ii)
CCly, Bry, 0 °C 25 min to rt 26 h; (b) i) silver cyanate, iodine, diethyl ether, 40
min, rt, ii) NH4OH, THF, rt, 15 h.

T
%
\ |/

Scheme 13. Synthesis of 9-alkyl xanthenes derivatives.
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1.1.2. Biological activities of xanthenes

1.1.2.1.  Neuroprotection

Considering the worldwide prevalence of neurodegenerative diseases it is vital to find potent
and safe compounds that comply with the rigid pre-requisites for a drug aimed for central
nervous system (CNS) 52 53, Xanthene derivatives have been reported as neuroprotectors
in in vivo studies 254, and so the tricyclic core of (aza)xanthene showed to be suitable to
obtain compounds that penetrate the blood brain barrier (BBB) and avoid P-glycoprotein
(P-gp) efflux, and at the same time establish the appropriate interactions with a biological

target.

1.1.2.1.1. BACE1 inhibitors

Epstein et al. > reported a series of small-molecule B-site amyloid precursor protein
cleaving enzyme 1 (BACE1L) inhibitors including a xanthene core with a spirocyclic
aminooxazoline head group. The authors started with the lead xanthene 65 (Figure 3)
which showed a good amyloid beta (AB) lowering activity in a rat pharmacodynamic model.
However, it also revealed a low therapeutic window to corrected QT interval (QTc)
prolongation, consistent with in vitro activity on the human ether-a-go-go gene (hERG) ion
channel, which potentially lead to a fatal arrhythmia called torsades de pointes *°.
Introduction of polar groups is a common strategy to reduce compounds’ affinity for hERG
channel. However, it increases total polar surface area (TPSA), which is strongly correlated
with an increased P-gp recognition °¢. Hence, a series of structure-activity relationship
(SAR) studies were conducted in order to determine how to balance hERG, P-gp efflux, and
BACEL1 potency by identifying moieties of the molecule where polarity could be incorporated
to minimize hERG activity without leading to a significant efflux or a potency decrease. This
balance was accomplished by introducing polarity at the P2’ site with a dihydropyran moiety
and at the same time reducing the TPSA of the P3 group (Figure 3). The introduction of a
fluorine in position 4 of the xanthene ring also improved BACE1 enzymatic and cellular
potencies, attributed to a favorable hydrogen-bond interaction between the 4-fluor atom and
the NH of Trp76 of BACE1 catalytic pocket (Figure 4, A). In vivo studies with inhibitor 66
showed a robust reduction of CNS AB40 levels (74 % and 75 % for CSF and brain,
respectively) when orally administered in Dawley rats. It showed a bioavailability of 50 %
and 43 % in rat and Cynomolgus monkey, respectively, and no significant effect on the QTc
interval at a maximum dose of 12 mg/kg *’. Nonetheless, compound 66 displayed retinal
toxicity in rats °8, an off-target effect found in preclinical studies of others BACEL1 inhibitors
59,60 This off-target effect has been related with the inhibition of cathepsin D (CatD), a

structurally related aspartyl protease that plays an important role in phagolysosomal
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processing in the retinal pigment epithelium (RPE) . In order to improve the selectivity of
compound 66 for BACE1 over CatD, Low et al. 62 followed a structure-based approach
focusing on the differences of the S3 sub-pocket (S3sp) of BACE1 versus the one on CatD.
It was observed that the P3 group of compound 66 occupies the S3 pocket in CatD as well
as in BACEL, but the protein surfaces revealed an opportunity to extend the P3 group
deeper in the S3 pocket of BACE1L, and potentially increase selectivity over CatD (Figure
4, A’ and A”). Comparing the S3 regions of both proteases, it was observed a key difference
between an alanine residue (Ala335) in BACE1 and the correspondingly larger and more
polar Asp 318 residue in CatD. Hence, the strategy was to extend the P3 group of the
inhibitor, balancing this modification with BACE1 inhibition potency and pharmacokinetic
(PK) parameters. The introduction of a 5-chloropicolinamide at P3 led to compound 67,
showing high enzymatic BACE1l activity (ICso = 0.62 nM) together with improved
BACE1/CatD selectivity (770,000x). Figure 4 (B) shows an X-ray co-crystal structure of 67
in BACEL overlaid with CatD protein. It is observed the extension of the picolinamide moiety
into the S3 and the chlorine in para-position establishing repulsive steric interactions with
the Asp318 resulting in very high selectivity over CatD for this compound. To further
evaluate the likelihood for retinal toxicity, a 4 day repeat dose toxicology study was
conducted in male Sprague Dawley rats with compound 67 2. At high multiples (127x) over
the exposure necessary for 50% AB40 reduction in the CSF no microscopic changes in the
retina were observed for compound 67 after 4 days. Unfortunately, it was also found that
compound 67 blocks hERG-mediated current in vitro (ICso = 0.9 yM) and caused QTc
prolongation in a dog cardiovascular model, leading to the discontinuation of its

development.

Hicken et al. %3 reported in an international patent its own series of tricyclic compounds for
BACE1 inhibition. Several spirocyclic hydroxanthene compounds possessing a pivalamide
group in P3 were disclosed, with compound 68 showing a high inhibition potency for BACE1
(1.1 nM). Nonetheless, no information is provided regarding other in vitro/in vivo assays to
conclude about compound’s safety, namely off-target effects over hERG ion channel and
CatD.
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Figure 3. Lead optimization and modulation of hERG activity in xanthene BACEL inhibitors.
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Figure 4. (A) Interaction of fluorine atom and dihydropyran moiety of compound 66 with Trp76 and
with Arg128 in P2’ of the catalytic pocket of BACE1, respectively. Copyright from ¢4. (A’) Co-crystal
structure of rat CatD and inhibitor 66 (yellow). (A”) Co-crystal structure of human BACEL1 and
inhibitor 66. (B) Co-crystal structure of human BACE1 (blue) + compound 67 (green) overlaid with
CatD (pink). Copyright from ©.

1.1.2.1.2. mGIuR1 enhancers

Metabotropic glutamate receptors (mGIUR) belong to class C of G-protein coupled receptors
and are activated by glutamate, the major excitatory amino acid neurotransmitter in the CNS
12 One of the eight subtypes of G-protein coupled receptors are mGlul, which stimulate

phosphoinositide hydrolysis, leading to mobilization of intracellular calcium storage and an

increase of the intracellular calcium concentration 2. Vieira et al. reported four series of 9H-
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xanthenes bearing carbonyl carbamate (69) °, 1,2,4-oxadiazole (70) %, tetrazole (71) *,
and 1,4-oxazole (72) *? moieties, that behave as selective positive allosteric modulators
(enhancers) of rat and human mGlul receptors (Figure 5). Initially, a random-screening
using recombinant mGlul receptors expressed at very high levels led to the discovery of a
9H-xanthene-carbonyl carbamate series (69) of selective and potent positive allosteric
modulators of mGlul receptors . Based on these findings, a second and third series of
compounds was screened to find two potent orally available mGIluR1 enhancers bearing a
1,2,4-oxadiazole (R = CHs) or a tetrazole moiety (R = CH.CHs) (Figure 5) #'. Optimization
of PK properties (clearance, half-life, and bioavailability) led to the replacement of the
tetrazole moiety with the oxazole ring system, which resulted in compounds with similar
activities 2. However, metabolism of 1,2,4-oxadiazole derivative (R = CH3) was found to
take place on the methyl substituent of the oxadiazole ring as well as on positions 2 and 7
of the xanthene moiety. To reduce metabolic alterations on these positions, the synthesis
of two series of trifluoromethyloxazole derivatives with improved metabolic stability and
longer half-life were developed. Several derivatives with good activities at rat mGlul
receptors were prepared and the compounds with the most promising in vitro profiles were
selected for further PK evaluation, with some of them revealing to be suitable tools to further
study the role of positive allosteric modulation of mGlul receptors in vivo. When compared
with the unsubstituted trifluoromethyl-1,4-oxazole (R = R? = H), additional fluorination of
the xanthene moiety led in most cases to further reduction of the in vitro as well as the in
vivo clearance values. The half-life of these compounds was also markedly increased. The
volume of distribution was in the intermediate range, while brain penetration seemed to

decrease for the fluoroxanthene derivatives (Figure 5).

R R
N Additional fluorination of
= N—-N F‘ﬂ

ﬁ/N b N SN the xanthene moiety
N

Ny N
HN._O

O\fo
HN.__O HN__O HN__O Reduction of the in vitro/
in vivo clearance values
X
O O O O O O | Increased half-life
o o o ~ o
69 70 71 72

R
|

Ne)

N

‘ X
X
2
R R [> Intermediate volume
of distribution
Carbonyl . Trifluoromethyl
carbamates 1,2,4-Oxadiazoles Tetrazoles 1,4-Oxazoles Decreased brain
penetration
IC50 : 10-30 nM ICsp : 6-52 nM ICs5p : 29-180 nM ICsp : 19 nM-inactive

Figure 5. Structure-activity relationship analysis of 9H-xanthenes as potent, orally available mGlul
receptor enhancers.
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1.1.2.1.3. Antitumor activity

Several studies have been reported concerning the cytotoxicity of xanthene derivatives,
mainly on human hepatocellular (HepG2, SK-HEP-1, SMMC-7721, BEL-7402) and breast
(MCF7, MDA-MB-231) carcinoma cell lines. Other examples include prostate (DU-145),
cervical (HelLa), colon (SwW480), lung (A549), osteosarcoma (MG-63), and acute
promyelocytic leukemia NB4 cells. In 2010, Giri et al. %’ reported a series of xanthenes (73)
and evaluated their cytotoxic activity in vitro against three human cancer cell lines - DU-
145, MCF-7, and HelLa. [N,N-Diethyl]-9-hydroxy-9-(3-methoxyphenyl)-9H-xanthene-3-
carboxamide (Figure 6) exhibited interesting inhibitory cancer cell growth [half maximal
inhibitory concentration (ICso) = 36-50 pM] towards the three cancer cell lines. SAR studies
suggested that a simple addition of a 3-methoxyl group to the 9-phenyl ring of 9-phenyl-
xanthenol has a dramatic impact on activity. Additionally, replacement of the N-
methylpiperazine with the diethylamine at R? position or the presence of a bulky phenyl or
3-methoxyphenyl substitution in both the chloro- and fluoro-series (R?) also had a positive
impact on the activity. Ultimately, derivatization of the hit compound (e.g., incorporation of
a 7-fluoro substituent) may lead to additional gain in potency. Supplementary studies on the
effect of the compounds on the catalytic activity of human topoisomerase Il were developed,

but no activity on the relaxation assays was detected.

HO. R3 Cytotoxicity

R!
O O 5 Addition of 3-metoxy
1) R group on the 9-phenyl ring
0 3
73 (19 examples) ° R® = CH=CH,

O 8 e
2l RZ=NEt,
£

Hit compound
Bulky phenyl of 3-

R" = H, R% = NEt,, R® = Ph(3-OMe) methoxy substitution
ICs0: 36 uM for DU-145 whenR'=ClorF
S0 uMfor MCF-7 l R2 = N-methylpiperazine
44 uM for HeLa

Figure 6. Structure-activity relationship analysis of cancer cell cytotoxicities for a series of
substituted xanthenes 73.

The in vitro antitumor activity of four series of N-substituted 14-aryl-14H-
dibenzo[a,j]xanthene-3,11-dicarboxamide derivatives was evaluated on hepatocellular
carcinoma cell lines (SK-HEP-1, Hep-G2, and SMMC-7221) and acute promyelocytic
leukemia NB4 cells (Figure 7) ®’. Generally, the presence of side chains on the C-3 and C-
11 was favourable for cytotoxicity since unsubstituted 74 did not shown significant antitumor
activity (ICso > 50 uM). Additionally, the nature of the carboxamide side chains in 75 exerted

a strong effect, with the activity decreasing towards bulkier substituents. The easier
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formation of a hydrogen bond between the N atom and the acceptor, when a smaller or
polar substituent was used, showed to be beneficial to the antitumor activity. Regarding the
nature of the substituent at the 14-phenyl group, derivatives presenting a substituent in the
para position showed better activity than derivatives substituted in the ortho or meta
positions. Compounds 75a and 75b exhibited significant inhibitory activity against NB4 cells
with 1Cso values of 0.52 uM and 0.76 uM, respectively, much lower than 5.31 uM of the
positive control As;03%".

Cytotoxicity

Side chains on the C-3 and C-11
positions

= Substitutions at the para position
of the 14-phenyl group
75 (32 examples)
o L Substitutions at the ortho or para

osition of the 14-phenyl grou
p EenyIgrony 75a: R"' = 4'F, R? = CH,4

7y,
Increase

74 (4 examples) Substitution on the N atom of the ICs0 = 0.52 uM
carboxamide side chain:
CHg > (CH,),CHz > CH,CH(CH3), 75b: R" = 4'Cl, R? = CH3
ICs0 = 0.76 uM

Figure 7. Structure-activity relationship analysis of cancer cell cytotoxicity for two series of
substituted xanthenes 74 and 75.

The antiproliferative activity of benzoxanthene lignans 76-82 was evaluated against two
different cancer cell lines, SW480 (human colon carcinoma) and HepG2 (human
hepatoblastoma) (Figure 8) ®8. Compounds bearing a phenylethyl group at positions 1 and
2 (79 and 81) revealed to be significantly more active than compounds with methyl ester
groups at the same positions (76 and 78). Interestingly, the presence of methoxyl groups at
the same positions dramatically decreased the cytostatic effect when compared to the
hydroxylated congener.

In a study developed to evaluate the cytotoxicity and pro-apoptotic potential of tamoxifen-
based derivatives, xanthene 83 revealed to be the most promising of the set, showing an
activity profile comparable to that of tamoxifen (Figure 8) *°. Besides affecting MCF-7 cell
growth, further elucidation of the molecular basis of the pro-apoptotic behaviour on this cell
line revealed that 83 induces mitochondria-mediated apoptosis through activation of poly
(ADP-ribose) polymerase (PARP) cleavage. In order to predict the propensity of the cell to
undergo apoptosis, Bax/Bcl-2 ratio was determined, and an increase was noticed
suggesting their feasibility to circumvent cancer cells apoptosis deficiency by affecting
tumour progression and aggressiveness. Additionally, the antitumor activity of 83 was

attributed to the induction of apoptosis by modulation of Bim gene expression levels and
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although 83 presented a more genotoxic profile than tamoxifen, further studies still need to
be addressed, particularly on non-transformed cells *°.

Dibenzoxanthene compounds 84a-84d were studied for their in vitro cytotoxicity and
interactions with DNA ©°. The cell viability decreased with increasing concentrations of
compounds 84a-84d, showing a dose-dependent relation. Comparing the ICso values
obtained, compound 84b appeared to be more active against BEL-7402, HeLa, and SKBR-
3 cell lines (ICsp = 10.1 uM, 9.4 puM, and 6.2 UM, respectively), while compound 84a
presented the lowest ICso against MG-63 cell line (ICso = 20.1 pM). The presence of two
bromine atoms in compound 84b seems to be responsible for its increased cytotoxicity
activity. DNA binding behaviours showed that these compounds interact with calf thymus
DNA (CT-DNA) through an intercalative mode. However, it was found that its cytotoxicity is
not consistent with their DNA-binding affinities, but instead seems to be more related with
their logarithm (base 10) of the partition coefficient (P) (logP) values. Additionally, an
analysis of the cell cycle status of BEL-7402 and SKBR-3 cells after treatment with
compound 84a and compounds 84b-d, respectively, showed that the antiproliferative
mechanism of these compounds was associated to a S phase arrest.

The cytotoxic effect of a synthetic polycyclic bridged—ring xanthene 85 against BEL-7402,
HelLa, A549, and MG-63 cell lines was determined by MTT assays (Figure 8) 7°. Since 85
exhibited relatively high cytotoxicity against BEL-7402 cells, this cell line was used for
further investigation on apoptosis, comet assay, reactive oxygen species (ROS),
mitochondrial membrane potential, cell cycle arrest, and western blotting assay. The results
indicated that xanthene 85 induces apoptotic insults to BEL-7402 cells via an intrinsic

mitochondrion-caspase protease pathway.
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Figure 8. Structures and cytotoxicity of xanthenes 76-85.

Among the xanthene derivatives with antitumor activity, the rose bengal disodium
(86,Figure 9), a photosensitizing xanthene dye, is in the most advanced stage in clinical
trials for the treatment of melanoma. Intralesional administration of PV-10 - a sterile, non-
pyrogenic 10% solution of rose bengal - has been evaluated in a multi-center Phase |l trial
of 80 patients with Stage Il and IV melanoma. PV-10 treatment produced a 51% overall
response rate and 26% of complete response rate for target lesions and a complete
response rate of 50% when all disease was injected . A patent published in 2019 7
disclosed the use of PV-10 for refractory pediatric solid tumors, and provided in vitro results
of its ability to decrease cell viability in Ewing sarcoma, neuroblastoma, osteosarcoma,
rhabdomyosarcoma, and normal fibroblast cell lines. PV-10 decreased cell viability in a
concentration - dependent manner in all cell lines tested with ICsg values ranged from 45-
108 pM, with a mean of 70 pM. One the other hand, ICso values for the normal fibroblast
cell lines and primary bone marrow samples were higher and ranged from 73-143 pM, with
a mean of 104 uM. The platform clinicaltrials.gov 7 indicates three active recruiting clinical
studies with PV-10, showing the current interest in PV-10 for future antitumor therapies,

namely for liver and metastatic melanoma .
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Figure 9. Structures and cytotoxicity of rose bengal (86).

1.1.2.2.  Antimicrobial activity
1.1.2.2.1. Antifungal and antibacterial activities

In 2015, xanthenes 5 and 6 (Figure 10) were isolated from foliar fungal endophytes of Pinus
strobus (eastern white pine) and tested for their antimicrobial activity 3. Although none of
the isolated compounds 5 and 6 demonstrated bioactivity against Pseudomonas
fluorescens or Saccharomyces cerevisiae at concentrations up to 500 uM, they were able
to significantly reduce the growth of Microbotryum violaceum at 50 uM. In addition, they
exhibited significant activity against the Gram-positive bacterium Bacillus subtilis with a MIC
of 25.4 ng/mL and 36.1 pg/mL, respectively (chloramphenicol as positive control, MIC =

68.7 ug/mL) 3.
? o

5 6 H/Oj©/

Figure 10. Xanthenes 5 and 6 with antimicrobial properties.

Yunnikova and Voronina ® designed and synthesized a series of N-arylmethyl-4(xanthen-
9-ylanilines (87a-d) and structurally related N-arylmethylene-4-(xanthen-9-yl)anilines (88a-
d), which were evaluated as potential antimicrobial agents. From their study, although the
tested compounds showed no activity with respect to bacteria of the Escherichia coli group,
even at a concentration of 1,000 pug/mL, 88c exhibited a bacteriostatic affect with respect to

Staphylococcus aureus (500 pg/mL) (Figure 11).
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Figure 11. N-Arylmethyl-4(xanthen-9-yl)anilines (87a-d) and structurally related N-arylmethylene-4-
(xanthen-9-yl)anilines (88a-d).

Since xanthene derivatives have displayed some antimicrobial activity, under the same
conditions, the authors assessed this activity for isosteric 1l-azaxanthene derivatives.
Compounds containing primary and secondary amines linked to an azaxanthene scaffold
were synthesized, and their antimicrobial activity investigated. In a first approach, one of
the compounds (89, Figure 12) successfully inhibited the growth of the fungi Candida
albicans, albeit at a high concentration range of 1,000 — 2,000 pug/mL but did not display
antibacterial activity. On the other hand, two compounds (90 and 91, Figure 12) were able
to prevent the growth of S. aureus, at the same concentration 6. Imine derivatives of
(aza)xanthenes were also synthesized and their antibacterial activity tested. It was shown
that compound 92 (Figure 12) could inhibit the growth of S. aureus in a concentration of
1,000 pg/mL, and compounds 93 and 94 (Figure 12) displayed a bacteriostatic activity for
the same microorganism at 500 pg/mL 3.

89:R'=H,R?=NH,, R®=H
90: R" = NH,, R? = H, R® = OCHj,4

Figure 12. Structure of compounds 89-94.

Amininasab et al. 7"® reported studies on the antimicrobial activity and potential industrial
applicability of four series of diamines and the corresponding polymers. Their two most
recent works considered the synthesis of diamines 95a and 95b and their transformation

into polymers 96-100 (Figure 13). Further antimicrobial evaluation against Pseudomonas
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aeruginosa, S. aureus, Aspergillus oryzae and A. niger (fungi) disclosed good inhibition
values (range of inhibition 7-16 mm), mainly attributed to the pyridine rings and xanthene
pendent group, as well as the presence of electron-withdrawing groups in the dicarboxylic
acid structure of synthesized polymers ’® &, Further studies on the solubility, thermal
stability, and mechanical properties of polymers 96-100 revealed that they can be used
industrially as alternative materials in a variety of applications, or even for hexavalent

chromium ion adsorption in the form of a membrane.

96a, 96b, 97a, 97b 98a, 98b, 99a, 99b, 100a, 100b
[¢]
N
= = H,
D oA C QI SRS
96 97 98 99 100
Figure 13. Diamines 95a and 95b and polymers 96-100 with potential antimicrobial activity.

1.1.2.2.2. Antiviral activity

Encephalomyocarditis (EMC) is a significant viral infection in many mammalian species that
causes not only myocarditis and encephalitis, but also neurological disorders. Evaluation of
a series of 2,7-bis(aminoacyl)xanthenes effectiveness in protecting mice against EMC virus
infection revealed compound 101 (Figure 14) as a hit compound, and that an increase in
length of the side chain and/or size of dialkylamino groups caused a decrease in oral
activity, while the obtained survival time ratios after subcutaneous administration were
higher in 2,7-bis(aminoacyl)xanthenes with higher molecular weight 8. Compound 101
displayed the most prominent oral activity against EMC virus and evaluation against RNA
arbovirus Semliki Forest virus (SFV) revealed that maximal antiviral activity was achieved
when the administration was 4 hours (h) before virus inoculation. Additionally, compound
101 was effective in mice against a nonlethal challenge of vaccinia virus, a DNA virus. When
given orally at a 250 mg/kg dose 24 and 28 h before infection, and again 24 and 48 h after

infection, reduced the severity of virus-induced tail lesions by 31 %.
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Figure 14. Structure-activity relationship analysis on the antiviral activity of xanthenes 101.

Tobacco mosaic virus (TMV) is a pathogen able to reproduce and multiply in the host cells
of the plant. It is known to infect nine plant families such as tobacco, tomato, pepper,
cucumbers, and a number of ornamental flowers . Ningnanmycin was used as a positive
control in a study on the antiviral activity of a series of twelve arylxanthenes to inhibit the
replication of TMV. The encouraging results with compounds 102-105 (Figure 15),
revealing inhibition rates higher than 50 % and in the same range of the positive control,
were attributed to the presence of electron-withdrawing groups in the 9-aryl moiety.

Rose bengal (86) was also evaluated for application as antiviral (virucidal agent) through
photodynamic inactivation. Lenard et al. 8 84 studied the virucidal activity (inactivation of
infectivity) of rose bengal for Influenza, human immunodeficiency virus (HIV) and vesicular
stomatitis virus (VSV) and reported ICso values of 300, 50 and 8 nM, respectively,
motivating further results for the application of this compound in the photodynamic

inactivation of different products, namely biological samples as blood fractions.

NO, cl al
NO,
@ ) &
0 I o l ‘ o} ‘ ‘ 0 ‘
102 103 104 105

Figure 15. Xanthenes with antiviral activity.

1.1.2.2.3. Antiparasitic activity

Trypanothione reductase (TR) has long been investigated as a promising target for
chemotherapeutic intervention in the causative agents of human African trypanosomiasis
(Trypanossoma brucei spp), Chagas disease (T. cruzi), and leishmaniasis (Leishmania

spp), through disruption of the natural redox defence systems of the respective parasitic
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protozoa. Due to their resemblance to other tricyclic compounds already reported as
competitive inhibitors of TR, 9,9-dimethylxanthene derivatives 106a-c were evaluated
against TR 8 8 SAR analysis indicated that weaker inhibitions are attributed to the
presence of either one (107b) or no methylene spacer (106a and 106c¢) between the tricyclic
moiety and the secondary nitrogen atom. The functionalization of 108b with sulphonamides
(108c, 108d) or ureas (108e-g) was revealed not to be beneficial towards activity. On the
contrary, derivatives with two (108a, 108b) or three (07) methylene spacer exhibited
improved activity. Aryl amines 109a and 109b, and a,B-unsaturated amide 110 were the
most promising derivatives and, therefore, their ICso were determined 8, with 110 showing
comparable activity to that of clomipramine. In vitro studies on the antiparasitic activity of
106a-c, 107, 108a, and 108b against parasitic trypanosomes and leishmania disclosed
derivative 106¢c as being the most active against all three parasites (EDso with values of
0.02, 0.48 and 0.55 pM, for T. brucei, T. cruzi, and Leishmania donovani, respectively).
Additionally, 108b showed a 5-6-fold increase in chloroquine (CQ) accumulation, against a
3.5-fold exhibited by the control verapamil, and sulfonamides 108c and 108d showed
intrinsic antimalarial activity, comparable and superior to CQ in a CQ-sensitive (D10) and a
CQ-resistant (K1) strain, respectively. These results are depicted in Figure 16.
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Figure 16. Putative structure-activity relationship analysis on the TR inhibition of 9,9-
dimethylxanthene derivatives 106-110.
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Wau et al. 2 prepared a small series of 9H-xanthene derivatives and evaluated their intrinsic
antimalarial activity against a CQ-sensitive (CQS) strain D10 and a CQ-resistant (CQR)
strain of Plasmodium falciparum, along with their cytotoxicity. Among the series, compound
111 (Figure 17) showed relatively high intrinsic antimalarial activity; however, its
mechanism of action may differ to that of CQ since it was observed in the CQR strain.
Additionally, 111 showed the highest synergistic effect, with a response madification index
of 0.36, and caused a four-fold increase in chloroquine accumulation in a resistant strain of
P. falciparum. The highest selective therapeutic index obtained when 112 was tested
against a mammalian cell line signifying a positive selectivity where the drug is more toxic

to the malaria parasite than it is to the mammalian cells.

In another study on the antimalarial activity of xanthene derivatives with a dispiro-B-lactam
moiety, good to excellent activities were obtained against CQ-resistant P. falciparum K14
strain, with the most promising compound (112, Figure 17) presenting a low toxicity up to
100 uM whatever the considered cells (HEL, VERO, or HelLa) &. Under the scope of the
same study, compounds were also evaluated for their antimicrobial and antiviral activities,

with no significant results.

As a result of the high metabolic rate of the rapidly multiplying parasite, large quantities of
toxic redox-active by-products are generated. Hence, P. falciparum requires a highly
efficient thiol metabolism to protect themself from intracellular ROS. This implies a highly
susceptibility to oxidative stress, which can be explored as a promising therapeutic
approach against malaria & 8°. The inhibition of human glutathione reductase (hGR) would
lead to an increase of oxidative stress in human erythrocytes offering partial protection
against the infection. In a study for the identification of hGR inhibitors, Savvides et al. %
identified 6-hydroxy-3-oxo-3H-xanthene-9-propionic acid (113, Figure 17) as a
noncompetitive inhibitor of human glutathione reductase (hGR). Crystallographic analysis
revealed that compound 113 bound in the large cavity present at the hGR dimer interface
where it does not overlap the glutathione binding site. Compound 113 showed an inhibition
potency 16 times higher than dye 3,7-diamino-2,8-dimethyl-5-phenyl-phenazinium chloride
(safranin), a previously reported noncompetitive inhibitor of hGR (binding affinity to the
enzyme-substrate complex (Kis) (oxidized glutathione) = 27 pM and 453 pM, respectively).
Further studies would be required to optimize this xanthene derivative and confirm its

efficacy and safety against malaria.
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Figure 17. Structures and antimalarial activity of xanthenes 111-113.

1.1.2.3. Anti-inflammatory and analgesic activities

The anti-inflammatory activity of 9-aryl-9H-xanthene-3,6-diol derivatives 114a-114f (Figure
18) was assessed using the carrageenan-induced rat paw edema in mice along with
estimation of gastric ulcerogenicity index °.. Generally, a significant anti-inflammatory
activity was observed at second phase (180-360 min) at 30, 60, and 90 mg/kg dose p.o.
(per o0s), indicating that these compounds exhibit their effect through the prostaglandin
mediated mechanism. Compounds 114e and 114f showed comparable activity to standard
drugs. The ulcerogenic liabilities of compounds 114a-114f were either absent or less than
that of the standard drug indomethacin at all the graded doses. Further studies on the
analgesic activity were developed using the acetic acid induced writhing test and the
formalin induced model, with compounds 114a, 114d, 114e, and 114f exhibiting significant
activity. The higher analgesic activity was presented by 114e with percentage inhibition
values of 64.50 % (100 mg/kg) and 67.14 % (150 mg/kg), higher than the control aspirin. In
this study it was also disclosed that 9-aryl-9H-xanthene-3,6-diol derivatives (114a-114f)
contain an active analgesic principle acting peripherally and not through CNS as shown by

indomethacin and pentazocine %2,

Anti-inflammatory activity

Presence of 4-chloro phenyl
Pharmacological activities (Writhing test)

(% inhibition) Presence of 4-nitro phenyl

Increase

Anti-inflammatory Analgesic { Presence of OH groups

HO OH (90 mg/kg p.o.) (150 mg/kg p.o.)
114a,R"=R?2=R%>=H 425 58.0

114b,R"=OH,R2=R3=H 46.0 12.0 Analgesic activity
114c,R'=R?=H, R®=OH 52.9 18.0 5 GO ro—
114d, R1 - H, R2 - OCHg, R3 = OH 58.6 55.5 % resence O -chloro pheny
114e,R"=R2=H,R3®=ClI 66.7 64.5 g Presence of unsubstituted
114f, R' = R?=H, R® = NO, 65.5 245 £| 9-phenyl

Indomethacin (10 mg/kg p.o.) 89.7 -

Aspirin (300 mg/kg p.o.) - 61.5 } Presence of OH groups

Figure 18. Structure-activity relationship analysis on the anti-inflammatory and analgesic activities
of 9-aryl-9H-xanthene-3,6-diol derivatives 114a-114f.
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The carrageenan induced paw edema method was also the method of choice for the
evaluation of the anti-inflammatory activity of a series of spiro-xanthene-9’,2-
(1,3,4)thiadiazole derivatives 115a-115e, using an oral dose of 70 mg/kg body weight. Anti-
inflammatory and analgesic activities of the test compounds were measured with respect to
a control (placebo) and compared with respect to the standard drug, ibuprofen, in the same
dosage (Figure 19) %2. The tested derivatives exhibited significant activity when compared
to the standard drug, ranging from 76-84 % after 4 h. The presence of a 4-nitrophenyl group
at position 3 and acetyl group at position 5 showed the maximum activity (115e, 84 %), and
substitution of the nitro group by a chlorine (115d) did not significantly affect the anti-
inflammatory activity (82 %). On the other hand, a slightly decrease in the activity was
observed when the nitro group is replaced by a hydrogen (115b) or a bromine (115c) (79
% and 76 %, respectively). Additionally, the analgesic activity was tested for derivatives that
presented anti-inflammatory activity higher than 80 %. The best results were obtained with
the presence of two phenyl groups (115a) or the presence of a 4-chlorophenyl group at the
position 3 (115d). Further studies on the toxicity of these derivatives revealed that neither
death nor other behavioral or toxicological changes were observed on rats up to a dose as
high as 200 mg/kg 2.

iN\ Anti-inflammatory activity
s S\N—Ar
N Pharmacological activities (Writhing test) )
(mean inhibition + SEM %) Presence of a 4-nitro or 4-
o chlorophenyl group at
Anti-inflammatory  Analgesic 3| position 3 and acetyl group
& "
115a, R = Ar = CgHs 82 71 g| atpositions
115b, R = COCHj, Ar = CgH5 79 - £
115¢, R = COCHj, Ar = p-CgHs-Br 76 - aiesscelofitvolphenyl
115d, R = COCHg, Ar = p-CgH5-Cl 82 72 groups at positions 3 and 5§
115e, R = COCHj, Ar = p-CeHs-NO, 84 56.6 Replacement of the 4-nitro
Ibuprofen 92 83.5 l group by H or Br

Figure 19. Structure-activity relationship analysis on the anti-inflammatory and analgesic activities
of spiro-xanthene-9’,2-(1,3,4)thiadiazole derivatives 115a-115e.

Chemokines are proinflammatory molecules implicated in the recruitment and activation of
leukocytes in various diseases. Among them, MIP-1a (macrophage inflammatory protein-
1a) known as a ligand for CC-type chemokine receptor 1 (CCR1) receptors, may play an
important role in chronic inflammatory diseases such as rheumatoid arthritis and multiple
sclerosis 2. In a work to elucidate the pathophysiological role of CCR1 receptors in murine
models of disease, Naya et al. ** identified xanthene-9-carboxamide 116a with an ICso value

of 510 nM for human CCR1 (hCCR1) receptors as a lead compound. Optimization of 116a
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was initiated by substituting the n-pentyl group on the piperidine nitrogen with cycloalkyl or
arylmethyl groups. Replacement with a cyclooctyl (116b) or a cyclohexyl (116c) group
resulted in improvement of the binding affinities for hCCR1 receptors, especially in the case
of 116b, which showed approximately 3-fold higher binding affinity compared with 116a. By
contrast, replacement with cyclodecanyl (116d) and aromatic groups, namely benzyl (116e)
and 2-naphthyl (116f), led to a substantial decrease in affinity. Afterwards, the tertiary
pyridine nitrogen was replaced by a quaternary ammonium group, with compound 117a
showing an enhanced binding affinity (ICso = 14 nM). Further modifications led to compound
117b, where the quaternary ammonium group is linked to a 1-cyclooctenyl and an ethyl
group (ICso value of 2.0 nM). Finally, introduction of chlorine at positions 2 and 7 of the
xanthene moiety further improved potency (ICso = 1.2 nM, compound 117c). These results

are summarized in Figure 20.

R
[ R?— R!
N N
Oy NH Oy NH
L 989

(14 examples) (18 examples)
hCCR1 receptor hCCR1 receptor

116a, R = n-pentyl ICsp: 510 M 117a, R'= methyl, ICs0: 14 NM
116b, R = cyclooctyl ICs0: 140 NM R?= cyclooctil, R3= H
116¢, R = cyclohexyl ICs0: 200 NM 117b, R'= ethyl, ICs0: 2.0 M
116d, R = cyclodecanyl ICsq: 800 nM R2= cyclooctenyl, R3= H
116e, R = phenyl ICs50: >10000 nM 117c, R'= methyl, ICsp: 1.2 M
116f, R = 2-naphthyl IC50: >10000 nM R2= cyclooctil, R3= CI

Figure 20. Structures and activity on hCCR1 receptors of xanthenes 116-117.

1.1.2.4.  Antidiabetic activity

Kwon et al. °® explored xanthene derivatives 118a and 118b (Figure 21) as 5’ adenosine
monophosphate -activated protein kinase (AMPK) activators. AMPK is an is an energy-
sensing enzyme whose activation elicits insulin-sensitizing effects, making it an ideal
therapeutic target for type 2 diabetes °. Xanthene compounds were chosen due to the
similarity with mangiferin, a xanthone secondary metabolite used as supplement to treat
diabetes in Southeast Asia . In vitro studies of compounds 118a-b in L6 myotubes showed
an ECsg value for the phosphorylation of AMPK of approximately 1.5 uM, about 6,000-fold
less than metformin (ECso = 10 mM). Additionally, in vivo studies in high-fat diet-induced
diabetic mice showed that the administration of 3 mg/kg produced similar improvements in
glucose tolerance to administration of 50 mg/kg of metformin; thus, the experimental
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dosages of 118a and 118b were about 16-fold lower than metformin, motivating further
studies for their exploitation as potential candidates for the treatment of type 2 diabetes

mellitus.

118a, R' = NO,
118b, R'=CN

Figure 21. Xanthene derivatives with antidiabetic activity.

1.1.2.5. Antioxidant activity

Evaluation of the antioxidant activities of 9H-xanthene-2,7-diols 119a—e (Figure 22), in the
autoxidation of tetralin and linoleic acid, in a homogeneous solution and in an aqueous
micelle dispersion % % showed that these act as hydrogen donors and suppress the
oxidation of tetralin and linoleic acid. Following these results, the same authors assessed
the antioxidant activities of the same compounds 119a-e, 120b-c, and 121b-c upon the
oxidation of soybean phosphatidylcholine liposomal membranes, induced by 2,2‘-azobis(2-
amidinopropane) dihydrochloride and 2,2‘-azobis(2,4-dimethylvaleronitrile) 1°°. The authors
found that the referred activity depend not only on the initial hydrogen abstraction from the
xanthene, but also on a second hydrogen abstraction from the residual phenolic group of
the oxidation product. Further work concerning the introduction of butylated hydroxytoluene
(BHT) or catechol into the 9-position of the 9H-xanthene-2,7-diols disclosed that 119e,
122a-c, and 123a-c behaved as better chain breaking antioxidants for the autoxidation of

tetralin than BHT and catechol °1,
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Figure 22. 9H-Xanthene-2,7-diols 119-123 with antioxidant activity.

In order to shed some light on the mechanism of action of benzo[kl]xanthene lignans 124
and 125 (Figure 23) as bio-antioxidants, their capacity to scavenge free radicals (antiradical
activity) and to inhibit lipid oxidation processes was assessed by applying different methods:
radical scavenging activity by 2,2-diphenyl-1-picrylhydrazyl (DPPH) rapid test, chain-
breaking antioxidant activity, and quantum chemical calculations 1°2, Compound 125
demonstrated the strongest activity in all methods applied. Concerning radical scavenging
activity, DPPH+ method gives information about the H-atom donating capacity of the studied
compounds and some preliminary information about the possibility of using these
compounds as antioxidants. Although 124 and 125 were found to be active as DPPHe
scavengers, a strong influence was noticed when different reaction times and
concentrations were tested. When compared with standard antioxidants DL-a-tocopherol
(TOH), caffeic acid (CA) and BHT, the following order of maximum radical scavenging
activity was disclosed: TOH (61.1 %) > CA (58.6 %) > 125 (28.1 %) > 124 (3.6 %) = BHT
(3.6 %). Additionally, it was found that the catechol structure present in these compounds
plays an important role in the chain-breaking antioxidant activity.

O, O
COOMe
COOMe

HO
O ~OH

(¢}
OH
OH

124

Figure 23. Benzolkl]xanthene lignans 124 and 125 with antioxidant properties.
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In a study developed by Ilangovan et al. 1 concerning the synthesis, DNA-binding study,
and antioxidant activity of 14-aryl-14H-dibenzo[a,j]xanthene derivatives, it was found that
126a-e (Figure 24) exhibited free radical scavenging activity against DPPH and 2,2'-azino-
bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) cationic radical. Substitution with 3-
methoxyl and 4-hydroxyl in the phenyl ring was found to be beneficial to the antioxidant
activity since among the five studied compounds, 126d proved to be more effective inhibitor
against both DPPH (86.78 %) as well as ABTS" (83.32 %). Furthermore, a SAR study
exposed that the compounds substituted with free —OH group acted as better scavengers

when compared to compounds with a protected —OH group.

R R!

® ® >y
LD LD LD

126a 126b, R =OMe  126¢c, R = OH 126d, R' = OH, R?=0OMe 126e, R' = OMe, R2 = OMe
DPPH 31.05 % 4713 % 53.08 % 86.78 % 52.64 %

ABTS 63.55 % 67.46 % 73.19 % 83.13 % 70.78 %

Figure 24. DPPH and ABTS radical scavenging activity compared with BHT (concentration of 250
pg mL1) of 14-aryl-14H-dibenzo[a,j]xanthene derivatives 126a-e.

1.1.2.6.  Antipsychotic activity

Antipsychotic (neuroleptic) activity can be associated with thioxanthenes, which are
structurally related to phenothiazines, and act by suppressing the effect of dopamine in the
brain in the treatment of schizophrenia. Other structurally related xanthenes have also been
assessed for their antipsychotic activity, particularly chlorpromazine analogs of the
diphenylmethane type °. Compounds 127-139 or the corresponding salts (HCI, 2HCI,
citrate, maleate, or dimaleate) were investigated in several pharmacological tests with
aminoalkyl derivative 136 (Figure 25) being nearly equipotent with chlorpromazine and,
interestingly, xanthene 131 revealed to be even more potent than chlorpromazine in several

animal tests in which many neuroleptic agents are active.
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Figure 25. Structure-activity relationship on the neuroleptic activity of xanthene derivatives 127-139.

1.1.3. Final remarks: highlights on synthesis and drug-like properties analysis

Xanthenes represent an important scaffold in Medicinal Chemistry and their synthesis and
biological activity are being extensive explored. Concerning synthesis, one strategy
commonly used is the one-step conjugation of simple building blocks, namely phenols,
aldehydes, and benzynes intermediates, allowing to obtain the respective derivatives in
good yields. However, these methodologies have a limited versatility, and few derivatives
are obtained from each technique, being from a Medicinal Chemistry perspective an
important limitation. A more straightforward and frequently used procedure to obtain
xanthenes is starting from xanthones. Xanthone is a widely explored scaffold and several
derivatives are commercially available at competitive prices. Further modification and
functionalization of aromatic rings are also widely explored and described by several
authors. Through standard and simple procedures, the carbonyl in position 9 in easily
converted into different function groups, namely alkyl, alcohol, or carboxylic acid.

Further modifications in position 9 could be performed through diverse techniques. In
what concerns to 9H-xanthene, the development of electrochemical procedures for the
conjugation of xanthene with several nucleophiles are herein highlighted, considering their
metal-free protocol and improved yields. Additionally, the recently disclosed methodology
of cross-dehydrogenative coupling (CDC) employing acidic carbon dots surface as visible-
light induced photocatalyst also represents a green methodology for the conjugation of
xanthene’s position 9 with ketones, 1,3-dicarbonyls and arenes. Considering xanthydrol,
the simplest methodology used to obtain derivatives is taking advantage of its reactivity
through the formation of the xanthylium ion, and reaction with several nucleophiles through
Sn1 reaction. Among the catalysts described, the application of acetic acid and the ionic
liquid of 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF.) represents the greener

approaches. Xanthene-9-carboxylic acid derivatives can be easily obtained by exploring the
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reactivity of the carboxyl functional group. Application of coupling agents such as CDI,
formation of acyl chlorides, or esterification under Fischer—Speier conditions showed to be
appropriate to obtain the corresponding derivatives. Lastly, the synthesis of the lead
aminooxazoline 65 from an exomethylene shows the potential of 9-alkyl xanthenes to obtain
interesting compounds with drug-like properties. Of potential interest are also
azaxanthones, whose bioisosteric introduction of a nitrogen atom confers a more drug-like
scaffold to the compound. The syntheses described so far can vary, especially in the starting
materials. The most used method is through the reduction of the respective azaxanthone,
which can be achieved using metals. However, other methods that did not involve the
synthesis of a xanthone intermediate were proposed, such as the use of Mannich bases as
starting material, and the use of a pyridine derivative which, upon reaction with an aldehyde,
originated a diaryl alcohol intermediate, ultimately leading to the desired azaxanthene.
Concerning the biological applications, the xanthene nucleus showed to be versatile
and suitable towards obtaining compounds for different biological targets. As expected, the
substitution pattern of the xanthene core will define the capability to interact with specific
targets and lead to the respective pharmacological response. Additionally, another essential
aspect to be considered is the drug-likeness of the compounds developed, which should
present appropriate absorption, distribution, metabolism, excretion — toxicity (ADMET)
properties to allow its progression from pre-clinical assessment to clinical evaluation.
Therefore, a closer look regarding the drug-likeness of the most potent molecules in each
biological activity described was performed in this review. To complement the information
disclosed in the literature, their PK parameters were assessed herein employing the
SwissADME platform 1%, Hence, a representative example of each series of compounds
was analyzed with this in silico tool regarding their BBB permeation, P-gp efflux, Lipinski's
rules violations, pan-assay interference compounds (PAINS) alerts, inhibition of
cytochrome P450 (CYP450) (1A2, 2C19, 2C9, 2D6, 3A4) and estimated solubility (ESOL)
class and considerations were performed in accordance with the information gathered.
Thirty-two molecules were assessed, and detailed results are provided in Table 1. Among
them, 9 were found to be BBB permeant and 11 indicated not to be substrates of P-gp efflux
pump. Eighteen violate at least one Lipinski’s rule and 28 violate at least one leadlikeness
rule. Twenty-eight inhibit at least one of the CYP enzymes studied, wherein 19 inhibit
CYP3A4, the most abundant isoform and responsible for the metabolization of
approximately half of the drugs in the liver 1%. Eighteen compounds revealed high
gastrointestinal absorption (Gl) and 27 revealed a favorable bioavailability score (>0.55).
Finally, compound 79 displayed PAINS alerts. Concerning synthetic accessibility, favorable
results (scores <5) were obtained for all the lead compounds assessed, with the exception

of compound 68 (score of 6). A common drawback of hit compounds, for instance 67, 73
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85 and 115e, would be the presence of a stereogenic center on carbon 9, which would
require extensive data proving the efficacy and safety of the racemic mixture or the
application of asymmetric synthesis or enantiomeric purification and, at late-stage
programs, tight quality control to assure enantiomeric purity at release and shelf life.

The xanthene derivatives reported as possessing antitumor activity, in general, present
limitations regarding drug-likeness properties. A high number of aromatic rings with few
functionalization are observed, making them highly lipophilic compounds with poor solubility
in aqueous media. Several compounds do not comply with the Lipinski’'s rule of five (75a,
79, 83, 86 and compound 79 gave a PAINS alert. Nonetheless, although compound 86
(rose bengal) showed some unfavorable druglike properties such as being a P-gp substrate,
which is accordance with previously described studies %7 1% properties difficult to compute
such as off-target toxicity were already assed experimentally, such selectivity for tumor cells
over normal fibroblasts. Additionally, it was already assessed in clinical trials for treating
melanoma and is expected to be involved in future studies, indicating no significant founds
in term of toxicity and safety. Apart from rose bengal 86) and compound 83, described as
genotoxic, no information is provided regarding bioactive xanthenes selectivity and toxicity
over healthy human cells. Xanthenes presented as possessing antioxidant activity present
similar drawbacks, with highly lipophilic skeletons, violations to the Lipinski's rule of five
(122c) and lack of information regarding their in vivo activity and safety. Regarding
xanthenes with antimicrobial activity, we highlight compounds 101 and 111, combining both
efficacy with no violation to Lipinski’s rules and were predicted as soluble in aqueous media
(ESOL) %, Together with preliminary studies of oral bioavailability (compound 101) and
selective therapeutic index (compound 111), these seem to be promising compounds for
further improvement to lead compounds. Additionally, both are symmetric molecules and,
therefore, do not display the limitations of the presence of a stereogenic center at position
9.

With anti-inflammatory and analgesic properties, the series of 9-aryl-9H-xanthene-3,6-diol
derivatives 114a-114f and the series of spiro-xanthene-9’,2-(1,3,4)thiadiazole derivatives
115a-115e are highlighted. These compounds do not present Lipinski's violations nor
PAINS alerts, and in vivo studies showed efficacy comparable with golden standards with
no safety issues in terms of ulcerogenic liabilities or toxicological changes in animal models.
Compounds 118a and 118b showed similar results in vivo studies in high-fat diet-induced
diabetic mice concerning glucose tolerance. However, the computation prediction analysis
shower higher solubility and gastrointestinal absorption for compound 118b, indicating a
potential advantage of the compound over 118a in what concerns to PK parameters.
Regarding 9H-xanthene-carbonyl carbamates acting as mGlul enhancers, the series

containing a tetrazole ring (71) represents the one with favorable PK properties already
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characterized experimentally, namely oral availability, brain penetration, volume
distribution, and half-life. Lastly, the xanthenes pointed out as neuroprotectors, despite the
computational prediction indication of no BBB permeation and P-gp recognition, already
showed optimized drug-likeness and PK properties in in vivo studies. The BACEL inhibitor
66 was designed considering the necessity to avoid the hERG affinity (identified in the lead
compound) but maintaining low TPSA to avoid P-gp recognition and efflux. The optimized
lead compound 66 successfully complied with these specific requisites as confirmed with in
vivo assays, which showed appropriate CNS penetration and no significant impact on the
QTc interval, while maintaining its activity as potent BACEL inhibitor. Nonetheless, a lack
of selectivity over CatD impose further modifications. This drawback was successfully
overcome with the design and synthesis of compound 67; unluckily, safety concerns
regarding hERG affinity were found again, enforcing new studies to correctly balance
compound’s affinity for BACE1 and off-targets.
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Table 1. Pharmacokinetic properties prediction for a representative example of each series of compounds. Analysis performed with the SwissADME
platform 195,

BBB Pgp .CYF].'AZ (,:YF.’Z.C]'Q .CYPZ.CQ ,CYFZ.DG .CYP?fA‘l Fipin§ki Bioavailability PAINS Leadlikeness | TPSA Consensus ° Gl . Symh.et.i(.:
Compound pern‘;eant subsbtrate |nh|?|tor |nh|db|tor |nhlg|tor |nh|5>|tor |nh|5|tor #wolz:tlons Score salerts | #violations K MW " LogP" ESOL Class absogptlon Accesqs|b|l|ty
66 No Yes Yes Yes Yes No Yes 0 0.55 0 1 448.42 91.85 3.43 Moderately soluble High 5.12
67 No Yes No Yes Yes Yes Yes 0 0.55 0 1 489.91 120.95 2.66 Moderately soluble High 5.12
68 No Yes No Yes No Yes Yes 0 0.55 0 2 468.59 114.90 3.73 Moderately soluble High 5.61
72 No Yes Yes Yes Yes Yes Yes 0 0.55 0 2 360.29 64.36 3.68 Moderately soluble High 3.54
73 Yes Yes No Yes Yes Yes Yes 0 0.55 0 2 403.47 59.00 4.03 Moderately soluble High 3.80
75a No No Yes No No No Yes 1 0.55 0 2 490.52 67.43 5.45 Poorly soluble High 3.83
79 No No No Yes No No No 1 0.55 1 3 562.57 122.52 5.39 Poorly soluble Low 4.37
83 No Yes Yes No No Yes No 1 0.55 0 2 411.54 21.70 5.75 Poorly soluble High 3.82
85 Yes No No Yes Yes No Yes 0 0.55 0 1 382.41 60.44 3.67 Moderately soluble High 4.79
86 No Yes No No No No No 2 0.17 0 2 1017.64 65.74 6.37 Insoluble Low 3.82
88b No Yes Yes Yes No No No 1 0.55 0 2 396.87 34.48 5.65 Poorly soluble Low 3.79
88c No Yes Yes Yes No No Yes 1 0.55 0 2 404.50 24.83 5.70 Poorly soluble Low 3.97
101 Yes No No Yes Yes Yes Yes 0 0.55 0 0 338.40 49.85 2.71 Soluble High 2.94
102 No No Yes Yes No No No 1 0.55 0 2 403.43 55.05 5.57 Poorly soluble Low 3.65
108a Yes Yes No Yes No Yes Yes 1 0.55 0 3 518.69 73.91 4.28 Moderately soluble High 4.64
111 Yes Yes No No No Yes Yes 0 0.55 0 0 296.41 24.50 3.32 Soluble High 3.46
112 No No Yes Yes Yes No No 2 0.17 0 2 507.58 38.77 6.32 Poorly soluble Low 5.22
113 No No Yes No No No No 0 0.56 0 0 284.26 87.74 1.88 Soluble High 3.15
114e Yes Yes Yes Yes No Yes Yes 0 0.55 0 1 324.76 49.69 4.12 Moderately soluble High 3.26
115e No No Yes Yes Yes No Yes 0 0.55 0 2 417.44 113.02 3.44 Moderately soluble High 4.72
117c No Yes No No No No No 1 0.55 0 2 516.52 38.33 4.77 Poorly soluble Low 4.44
118a No No Yes Yes Yes No Yes 1 0.55 0 3 535.76 125.28 3.46 Poorly soluble Low 4.37
118b No Yes Yes Yes Yes Yes Yes 1 0.55 0 3 515.78 103.25 4.03 Moderately soluble High 4.18
122 No Yes No No No No No 2 0.17 0 2 502.68 69.92 7.51 Poorly soluble Low 5.00
126d No No Yes Yes No No No 1 0.55 0 2 404.46 38.69 5.74 Poorly soluble Low 3.86
131 No No Yes Yes No Yes No 1 0.55 0 1 333.35 12.47 4.81 Moderately soluble Low 3.33

aBrain permeation. According to the yolk of the BOILED-Egg % ® Support vector machine algorithm (SVM)** built on 1033 molecules (training set) and tested o 415 molecules (test set); ¢ SVM model built on 9145
molecules (training set) and tested on 3000 molecules (test set);  SVM model built on 9272 molecules (training set) and tested on 3000 molecules (test set); © SVM model built on 5940 molecules (training set) and
tested on 2075 molecules (test set); 'SVM model built on 3664 molecules (training set) and tested on 1068 molecules (test set); $ SVM model built on 7518 molecules (training set) and tested on 2579 molecules (test
set); " Implemented from 2; ! Probability of F > 10% in rat. Implemented from '3, I Implemented from 4, ¥ Implemented from *5; ' Molecular weight. Calculated from ¢, ™ Topological polar surface area. Calculated
from *7; " Average of five predicted models: XLOGP3 ¥, WLOGP *°, MLOGP 2121 S|LICOS-IT *?2and iLOGP %; ° Estimated aqueous solubility. Topological method implemented from 1%°; P Gastrointestinal
absorption. According to the white of the BOILED-Egg *%; 9 From 1 (very easy) to 10 (very difficult). Calculation method developed by SwissADME %,
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1.2. Aims of the thesis and work plan

The main goal of this thesis was to obtain novel xanthene and benzhydryl derivatives with

potential biological applications, namely as anti-infectious and neuroprotective agents.
The specific goals of this thesis were:

i) to synthesize structurally diverse xanthene and benzhydryl compounds using feasible

synthetic methods with scale-up potential from affordable starting materials;
i) to enhance the drug-likeness of the compounds by further functionalization;
iii) to evaluate the biological activity of the compounds obtained through diverse in vitro and

in vivo assays, as potential anti-infectious (antibacterial and antiparasitic) and

neuroprotective agents.
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Chapter 2. — Synthesis and
biological activity of
9-hydroxyxanthene derivatives

Original research work submitted to Drugs and Drug Candidates in October 2022

Candidate contribution: synthesis and structural characterization of the
9-hydroxyxanthene acid derivatives herein described; discussion of the results obtained in
the biological activity assessment.
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2.1. Introduction

Antimicrobial resistance has become a major threat to global health, enhanced by the
decreasing effectiveness of antibacterial agents due to their wide use in both human and
veterinary. Currently, multidrug resistant (MDR) bacteria in nosocomial and health-care-
acquired infections are widespread and responsible for more than 700,000 deaths each
year and growing to 10 million by 2050 124126 Regarding the mechanisms of antimicrobial
resistance in bacteria, the formation of biofilm plays a central role, allowing its survival even
in the presence of antibiotics and other adverse environmental conditions. For instance, in
the field of biomedical implants, a worldwide increasing clinical procedure, biofilms are
responsible for the persistence of implant infections and are a source of bacterial
dissemination to other body sites and eventually to systemic and fatal infections ?”:128, One
of the processes that regulates the formation of biofilms is quorum sensing (QS), a bacterial
cell-cell communication process that involves the production, detection, and response to
extracellular signaling molecules called autoinducers. The contribution of QS to biofilm
formation, as well as bacteriocin production and virulence, reveals its importance to
bacterial pathogenesis 213!, These phenomena are intrinsically connected to efflux
pumps %2, whose overexpression contributes not only to the potentiation of these
mechanisms, but also to increase transport of antibiotics and antiseptics outward the
bacterial cell. In fact, efflux pumps can increase the efflux of QS molecules, such as acyl-
homoserine lactones (AHL), as well as extracellular polymeric substances for biofilm
formation, and regulate biofilm genes and promote bacterial aggregation 3. Hence, the
identification of new agents capable to overtaking these mechanisms of antimicrobial
resistance would represent a novel and important strategy to fight multidrug resistance
strains.

Xanthenes (140, Figure 26) are a class of oxygen-incorporating tricyclic compounds which
have been explored for different biological applications, where the presence of different
substituents in position 9 impacts their chemical properties and bioactivity **. Several
studies have shown their potential as antibacterial agents, where xanthenes revealed
moderate to good inhibition in Gram-positive and Gram-negative bacteria 33 80 135138
Additionally, the tricyclic nucleus of xanthenes possesses electronic and geometrical
similarities with phenothiazines, thioxanthones and thioxanthenes, classes of compounds
known for their activity in inhibiting biological processes responsible for antimicrobial
resistance, namely QS 3 140 and efflux pump activity 40144 | Sulfonamides (141, Figure
26) represent another important class of therapeutic agents in medicine. After their
discovery as potent antimicrobial agents for systemic infections in humans 45 146

sulfonamides were further derivatized to find compounds with different biological
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applications. This strategy led to the development of compounds with diuretic activity 47,
hypoglycemic 18, anticonvulsant 149, anticancer *° and antiviral 1. Hence, in this work we
focus on the synthesis of xanthene sulfonamide derivatives aiming to explore their activity
against bacterial resistance mechanisms. The compounds obtained were fully
characterized and evaluated regarding their minimum inhibitory concentration (MIC) on
Gram-positive and Gram-negative strains, efflux pump inhibition (EPI) activity, influence on

biofilm formation, and quorum-sensing (QS) inhibition.
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Figure 26. Structure of xanthene (140) and sulfonamide (141) derivatives

2.2. Synthesis of 9-xanthenyl derivatives

The desired 9-xanthenyl derivatives were obtained following a previously reported
procedure describing the condensation of benzenoid sulfonamides with xanthydrol 52, The
solubilization of xanthydrol in glacial acetic acid allows the formation of the xanthylium ion.
Then, the nucleophilic attack by an electron pair from a molecule of relatively high electron
density leads to the substitution product (Scheme 14, A) 2. The synthesis of a xanthene
derivative possessing an aniline in position 9 (MM7) was also performed for structure-
activity relationship purposes. When using an aniline nucleophile, due to the activating
influence of the amine, the electrophilic aromatic substitution at the para position of the
aromatic ring with the xanthenyl group was observed (Scheme 14, B) 1*3. To the best of our
knowledge, this is the first time that these compounds are fully characterized and explored
against mechanisms of bacterial resistance. Figure 27 depicts the Oak Ridge Thermal
Ellipsoid Plot (ORTEP) view of the crystal structure of xanthenyl sulfonamides MM16 (A),
MM17 (B) and MM18 (C) and MM7 (D). Further details regarding characterization data are

provided in section 2.5. Experimental.

49



H
OH QN
8 R a
YOO ORINCAIE N 8
(0] H2N ()
8

MM16-18

Y N
MM16 R, = Wj (Sulfamerazine)
T

AN
X
MM17, R = \(WJ/ (Sulfametazine)
N~

MM18, R, = eSSY (Sulfacetamide)
o

NH,

OH ‘
a
. L0 0 —— 00
o] HzN o)
1

MM7

Reagents and conditions: (a) acetic acid, 25 °C, 3 h;
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Figure 27. ORTEP view of the crystal structure of xanthenyl sulfonamides MM16 (A), MM17 (B)
and MM18 (C) and MM7 (D).

2.3. Biological activity results and discussion

2.3.1. Minimum inhibitory concentration (MIC)

Firstly, compounds MM7 and MM16 — MM18 were evaluated for their antibacterial activity
by assessing their minimum inhibitory concentration (MIC) on six different strains of
bacteria. The broth microdilution method was used in a 96-well plate and the concentrations
tested ranged from 64 pg/mL to 4 pg/mL. It was observed that none of the compounds
present antibacterial activity, considering the concentration used and the strains tested.
Sulfonamide drugs are important antimicrobial drugs with a broad spectrum of actions,

effective against Gram-positive and certain Gram-negative bacteria, such as Escherichia

50



coli, Klebsiella sp., Salmonella sp., Shigella sp. and Enterobacter sp. strains. They act as
bacteriostatic agents through the competitive inhibition of folic acid synthesis, which
prevents the growth and reproduction of bacteria °* %5, Structure-activity relationship
studies of sulfonamides showed that, in addition to the sulfonamide group attached directly
to the benzene ring, the presence of the free aromatic NH. group in the para position is
essential for the activity of sulfonamides °¢. Hence, despite possessing a sulfonamide
moiety, the presence of the xanthenyl group in the amine of the sulfonamide drug should
be responsible for the absence of bacteriostatic activity of compounds MM16 — MM18.
Compound MM7, not structurally related to sulfonamides, also presents unsatisfactory
antibacterial activity.

2.3.2. QS inhibition

The QS inhibitory effect of compounds MM7 and MM16 — MM18 was examined against
three Gram-negative strains: Sphingomonas paucimobilis Ezf 10-17 (EZF) and the sensor
C. violaceum CV026 (CV026) strains, Chromobacterium violaceum wild type 85 (wt85) and
Serratia marcescens AS-1 7. The results are depicted in Table 2. It was observed that
compounds MM17 and MM18 inhibited QS in EZF and sensor CV026 strain, showing a
reduction of pigment production of 48 and 41 mm, respectively. Compounds MM7 and
MM16 showed no activity as QS inhibitors. Previous works reported the QS inhibition
activity of phenothiazines and related compounds, namely, promethazine, amitriptyline, and
acridine orange 8, These compounds possess a tricyclic nucleus and a heterogenic
substituent at the central ring. Varga et al. ** refers that their tricyclic nucleus, a quasi-
planar structure, and electron donor capacity of the conjugated electron system appears to
be critical for the inhibition of QS. Nevertheless, the electronic properties of the substituent
in position 9 should also play an important role, justifying the different activities found for

the compounds explored.

Table 2. Results of the quorum sensing inhibition assay

Quorum sensing inhibition (mm)

Compound
S. marcescens wt85 EZF+CV026
Promethazine?® 18+ 0.8 40+ 0.1 41+05
MM16 0 0 0
MM17 0 0 48 £ 0.1
MM18 0 0 41+£0.8
MM7 0 0 0

2 promethazine was used as a positive control.
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2.3.3. Biofilm formation inhibition

Biofilm formation inhibition was performed with the strains S. aureus American Type Culture
Collection (ATCC) 25923 and methicillin-resistant S. aureus 272123, a strain with strong
impact in nosocomial infections 127128, The biofilm inhibition, presented in %, is depicted in
Table 3. It was observed that compounds MM17 and MM18 were effective in inhibiting the
formation of biofilm on the methicillin-resistant S. aureus (MRSA) strain, showing a
reduction of 78 and 79 %, respectively. Compounds MM7 and MM16 showed a modest
activity of biofilm inhibition in this strain. Regarding S. aureus ATCC 25923, none of the
tested compounds showed significant activity.

Table 3. Percentage of biofilm inhibition of compounds MM16-MM18 and MM7

Inhibition of biofilm formation (%)

Compound S. aureus ATCC S. aureus MRSA
25923 272123
Reserpine? 22.29 +5.10 77.62 +1.44
MM16 4.49+0.27 18.16+0.27
MM17 1.91+1.74 78.29 £ 9.27
MM18 0.06 + 0.99 79.22 +1.12
MM7 1.80+2.42 16.07 £ 0.72

a) Reserpine was used as a positive control.

2.3.4. Efflux pump inhibition

Lastly, the compounds were evaluated for their ability to inhibit efflux pumps. The assay
was performed on the strain Salmonella enterica serovar Typhimurium SL1344, with the
acrA gene deleted (SEO03) and S. aureus MRSA 272123, by monitoring the intracellular
accumulation of the efflux pump substrate ethidium bromide (EB) through the real-time
fluorimetry. Reserpine and carbonyl cyanide 3-chlorophenylhydrazone (CCCP) were used
as positive controls. As depicted in Table 4, compounds MM7 and MM16 — MM18 increase
the fluorescence in comparison to the positive control, which can be attributed to the
inhibition of the efflux of EB in the tested strains. Nonetheless, for compounds MM16 —
MM18 it is observed a high fluorescence value at t=0 in relation to the positive control, which
indicates a potential intrinsic fluorescence of these compounds (Figure 28 and Figure 29).

To clarify this matter, the compounds were tested alone in PBS against a solution of EB
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and a solution of EB and the compound together (Figure 30 — Figure 32). If the compound
presents an irregular fluorescence pattern, or if the fluorescence of the compound with EB
is higher than the fluorescence of the compound alone, no conclusions can be drawn, as
this is a limitation of the assay. The analysis of the graphs of the variation of fluorescence
over the course of the assay showed that compounds MM16 — MM18 displayed an erratic
curve in combination with EB, being their effect considered inconclusive. On the other hand,
compound MM7 showed a regular fluorescence pattern (Figure 28 and Figure 29),
confirming that the relative fluorescence index (RFI) result obtained with this compound is
related with the inhibition of the efflux pump of the bacterial strains tested, which warranted
no further fluorescence studies. This compound showed a 5-fold higher RFI value compared
with the respective reference standard on strain SE03. These results are in line with
previous studies regarding the inhibition of some efflux pumps by phenothiazines and
thioxanthenes'#144, Additionally, xanthones and thioxanthones - two classes of tricyclic
compounds also structurally related to xanthenes - were recently explored as potential efflux
pump inhibitors 140 159 160 Once again, the tricyclic nucleus appears to be an important
structural characteristic for the activity as efflux pump inhibitors.

Table 4 Efflux pump inhibition assay for compounds MM7 and MM16-18.

Relative Fluorescence Index (RFI)

Compound
P S. auzrstzjizl\élRSA SE03
MM16 0.63 £ 0.09 2.75+£0.11
MM17 0.33+0.04 2.18+0.04
MM18 0.14 +£0.10 2.94 +£0.23
MM7 0.14 £ 0.05 1.66 £ 0.01
Res 0.56 £ 0.04
CCCP 0.34 +0.04
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Figure 28. RFI curves of the tested compounds against S. aureus 272123.
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Figure 29. RFI curves of the tested compounds against SE03.
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Figure 30. Fluorescence studies of compound MM16.
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Figure 31. Fluorescence studies of compound MM17.
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Figure 32. Fluorescence studies of compound MM18.

Docking studies were performed for compounds MM7 and MM16-18 with the crystal
structure of the AcrB (PDB: 4DX5 1), and intermolecular interactions were observed
between these compounds and the AcrB portion of the AcrAB-TolC efflux system (Figure
33). The compounds were predicted to bind in the same sites, with slight variations in the
residues they interact with. Compounds MM16 (Figure 34, A and A’) and MM17 (Figure
34, B and B’) have similar interactions, being able to establish hydrogen interactions
between GIn-176, Ser-180, GIn-181, Glu-273, and Asn-274. Compound MM18 interacts
with the residues Ser-48 and Glu-273 (Figure 34, C and C’). Interestingly, this compound
also interacts with Arg-620 and Tyr-772, present in a different subunit of the efflux pump
portion. It is noteworthy that Arg-620 and GIn-176 were previously reported as interaction
points with xanthone derivatives in a previous work of our group **°. Finally, compound MM7
appears to interact with Leu-177 and Gly-179 (Figure 34, D). For compounds MM16-18,
their capacity to inhibit efflux pumps should be repeated with a different bioassay in which

their fluorescent properties have no influence on the results.
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Figure 33. Compounds MM7 and MM16-18 in the binding site of the AcrB portion. Crystal structure
of the AcrB portion obtained from the Protein Data Bank (PDB: 4DX5 161)

Figure 34. Molecular visualization of compounds MM16 (A and A’), MM17 (B and B’), MM18 (C
and C’), and MM7 (D) A in the AcrB portion of the AcrAB-TolC efflux system. Crystal structure of
the AcrB portion obtained from the Protein Data Bank (PDB: 4DX5 161)
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2.4. Conclusion

In summary, four 9-xanthenyl derivatives were synthetized and assessed their antibacterial
activity and influence on bacterial mechanisms of resistance, namely, efflux pump inhibition,
QS inhibition, and influence on biofilm formation. The compounds herein studied,
particularly the xanthene sulfonamide derivatives MM17 and MM18, showed interesting
preliminary results regarding their impact on different mechanisms of bacterial resistance.
In the future, a comprehensive series of related compounds could be synthesized to allow
their assessment against a larger set of bacterial strains and the establishment of a SAR of
the 9-xanthenyl derivatives, as well as study their safety, stability, and PK properties.
Furthermore, studies on the specific pump being inhibited are warranted, which can be
achieved by genetic assays.

2.5. Experimental
2.5.1. Chemical synthesis and characterization

All reagents and solvents were purchased from TCI (Tokyo Chemical Industry Co. Ltd.,
Chuo-ku, Tokyo, Japan), Acros Organics (Geel, Belgium), Sigma-Aldrich (Sigma-Aldrich
Co. Ltd., UK), or Alfa Aesar (Thermo Fisher GmbH, Kandel, Germany) and were used
directly without any further purification. All reactions were monitored by TLC, carried out on
Merck silica gel 60 (GF254) precoated plates by using appropriate mobile phases.
Purification of the synthesized compounds was usually performed by flash column
chromatography using Merck silica gel 60 (0.040-0.063 mm). Melting points (mp) were
measured by using a Kofler microscope (Wagner and Munz, Munich, Germany) equipped
with a Crison TM 65 (Crison Instruments, Barcelona, Spain) and were uncorrected. *H and
13C NMR spectra were taken in CDCl; or [Dg]DMSO (Deutero GmbH, Kastellaun, Germany)
at rt on Bruker Avance 300 instrument (300.13 or 500.16 MHz for *H and 75.47 or 125.77
MHz for 3C, Bruker Biosciences Corporation, Billerica, MA, USA) or Bruker AVANCE Il
(400.14 MHz for *H and 100.62 MHz for **C). Chemical shifts are expressed in relative to
tetramethylsilane (TMS) as an internal reference.’*C-NMR assignments were made by 2D
heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond
correlation (HMBC) experiments. For the assignment of each signal to the corresponding
proton or carbon, it was considered the automatic numeration provided by MestReNova®,
as provided in Annex I. High Performance Liquid Chromatography (HPLC) analysis (purity

determination by HPLC analysis was performed with a system consisting of Shimadzu LC-
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20AD pump, equipped with a Shimadzu DGV-20A5 degasser, a Rheodyne 7725i injector
fitted with a 20 pL loop, and a SPD-M20A DAD detector (Kyoto, Japan)). Data acquisition
was performed using Shimadzu LCMS Lab Solutions software, version 3.50 SP2. The
column used in this study was ACE® - C18 (150 x 4.6 mm |.D., particle size 5 um)
manufactured by Advanced Chromatography Technologies Ltd (Aberdeen, Scotland, UK).
The mobile phase composition was water and methanol (85:15 v/v; 0.1% acetic acid
(AcOH)), all were HPLC grade solvents obtained from Merck Life Science S.L.U.
(Darmstadt, Germany). The flow rate was 1.0 mL/min and the ultraviolet (UV) detection
wavelength was 254 nm. Analyses were performed at 27 °C in an isocratic mode in a 30
min run. Peak purity index was determined by total peak UV-VIS spectra between 210-800
nm with a step of 4 nm. Compounds MM16-18 and MM7 were synthetized as described

below, based in methodologies described in previous works 32 162

Synthesis of 4-(9H-xanthen-9-yl)aniline (MM7)
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To 0.094 g of xanthydrol (8) in 5 mL of glacial acetic acid was added 1 mmol of aniline
dissolved in 2 mL of DMF while the mixture was stirred electromagnetically. Stirring was
continued at rt and the derivative began to precipitate in minutes. After 3 h, the product was
collected through filtration with a vacuum filtration unit possessing a Nylon membrane filter
with @ of 47 mm and pore size of 0.45 um. After washing with 100 mL of water, the product
was dried in a vacuum desiccator over P,Os. The crude derivative was dissolved in a
minimum volume of THF at rt, and the resulting solution was filtered. Water was then added
in small portion until the visualization a sign of cloudiness. Then, the solution was placed in
a refrigerator at 8-10 °C for slow crystallization. After crystallization was complete, the
product was collected by filtration with a nail glass funnel. Compound 5 was obtained as
yellowish needles (162.9 mg, 59.1 %)

Compound MM7: mp 183 °C (literature 1®%: 175-180°C); Purity (HPLC): 99.5%; 'H NMR
(300.13 MHz, DMSO-ds): 8= 7.19 (ddd, J = 8.2, 6.7, 1.9 Hz, 2H, H-2 and H-12), 7.11 (dd, J
=8.2,1.4 Hz, 2H, H-3 and H-11), 7.06 (dd, J = 8.2, 1.9 Hz, 2H, H-6 and H-14), 7.01 — 6.93
(m, 4H, H-1, H-13, H-16, H-20), 6.60 (d, J= 8.43, 2H, H-17 and H-19), 5.15 (s, 1H, H-10),
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3.57 (s,br, 2H, H-21); 3C NMR (75.47 MHz, DMSO-ds): 5= 151.2 (C-4 and C-8), 145.1 (C-
18), 137.0 (C-15) , 129.8 (C-16 and C-20), 129.5 (C-6 and C-14), 127.8 (C-2 and C-12),
125.1 (C-5 and C-9), 123.3 (C-1 and C-13), 116.5 (C-3 and C-11), 115.5 (C-17 and C-19),
43.6 (C-10) ppm.

Synthesis of 4-((9H-xanthen-9-yl)amino)-N-(4-methylpyrimidin-2-
yl)benzenesulfonamide (MM16)
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To 0.2664g of xanthydrol (8) in 5 mL of glacial acetic acid was added 1 mmol of sulfamerazine
dissolved in 2 mL of N,N-dimethylformamide (DMF). Stirring was continued at rt and the
derivative began to precipitate in minutes. After 3 h, the product was collected through
filtration with a vacuum filtration unit possessing a nylon membrane filter with @ of 47 mm
and pore size of 0.45 um. After washing with 100 mL of water, the product was dried in a
vacuum desiccator over P»Os. The crude derivative was dissolved in a minimum volume of
tetrahydrofuran (THF) at rt, and the resulting solution was filtered. Water was slowly added
until the visualization, was a sign of cloudiness. Then the solution was placed in a
refrigerator at 8-10 °C for crystallization. After crystallization was complete, the product was
collected by filtration with a nail glass funnel. Compound MM16 was obtained as white
crystals (298.3 mg, 66.7 %).

Compound MM16: mp 207 — 208 °C (literature *2: 206-207°C); Purity (HPLC): 99.2%; ‘H
NMR (300.13 MHz, DMSO-ds): 8= 11.21 (s, 1H, H-25), 8.32 (d, J = 5.0 Hz, 1H, H-28), 7.68
(d, J = 8.6 Hz, 2H, H-18 and H-20), 7.49 (d, J = 9.1 Hz, 1H, H-15), 7.43 — 7.27 (m, 4H, H-2,
H-6, H-12 and H-14), 7.19 (dd, J = 8.2, 1.2 Hz, 2H, H-3 and H-11), 7.09 (td, J = 7.3, 1.2 Hz,
2H, H-1 and H-13), 6.84 — 6.90 (m, 3H, H-17, H-19 and H-29), 6.12 (d, J = 9.0 Hz, 1H, H-
10), 2.30 (s, 3H, H-31) ppm; *C NMR (75.47 MHz, DMSO-ds): 8= 168.1 (C-30), 157.8 (C-
26), 156.9 (C-28), 151.3 (C-16), 150.7 (C-4 and C-8), 130.0 (C-18 and C-20), 129.0 (C-2
and C-12), 128.4 (C-6 and C-14), 125.9 (C-21), 123.5 (C-1 and C13), 122.5 (C-5 and C-9),
116.3 (C-3 and C-11), 114.9 (C-29), 110.9 (C-17 and C-19), 46.1 (C-10), 23.4 (C-31) ppm.
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Synthesis of 4-((9H-xanthen-9-yl)amino)-N-(4,6-dimethylpyrimidin-2-
yl)benzenesulfonamide (MM17)
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To 0.279g of xanthydrol (8) in 5 mL of glacial acetic acid was added 1 mmol of sulfametazine
dissolved in 2 mL of DMF. Stirring was continued at rt and the derivative began to precipitate
in minutes. After 3 h, the product was collected through filtration with a vacuum filtration unit
possessing a Nylon membrane filter with @ of 47 mm and pore size of 0.45 um. After
washing with 100 mL of water, the product was dried in a vacuum desiccator over P2Os.
The crude derivative was dissolved in a minimum volume of THF at rt, and the resulting
solution was filtered. Water was slowly added until the visualization, was a sign of
cloudiness. Then the solution was placed in a refrigerator at 8-10 °C for crystallization. After
crystallization was complete, the product was collected by filtration with a nail glass funnel.
Compound MM17 was obtained as white needles (210.6 mg, 45.8 %).

Compound MM17: mp 171 — 173 °C (literature %2: 174-175°C); Purity (HPLC): 99.9%; 'H
NMR (300.13 MHz, DMSO-ds): 8= 11.07 (s, 1H, H-25), 8= 7.68 (d, J = 8.8 Hz, 2H, H-18 and
H-20), 7.46 (d, J = 9.1 Hz, 1H, H-15), 7.42 — 7.26 (m, 4H, H-2, H-6, H-12 and H-14), 7.18
(dd, J =8.2, 1.3 Hz, 2H, H-3 and H-11), 7.08 (td, J = 7.4, 1.3 Hz, 2H, H-1 and H-13), 6.84
(d, 3 =8.8 Hz, 2H, H-17 and H-19), 6.76 (s, 1H, H-29), 6.12 (d, J = 9.1 Hz, 1H, H-10), 2.24
(s, 6H, H-31 and H-33) ppm: 3C NMR (75.47 MHz, DMSO-ds): 5= 167.9 (C-28 and C-30),
157.1 (C-26), 151.6 (C-16), 151.1 (C-4 and C-8), 130.7 (C-18 and C-20), 129.4 (C-2 and C-
12), 128.8 (C-6 and C-14), 123.9 (C-1 and C-13), 123.0 (C-5 and C-9), 116.7 (C-3 and C-
11), 114.2 (C-29), 111.2(C-17 and C-19), 46.5 (C-10), 23.6 (C-31 and C-33) ppm.
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Synthesis of N-((4-((9H-xanthen-9-yl)amino)phenyl)sulfonyl)acetamide (MM18)
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To 0.214 of xanthydrol (8) in 5 mL of glacial acetic acid was added 1 mmol of sulfacetamide
dissolved in 2 mL of DMF while the mixture was stirred electromagnetically. Stirring was
continued at rt and the derivative began to precipitate in minutes. After 3 h, the product was
collected through filtration with a vacuum filtration unit possessing a Nylon membrane filter
with @ of 47 mm and pore size of 0.45 um. After washing with 100 mL of water, the product
was dried in a vacuum desiccator over P,Os. The crude derivative was dissolved in a
minimum volume of THF at rt, and the resulting solution was filtered. Water was then added
in a small portions until the visualization, as a sign of cloudiness. Then the solution was
placed in a refrigerator at 8-10 °C for slow crystallization. After crystallization was complete,
the product was collected by filtration with a nail glass funnel. Compound MM18 was
obtained as white needles (254.9 mg, 64.7 %).

Compound MM18: mp 215 °C (literature 32 208-208.5°C); Purity (HPLC): 99.9%; 'H NMR
(300.13 MHz, DMSO-ds): 8= 11.70 (s, 1H, H-25), 7.66 (d, J = 9.0 Hz, 1H, H-21), 7.57 (d, J
= 8.9 Hz, 2H, H-18 and H-20), 7.28 — 7.45 (m, 4H, H2, H-6, H-12 and H-14), 7.20 (dd, J =
8.2, 1.2 Hz, 2H, H-3 and H-11), 7.12 (td, J = 7.4, 1.3 Hz, 2H, H-1 and H-13), 6.87 (d, J =
8.9 Hz, 1H, H-15 and H-17), 6.16 (d, J = 9.0 Hz, 1H, H-10), 1.88 (s, 3H, H-27) ppm; 3C
NMR (75.47 MHz, DMSO-ds): 5= 168.9 (C-26), 152.2 (C-16), 151.1 (C-4 and C-8), 130.2
(C-18 and C-20, 129.5 (C-2 and C-12), 128.8 (C-6 and C-14), 125.1 (C-19), 124.0 (C-1 and
C-13), 122.8 (C-5 and C-9), 116.8 (C-3 and C-11), 111.6 (C-15 and C-17), 46.5 (C-10), 23.7
(C-27) ppm.

2.5.2. Biological assays and docking studies

Microorganisms
As Gram-positive strains, Staphylococcus aureus ATCC 25923, Enterococcus faecalis

ATCC 29212, and methicillin and ofloxacin-resistant Staphylococcus aureus 272123 clinical
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isolate were used. As Gram-negative strains, Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, the acrA gene inactivated mutant Salmonella enterica serovar
Typhimurium SL1344 (SE03), and clinical isolates of the extended-spectrum B-lactamase
producer (ESBL) E. coli SA/2 were investigated in this study.

For the QS tests, all bacteria used were Gram-negative. The bacteria used were
Chromobacterium violaceum wild type 85 (wt85), characterized by the AHL signal molecule-
mediated production of the purple violacein pigment, capable of endogenous QS-signal
molecule production (N-hexanoyl-L-HSL), C. violaceum CV026 (CV026), a Tn5
transposase-mutant, AHL-signal molecule indicator strain (produces purple violacein
pigment in the presence of AHL), which is incapable of endogenous QS-signal molecule-
production, but useful in the detection of external stimuli, Sphingomonas paucimobilis Ezf
10-17 (EZF), AHL-producing-strain (used with C. violaceum CV026), and Serratia
marcescens AS-1, characterized by the AHL signal molecule-mediated production of the
orange-red pigment prodigiosin (2-methyl-3-pentyl-6-methoxyprodigiosin), capable of

endogenous QS-signal molecule production (N-hexanoyl-L-HSL), were applied %’

Docking studies

The crystal structures of the AcrB (PDB: 4DX5) 14, AcrA (PDB: 2F1M) %, and TolC (PDB:
1EKQ9) %8 portions of the AcrAB-TolC bacterial efflux system, downloaded from the protein
databank (PDB) %7, were used for this study. The structures of the known AcrAB-TolC
inhibitors D13-9001, doxorubicin, MBX-3132, minocycline, and phenyl-arginyl-B-
naphthylamide, along with the structures of the tested compounds were drawn with
ChembDraw (PerkinElmer Informatics, MA, USA) and minimized using ArgusLab. Docking
was carried out using AutoDock Vina (Scripps, CA, USA) 18 in the sites described in 5%
170 Since the crystal structure of NorA efflux pump is not available, a homology model was
prepared. The model was generated using the Swiss Model server 1" and the sequence
was deposited in Uniprot (Q5HHX4) 172, using the EmrD pump from Escherichia coli (PDB:
2GFP) as the homolog, as described previously 1”3, The top nine poses were collected for
each molecule and the lowest docking score value was associated with the most favorable

binding conformation. PyMol (Schrodinger, NY, USA) was used for molecular visualization

174

Antibacterial assay

The antibacterial activity was assessed by determination of the MIC of the compounds using

the microdilution method, in a 96-well plate, according to the Clinical and Laboratory
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Standard Institute (CLSI) guidelines ”® . The media used was MHB Il. The concentrations
tested ranged from 64 pg/mL to 4 pg/mL, which were later converted to uM. The MIC was
determined by visual inspection. DMSO, in subinhibitory concentrations (1 % v/v), was used

as a solvent for the compounds.

Inhibition of biofilm formation

Compounds were tested for their ability to inhibit the formation of biofilm. The bacterial
strains used were the Gram-positive S. aureus ATCC 25923 and S. aureus 272123. The
detection of biofilm formation was possible with the use of the dye crystal violet (CV; 0.1 %
v/v). The initial inoculum was incubated in tryptic soy broth (TSB) overnight and then diluted
to an ODeoo Of 0.1. Then, the bacterial suspension was added to 96-well microtiter plates
and the compounds were added at a concentration of ¥2 MIC, and for compounds whose
MIC is higher than 100 uM, a concentration of 100 uM was used. The final volume in each
well was 200 L. Reserpine was used as the positive control, as it was the same compound
used in the efflux pump inhibition assay and it has shown activity in the inhibition of biofilm
formation in S. aureus strains 1’6 . The plates were incubated at 30 °C for 48 h, with gentle
stirring (100 revolutions per minute (rpm)). After this incubation period, the TSB medium
was discarded, and the plates were washed with tap water to remove unattached cells.
Afterwards, 200 pL of 0.1 % v/v CV solution were added to the wells and incubated for 15
min at rt. Then, the CV solution was removed from the wells, and the plates were washed
again with tap water, and 200 pL of 70 % ethanolic solution were added to the wells. The
biofilm formation was determined by measuring the ODsoo Using a Multiscan EX ELISA plate
reader (Thermo Labsystems, Cheshire, WA, USA). The anti-biofilm effect of the compounds

was expressed as the percentage (%) of a decrease in biofilm formation.

Efflux pump inhibition assay

Compounds were evaluated for their ability to inhibit efflux pumps in SEO3 and S. aureus
272123 strains, through real-time fluorimetry, monitoring the intracellular accumulation of
EB, an efflux pump substrate. This was determined by the automated method using a
CLARIOstar Plus plate reader (BMG Labtech, Ortenberg, Germany). Reserpine and CCCP
were applied at 25 UM as positive controls, and the solvent DMSO was applied at 1 % v/v.
The bacterial strains were incubated in an appropriate culture media (TSB—S. aureus
272123; LB-B—SEO03) at 37 °C until they reached an optical density (OD) between 0.4 and
0.6 at A = 600 nm. The culture was centrifuged at 13,000 x g for 3 min, and the pellet was

washed and resuspended with PBS. The suspension was centrifuged again in the same
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conditions and resuspended in PBS. The compounds were applied at 50 uM in a solution
of a nontoxic concentration of EB (1 pg/ml) in PBS. Then, 50 uL of this solution were
transferred into a 96-well black microtiter plate (Greiner Bio-One Hungary Kift,
Mosonmagyarévar, Fertésor, Hungary), and 50 uL of bacterial suspension (ODggo 0.4—0.6)
were added to each well. The plates were placed into the CLARIOstar plate reader, and the
fluorescence was monitored at excitation and emission wavelengths of 530 nm and 600 nm
every minute for 1 h on a real-time basis. From the real-time data, the activity of the
compounds, namely, the RFI of the last time point (minute 60) of the EB accumulation

assay, was calculated according to the following formula:

RF] = RFtreated - RFuntreated (1)

RF untreated

where RFueated IS the relative fluorescence (RF) at the last time point of EB
accumulation curve in the presence of the compound, and RFuntreated is the RF at the
last time point of the EB accumulation curve of the untreated control, having only
the solvent (DMSO) control. The accumulation curves were designed using

Microsoft Excel®.
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Chapter 3. — Synthesis and
biological activity of xanthene-9-
carboxylic acid derivatives

Candidate contribution: synthesis and structural characterization of the xanthene-9-

carboxylic acid derivatives herein described; discussion of the results obtained in the
biological activity assessment.

Introduction adapted from Miguel Maia et al *.

* Maia, M. A.; Sousa, E., BACE-1 and y-Secretase as Therapeutic Targets for Alzheimer’s Disease.
Pharmaceuticals 2019, 12 (1)
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3.1. Introduction
3.1.1. Alzheimer’s disease

Alzheimer’s disease (AD) is recognized by the World Health Organization (WHO) as a
global public health priority 1’7, Notwithstanding the advances in the understanding of AD
pathogenesis since Alois Alzheimer reported the first case in 1907 178 there are still a lot of
uncertainties regarding the mechanisms involved in disease progression. AD is the most
prevalent cause of dementia-acquired progressive cognitive impairment sufficient to impact
on activities of daily living, being a major cause of dependence, disability, and mortality. The
WHO estimated that in 2010, 35.6 million worldwide were living with dementia. This figure
is projected to almost double every 20 years, reaching 65.7 million by 2030 and 115.4 million
by 2050 17°. Europe, with an estimated 10 million cases of dementia in 2010 and acquiring
progressively an old population structure, has a projected increase to 14 million cases in
2030 %2,

The main characteristics of Alzheimer’s pathology are the presence of amyloid plagues and
neurofibrillary tangles (aggregates of hyperphosphorylated tau protein). In addition, neuropil
treads, dystrophic neurites, associated astrogliosis, and microglial activation frequently
coexist. The downstream consequences of these pathological processes include
neurodegeneration with synaptic and neuronal loss leading to macroscopic atrophy 52,
Currently, five drugs are approved for the treatment of AD (tacrine, donepezil, rivastigmine,
galantamine and memantine). However, these drugs only relieve symptoms, not being able
to impact in the progression of the disease. There is an urgent need for the development of
disease modifying therapies or treatments (DMT’s) able to prevent, delay, or slow the

progression and target the primary pathophysiology mechanisms of AD.

3.1.2. The amyloid hypothesis of AD

The amyloid hypothesis suggests that the accumulation of pathological forms of AB, due to
an increase of production and/or decreased clearance, is the primary pathological process
in AD 17918 The accumulation of AR peptides leads to their oligomerization and formation
of AB plaques. These plaques generate an anti-inflammatory response causing oxidative
stress in neurons and disrupting normal kinase and phosphatase activity, resulting in
hyperphosphorylation of tau protein and subsequent neurofibrillary tangle formation. This
cascade of events leads to abnormal signaling and synaptic impairment, resulting ultimately

in neuronal dead and dementia in the AD patient 8,
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AB is produced by a two-step sequential cleavage of amyloid precursor protein (APP): first
BACEL1 cleaves APP to generate soluble APPB (sAPPB) and a 99 amino acid fragment
(C99), which then suffers several cleavage events by y-secretase to produce peptides of
different lengths from 38 to 43 amino acids, being AB40 and AB42 the main products and
both playing a key role in the aggregation of neuritic plaques 82 18, AB is a normal cellular
product that is rapidly cleared, and, at physiological concentrations, it is related with
important neuroprotective functions 184 18  However, in circumstances of abnormal
accumulation, namely overproduction or impaired clearance there is an higher

concentration of AB, increasing aggregation and toxicity ¢

3.1.3. Amyloid targeting strategies

Following the amyloid hypothesis, where a high brain ApB level is considered as an important
factor in AD pathogenesis, pharmacological intervention to reduce its production or improve

the clearance has become a logical approach for AD therapy development.

3.1.3.1. Inhibition of BACE1

BACEL1 is a type-1 membrane-anchored aspartyl protease responsible for the first step of
the proteolysis of APP, identified in 1999 8’. BACE1 cleaves APP in the luminal surface of
the plasma membrane and releases the soluble ectodomain of APP, leaving C99 (AB plus
AICD) in the membrane to be subsequently cleaved by GS to generate AB peptides of
different lengths as described above.

BACEL1 protease is characterized by a large catalytic domain which is marked by the
centrally located catalytic aspartates Asp32 and Asp228. Free BACEL features a flap-open
conformation that is energetically stable due to the multiple hydrogen bonds in the flap
region of the enzyme. When a substrate is bound, BACE-1 assumes a flap-closed or a flap-
open conformation, depending on the characteristics of the substrate 81 188,

Initially, the development of BACEL inhibitors appeared to be a relatively simple approach.
First, the development of successful clinical aspartic proteases inhibitors for other
therapeutic areas, namely human immunodeficiency virus (HIV) and hypertension, had
established an important knowledge for the development of others aspartic protease
inhibitors 18°, Second, the first crystal structure of this secretase, elucidated in 2000,
provided powerful information for the structure-based drug design of BACEL inhibitors 1.
However, progress has been difficulted by combination of properties needed for being

efficacious: compounds must fulfill the general rigid prerequisites for a drug aimed for CNS
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penetration and, at the same time, be compatible with the large and hydrophobic catalytic
pocket of BACEL. Moreover, selectivity toward different aspartyl proteases, namely
cathepsin D, BACE2 and renin, have been an additional attrition factor in BACEL drug
discovery.

As described in Chapter 1 - Introduction, xanthenes, hydroxyxanthones and
azaxanthenes have been explored for the development of potent and selective BACE1
inhibitors. Hence, one of the aims of this thesis was the development of novel xanthene
derivatives with improved activity as BACEL inhibitors and selectivity over other proteases.
Considering previous studies on the important moieties for an effective interaction with the
catalytic pocket of BACEL %, several xanthenes were synthetized, comprising amide and
amine groups in position 9, as well as different substituents in the aromatic rings of the
xanthene core to improve selectivity. Nonetheless, preliminary results on the activity of the
xanthenes synthetized showed no inhibition of BACEL at a concentration of 10 uM (results
not disclosed). In this way and considering previous studies regarding the ability of tricyclic
compounds to modulate P-gp activity %2194 a second approach was followed, assessing
the efficacy of the derivatives synthetized in enhancing the elimination of AR peptides

through P-gp activation, as described below.

3.1.2. P-glycoprotein and amyloid- B export

One important mechanism of AB elimination from the brain is via direct transport across the
blood-brain barrier (BBB) %197 Several members of the ATP-binding cassette (ABC)
transporter superfamily have recently been linked in the development of neurodegenerative
disorders, namely AD %8201 and growing evidence points to a significant role of P-gp, in the
export of AB.

P-gp utilizes adenosine triphosphate (ATP) to actively export substances across
membranes of tissues with excretory or barrier functions. In the brain, P-gp is predominantly
expressed on the luminal (blood-facing) surface of the BBB endothelium, where it provides
a protective function regulating the passage of a wide variety of endo- and xenobiotic
compounds out of the central nervous system 2°2,

In healthy individuals, AB is constitutively produced and cleared from the brain at rates of
7.6% and 8.3%. of total AR per hour, respectively 8. In late-onset Alzheimer’s disease
(LOAD), this clearance rate is reduced by approximately 30% 2°2. Several studies suggest

that P-gp is required for the normal clearance of AR across the BBB 186: 198, 203-205
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Hence, the use of substances able to modulate P-gp activity can be considered a potential
AD therapeutic/ preventive strategy.

Previous studies have shown the ability of tricyclic compounds to modulate P-gp activity 192
194,206 Oxygenated xanthones demonstrated their potential for P-gp induction and/ or
activation in Caco-2 cells!®? and SW480 cells!®®. A similar effect was observed with
thioxanthones and dehydroxylated xanthones derivatives, where Caco-2 cells were
protected against paraquat-induced cytotoxicity due to an increase in P-gp expression
and/or to P-gp activation 193 194,

Considering the above-mentioned information, the library of xanthene derivatives planned
to include a tricyclic nucleus with aromatics, hydrogen-bound acceptors and donors,
important features in the pharmacophore of P-gp activators %2, was assessed on P-gp

modulation activity.

3.2. Synthesis of xanthene-9-carboxylic acid derivatives

Xanthene-9-carboxylic acid was used as starting material for the synthesis of different
derivatives as depicted in Scheme 15, involving four distinctive steps: aromatic

halogenation, amide coupling, amide reduction, and Suzuki coupling.

Ry
R1/N

Amide reduction Rs O O Rs
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HO._O EZ o
Ry 144
O O Amide coupling Rs Ra
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\ R
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Scheme 15. Synthesis of xanthene-9-carboxylic acid derivatives.

3.2.1. Aromatic halogenation

The aromatic halogenation of xanthene-9-carboxylic acid was performed following a

previously reported procedure describing the chlorination of xanthene-9-carboxylic acid with
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N-chlorosuccinimide (NCS), under the presence of a catalytic amount of hydrochloric acid
and acetic acid as solvent. The same procedure was applied to obtain the dibrominated
derivative, using N-bromosuccinimide (NBS) instead of NCS (Scheme 16) 2%/, 2,7-Dichloro-
9H-xanthene-9-carboxylic acid (MM52) and 2,7-dibromo-9H-xanthene-9-carboxylic acid
(MM54) were obtained with a 53% and 56% yield, respectively. For subsequent reactions it
was used the dibrominated compound (MM54) considering its higher reactivity for Suzuki—
Miyaura coupling 2%, An attempt to obtain the monobrominated product was performed, in
order to increase molecular diversity and to obtain non-symmetrical compounds.
Nonetheless, a mixture of non-brominated, monobrominated and dibrominated product was
obtained, and their separation would be very challenging considering their similar polarity,
leading to postpone this strategy.

Further details regarding characterization data are provided in section 3.5. Experimental.

HO._O

NCS, HCI C'C'
AcOH, rt., 24 h o
i MM52
) HO.__O
9
Br. Br
NBS, HCI O O
AcOH, rt., 24 h e}

MM54

Scheme 16. Aromatic halogenation of xanthene-9-carboxylic acid (9).

3.2.2. Amide coupling

The direct union of the carboxylic acid function and the amine does not occur spontaneously
at ambient temperature, since the hydroxyl (-OH) group from the carboxylic acid is a bad
leaving group. Therefore, it is usually required to first activate the carboxylic acid, by
converting the -OH of the acid in a good leaving group. One of the strategies used is the
formation of an acyl chloride. The general approach consists in reacting the carboxylic acid
with thionyl chloride or oxalyl chloride under reflux to obtain the respective acyl chloride,
which react quickly with amines to form amides 2%°. However, this strategy comprises some
drawbacks, as the rigorous exclusion of water due to their high reactivity and sensitivity to
hydrolysis and the need of a large excess of reactant, as well as safety issues 210 211,

Another commonly strategy is the use of a coupling agent a strategy largely employed in
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peptide bond formation. Several suitable reagents have been described for this purpose,
with the most popular based on carbodiimide coupling mediated by benzotriazole additives,
such as 1-Hydroxybenzotriazole (HOBt) or 1-Hydroxy-7-azabenzotriazole (HOAt). After
some concerns raised about the safety of these reagents, particularly their potential
explosive nature in large scale, a third generation reagent was developed - (1-cyano-2-
ethoxy-2-oxoethylidenaminooxy)-dimethylamino-morpholino-carbenium

hexafluorophosphate (COMU, 146) (Figure 35), allowing a similar performance with the
previous coupling agents but surpassing safety issues 22 213, Based on the above
considerations, COMU was chosen as the preferred approach for the synthesis of xanthene
carboxamides through the reaction of xanthene-9-carboxylic acid (9) and 2,7-dibromo-9H-

xanthene-9-carboxylic acid (MM54) with several aliphatic and aromatic amines.
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146

Figure 35. (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)-dimethylamino-morpholino-carbenium
hexafluorophosphate (COMU, 146).

The first series of carboxamides was synthetized in an one-pot reaction in the presence of
COMU according to previous described procedures ?*2. The general reaction is presented
in Scheme 17 and Table 5 summarizes the compounds obtained and the corresponding
isolated yield. Further details regarding characterization data are provided in section 3.5.

Experimental.
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Scheme 17. General reaction for the synthesis of carboxamides using COMU as coupling agent.
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Table 5. Carboxamides obtained using COMU as coupling agent and respective isolated yield.

Starting material Amine

Product

Isolated yield
(%)

Cha

LN
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HN

NH,

g
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B’&O o
O
MM54
HN
N ~

74

77
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90

52

64

24

20

50

24
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For the structure elucidation of the compounds obtained, *H and *C NMR analysis were
performed, as well as Heteronuclear Single Quantum Coherence (HSQC) and
Heteronuclear Multiple Bond Correlation (HMBC) experiments to assist in the correct
attribution of each signal.

The data corresponding to the *H NMR and *C NMR of the illustrative example, compound
MM30, are depicted in Table 6.

Table 6. IH NMR and 13C NMR data of compound MM30.

16\5/10\9/1\13
/4\ 0/8\1/12
MM30
On 5C
Protons (multiplicity, integration) * Carbons
H-6 and H-14 C-15 170.2
7.33 - 7.17 (m, 4H)
H-2 and H-12 C-4,C-8 150.1
H-1 and H-13 C-2,C-12 129.0
7.15 — 6.94 (m, 4H)
H-3 and H-11 C-6, C-14 128.2
H-10 5.45 (s, 1H) C-1,C-13 123.5
H-18 3.56 (t, J = 5.0 Hz, 2H) C-5,C-9 119.2
H-22 3.20 (t, J = 5.5 Hz, 2H) C-3,C-11 117.0
H-19 C-22 47.0
1.61 — 1.40 (m, 4H)
H-21 C-10 45.7
H-20 0.97 (s, 2H) c-18 44.0
- - C-19 25.6
- - c-21 25.4
- - C-20 24.4

* The values are presented in ppm (8H) relative to (CH3)4Si as an internal reference. The coupling constants (J)
are in Hertz (Hz).
Numbering provided by MestReNova®.
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The *H NMR spectrum of MM30 showed the presence at highest values of dy of two signals,
each corresponding to four aromatic protons totalizing eight protons: H-1, H-2, H-3, H-6, H-
11, H-12, H-13, and H-14. The aromatic protons most deshielded (at &n 7.33 — 7.17 ppm)
are protons H-2 and H-12 and protons H-6 and H-14 due to the resonance effect of the
aromatic ether, an ortho- and para- director (Scheme 18). The signals corresponding to the
remaining aromatic protons, H- 1 and H-13 and H-3 and H-11, are at lower chemical shifts
(®n 7.15 — 6.94 ppm). The signal with the highest chemical shift corresponding to a non-
aromatic proton was attributed to H-10 (&1 = 5.45 ppm) due to magnetic anisotropy and
electron-withdrawing effects of the carbonyl group (C-15). The remain aliphatic signals were
attributed to the piperidine protons H-18 — H-22.

Regarding *C NMR data, the signal with the highest chemical shift value (5c = 170.2 ppm)
was attributed to C-15, the carbon of the carbonyl group. This high chemical shift value was
due to the unprotective effect of the carbonyl group. It was also possible to visualize six
signals attributed to the twelve aromatic carbons (6¢c 117.0-150.1 ppm) and six signals
corresponding to the six aliphatic carbons: one from the xanthene (C-10) and five from the
piperidine group (C-18 — C-22). The ¥C NMR assignments of the hydrogenated carbons
were determined by HSQC and the quaternary carbons were determined by HMBC

experiments.

® ®

>
H< —
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Scheme 18. Resonance effect of the aromatic ether group, an ortho- and para- director.

When diethanolamine and N-Boc-1,6-hexanediamine (Figure 36) were used as
nucleophiles, the amide coupling procedure using COMU as coupling agent provided
unsatisfactory results. It was hypothesized that the lower reactivity of these two amines
could be associated with some steric hindrance and/ or electron deficiency. Hence, a
distinctive protocol was used to provide amide coupling through the synthesis of an acyl
fluoride intermediate. Acyl fluorides are attractive derivatives of carboxylic acids that allow
straightforward access to a range of high-value products upon subjection to nucleophiles.
Acyl fluorides have been shown to have improved stability and reactivity features over the
commonly employed acyl chlorides. While the latter are highly reactive and unstable

intermediates, the corresponding fluorides are easily isolable, stable to column
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chromatography on silica gel, and react less violently. Consequently, acyl fluorides allow
for couplings with, for example, more sterically demanding amines or more richly
functionalized variants with less byproduct formation compared to acyl chlorides,

anhydrides, or activated alternatives 24,

For the coupling procedure through in situ formation of acyl fluorides and reaction with
amines, it was used a previously described procedure, employing fluoro-N,N,N’ N"
bis(tetramethylene)formamidinium  hexafluorophosphate (BTFFH, Figure 36) as
fluorinating agent. N,N-Diisopropylethylamine (DIEA) is used as base and anhydrous THF
as solvent, and the reaction is performed in a sealed vial, under nitrogen atmosphere and
80 °C, for 4 h 215, The general reaction is presented in Scheme 19 and Table 7 summarizes
the compounds obtained and the corresponding isolated yield. Further details regarding

characterization data are provided in section 3.5. Experimental.

L0
HO~ 0N N GN \ﬁQ
H NH, H
Diethanolamine N-Boc-1,6-hexanediamine BTFFH

Figure 36. Diethanolamine, N-boc-1,6-hexanediamine and BTFFH.

HO__O N (o]

Ry
Rs O O Rs Risy-Re DIEA, BTFFH Rs Rs
+ _ =
H Anhydr. THF, 80° C,
o 12-24 h (sealed vial) o
142 143
R3=BrorH

Scheme 19. General reaction for the synthesis of carboxamides through in situ formation of acyl

fluorides.

77



Table 7. Carboxamides obtained through in situ formation of acyl fluorides.

Isolated yield

Starting material Amine Product
(%)
OH
e} K/OH
HO~_ g~ oM 94
L0
MM59B
HO.__O (ﬂN,Boc
" H
98

&
44

MMé1B
u,Boc
NH,
NH,
NH

[e)

III 88
O

MM63B 1)

(0]

HO. o) H
Oy N._OH
Br Br ~
\‘EE‘/ HO_ -~y ~~_-OH
H Br. Br 23
- 0
(0]

I

MM54

MM74

1) Obtained through deprotection of MM61B. Details are provided in section 3.5.
Experimental

3.2.3. Amide reduction

The reduction of carboxamides to the respective amines was performed using borane-
tetrahydrofuran (BHs. THF) as reducing agent. Comparing with Li(AlH4), borane is a milder
reducing agent and due to its chemoselectivity, it is capable of reducing amides to the
correspondent amines with lower probability of reducing other functional groups also
present 216217 The general reaction is presented in Scheme 20. The amide was dissolved
in anhydrous THF and BHs. THF in excess was added at 0 °C due to the exothermic
character of the reaction. Heat was used as catalyst and the reaction was heated until reflux
being stirred under N for 2 h. When all the starting material was consumed, the reaction
was cooled to 0 °C and HCI was added. Table 8 summarizes the compounds obtained and
the corresponding isolated yield. Further details regarding characterization data are

provided in section 3.5. Experimental.
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Scheme 20. General reaction for amide reduction using the complex BHs.THF as reducing agent.

Table 8. Amines obtained through carboxamide reduction.

Amide Product Isolated yield (%)
3 3
~N 0 ~_N
.
O O
MM36 MM46

O

@
.

MM30 MM50

3.2.4. Suzuki-Miyaura coupling

Suzuki-Miyaura coupling (also known as Suzuki coupling) is a metal catalyzed reaction,
usually with Pd, between an alkenyl, aryl, or alkynyl organoborane (boronic ester or boronic
acid, or in some cases with aryl trifluoroborane) and a triflate or halide, under basic
conditions. This reaction allows to create carbon-carbon bonds to obtain conjugated
systems of alkenes, styrenes, or biaryl compounds. The catalytic cycle in Suzuki-Miyaura
coupling starts with the active catalytic LnPd(0) species, where L represents the ligand
stabilising the Pd(0) species. The Pd(0) species can be added directly to the reaction,
namey Pd(PPhs)s, Pd(dba), and Pd(tBusP),. As an alternative to Pd(0) species, Pd(ll)
species can also be used, which is then reduced in situ. Pd(ll) species are more stable than
the Pd(0) species, nonetheless, typically it is also less reactive as it does require the
reduction to generate the active species. Typical examples of Pd(ll) species are Pd(OAc).,
Pd(dppf)Cl. and PdCl,(PPhs), 2%,

Suzuki coupling procedure was applied to compound MM56 with 2,4-difluorophenylboronic
acid. The reaction was performed in THF, with tetrakis(triphenylphosphine)palladium(0)
(Pd(PPh3)4) as catalyst and potassium carbonate as base, at 100 °C for 3 h in a sealed vial.

Compound MM68 was obtained with an isolated yield of 92%. The reaction is depicted in
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Scheme 21. Further details regarding characterization data are provided in section 3.5.

Experimental.

oY o)

L_N_oO . F L_N_o F
BrBr [ j\B/OH Pd(PPhy)s W‘
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o F OH THF, aq. K,CO3, F o F

MM56 100°C,3h MM68
(sealed vial)

Scheme 21. Synthesis of MM68 through Suzuki coupling procedure.

3.3 Biological activity results and discussion
3.3.1. Cytotoxicity

Cytotoxicity evaluation of the compounds was studied in RA (retinoic acid) differentiated
SH-SY5Y cells to eliminate the compounds with high cytotoxicity and to select the
concentration range for further neuroprotection assays. The selected methods of cell
viability/cytotoxicity applied were the neutral red uptake assay and MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction assay 21 219,

Neutral red uptake assay

The neutral red uptake assay is one of the most used cytotoxicity tests that allows in vitro
guantification of xenobiotic-induced cytotoxicity 22°. It relies on the ability of viable cells to
incorporate and bind the supravital dye neutral red. This weak cationic dye penetrates the
cell membranes by nonionic passive diffusion and concentrates in the lysosomes, where it
binds by electrostatic hydrophobic bonds to anionic and/ or phosphate groups of the
lysosomal matrix 2!% 221 The dye is then extracted from the viable cells using an acidified
EtOH solution, and the absorbance of the solubilized dye is quantified using a
spectrophotometer. As such, cytotoxicity is expressed as a concentration-dependent
reduction of the uptake of neutral red after exposure to the xenobiotic under
investigation 22°,

The uptake of neutral red depends on the capacity of the cells to maintain pH gradients,
through the production of ATP. At physiological pH, the dye comprises a net charge close
to zero, allowing it to penetrate the membranes of the cell. Then, inside the lysosomes,
there is a proton gradient to maintain a pH lower than that of the cytoplasm (Figure 37).

Consequently, the dye becomes charged and is retained inside the lysosomes. When the
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cell dies or the pH gradient is reduced, the dye cannot be retained. Thus, the amount of

retained dye is proportional to the number of viable cells 8,

Figure 37. Chemical structures of neutral red outside lysosome, at physiological pH, and positive
charged NR inside lysosome, at lower pH than physiological pH.

MTT reduction

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay allows the
measurement of viable cells in high throughput assays (96-well plates), therefore, it is a
wide used technique for the determination of cytotoxicity of compounds at different
concentrations. The principle of this assay is that for most viable cells mitochondrial activity
is constant and thus an increase or decrease in the number of viable cells is linearly
associated to mitochondrial activity. The mitochondrial activity of the cells is reflected by the
conversion of the tetrazolium salt MTT into formazan crystals, which can be solubilized for
homogenous measurement. Therefore, any increase or decrease in the number of viable
cells can be detected by measuring the concentration of formazan, reflected in OD using a

plate reader at 540 and 720 nm.

Xanthene derivatives MM7, MM29, MM30, MM32, MM36, MM42B, MM42C, MM43, MM46,
MM48A, MM50, MM52, MM54, MM56, MM57A, MM57B, MM59B 3, MM63B, MM68, MM73
and MM74 were studied regarding their cytotoxicity at concentrations of 5 uM, 10 uM, 25
UM, and 50 uM with both neutral red uptake assay and MTT reduction assay. Figure 38 —

Figure 41 resume the results obtained in each assay.
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Figure 38. Cytotoxicity evaluation of compounds MM7, MM29, MM30, MM32, MM36, MM42B,

MM42C, MM43, MM46, MM48A, MM50, MM52 at concentrations of 5 uM, 10 pM, 25 pM and 50 pM
with neutral red uptake assay. Results are expressed as mean + SD from five independent
experiences, performed in triplicate. Statistical comparisons were made using One-way ANOVA
followed by the Dunnett's multiple comparisons test [*p < 0.05; **p < 0.01; versus control cells (0

pMM)]. In all cases, p values < 0.05 were considered significant.
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Figure 39. Cytotoxicity evaluation of compounds MM54, MM56, MM57A, MM57B, MM59B3,
MM63B, MM68, MM73, MM74 at concentrations of 5 uM, 10 uM, 25 uM, and 50 uM with neutral red
uptake assay. Results are expressed as mean + SD from five independent experiences, performed
in triplicate. Statistical comparisons were made using One-way ANOVA followed by the Dunnett's
multiple comparisons test [***p < 0.001; ****p < 0.0001 versus control cells (0 uM)]. In all cases, p
values < 0.05 were considered significant.
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Figure 40. Cytotoxicity evaluation of compounds MM7, MM29, MM30,

values < 0.05 were considered significant.
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Figure 41. Cytotoxicity evaluation of compounds MM54, MM56, MM57A, MM57B, MM59B3,
MM63B, MM68, MM73, MM74 at concentrations of 5 uM, 10 uM, 25 uM, and 50 uM with MTT assay.
Results are expressed as mean + SD from five independent experiences, performed in triplicate.
Statistical comparisons were made using One-way ANOVA followed by the Dunnett's multiple
comparisons test [****p < 0.0001 versus control cells (0 uM)]. In all cases, p values < 0.05 were
considered significant.

In general, xanthene derivatives tested showed to be well tolerated in both the cytotoxicity
assays performed in a concentration up to 50 uM. As exceptions, it was observed that
compounds MM42B, MM46, and MM63B showed toxicity in the highest concentration
tested of 50 uM. Compounds MM48A, MM57A, and MM57B caused a cell viability decline
when using a concentration equal or above 25 pM. Lastly, compounds MM68 and MM73
showed cytotoxicity at the minimum concentration tested of 5 pM. For this reason, these

two compounds did not proceed for further evaluation on neuroprotection studies. It is
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observed that the five compounds that showed toxicity at a concentration < 25 uM are
halogenated, indicating a potential correlation between the presence of a halogen and their

cytotoxicity.

3.3.2. Modulation of P-gp

To evaluate the effect of the tested compounds on P-gp transport activity, rhodamine 123
(RHO 123) (5.0 yM) accumulation, in the presence of the tested compounds (0 — 25 uM)
and in the presence or absence of ZOS (5 pyM), a specific third generation P-gp inhibitor,
was evaluated for 90 min using 10 uM of RA differentiated SH-SY5Y cells 222 223,

The activation was evaluated by the ratio between the amount of RHO 123 accumulated
under inhibition conditions (ZOS, 5uM) and the amount of accumulated RHO 123 in the
absence of the P-gp inhibitor 192 223

The P-gp activity, expressed as percentage of control cells (0 uM), was calculated through
the ratio of fluorescence intensity of RHO 123 accumulation under P-gp inhibition (Fl;a) and
fluorescence intensity of RHO 123 accumulation under normal condition (FIna). When P-gp
is activated by the tested compound, the amount of RHO 123 being pump out the cells
increases, decreasing the fluorescence intensity due to a lower RHO 123 intracellular
content. In the presence of a P-gp inhibitor, RHO 123 intracellular content increases leading
to a higher fluorescence intensity. Therefore, during the accumulation period of RHO 123,
when P-gp is activated, a decrease in fluorescence intensity under normal conditions is
detected, lowering RHO 123 accumulation. In contrast, when P-gp activity decreases, the

ratio Flia/ FIna will be lower, due to a higher Flya.

Xanthene derivatives MM7, MM29, MM30, MM32, MM36, MM42B, MM42C, MM43, MM46,
MM48A, MM50, MM52, MM54, MM56, MM57A, MM57B, MM59B3, MM63B and MM74
were studied regarding their capacity to modulate P-gp activity. The concentrations tested
were 10 uM and 25 pM, excepting for compounds MM48A, MM57A and MM57B, where
only the 10uM concentration was tested, once higher concentrations showed cell decline in

the cytotoxicity tests. Figure 42 and Figure 43 resume the results obtained.
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Figure 42. Modulation of P-gp activity by compounds MM7B, MM29, MM30, MM32, MM36, MM42B,
MM42C, MM43, MM46, MM50, MM52 and MM52 at concentrations of 10 uM and 25 uM. Results
are expressed as mean + SD from five independent experiences, performed in triplicate. Statistical
comparisons were made using One-way ANOVA followed by the Dunnett's multiple comparisons test
[*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus control cells (0 uM)]. In all cases, p values

< 0.05 were considered significant.
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Figure 43. Modulation of P-gp activity by compounds MM56, MM59B3, MM63B and MM74 at
concentrations of 10 uM and 25 pM. For compounds MM57A, MM57B and MM48A only the 10uM
concentration was tested. Results are expressed as mean + SD from five independent experiences,
performed in triplicate. Statistical comparisons were made using One-way ANOVA followed by the
Dunnett's multiple comparisons test [*p < 0.05; ***p < 0.001; ***p < 0.0001 versus control cells (0
MM)]. In all cases, p values < 0.05 were considered significant.

Compounds MM7B, MM29, MM30, MM32, MM36, MM42B, MM42C, MM43, MM46, MM50,
MM52, MM48A, MM57A, MM57B and MM74 showed activation of P-gp activity at least at
one of the concentrations tested after 90 min of exposure and when compared to the control
cells (0 uM, 100 %). On the other hand, compounds MM54, MM56 and MM59B3 showed
no effect on P-gp activity, and compound MM63B showed no activity at a concentration of

10 pM and showed an inhibition activity on P-gp at a concentration of 25 pM.

Compounds MM7, MM36, MM42C, MM43 and MM74 showed the most significant and
concentration-dependent increase of P-gp activity. These four compounds possess
different substituents in position 9: compound MM7 comprises a free amine, in position para
to the xanthene moiety, while compound MM42C, also possessing a free amine, is an amide
comprising a pyrazole ring from one side and the xanthene moiety on the other side. MM43

is a xanthene carboxamide derived from 3-amino-propanol, while MM74 is a di-bromo
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xanthene carboxamide, derived from diethanolamine with 2,7-dibromo-9H-xanthene-9-
carboxylic acid. Hence, focus on the most promising compounds for P-gp activation, it was
observed that a heterogeneity of functional groups at position 9 of the xanthene moiety were
able to activate this transporter. Comparing the results obtained for MM42C and MM57B,
differing only on the absence/ presence, respectively, of the halogen bromo in positions 2,7

of the aromatic rings, it was observed that the halogen is prejudicial for P-gp activation.

The modulation of P-gp activity through the administration of P-gp activators is a therapeutic
strategy based on the immediate increase of P-gp activity without interfering with the
expression of the efflux pump, allowing a quick and time-limited reduction of the intracellular
concentration of potential harmful P-gp substrates 224, As already mentioned, the impact of
tricyclic compounds on P-gp activity have been assessed in different studies 192194206 |n
the screening of five thioxanthonic derivatives as possible inducers of P-gp expression and/
or activity 1%, a pharmacophore to predict new ligands for P-gp activation was built based
on the thioxanthones in vitro activity, as well as other molecules previously described as P-
gp activators. The best ranked pharmacophore found is composed of three features: one
hydrophobic feature, one aromatic ring and one hydrogen bond acceptor group. These
three features are observed in all the twenty-two xanthene derivatives tested, which can
justify that most of the compounds led to a significant increase in P-gp activity. Hence, the
xanthene core proved to be a good scaffold for P-gp activation, namely in the presence of

the amide or amine functional groups in position 9.

3.3.3. Neuroprotective effects against iron (lll)-induced cytotoxicity

Iron displays several crucial roles in healthy brain functions. Nevertheless, when its
homeostasis is disrupted and iron levels are abnormally increased, oxidative stress and cell
death can be triggered. Iron may induce oxidative stress due to its central role in reactive
oxygen species (ROS) generation, and, consequently, leading to cellular dysfunction or
even cellular death 22, The importance of iron-induced toxicity has been supported by the
protective effects demonstrated by iron chelators observed in cell culture models used to
study neurodegenerative diseases, such as the SH-SY5Y cell line. Iron has already been
implicated in the pathology of several ND, including Parkinson’s disease (PD) and

Alzheimer’s disease 225229,

Therefore, considering the prevention of iron-induced cytotoxicity as a potential strategy for
neuroprotection, the xanthene derivatives herein described were assessed regarding their

ability to protect cells against iron-induced cytotoxicity.
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For the experimental studies, iron (lll) in the form of the complex ferric nitrilotriacetate
(FeNTA) was used, to prevent iron (l1l) from hydrolysis at physiological pH and allowing its
cellular uptake, where it will act as a pro-oxidant through the generation of oxidative

stress 230,231

Xanthene derivatives MM7, MM29, MM30, MM32, MM36, MM42B, MM42C, MM43, MM46,
MM48A, MM50, MM52, MM54, MM56, MM57A, MM57B, MM59B3, MM63B, and MM74
were studied regarding their activity against FeNTA-induced cytotoxicity at concentrations
of 10 uM and 25 pM, except for compounds MM48A, MM57A and MM57B, where only the

10 uM concentration was used. Figure 44 — Figure 46 resume the results obtained.
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Figure 44. FeNTA (500 and 1000 uM) cytotoxicity towards RA differentiated SH-SY5Y cells, in the
presence or absence of the tested compounds MM7B, MM29, MM30, MM32, MM36, MM42B,
MM42C, MM43(10 and 25 uM), evaluated by the neutral red uptake assay, 24 h after exposure.
Results are presented as mean + SD from five independent experiments, performed in triplicate.
Statistical comparisons were made using Two-way ANOVA, followed by the Tukey's multiple
comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus FeNTA alone, at each
FeNTA concentration).
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Figure 45. FeNTA (500 and 1000 uM) cytotoxicity towards RA differentiated SH-SY5Y cells, in the
presence or absence of the tested compounds MM46, MM50, MM52, MM54, MM56, MM59B3,
MM63B, MM74 (10 and 25 uM), evaluated by the neutral red uptake assay, 24 h after exposure.
Results are presented as mean + SD from five independent experiments, performed in triplicate.
Statistical comparisons were made using Two-way ANOVA, followed by the Tukey's multiple
comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 versus FeNTA alone, at each

FeNTA concentration).
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Figure 46. FeNTA (500 and 1000 uM) cytotoxicity towards RA differentiated SH-SY5Y cells, in the
presence or absence of the tested compounds MM48A, MM57A and MM57B (10 uM), evaluated by
the neutral red uptake assay, 24 h after exposure. Results are presented as mean + SD from five
independent experiments, performed in triplicate. Statistical comparisons were made using Two-way
ANOVA, followed by the Tukey's multiple comparisons test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001 versus. FeNTA alone, at each FeNTA concentration).

Compounds MM7B, MM29, MM32, MM36, MM42B, MM42C, MM43, MM48A, MM52,
MM57B and MM74 demonstrated potential protection against iron (lll)-induced cytotoxicity

at least at one of the concentrations tested in the presence of 500uM or 1000 uM of FeENTA.

Compound MM7B provided the most interesting results, where the neutral red uptake
significantly increased from 78 % (cell viability of FeENTA alone in the concentration of 500
pMM) to 88 % and 91 % in the presence of 10 uM and 25 uM of MM7B, respectively. The
neuroprotective effect was also observed when used a concentration of FeNTA of 1000 pM.

MM36, MM42C, MM43 and MM48A also showed to provide relevant neuroprotective effect,
where it was observed an increase in cell viability in the presence of 10 uM of the compound,

comparing with the cell viability of FENTA alone in the concentration of 500 yM.

On the other hand, compounds MM46, MM50 and MM57A, significantly increased FeNTA-
induced cytotoxicity. A decreased in cell viability for compound MM46, when compared with
the obtained results for the neutral red uptake assay of FeENTA alone, was observed at both
concentrations of FeNTA used (500 uM and 1000 yM). The cell viability decreased from 78
% (FeNTA alone) to 66 % and 61 % when 10 uM and 25 pM of compound MM46 were
present, respectively, with 500 uM of FeNTA. In the presence of 1000 uM of FeENTA, the
cell viability decreased from 62% (FENTA alone) to 33 % and 31 %. Similar results were
found for compound MM50. Compound MM57A led to a more modest decrease, from 78
% (FeNTA alone) to 70 % when 10 uM of compound was present with 500 uM of FENTA,
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and from 62 % (FeNTA alone) to 55 % when 10 yM of compound was present with 1000
UM of FeNTA.

Lastly, compounds MM30, MM54, MM56 and MM59B 3 showed no significant effects on the
FeNTA-induced cytotoxicity test, at both tested concentrations (10 yM and 25 pM)
suggesting that these compounds are absent of neuroprotective properties against iron (I11)-

induced cytotoxicity, and also do not increase the cytotoxicity associated with FENTA.

According with the results depicted above, some considerations can be made regarding the
SAR of the compounds tested. Comparing the unsatisfactory results obtained with
compounds MM46 and MM50 — amines obtained through the reduction of amides MM36
and MM30, respectively, the amide group at position 9 of the xanthene seems to be
important for the compound’s neuroprotection against iron (lll)-induced cytotoxicity, and the
presence of a tertiary amine leads to obtaining compounds able to increase FeNTA-induced
cytotoxicity. Additionally, when comparing the results obtained with the non-brominated
compounds MM32, MM52 and MM42B with the corresponding di-brominated derivatives
MM56, MM54 and MM57A, respectively, the presence of bromine at positions 2,7 of the
xanthene moiety seems to have a detrimental effect.

The results obtained regarding the neuroprotective effects of the compounds against iron
(ln-induced cytotoxicity can be related with different mechanisms, namely the potential
ability of the compounds to chelate iron, decreasing the available concentration of the
aggressor agent causing cell damage, or through the elimination of free radicals, being
necessary to perform additional studies to understand their mechanism of action. Hence,
an assay was performed to evaluate the iron-chelating ability of the compounds that

demonstrated potential protection against iron (lll)-induced cytotoxicity.

Iron-chelating effects

The interaction of the synthetized compounds with ferric ions was evaluated based on
changes in the UV/Vis spectra of the tricyclic derivatives, following the addition of FeCls (0
— 1320 uM) (Figure 47). The presence of a compound able to chelate Fe(lll) is associated
with a change of the absorbance spectrum with bathochromic shifts from the original

band 232, 233_

Testing the compounds that demonstrated potential protection against iron (ll1)-induced
cytotoxicity — compounds MM7B, MM29, MM32, MM36, MM42B, MM42C, MM43, MM48A,
MM52, MM57B and MM74 — it was observed that the sequential additions of FeCls solution

resulted only in small hyperchromic effects and no bathochromic effects of the absorbance
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spectrum from the original band were detected (Figure 47). Analysing the chemical
structure of the compounds tested, the results obtained are in accordance with the
expected, considering that none of the compounds possesses important groups for Fe(lll)
accommodation, such as catecholate, hydroxamate, or hydroxyacid #* 2%°, Hence, further
studies should be performed in order to assess the potential mechanism involved in the

protection effect observed with the compounds tested.
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Figure 47. UV/Vis spectra of compounds MM7B, MM29, MM32, MM36, MM42B, MM42C, MM43,
MM48A, MM52, MM57B and MM74 in methanolic solution with 1 % of DMSO with sequential
additions of FeCls.
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3.3.4. CNS penetration: in vitro parallel artificial membrane permeability assay
(PAMPA)-BBB.

One of the main obstacles in the development of drugs aiming for CNS disease is their
capacity to penetrate BBB at therapeutic concentrations. The BBB is a very complex
interface between blood and the CNS that controls the exchanges between these two
compartments 2%, This barrier is composed by endothelial cells with tight junctions that
protect the brain from endogenous materials which could damage the brain tissues 2%’. Most
of the CNS drugs achieve the brain by transcellular passive diffusion, due to the tight
junction structure and limited transport pathways. Parallel Artificial Membrane Permeability
Assay (PAMPA) is a high throughput technique developed to predict passive permeability
through biological membranes. In order to explore the capacity of the preliminary
synthetized series of compounds, MM32, MM42B, MM46, MM48A, MM50, MM57A,
MM59B3, MM63B and MM68, to penetrate into the brain, it was used the PAMPA-BBB
method described by Di et al. 28, which employed a brain lipid porcine membrane. The in
vitro permeabilities (Pe) of commercial drugs through lipid membrane extract together with
compounds MM32, MM42B, MM46, MM48A, MM50, MM57A, MM59B3, MM63B and
MM68, were determined and described in Table 9. An assay validation was made

comparing the reported permeabilities values of commercial drugs with the experimental
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data obtained employing this methodology. A good correlation between experimental-
described values was obtained Pe (exptl) = 0.9285 (bibl) — 0.942 (R2=0.9504) (Figure 48).
From this equation and following the pattern established in the literature for BBB permeation
prediction 2° we could classify compounds as CNS + when they present a permeability >
2.77 x 10 cm/s. Table 9 resumes the results obtained. It was observed that compounds
MM32, MM42B, MM57A and MM63B are able to cross the BBB by passive permeation
(CNS +). Compounds MM46 and MM59B3 are in the shadow area and could cross or not
by passive permeation (CNS+/CNS-) Compounds MM48A, MM50 and MM68, were not

soluble in the assay buffer so BBB permeation could not be determined (N.D).

Table 9. Permeability (Pe 106 cm s1) in the PAMPA-BBB assay for 10 commercial drugs (used in
the experiment validation) and MM32, MM42B, MM46, MM57A, MM59B3, and MM63B with their
predictive penetration in the CNS.2

Pe (10%cm

Compound Bibliography® s1)e Prediction
Atenolol 0.8 0.1+0.6 N/A
Caffeine 1.3 0.7+0.8 N/A

Desipramine 12 74+24 N/A
Enoxacin 0.9 0.3+0.2 N/A
Hydrocortisone 1.9 0.6 £0.6 N/A
Ofloxacin 0.8 0404 N/A
Piroxicam 2.5 1.0+£0.1 N/A
Promazine 8.8 6.8+2.1 N/A
Testosterone 17 17.7+1.3 N/A
Verapamil 16 13.2+1.6 N/A
MM32 N/A 23.3+2.0 CNS +
MM42B N/A 106 +1.3 CNS +
MM46 N/A 0.9+0.3 CNS +/ CNS-
MM57A N/A 7.4 +05 CNS +
MM59B3 N/A 1.9+0.3 CNS +/ CNS-
MM63B N/A 44+0.8 CNS +

aPBS:EtOH (70:30) was used as solvent. ? Reference Di et al. ¢ Data are the mean
+ SD of 2 independent experiments.
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Figure 48. Linear correlation between experimental and reported permeability of
commercial drugs using the PAMPA-BBB assay.

For the compounds that showed able to activate P-gp and not evaluated through the
PAMPA assay, an in silico assessment was performed in order to predict their permeation
through the BBB. SwissADME 1%, a free available software used to predict physicochemical
and pharmacokinetic properties, was used to assess in silico BBB permeation and
associated parameters of compounds MM7B, MM29, MM30, MM36, MM42C, MM43, ,
MM48A, MM50, MM52, MM54 and MM57B. Table 10 resumes the results obtained.

All the compounds assessed through SwissADME platform showed potential for BBB
permeation, according to the yolk of the BOILED-Egg *°. Additionally, these compounds
were assessed considering additional attributes generally considered when designing drugs
for CNS, as described by Hassan Pajouhesh and George R. Lenz 2%. Generally, all the
compounds comply with the six parameters assessed. MM57B possesses a molecular
weight slightly above the reference limit; nonetheless, these specifications should be seen
as guidance and evaluated together, and so a singular value out of the reference range
should not be seen as limitant.

These results are in line with other tricyclic compounds, including drugs approved for clinical
use. One of the first group of antidepressants were the tricyclic antidepressants, which are
in use for many years for the treatment of CNS disorders 2%%- 242, Xanthene derivatives have
also shown to penetrate BBB in in vitro and in vivo assays and successfully impact different
biological pathways of the CNS 1254 243,
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Table 10. Prediction of BBB permeation with SwissADME platform 105,

Compound BBB permeant? M\?J:i;wtar Cor|1senbsus H-bond H-bond Rotatable TPSA®
(g/mol) ogP donors acceptors bonds (A2
Ru(ljes fo rZ%NS ) <450 <5 <3 <7 <8 <70
rugs
MM7B yes 273.33 3.86 1 1 1 35
MM29 yes 212.24 2.64 1 2 1 29
MM30 yes 293.36 3.15 0 2 2 30
MM36 yes 281.36 35 0 3 3 30
MM42C yes 305.34 3.18 2 5 1 70
MM43 yes 283.32 2.15 2 3 5 59
MM48A yes 349.81 3.45 1 2 4 38
MM50 yes 279.38 3.27 0 2 2 12
MM52 yes 295.12 2.47 1 3 1 47
MM54 yes 384.02 2.69 1 3 1 47
MM57B yes 463.12 3.42 1 3 2 70

a Brain permeation. According to the yolk of the BOILED-Egg 110
b Average of five predicted models: XLOGP3 8, WLOGP 12, MLOGP 212 S|LICOS-IT *?2and iLOGP 12

¢ Topological polar surface area. Calculated from 7

100



3.4. Conclusion

In summary, twenty 9-xanthenyl derivatives were synthetized involving four distinctive
steps: aromatic halogenation, amide coupling, amide reduction, and Suzuki coupling. In
generally, the synthesis strategies employed showed to be suitable for the obtention of the
compounds required. For the amide coupling reaction, COMU proved to be an adequate
coupling agent for the generally of the amines used. Nonetheless, when diethanolamine
and N-Boc-1,6-hexanediamine were used as nucleophiles, COMU provided unsatisfactory
results; for these two amines, the amide coupling via in situ formation of acyl fluoride

showed to be adequate.

The compounds obtained were assessed regarding their cytotoxicity, BBB penetration,
P- gp activation and protection against iron-induced toxicity. In generally, the xanthene
derivatives tested showed to be well tolerated in both the cytotoxicity assays performed in
a concentration up to 50 uM. Regarding their ability on P-gp activation, a highlight is made
for compounds MM7, MM36, MM42C, MM43 and MM74, which showed the most significant
and concentration-dependent increase of P-gp activity. These five compounds also showed
to provide protection against iron-induced cytotoxicity. Additionally, in silico predictions
showed their potential to penetrate the BBB and reach CNS, which is a crucial factor to
allow for their biological activity. Nonetheless, in vitro studies are warranted to confirm their
BBB penetration. Further studies on the most potent compound (MM42C), comprising
different functionalization of the xanthene tricyclic and different length of the chain
connecting with the 1H-pyrazol-3-amine ring will allow to explore derivatives and structure-

P-gp activation activity relationship.

3.5. Experimental
3.5.1. Chemical synthesis and characterization

General information

All reagents and solvents were purchased from TCI (Tokyo Chemical Industry Co.
Ltd., Chuo-ku, Tokyo, Japan), Acros Organics (Geel, Belgium), Sigma-Aldrich
(Sigma-Aldrich Co. Ltd., UK), or Alfa Aesar (Thermo Fisher GmbH, Kandel, Germany)
and were used directly without any further purification. All reactions were monitored
by TLC, carried out on Merck silica gel 60 (GF254) precoated plates using with
appropriate mobile phases. Purification of the synthesized compounds was usually

performed by flash column chromatography using Merck silica gel 60 (0.040-0.063
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mm). Melting points (mp) were measured by using a Kéfler microscope (Wagner and
Munz, Munich, Germany) equipped with a Crison TM 65 (Crison Instruments,
Barcelona, Spain) and were uncorrected. *H and *C NMR spectra were taken in
CDCls, [Dg]DMSO, methanol-ds, acetone-ds or tetrahydrofuran-ds (Deutero GmbH,
Kastellaun, Germany) at rt on Bruker Avance 300 instrument (300.13 or 500.16 MHz
for 1H and 75.47 or 125.77 MHz for 3C, Bruker Biosciences Corporation, Billerica,
MA, USA) or Bruker AVANCE Il (400.14 MHz for H and 100.62 MHz for 3C).
Chemical shifts are expressed in relative to tetramethylsilane (TMS) as an internal
reference.’*C NMR assignments were made by 2D HSQC and HMBC experiments.
For the assignment of each signal to the corresponding proton or carbon, it was
considered the automatic numeration provided by MestReNova®, as provided in
Annex |. HPLC Analysis (Purity determinations by HPLC analysis were performed
with a system consisted of Shimadzu LC-20AD pump, equipped with a Shimadzu
DGV-20A5 degasser, a Rheodyne 7725i injector fitted with a 20 pL loop, and a SPD-
M20A DAD detector (Kyoto, Japan). Data acquisition was performed using Shimadzu
LCMS Lab Solutions software, version 3.50 SP2. The column used in this study was
ACE - C18 (150 x 4.6 mm I.D., particle size 5 um) manufactured by Advanced
Chromatography Technologies Ltd (Aberdeen, Scotland, UK). The mobile phase
composition was water and methanol (85:15 v/v; 0.1 % AcOH), all were HPLC grade
solvents obtained from Merck Life Science S.L.U. (Darmstadt, Germany). The flow
rate was 1.0 mL/min and the UV detection wavelength was 254 nm. Analyses were
performed at 27 °C in an isocratic mode in a 30 min run. Peak purity index was
determined by total peak UV-Vis spectra between 210-800 nm with a step of 4 nm.
High-resolution mass spectrometry (HRMS) was performed on an LTQ OrbitrapTM
XL hybrid mass spectrometer (Thermo Fischer Scientific, Bremen, Germany)
controlled by LTQ Tune Plus 2.5.5 and Xcalibur 2.1.0. at CEMUP— University of
Porto, Portugal or in a electrospray ionization (ESI) mode in Centro de Apoio Cientifico
e Tecnoldxico & Investigacion (CACTI, University of Vigo, Pontevedra, Spain) and on
a Q Exactive Focus Hybrid Quadrupole Orbitrap Mass Spectrometer (Thermo Fisher
Scientific), controlled by Q Exactive Focus (Exactive Series) 2.9 and Thermo Scientific
Xcalibur 4.1.31.9 software.
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3.5.1.2. Synthesis, purification, and structural characterization

Synthesis of piperidin-1-yl(9H-xanthen-9-yl)methanone (MM30)

To a 25 mL round-bottom flask containing 5 mL of anhydrous CH2Cl; and a magnetic
stirrer bar, xanthene-9-carboxylic (9, 0.226 g, 1.0 mmol) was added. While stirring,
DIEA (0.35 mL, 2 mmol) and piperidine (0.12 mL, 1.2 mmol) were added and the
reaction was cooled to 0°C with an ice bath. After 10 min, COMU (0.642 g, 1.5 mmol)
was added, and the reaction was warmed up slowly to rt and left overnight. The
mixture was then diluted with CH>Cl, (40 mL) and washed with 1 N HCI (2 x 10 mL),
1 N NaHCOs; (2 x 10mL) and brine (1 x 10 mL). The organic phase was then dried
with Na;SOu, filtered and the solvent evaporated. The crude product was purified by
silica gel flash chromatography (ethyl acetate (EtOAc)/hexane 20:80). Compound
MM30 was obtained as an off-white solid (227.3 mg, 77 %).

Compound MM30: off-white solid (227.3 mg, 77 %); mp: 156 °C ; *H NMR (300 MHz,
CDCls) 6 7.33 —7.17 (m, 4H, H-2, H-6, H-12, H-14), 7.15 - 6.94 (m, 4H, H-1, H-3, H-
11, H-13), 5.45 (s, 1H, H-10), 3.56 (t, J = 5.4 Hz, 2H, H-18), 3.20 (t, J = 5.4 Hz, 2H,
H-22), 1.61 — 1.40 (m, 4H, H-19, H-21), 0.97 (s, 2H, H-20); 1*C NMR (75 MHz, CDCls)
5 170.2 (C-15), 150.1 (C-4, C-8), 129.0 (C-2, C-12), 128.2 (C-6, C-14), 123.5 (C-1, C-
13), 119.2 (C-5, C-9), 117.0 (C-3, C-11), 47.0 (C-22), 45.7 (C-10), 44.0 (C-18), 25.6
(C-19), 25.4 (C-21), 24.4 (C-20). HRMS (ESI): m/z calculated for C1oH16NO [M+H]:
294.14886; found: 294.14877.
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Synthesis of morpholino(9H-xanthen-9-yl)methanone (MM32)

N NN
IJ | | |
\3/4\0/8\1/12

To a 25 mL round-bottom flask containing 5 mL of anhydrous CH2Cl; and a magnetic
stirrer bar, xanthene-9-carboxylic (9, 0.226 g, 1.0 mmol) was added. While stirring,
DIEA (0.35 mL, 2 mmol) and morpholine (0.11 mL, 1.2 mmol) were added and the
reaction was cooled to 0°C with an ice bath. After 10 min COMU (0.642 g, 1.5 mmol)
was added, and the reaction was warmed up slowly to rt and left overnight. The
mixture was then diluted with CH>Cl; (40 mL) and washed with 1 N HCI (2 x 10 mL),
1 N NaHCOs; (2 x 10mL) and brine (1 x 10 mL). The organic phase was then dried
with Na>SQy, filtered and the solvent evaporated. The crude product was purified by
silica gel flash chromatography (EtOAc/hexane 30:70). Compound MM32 was
obtained as an off-white solid (275.2 mg, 92 %).

Compound MM32: off-white solid (275.2 mg, 92 %); mp: 160-161 °C, literature: 159-
161 °C 2*; TH NMR (300 MHz, CDCls) 8 7.32 — 7.20 (m, 4H, H-2, H-6, H-12, H-14)),
7.13 - 7.02 (m, 4H, H-1, H-3, H-11, H-13), 5.45 (s, 1H, H-10), 3.61 (s, 4H, H-19, H-
21), 3.16 (d, J = 27.1 Hz, 4H, H-18, H-22); 3C NMR (75 MHz, CDCls) & 170.3 (C-15),
149.8 (C-4, C-8), 129.2 (C-2, C-12), 128.0 (C-6, C-14), 123.6 (C-1, C-13), 118.5 (C-
5, C-9), 117.1 (C-3, C-11), 66.7 (C-21), 65.9 (C-19), 46.3 (C-18), 45.6 (C-10), 43.0
(C-22).; HRMS (ESI): m/z calculated for CigHi7NOs; [M+H]: 296.12812; found:
296.12804.
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Synthesis of N,N-diethyl-9H-xanthene-9-carboxamide (MM36)

P YN N
0]
\3/4\0/8\1/12

To a 25 mL round-bottom flask containing 5 mL of anhydrous CH.Cl, and a magnetic
stirrer bar, xanthene-9-carboxylic (9, 0.226 g, 1.0 mmol) was added. While stirring,
DIEA (0.35 mL, 2 mmol) and diethylamine (0.12 mL, 1.2 mmol) were added and the
reaction was cooled to 0°C with an ice bath. After 10 min COMU (0.642 g, 1.5 mmol)
was added, and the reaction was warmed up slowly to rt and left overnight. The
mixture was then diluted with CH2Cl; (40 mL) and washed with 1 N HCI (2 x 10 mL),
1 N NaHCOs; (2 x 10mL) and brine (1 x 10 mL). The organic phase was then dried
with Na>SQy, filtered and the solvent evaporated. The crude product was purified by
silica gel flash chromatography (EtOAc/hexane 20:80). Compound MM36 was
obtained as an off-white solid (254.3 mg, 90 %).

Compound MM36: off-white solid (254.3 mg, 90 %); mp: 104 - 105 °C ; *H NMR (300
MHz, CDCl3) 6 7.30 — 7.19 (m, 4H, H-2, H-6, H12, H-14), 7.13 — 6.99 (m, 4H, H-1, H-
3, H-11, H-13), 5.41 (s, 1H, H-10), 3.35 (g, J = 7.1 Hz, 2H, H-18), 3.20 (q, J = 7.1 Hz,
2H, H-20), 1.10 (t, J = 7.1 Hz, 3H, H-19), 0.68 (t, J = 7.1 Hz, 3H, H-21); 13C NMR (75
MHz, CDCls) 6 171.3 (C-15), 150.3 (C-4, C-8), 129.0 (C-2, C-12), 128.2 (C-6, C-14),
123.5 (C-1, C-13), 119.3 (C-5, C-9), 117.1 (C-3, C-11), 45.3 (C-10), 42.0 (C-20), 40.7
(C-18), 13.2 (C-21), 12.6 (C-19).; HRMS (ESI): m/z calculated for C1gH1gNO> [M+H]:
282.14886; found: 282.14885.
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Synthesis of N-(5-methyl-1H-pyrazol-3-yl)-9H-xanthene-9-carboxamide
(MM42B)

To a 25 mL round-bottom flask containing 5 mL of anhydrous CH2Cl, and a magnetic
stirrer bar, xanthene-9-carboxylic (9, 0.226 g, 1.0 mmol) was added. While stirring,
DIEA (0.35 mL, 2 mmol) and 3-amino-5 metil-1H-pirazole (0.117g, 1.2 mmol) were
added and the reaction was cooled to 0°C with an ice bath. After 10 min COMU (0.642
g, 1.5 mmol) was added, and the reaction was warmed up slowly to rt and left
overnight. The mixture was then diluted with CH.Cl, (40 mL) and washed with 1 N
HCI (2 x 10 mL), 1 N NaHCO3 (2 x 10mL) and brine (1 x 10 mL). The organic phase
was then dried with Na SO, filtered and the solvent evaporated. The crude product
was purified by silica gel flash chromatography (EtOAc/hexane 20:80). Compound
MM42B was obtained as an off-white solid (65.7 mg, 24 %).

Compound MM42B: off-white solid (65.7 mg, 24 %); mp: 143 — 144 °C ; 'H NMR
(300 MHz, CDCl3) 8 7.41 (dd, J =7.9, 1.7 Hz, 2H, H-6, H-14), 7.32 — 7.25 (m, 2H, H-
2, H-12), 7.18 (dd, J = 8.2, 1.4 Hz, 2H, H-3, H-11), 7.04 (td, J = 7.9, 1.4 Hz, 3H, H-1,
H-13), 6.56 (s, 1H, H-10), 5.27 (s, 1H, H-19), 2.27 (s, 3H, H-23); 13C NMR (75 MHz,
CDCls) 6 174.3 (C-15), 154.5 (C-20), 152.3 (C-4, C-8), 151.5 (C-18), 129.3 (C-6, C-
14), 129.1 (C-2, C-12), 123.5 (C-1, C-13), 119.5 (C-5, C-9), 117.2 (C-3, C-11), 90.2
(C-19), 43.1(C-10), 14.6 (C-23); HRMS (ESI): m/z calculated for C1gH1sN302 [M+H]:
306.12370; found: 306.12395.
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Synthesis of (3-amino-5-methyl-1H-pyrazol-1-yl)(9H-xanthen-9-yl)methanone
(MM42C)

To a 25 mL round-bottom flask containing 5 mL of anhydrous CH.Cl, and a magnetic
stirrer bar, xanthene-9-carboxylic (9, 0.226 g, 1.0 mmol) was added. While stirring,
DIEA (0.35 mL, 2 mmol) and 3-amino-5 metil-1H-pirazole (0.117g, 1.2 mmol) were
added and the reaction was cooled to 0°C with an ice bath. After 10 min COMU (0.642
g, 1.5 mmol) was added, and the reaction was warmed up slowly to rt and left
overnight. The mixture was then diluted with CH>Cl, (40 mL) and washed with 1 N
HCI (2 x 10 mL), 1 N NaHCOs3 (2 x 10mL) and brine (1 x 10 mL). The organic phase
was then dried with Na>SO,, filtered and the solvent evaporated. The crude product
was purified by silica gel flash chromatography (EtOAc/hexane 40:60). Compound
MM42C was obtained as an off-white solid (55.7 mg, 20 %).

Compound MM42C: off-white solid (55.7 mg, 20 %); mp: 147 — 148 °C ; 'H NMR
(300 MHz, CDCls) & 7.38 (dd, J = 7.6, 1.6 Hz, 2H, H-6, H-14), 7.28 — 7.24 (m, 2H, H-
2, H-12), 7.17 (dd, J = 8.1, 1.4 Hz, 2H, H-3, H-11), 7.03 (td, J = 7.6, 1.5 Hz, 2H, H-1,
H-13), 6.51 (s, 1H, H-10), 5.72 (s, 1H, H-20), 2.40 (s, 3H, H-23); 3C NMR (75 MHz,
CDCls) & 171.7 (C-15), 156.0 (C-19), 152.3 (C-4, C-8), 146.6 (C-21), 129.1(C-6, C-
14), 129.0 (C-2, C-12), 123.4 (C-1, C-13), 119.9 (C-5, C-9), 117.2 (C-3, C-11), 103.0
(C-20), 43.0 (C-10), 15.0 (C-23).; HRMS (ESI): m/z calculated for CigH1sNzO [M+H]:
306.12370; found: 306.12363.
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Synthesis of N-(3-hydroxypropyl)-9H-xanthene-9-carboxamide (MM43)

/6\5/10\ 1
|
NN

3 [e] 1
7

To a 25 mL round-bottom flask containing 5 mL of anhydrous CH.Cl; and a magnetic
stirrer bar, xanthene-9-carboxylic (9, 0.226 g, 1.0 mmol) was added. While stirring,
DIEA (0.35 mL, 2 mmol) and 3-amino-1-propanol (0.901g, 1.2 mmol) were added and
the reaction was cooled to 0°C with an ice bath. After 10 min COMU (0.642 g, 1.5
mmol) was added, and the reaction was warmed up slowly to rt and left overnight.
The mixture was then diluted with CH.Cl, (40 mL) and washed with 1 N HCI (2 x 10
mL), 1 N NaHCO; (2 x 10mL) and brine (1 x 10 mL). The organic phase was then
dried with Na>SQy, filtered and the solvent evaporated. The crude product was purified
by silica gel flash chromatography (EtOAc/hexane 80:20). Compound MM43 was
obtained as an off-white solid (181.0 mg, 64 %).

Compound MM43: off-white solid (181.0 mg, 64 %); mp: 220 — 221 °C ; *H NMR (300
MHz, DMSO-ds) & 8.40 (t, J = 5.6 Hz, 1H, H-16), 7.36 — 7.02 (m, 8H, H-1, H-2, H-3,
H-6, H-11, H-12, H-13, H-14), 4.90 (s, 1H, H-10), 4.44 (t, J = 5.2 Hz, 1H, H-21), 3.41
(d, J = 6.5 Hz, 2H, H-20), 3.09 (q, J = 6.5 Hz, 2H, H-18), 1.55 (p, J = 6.5 Hz, 2H, H-
19); 3C NMR (75 MHz, DMSO-ds) & 171.3 (C-15), 151.0 (C-4, C-8), 128.6 (C-2, C-
12), 128.5 (C-6, C-14), 123.3 (C-1, C-13), 120.3 (C-5, C-9), 116.4 (C-3, C-11), 58.3
(C-20), 45.0 (C-10), 36.0 (C-18), 32.3 (C-19); HRMS (ESI): m/z calculated for
C17H17NO3 [M+H]: 284.12812; found: 284.12812.
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Synthesis of N-((9H-xanthen-9-yl)methyl)-N-ethylethanamine (MM46)
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N,N-Diethyl-9H-xanthene-9-carboxamide (36, 0.422g 1.5 mmol) was added to a 25
mL round-bottom flask containing 5 mL of anhydrous THF and a magnetic stirrer bar,
under an ice bath and nitrogen atmosphere. After 15 min, a solution of borane-
tetrahydrofuran complex BHs. THF 1.0 M (7.5 mL, 7.5 mmol) was slowly added, and
the reaction was placed at reflux for 2 h. The reaction was cooled to rt and 5 mL of
HCI 6N was slowly added to the reaction. The acid was neutralized with Na,CO3 and
the product extracted with 40 mL of CH.Cl,, and then washed with 1 N HCI (2 x 10
mL), 1 N NaHCOs (2 x 10 mL) and brine (1 x 10 mL). The organic phase was then
dried with Na>SQy, filtered and the solvent evaporated. The crude product was purified
by silica gel flash chromatography (CH.Cl./hexane 30:70). Compound MM46 was
obtained as an off-white solid (213.0 mg, 53 %).

Compound MM46: off-white solid (213.0 mg, 53 %); mp: 89 — 90 °C ; *H NMR (300
MHz, CDCls) & 7.52 (dt, J = 7.5, 1.4 Hz, 2H, H-6, H-14), 7.27 — 7.23 (m, 2H, H-2, H-
12), 7.19 — 7.09 (m, 4H, H-1, H-3, H-11, H-13), 5.00 (t, J = 6.2 Hz, 1H, H-10), 2.82 —
2.66 (m, 6H, H-15, H-17, H-19), 0.92 (td, J = 7.3, 1.1 Hz, 6H, H-18, H-20); 3C NMR
(75 MHz, CDCls) 6 154.0 (C-4, C-8), 129.2 (C-6, C-14), 128.2 (C-2, C-12), 126.4 (C-
5, C-9), 124.0 (C-3, C-11), 117.0 (C-1, C-13, 64.8 (C-15), 53.7 (C-17, C-19), 37.1 (C-
10), 8.3 (C-18, C-20); HRMS (ESI): m/z calculated for C1sH21NO [M+H]: 268.1696;
found: 268.1699.
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Synthesis of N-(4-chlorobenzyl)-9H-xanthene-9-carboxamide (MM48A)

To a 25 mL round-bottom flask containing 5 mL of anhydrous CH2Cl; and a magnetic
stirrer bar, xanthene-9-carboxylic (9, 0.226 g, 1.0 mmol) was added. While stirring,
DIEA (0.35 mL, 2 mmol) and 4-chlorobenzylamine (0.169g, 1.2 mmol) were added
and the reaction was cooled to 0°C with an ice ba th. After 10 min COMU (0.642 g,
1.5 mmol) was added, and the reaction was warmed up slowly to rt and left overnight.
The mixture was then diluted with CH.Cl, (40 mL) and washed with 1 N HCI (2 x 10
mL), 1 N NaHCO; (2 x 10mL) and brine (1 x 10 mL). The organic phase was then
dried with NaSO., filtered and the solvent evaporated. The crude was dissolved in a
minimum volume of EtOAc atrt, and the resulting solution was filtered. Hexane was
slowly added until the visualization a sign of cloudiness. Then the solution was placed
in a refrigerator at 8-10 °C for crystallization. After crystallization, the product was
collected by filtration with a nail glass funnel. Compound MM48A was obtained as
white needles (181.7 mg, 52 %).

Compound MM48A: white needles (181.7 mg, 52 %); mp: 197 °C ; *H NMR (300
MHz, CDClz) & 7.47 — 7.28 (m, 4H, H-6, H-14,H-2, H-12), 7.22 — 7.08 (m, 6H, H-1, H-
3, H-11, H-13, H-21, H-23), 6.94 — 6.85 (m, 2H, H-20, H-24), 5.62 (t, J = 6.1 Hz, 1H,
H-16), 4.96 (s, 1H, H-10), 4.27 (d, J = 6.1 Hz, 2H, H-18); 3C NMR (75 MHz, CDCls)
0172.1(C-15), 151.1 (C-4, C-8), 136.6 (C-19), 133.2 (C-22), 129.6 (C-6, C-14), 129.5
(C-2, C-12), 128.8 (C-21, C-23), 128.4 (C-20, C-24), 124.0 (C-1, C-13), 119.0 (C-5,
C-9), 117.2 (C-3, C-11), 47.1 (C-10), 42.9 (C-18); HRMS (ESI): m/z calculated for
C21H16CINO; [M+H]: 350.09423; found: 350.09497.
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Synthesis of 1-((9H-xanthen-9-yl)methyl)piperidine (MM50)

Piperidin-1-yl(9H-xanthen-9-yl)methanone (MM30, 0.279 g 1.0 mmol) was added to
a 25 mL round-bottom flask containing 5 mL of anhydrous THF and a magnetic stirrer
bar, under an ice bath and nitrogen atmosphere. After 15 min, a solution of borane-
tetrahydrofuran complex BH3;. THF 1.0 M (7.8 mL, 7 mmol) was slowly added, and the
reaction was placed at reflux for 2 h. The reaction was cooled to rt and 5 mL of HCI
6N was slowly added to the reaction. The acid was neutralized with Na>COs and the
product extracted with 40 mL of CH:Cl, and then washed with 1 N HCI (2 x 10 mL),
1 N NaHCOs3 (2 x 10mL) and brine (1 x 10 mL). The organic phase was then dried
with Na>SQy, filtered and the solvent evaporated. The crude product was purified by
silica gel flash chromatography (CH:Cl,/hexane 30:70). Compound MM50 was
obtained as an off-white solid (133.5.0 mg, 50 %).

Compound MM50: off-white solid (133.5.0 mg, 50 %); mp: 139 — 140 °C ; 'H NMR
(300 MHz, CDCls) & 7.55 (dd, J = 7.5, 1.6 Hz, 2H, H-6, H-14), 7.25 (td, J = 7.4, 1.8
Hz, 2H, C-2, C-12), 7.20 — 7.07 (m, 4H, H-1, H-3, H-11, H-13), 5.13 (t, J = 6.1 Hz, 1H,
H-10), 2.96 — 2.64 (m, 6H, H-15, H-17, H-21), 1.57 — 1.30 (m, 6H, H-18, H-19, H-20);
13C NMR (75 MHz, CDCl;) d 154.0 (C-4, C-8), 129.3 (C-6, C-14), 128.2 (C-2, C-12),
126.6 (C-5, C-9), 123.9 (C-1, C-13), 117.0 (C-3, C-11), 66.0 (C-15), 59.9 (C-17, C-
21), 37.0 (C-10), 22.5 (C-19), 20.1 (C-18,C-20). HRMS (ESI): m/z calculated for
C19H21:NO [M+H]: 280.16959; found: 280.16956.
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Synthesis of 2,7-dichloro-9H-xanthene-9-carboxylic acid (MM52)

To a suspension of 0.226 g (1 mmol) of xanthene-9-carboxylic (9) and 0.334 g (2.5
mmol) of N-chlorosuccinimide (NCS) in 2 mL of acetic acid was added 0.05 mL of
conc. HCI. The mixture was stirred at rt for 12 h and quenched by the addition of 10
mL of purified water. The precipitated solid was removed by filtration, rinsed with
water, and dried in a desiccator. The crude was then dissolved in a minimum volume
of EtOAc at rt, and the resulting solution was filtered. Hexane was slowly added until
the visualization a sign of cloudiness. Then the solution was placed in a refrigerator
at 8-10 °C for crystallization. After crystallization, the product was collected by filtration
with a nail glass funnel. Compound MM52 was obtained as white needles (22.6 mg,
8 %).

Compound MM52: white needles (22.6 mg, 8 %); mp: found 275 — 277 °C, literature:
273-275 °C ?°7; IH NMR (300 MHz, DMSO-dg) d 7.46 (d, J = 2.6 Hz, 2H, H-6, H-14),
7.39 (dd, J = 8.7, 2.6 Hz, 2H, H-2, H-12), 7.21 (d, J = 8.7 Hz, 2H, H-3, H-11), 5.09 (s,
1H, H-10); 3C NMR (75 MHz, DMSO-ds) 6 171.9 (C-15), 149.6 (C-4, C-8), 129.2 (C-
6, C-14), 129.0 (C-2, C-12), 127.2 (C-1, C-13), 121.0 (C-5, C-9), 118.3 (C-3, C-11),
44.0 (C-10).

Synthesis of 2,7-dibromo-9H-xanthene-9-carboxylic (MM54)

To a suspension of 2.262 g (10 mmol) of xanthene-9-carboxylic (9) and 4.550 g (25

mmol) of N-bromosuccinimide (NBS) in 20 mL of acetic acid was added 0.5 mL of

112



conc. HCI. The mixture was stirred at rt for 12 h and quenched by the addition of 100
mL of purified water. The precipitated solid was removed by filtration, rinsed with
water, and dried in a desiccator. The crude product was purified by silica gel flash
chromatography (EtOAc/hexane/ formic acid 30:70:0.1). Compound MM54 was
obtained as an off-white solid (2151.8 mg, 56 %).

Compound MM54: off-white solid (2151.8 mg, 56 %); mp: 250 °C; *H NMR (300 MHz,
DMSO-dg) 6 7.58 (d, J = 2.4 Hz, 2H, H-6, H-14), 7.51 (dd, J = 8.6, 2.5 Hz, 2H, H-2, H-
12),7.15(d, J=8.6 Hz, 2H, H-3, H-11)), 5.10 (s, 1H, H-10); *C NMR (75 MHz, DMSO-
ds) 6 171.9 C-15), 150.0 (C-4, C-8), 132.1 (C-2, C-12), 131.9 (C-6, C-14), 121.5 (C-
5, C-9), 118.8 (C-3, C-11), 115.0 (C-1, C-13), 43.8 (C-10).

Synthesis of (2,7-dibromo-9H-xanthen-9-yl)(morpholino)methanone (MM56)
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0.384g(1.0 mm70I) of 2,7-dibromo-9H-xanthene-9-carboxylic (MM54) was added to a
25 mL round-bottom flask containing 5 mL of anhydrous CH,Cl; and a magnetic stirrer
bar. While stirring, DIEA (0.35 mL, 2 mmol) and morpholine (1.2 mmol) were added
and the reaction was cooled to 0°C with an ice bath. After 10 min COMU (0.642 g, 1.5
mmol) was added, and the reaction was warmed up slowly to rt and left overnight.
The mixture was then diluted with CH»Cl, (40 mL) and washed with 1 N HCI (2 x 10
mL), 1 N NaHCO3 (2 x 10mL) and brine (1 x 10 mL). The organic phase was then
dried with Na>SOy, filtered and the solvent evaporated. The crude product was purified
by silica gel flash chromatography (EtOAc/hexane 20:80). Compound MM56 was
obtained as a yellowish solid (224.9 mg, 50 %).

Compound MM56: yellowish solid (224.9 mg, 50 %); mp: 171 — 172 °C ; *H NMR
(300 MHz, CDCls) 6 7.38 (dd, J = 8.7, 2.4 Hz, 2H, H-2, H-12), 7.33 (d, J = 2.3 Hz, 2H,
H-6, H-14), 6.98 (d, J = 8.7 Hz, 2H, H-3, H-11), 5.35 (s, 1H, H-10), 3.65 (s, 4H,H-19,
H-21), 3.33 (s, 4H, H-18, H-22); 3C NMR (75 MHz, CDCls) 5 169.4 (C-15), 149.2 (C-
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4, C-8), 132.5 (C-2, C-12), 130.6 (C-6, C-14), 120.4 (C-5, C-9), 119.1 (C-3, C-11),
116.2 (C-1, C-13), 44.2 (C-10).; HRMS (ESI): m/z calculated for C1gH15sBraNO3 [M+H]:
451.94914; found: 451.94928.

Synthesis of 2,7-dibromo-N-(5-methyl-1H-pyrazol-3-yl)-9H-xanthene-9-
carboxamide (MM57A)

0.384 g (1.0 mmol) of 2,7-dibromo-9H-xanthene-9-carboxylic (MM54) was added to a
25 mL round-bottom flask containing 5 mL of anhydrous CH,Cl; and a magnetic stirrer
bar. While stirring, DIEA (0.35 mL, 2 mmol) and 3-amino-5-metil-1H-pirazole (0.117
g, 1.2 mmol) were added and the reaction was cooled to 0°C with an ice bath. After
10 min COMU (0.642 g, 1.5 mmol) was added, and the reaction was warmed up
slowly to rt and left overnight. The mixture was then diluted with CH-Cl. (40 mL) and
washed with 1 N HCI (2 x 10 mL), 1 N NaHCOs (2 x 10mL) and brine (1 x 10 mL).
The organic phase was then dried with Na>SO, filtered and the solvent evaporated.
The crude product was purified by silica gel flash chromatography (EtOAc/hexane
15:85). Compound MM57A was obtained as an off-white solid (111.2 mg, 24 %).

Compound MM57A: off-white solid (111.2 mg, 24 %); mp: 163 °C ; 'H NMR (300
MHz, CDCls) & 7.54 (d, J = 2.3 Hz, 2H, H-6, H-14), 7.39 (dd, J = 8.8, 2.3 Hz, 2H, H-2,
H-12), 7.05 (d, J = 8.8 Hz, 2H, H-3, H-11), 6.49 (s, 1H, H-10), 5.39 (s,br, 1H, H-16),
5.31 (s, 1H, H-19), 2.27 (s, 3H, H-23); *C NMR (75 MHz, CDCls) & 173.0 (C-15),
155.1 (C-4, C-8), 151.4 (C-18), 151.1 (C-4, C-8), 132.3 (C-2, C-12), 131.9 (C-6, C-
14), 120.9 (C-5, C-9), 119.0 (C-3, C-11), 115.9 (C-1, C-13, 90.6 (C-19), 42.7 (C-10),
14.5 (C-23).; HRMS (ESI): m/z calculated for CigH13BroNzO, [M+H]: 461.94473;
found: 461.94568.
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Synthesis of (3-amino-5-methyl-1H-pyrazol-1-yl)(2,7-dibromo-9H-xanthen-9-
yl)methanone (MM57B)

0.384 g (1.0 mmol) of 2,7-dibromo-9H-xanthene-9-carboxylic (MM54) was added to a
25 mL round-bottom flask containing 5 mL of anhydrous CH,Cl,; and a magnetic stirrer
bar. While stirring, DIEA (0.35 mL, 2 mmol) and 3-amino-5-metil-1H-pirazole (0.117
g, 1.2 mmol) were added and the reaction was cooled to 0°C with an ice bath. After
10 min COMU (0.642 g, 1.5 mmol) was added, and the reaction was warmed up
slowly to rt and left overnight. The mixture was then diluted with CH-Cl. (40 mL) and
washed with 1 N HCI (2 x 10 mL), 1 N NaHCO3 (2 x 10mL) and brine (1 x 10 mL).
The organic phase was then dried with Na,SQO., filtered and the solvent evaporated.
The crude product was purified by silica gel flash chromatography (EtOAc/hexane
15:85). Compound MM57B was obtained as an off-white solid (133.6 mg, 29 %).

Compound MM57B: off-white solid (133.6 mg, 29 %); mp: 157 — 158 °C ; *H NMR
(300 MHz, CDCls) & 7.50 (d, J = 2.4 Hz, 2H, H-6, H-14), 7.37 (dd, J = 8.7, 2.4 Hz, 2H,
H-2, H-12), 7.04 (d, J = 8.7 Hz, 2H, H-3, H-11), 6.43 (s, 1H, H-10), 5.76 (s, 1H, H-21),
4.05 (br,s, 2H, H-19), 2.42 (s, 3H, H-25); 3C NMR (75 MHz, CDCls) 5 170.3 (C-15),
156.2 (C-20), 151.0 (C-4, C-8), 146.5 (C-22), 132.0 (C-2, C-12), 131.6 (C-6, C-14),
121.3 (C-5, C-9), 118.8 (C-3, C-11), 115.7 (C-1, C-13), 103.5 (C-21), 42.5 (C-10),
14.8 (C-25); HRMS (ESI): m/z calculated for C1gH13Br.NsO; [M+H]: 461.94473; found:
461.94491.
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Synthesis of N,N-bis(2-hydroxyethyl)-9H-xanthene-9-carboxamide (MM59B3)

0.294 g (1.3 mmol) of xanthene-9-carboxylic and 0.474 g (1.5 mmol) of BTFFH was
added to a 5 mL vial containing 3 mL of anhydrous THF and a magnetic stirrer bar.
While stirring under nitrogen atmosphere, DIEA (0.78 mL, 4.5 mmol) was added and
the reaction stand stirring. After 30 min, diethanolamine (0.10 mL, 1 mmol) was
added, the vial sealed, and the reaction was warmed up to 80°C and left for 4 h
(CAUTION: Heating THF at 80°C causes overpressure in the vial). The mixture was
then diluted with EtOAc (40 mL) and washed with water (2 x 10 mL) and brine (1 x
10 mL). The organic phase was then dried with Na.SO., filtered and the solvent
evaporated. The crude product was purified by silica gel flash chromatography (100
% EtOAc). Compound MM59B3 was obtained as a yellowish oil (294.7 mg, 94 %).

Compound MM59B3: yellowish oil (294.7 mg, 94 %); *H NMR (300 MHz, DMSO-ds)
07.34-7.21 (m, 4H, H-2, H-6, H-12, H-149), 7.16 — 7.01 (m, 4H, H-1, H-3, H-12, H-
13), 5.68 (s, 1H, H-10), 5.05 (t, J = 5.3 Hz, 1H, H-20), 4.70 (t, J= 5.0 Hz, 1H, H-23),
3.89 (t, J = 5.3 Hz, 2H, H-18), 3.68 (q, J = 5.3 Hz, 2H, H-19), 3.50 — 3.37 (M, 4H, H-
21, H-22); *C NMR (75 MHz, DMSO-dg) d 172.4 (C-15), 150.9 (C-4, C-8), 128.4 (C-
6, C-14), 128.3 (C-2, C-12), 123.2 (C-1, C-13), 121.0 (C-5, C-9), 116.3 (C-3, C-11),
59.3 (C-19), 58.6 (C-21), 51.3 (C-18), 48.5 (C-22), 39.2 (C-10).; HRMS (ESI): m/z
calculated for C1gH19BroNO4 [M+H]: 314.13869; found: 314.13919.
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Synthesis of tert-butyl (6-(9H-xanthene-9-carboxamido)hexyl)carbamate
(MM61B)

N

0.294 g (1.3 mmol) of xanthene-9-carboxylic and 0.474 g (1.5 mmol) of BTFFH was
added to a 5 mL vial containing 3 mL of anhydrous THF and a magnetic stirrer bar.
While stirring under nitrogen atmosphere, DIEA (0.78 mL, 4.5 mmol) was added, and
the reaction stand stirring. After 30 min, N-boc-1,6-hexanediamine (0.02 mL, 1 mmol)
was added, the vial sealed, and the reaction was warmed up to 80°C and left for 4 h
(CAUTION: Heating THF at 80°C causes overpressure in the vial). The mixture was
then diluted with EtOAc (40 mL) and washed with water (2 x 10 mL) and brine (1 x
10 mL). The organic phase was then dried with Na.SO., filtered and the solvent
evaporated. The crude product was purified by silica gel flash chromatography
(EtOAc/hexane 60:40). Compound MM61B was obtained as a white solid (415.3 mg,
98 %).

Compound MM61B: yellowish oil (294.7 mg, 94 %); *H NMR (300 MHz, DMSO-ds)
5 8.38 (t, J = 5.6 Hz, 1H, H-17), 7.34 — 7.23 (m, 4H, H-2, H-6, H-12, H-14), 7.16 —
7.03 (m, 4H, H-1, H-3, H-11, H-13), 6.77 (t, J = 5.8 Hz, 1H, H-24), 4.89 (s, 1H, H-10),
3.02 (q, J = 6.5 Hz, 2H, H-18), 2.87 (q, J = 6.6 Hz, 2H, H-23), 1.37 (s, 13H, H-19, H-
22, H-29, H-30, H-31), 1.22 (q, J = 3.7 Hz, 4H, H-20, H-21); 3C NMR (75 MHz, DMSO-
ds) 6 171.6 (C-15), 156.0 (C-25), 151.3 (C-4, C-8), 129.0 (C-6, C-14), 128.9 (C-2, C-
12), 123.7 (C-1, C-13), 120.8 (C-5, C-9), 116.8 (C-3, C-11), 77.8 (C-28), 45.5 (C-10),
29.9 (C-22), 29.4 (C-19), 28.7 (C-29, C-30, C-31), 26.4 (C-20, C-21).
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Synthesis of N-(6-aminohexyl)-9H-xanthene-9-carboxamide (MM63B)
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To a solution of tert-butyl (6-(9H-xanthene-9-carboxamido)hexyl)carbamate (MM61B,
0.042 g, 0.1 mmol) in CH2CI: at 0 °C was added trifluoroacetic acid (TFA) (0.02 mL,
0.3 mmol). The ice bath was removed and the reaction mixture was stirred at rt for 3
h. The solvents were removed in vacuo and the residue was diluted with CH.Cl>. The
mixture was then diluted with CHCI; (20 mL) and neutralized with NaOH 15%, washed
with water (2 x 10 mL and brine (1 x 10 mL). The organic phase was then dried with
Na2SO., filtered and the solvent evaporated. The solvent was removed in vacuo to
provide the product. Compound MM63B was obtained as an off-white solid (34.6 mg,
88 %).

Compound MM63B: off-white solid (34.6 mg, 88 %); mp: 142 — 143 °C; *H NMR (300
MHz, Methanol-ds) 5 7.34 — 7.22 (m, 4H, H-2, H-6, H-12, H-14), 7.15 — 7.03 (m, 4H,
H-1, H-3, H-11, H-13), 4.88 (s, 1H, H-10), 3.16 (t, J = 6.9 Hz, 2H, H-17), 5= 2.59 (t, J
= 7.1 Hz, 2H, H-22), 1.55 — 1.38 (m, 4H, H-18, H-21)), 1.33 — 1.24 (m, 4H, H-19, H-
20).; ¥C NMR (75 MHz, Methanol-ds) & 175.0 (C-15), 152.8 (C-4, C-8), 130.0 (C-6,
C-14),129.6 (C-2, C-12), 124.4 (C-3, C-11), 120.9 (C-5, C-9), 117.9 (C-1, C-13), 42.2
(C22) 40.4 (C-17), 33.2 (C-21), 30.3 (C-18), 27.6 (C-20), 27.5 (C-19); HRMS (ESI):
m/z calculated for CoH24N20, [M+H]: 325.19105; found: 325.19126.
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Synthesis of (2,7-bis(2,4-difluorophenyl)-9H-xanthen-9-
yl)(morpholino)methanone (MM68)
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0.136 g (0.3 mmol) of (2,7-dibromo-9H-xanthen-9-yl)(morpholino)methanone
(MM56), 0189g (1.2 mmol) of 2,4-difluorophenylboronic acid, 0.069g (0.06 mmol) of
tetrakis(triphenylphosphine)palladium(0) and 3 mmol of potassium carbonate (2.5 mL
of a 2M ag. solution) were added to a 10 mL vial containing 3 mL of sonicated THF
and a magnetic stirrer bar. The vial was sealed under nitrogen and placed in a 100 °C
oil bath and stirred for 3 h. The mixture was then diluted with CH>Cl> (40 mL) and
washed with 1 N HCI (2 x 10 mL), 1 N NaHCOs (2 x 10mL) and brine (1 x 10 mL).
The organic phase was then dried with Na>SOs, filtered and the solvent evaporated.
The crude product was purified by silica gel flash chromatography (EtOAc/hexane
20:80). Compound MM68 was obtained as a yellowish solid (143.9 mg, 92 %).

Compound MM68: yellowish solid (143.9 mg, 92 %).; mp: 187 — 188 °C ; 'H NMR
(300 MHz, DMSO-ds) 6 7.59 (td, J = 9.0, 6.6 Hz, 2H, H-6, H-14), 7.48 (dt, J=8.4, 1.9
Hz, 2H, H-2, H-12), 7.43 — 7.35 (m, 4H, H-23, H-26), 7.29 (d, J = 8.4 Hz, 2H, H-3, H-
11), 7.21 (tdd, J = 8.5, 2.6, 1.0 Hz, 2H, H-21, H-28), 5.78 (s, 1H, H-10), 4.02 (s, 2H,
H-38), 3.66 (s, 2H, H-37), 3.53 (s, 2H, H-35), 3.43 (s, 2H, H-34); 13C NMR (75 MHz,
DMSO-dg) 6 170.2 (C-15), 160.7 (C22, C-27), 157.5 (C-24, C-25), 150.9 (C-4, C-8),
131.8 (C-1, C-13), 129.4 (C-20, C-29), 129.2 (C-2, C-12), 128.7 (C-6, C-14), 123.9
(C-18, C-19), 120.9 (C-5, C-9), 116.9 (C-3, C-11), 112.3 and 112.1 (C-21, C-28),
105.0, 104.6 and 104. 3 (C-23, C-26), 66.2 (C-35, C-37), 46.4 (C-34), 42.6 (C-38).;
HRMS (ESI): m/z calculated for C3oH21F4NO3 [M+H]: 520.15303; found: 520.15287.
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Synthesis of 2,7-dibromo-N-(3-hydroxypropyl)-9H-xanthene-9-carboxamide
(MM73)

0.384 g (1.0 mmol) of 2,7-dibromo-9H-xanthene-9-carboxylic (MM54) was added to a
25 mL round-bottom flask containing 5 mL of anhydrous CH,Cl; and a magnetic stirrer
bar. While stirring, DIEA (0.35 mL, 2 mmol) and 3-amino-1-propanol (0.09 mL, 1.2
mmol) were added and the reaction was cooled to 0°C with an ice bath. After 10 min
COMU (0.642 g, 1.5 mmol) was added, and the reaction was warmed up slowly to rt
and left overnight. The crude product was directly purified by silica gel flash
chromatography (EtOAc/CH:CIl; 10:90). Compound MM73 was obtained as an off-
white solid (43.4.0 mg, 10 %).

Compound MM73: off-white solid (43.4.0 mg, 10 %).; mp: 274 °C ; 'H NMR (300
MHz, DMSO-dg) 8 8.41 (t, J = 5.6 Hz, 1H, H-16), 7.53 — 7.45 (m, 4H, H-2, H-6, H-12,
H-14), 7.13 (d, J = 8.6 Hz, 2H, H-13, H-11), 4.91 (s, 1H, H-10), 4.46 (t, J = 5.1 Hz, 1H,
H-21), 3.41 (s, 2H, under H,O signal, H-20), 3.11 (td, J = 6.8, 5.6 Hz, 2H, H-18), 1.56
(p, J = 6.8 Hz, 2H, H-19); 3C NMR (75 MHz, DMSO-dg) 8 170.7 (C-15), 150.4 (C-4,
C-8), 132.0 (C-6, C-14), 131.4 (C-2, C-12), 122.8 (C-5, C-9), 119.2 (C-3, C-11), 115.3
(C-1, C-13), 58.6 (C-20), 45.0 (C-10), 36.6 (C-18), 32.6 (C-19); HRMS (ESI): m/z
calculated for C17H15BroNOz [M+H]: 439.94915; found: 439.94924.
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Synthesis of 2,7-dibromo-N,N-bis(2-hydroxyethyl)-9H-xanthene-9-carboxamide
(MM74)

0.250g (0.65 mmol) of 2,7-dibromo-9H-xanthene-9-carboxylic (MM54) and 0.237 g
(0.75 mmol) of BTFFH were added to a 5 mL vial containing 3 mL of anhydrous THF
and a magnetic stirrer bar. While stirring under nitrogen atmosphere, DIEA (0.39 mL,
2.25 mmol) was added and the reaction stand stirring. After 30 min, diethanolamine
(0.05 mL, 0.5 mmol) was added, the vial sealed, and the reaction was warmed up to
80 °C and left for 4 h (CAUTION: Heating THF at 80 °C causes overpressure in the
vial). The mixture was directly purified by silica gel flash chromatography
(EtOAc/hexane 70:30). Compound MM74 was obtained as a yellowish oil (54.3 mg,
23 %).

Compound MM74: yellowish oil (54.3 mg, 23 %); *H NMR (300 MHz, Acetone-ds) d
7.63 (dd, J = 2.4, 0.8 Hz, 2H, H-6, H14), 7.45 (dd, J = 8.7, 2.4 Hz, 2H, H-2, H-12)),
7.09 (d, J = 8.7 Hz, 2H, H-3, H-11), 5.84 (s, 1H, H-10), 4.10 (t, J = 5.0 Hz, 2H, H-18),
3.96 — 3.87 (m, 2H, H-19), 3.66 (t, J = 5.4 Hz, 2H, H-22), 3.56 (t, J = 5.4 Hz, 2H, H-
21); BC NMR (75 MHz, Acetone-dg) 8 172.3 (C-15), 150.7 (C-4, C-8), 131.3 (C-2, C-
12), 131.0 (C-6, C-14), 123.3 (C-5, C-9), 118.5 (C-3, C-11), 114.9 (C-1, C-13), 59.9
(C-22), 58.7 (C-19), 51.9 (C-18), 49.1 (C-21), 39.6 (C-10). HRMS (ESI): m/z
calculated for C1gH17BroNO4 [M+H]: 469.95579; found: 469.93700.

3.5.2. Biological assays

3.5.2.1. Cytotoxicity, modulation of P-gp and FENTA

General information
SH-SY5Y neuroblastoma cell line (American Type Culture Collection, ATCC, Manassas,

Virginia); Dulbecco modified eagle medium, DMEM (Gibco, Lenexa, KS); Heat-inactivated
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fetal bovine serum FBS (PAN-Biotech, Germany); penicillin-streptomycin [10,000 U/mL
penicillin, 10 mg/mL streptomycin] (PAN-Biotech, Germany); Non-essential amino acids
(100x) without (w/0): L-Glutamine (PAN-Biotech, Germany); trypsin-
Ethylenediaminetetraacetic acid (EDTA) (0.25 %), phenol red (Gibco, Lenexa, KS); retinoic
Acid (RA) (Sigma-Aldrich, Germany); DMSO (Merck KGaA, Germany); Hank’s balanced
salt solution, HBSS, w/o: Ca?" and Mg?*, w/o: phenol red, w: 0.35 g/L NaHCO3; (PAN-
Biotech, Germany); zosuquidar (ZOS) hydrochloride (Sigma-Aldrich, Germany); rhodamine
123 (Sigma-Aldrich, Germany); HBSS, w: Ca?* and Mg?*, w/o: phenol red, w/o: NaHCO3;
(PAN-Biotech, Germany); triton X-100 (Sigma-Aldrich, Germany); FeCls (Sigma-Aldrich,
Germany); nitrilotriacetic acid (Sigma-Aldrich, Germany); tert-butyl hydroperoxide (Sigma-
Aldrich, Germany); phenazine methosulfate (Sigma-Aldrich, Germany); dichloro-
dihydrofluorescein diacetate (Abcam, UK); erastin (Merck KGaA, Germany); okadaic acid,
phosphatases 1 (PP1) and phosphatase-2A (PP2A) inhibitor (ab120375) (Abcam, UK);
beta-amyloid (25-35) (GenScript, UK); acetylcholinesterase Assay Kit (ab138871) (Abcam,
UK); microplate reader (Reader Synergy HT, BioTek, Vermont, US); t-25 cm? flasks; 96-

well plates; 24-well plates.

SH-SY5Y culture and differentiation

SH-SY5Y cells were culture to confluence in 25-cm? flasks containing DMEM culture
medium supplemented with 10% FBS, 1% penicillin—streptomycin and 1% non-essential
amino acids in a humid atmosphere of 5% CO; at 37° C. At day -1, cells were seeding at
density of 25,000 cells/cm?, in 96- or 24-well plates, according to the type of assay
performed, and the differentiation (day 0) was performed resorting to treatment with retinoic
acid at a final concentration of 10 uM in DMEM culture medium supplemented with 3% FBS,
1% penicillin—streptomycin and 1% non-essential amino acids. At day 7 of the differentiation

treatment, the cells were used in the experiments.

Compounds preparation

The compounds tested were previously weighed and dissolved in DMSO at 50 mM stock

solution.

Cytotoxicity evaluation

Experimental design

The effect of each compound at concentrations of 5, 10, 25, and 50 uyM on cell viability was
tested to determine the optimal concentration range for the next studies. From the stock
solution, the different concentrations were prepared in medium and the differentiated SH-
SY5Y cells (day 7), previously seeding in 96-well plates, were exposed and then incubated

for a period of 24 h at 37°C. Cells were divided into groups, in triplicate, treated with: (i)
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differentiation medium only (control) and (ii) differentiation medium containing the
increasing concentrations to be tested for each compound. Cell viability was measured

using MTT reduction and Neutral Red uptake assays.

MTT reduction assay

Cell viability was measured using MTT assay, 24 h following experimental treatment. A
solution of MTT at a final concentration of 0.5 mg/mL was prepared in medium (from 5
mg/mL stock solution) and 150 pyL was added to each well, after aspiration of the culture
medium from the exposure. The plate was incubated for an additional 1 h at 37°C. After
removal MTT medium, 150 pL of DMSO was added to each well and the OD was measured
at 550 nm using a microplate reader. The absorbance of the control group was considered
as 100 % of the cell viability.

Neutral red uptake assay

In addition, the complementary neutral red uptake assay was used to confirm the results. A
solution of neutral red at a final concentration of 50 ug/mL was prepared in medium (from
3,300 ug/mL stock solution) and 150 pyL was added to each well, after aspiration of the
culture medium from the exposure. The plate was incubated for an additional 1 h at 37 °C.
After removal neutral red medium, 150 yL of neutral red desorption solution (1% glacial
acetic acid solution, 50% EtOH, 49% distilled water) was added to each well and the OD
was measured at 540/590 nm using a microplate reader. The absorbance of the control

group was considered as 100% of the cell viability.

Modulation of P-gp activity

Reagent preparation

Z0S was prepared according to the manufacturer's instructions at 5 mM stock solution.
From the stock solution, a final concentration solution per well of 5 yM ZOS in HBSS (w:
Ca?" and Mg?") was prepared for the assay. Rhodamine 123 was prepared as well
according to the manufacturer's instructions at 20 mM stock solution. Then, from the stock
solution, a final concentration solution per well of 10 yM Rhodamine 123 in HBSS (w: Ca?*
and Mg?#*) was prepared. As a lysis solution, triton X-100 1% was prepared in in HBSS (w:
Ca?" and Mg?").

123



Experimental design

The effect of each compound at concentrations of 10 and 25 uyM on P-gp activity was tested
to classify the compounds into activators or inhibitors of their activity. From the stock
solution, the different concentrations to be tested of the compounds per well were prepared
in HBSS (w: Ca?* and Mg?") and the differentiated SH-SY5Y cells (day 7), previously
seeding in 24-well plates, were exposed by being divided into groups, in triplicate, treated
with: (i) 400 uL of HBSS (w: Ca?* and Mg?") (control in the absence of the P-gp inhibitor);
(i) 200 pL of HBSS (w: Ca?" and Mg?*) and 200 uL of HBSS (w: Ca?* and Mg?*) containing
the concentrations to be tested for each compound; (iii) 200 pL of HBSS (w: Ca?* and Mg?*)
and 200 uL of HBSS (w: Ca?" and Mg?*) containing ZOS (control under inhibition conditions)
and (iv) 200 pL of HBSS (w: Ca?" and Mg?*) containing ZOS and 200 uL of HBSS (w: Ca?
and Mg?*) containing the concentrations to be tested for each compound.

Upon removal of the differentiation medium, the cells were exposed to the previously
described conditions and incubated for 30 min at 37°C. Subsequently, 50 uL of HBSS (w:
Ca?" and Mg?") containing rhodamine 123 was added to all wells with the plate being
incubated for an additional 90 min at 37 °C. Consequently, after aspiration of the exposure
conditions, the cells were carefully washed twice with HBSS (w: Ca?* and Mg?*) and finally
400 pL of triton X-100 were added to each well. The plate was protected from the light by
covering it with aluminum foil and left at rt for 30 min with subsequent fluorescence intensity

reading at an excitation wavelength of 485 and emission wavelength of 528 nm.

Iron (Ill)-induced cytotoxicity (FENTA)

Reagent preparation

NTA stock solution was prepared at a concentration of 250 mM, pH 7,4. Afterwards, FeCls;
stock solution at a concentration of 100 mM was prepared in NTA and left to stabilize for at
least 15 minutes protected from light. From the FeNTA complex stock solution, a 50 mM
concentration solution was prepared in medium from which the concentrations to be tested

in the assay were prepared.

Experimental design

The effects of FeNTA complex at 100, 250, 500, 750, 1000 and 1500 uM at 24 hours were
previously evaluated in SH-SY5Y-differentiated cells. The optimal concentration of 500 and
1000 uM per well were selected based on the significant decrease in cell viability assessed

by the Neutral Red uptake assay.

The effect of the compounds and deferiprone at concentrations of 10 and 25 pM was

evaluated on attenuation of iron (lll)-induced cytotoxicity. From the stock solution, the
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different concentrations of the compounds to be tested per well were prepared in medium
and the differentiated SH-SY5Y cells (day 7), previously seeding in 96-well plates, were
exposed by being divided into groups, in triplicate, treated with: (i) 200 pL of differentiation
medium (control); (i) 100 pL of differentiation medium and 100 yL of each FeNTA
concentration to be tested; (iii) 100 uL of differentiation medium and 100 uL of each
compound concentration to be tested (control of every compound) and (iv) 100 yL of each

compound concentration and 100 pL of each FeNTA concentration to be tested.

Upon removal of the differentiation medium, the cells were pretreated with the different
compounds for 30 minutes at 37°C prior to addition of 500 and 1000 yM FeNTA in the
corresponding wells. Then, the cells were incubated for 24 hours, after which cell viability
was measured by the Neutral Red uptake assay.

Iron (lll)-chelating effects

The UV/Vis spectra were obtained in a methanolic solution with 1% DMSO at room
temperature using a path length of 1 cm on a HITACHI UH5300 spectrophotometer from
200 nm to 600 nm using the software HITACHI. The iron chelating effects were evaluated
according with a published protocol *°. Briefly, an intermediate solution of the compounds
in a concentration of 1.0 x 10 M was prepared in DMSO, which was used to prepare the
final solution in methanol in the following concentration 1.0 x 10* M. An intermediate
solution of FeCls, prepared in deionized water in the concentration of 0.1 M, was used to
prepare the final solution also in deionized water in the concentration of 1.0 x 103 M. Fifteen
additions of 33 uL of the iron (lll) solution were added to 2 mL of the compounds under
study.

3.5.2.2. CNS penetration: in vitro parallel artificial membrane permeability assay
(PAMPA)- BBB.

Prediction of the brain penetration was evaluated using a parallel artificial membrane
permeability assay (PAMPA) 38, Caffeine, enoxacine, hydrocortisone, desipramine,
ofloxacine, piroxicam, testosterone, promazine, verapamile, atenolol, phosphate
buffer saline solution at pH 7.4 (PBS), EtOH and dodecane were purchased from
Sigma, Acros organics, Merck, Aldrich and Fluka. The porcine polar brain lipid (PBL)
(catalog no. 141101) was from Avanti Polar Lipids. The donor plate was a 96-well
filtrate plate (Multiscreen® IP Sterile Plate PDVF membrane, pore size is 0.45 M,
catalog no. MAIPS4510) and the acceptor plate was an indented 96-well plate
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(Multiscreen®, catalog no. MAMCS9610) both from Millipore. Filter PDVF membrane
units (diameter 30 mm, pore size 0.45 ym) from Symta were used to filtered the
samples. A 96-well plate UV reader (Thermoscientific, Multiskan spectrum) was used
for the UV measurements. Quality control compounds (3-5 mg of caffeine, enoxacine,
hydrocortisone, desipramine, ofloxacine, piroxicam, testosterone, 12 mg of
promazine, and 25 mg of verapamile and atenolol] were dissolved in EtOH (1,000 uL).
100 Microlitres of this compound stock solution was taken and 1,400 pL of EtOH and
3,500 uL of PBS pH=7.4 buffer were added to reach 30% of EtOH concentration in
the experiment. These solutions were filtered. The acceptor 96-well microplate was
filled with 180 pL of PBS/EtOH (70/30). The donor 96-well plate was coated with 4 pL
of porcine brain lipid in dodecane (20 mg/mL) and after 5 min, 180 yL of each
compound solution was added. 1-2 mg of every compound to be determined their
ability to pass the brain barrier were dissolved in 1,500 uL of EtOH and 3,500 uL of
PBS pH=7.4 buffer, filtered and then added to the donor 96-well plate. Then the donor
plate was carefully put on the acceptor plate to form a “sandwich”, which was left
undisturbed for 2h and 30 min at 25 °C. During this time the compounds diffused from
the donor plate through the brain lipid membrane into the acceptor plate. After
incubation, the donor plate was removed. UV plate reader determined the
concentration of the compounds under assessment and the quality control
compounds in the acceptor and the donor wells. Every sample was analyzed at three
to five wavelengths, in 3 wells and in two independent runs. Results are given as the
mean [standard deviation (SD)] and the average of the two runs is reported. Ten
quality control compounds (previously mentioned) of known BBB permeability were

included in each experiment to validate the analysis set.
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Chapter 4 - Synthesis and
biological activity of benzhydryl
derivatives
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4.1. Introduction
4.1.1. Trypanosoma brucei and Human African Trypanosomiasis

Trypanosoma brucei is the causal agent of Human African Trypanosomiasis (HAT), a
vector-borne neglected disease transmitted by insects of Glossina genus, the tsetse fly 24¢
247 Also known as sleeping sickness, the disease is found in sub-Saharan Africa, where the
World Health Organization have been made efforts to eradicate the disease. Although a
significant reduction of infections have been accomplished (from about 25,000 cases in
1995 to about 1,000 cases in 2019) 2% HAT continues to be a life-threatening disease,
mostly for poor rural populations. The therapeutic arsenal to treat HAT is scarce, mainly
based on a few old drugs, and present some safety concerns and limited efficacy 246 247,
Hence, the development of a safe and efficacious drugs for the treatment of HAT would
represent a beneficial impact for populations suffering with this disease.

The urea and carbamate functionalities have been proved to represent important
functionalities in the development of antiparasitic agents 249252, For instance, Suramin (146,
Figure 49), a urea derivative, is used as an effective therapy during the early stage of

sleeping sickness caused by Trypanosoma brucei 2% 251,

Compound 148, an urea
analogue of the hit compound 2-(2-benzamido)ethyl-4-phenylthiazole (147), showed an ICsg
(T.brucei) of 9 nM with a SI > 18,000) (Figure 50) 2°2. Mebendazole (149, Figure 51) a
benzimidazole carbamate compound currently used in as a preventive chemotherapy agent
for soil-transmitted helminthiasis %3, has been proposed as an agent for other parasitic

infections, namely for trypanosomes 254 25,
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Figure 49. Suramin (146).
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Figure 50. Compound 147 and compound 148.
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Figure 51. Mebendazole (149).

Considering the above-mentioned information, novel urea and carbamates derivatives were
synthesized and their activity against T.brucei were assessed. Diphenylacetic acid (150)
was chosen as starting material, considering its structural similarity with the xanthene
moiety, though representing a more flexible structure and allowing to increase molecular
diversity on the library developed. Additionally, the benzhydryl moiety has been extensively
used in medicinal chemistry programs and proved to be able to provide several bioactive

compounds 256-260,

O+_OH

150

Figure 52. Diphenylacetic acid (150).

4.2. Synthesis of diphenylacetic acid derivatives

Diphenylacetic acid (150, Figure 52) was used as starting material for the synthesis of urea
and carbamate derivatives through continuous flow synthesis, applying the DPPA-mediated

Curtius rearrangement procedure (Scheme 22).

Continuous flow procedures have become a widely used technique in organic and medicinal
chemistry, allowing the application of old and novel chemistry in a safer, reproducible, and
scalable fashion 261, Moreover, this technique allows the application of in-line extraction and
purification procedures, improving automation on synthesis with several gains in a
laboratory of organic chemistry. Additionally, moving from batch to continuous chemical
processing is now an important goal for the pharmaceutical, specialty chemical, and flavor
and fragrance industries 2%2. In this work, following previous reports on the application of
continuous flow Curtius rearrangement and its significance in modern drug discovery 263264,
new benzhydryl carbamate and urea derivatives were synthetized through a continuous

DPPA-mediated Curtius rearrangement procedure.
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Scheme 22. DPPA-mediated Curtius rearrangement mechanism 265 266,

4.2.1. Synthesis of benzhydryl carbamates

Six benzhydryl carbamates were synthetized according to Scheme 23. In a general
procedure, a mixture of triethylamine (2 equiv.), the appropriate alcohol (3 equiv.),
diphenylacetic acid (1 equiv.) and diphenylphosphoryl azide (DPPA) (1 mmol) were
homogenized in 4 mL of toluene with stirring for 15 min. The obtained mixture flowed directly
into a continuous flow chemistry (CFC) reactor (10 mL volume). A total flow rate of 0.25
mL/min, equating to a reactor residence time of 40 min at a temperature of 105 °C, was
used to ensure complete conversion. The resulting flow stream was then collected to a
round bottom flask and the solvent evaporated. Silica gel flash chromatography allowed to
obtain the pure carbamate with an isolated yield of 59 — 80%. Table 11 summarizes the
compounds obtained and the corresponding isolated yield. Further details regarding

characterization data are provided in section 4.6. Experimental data.
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Scheme 23. Synthesis of benzhydryl carbamates through a continuous DPPA-mediated Curtius
rearrangement procedure.

Table 11. Benzhydryl carbamates obtained through a continuous DPPA-mediated Curtius
rearrangement procedure.

Startlng Alcohol Product Isolated yield
material (%)

0]

HN*O/\
o *

MM81

150 \/l\ HN)kO
66
o

HN)LOM
N 84
o SA®
MMo1
CF
CF3 HN)ko/J\CF3

Ho e, 80

4.2.2. Synthesis of benzhydryl ureas

Employing amines as nucleophile, six benzhydryl ureas were synthetized according to
Scheme 24. Distinctively from the previous scheme for the synthesis of carbamates, in this
time the nucleophile (amine) is not present in the solution flowed through the flow reactor.
This modification in the procedure was needed due to the reactivity of amines with the
intermediate acyl azide, leading to the formation of amides (Scheme 25) 267, Hence, for the
synthesis of ureas, the flow procedure was used to form the isocyanate intermediate. The

resulting flow stream was then collected to a round bottom flask containing the amine,
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allowing the formation of the urea derivative at rt. Silica gel flash chromatography allowed
to obtain the pure ureas with an isolated yield of 35 — 93%. Table 12 summarizes the
compounds obtained and the corresponding isolated yield. Further details regarding

characterization data are provided in section 4.6. Experimental data.
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Scheme 24. Synthesis of benzhydryl carbamates through a continuous DPPA-mediated Curtius
rearrangement procedure.
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Scheme 25. DPPA-mediated amide bond formation.
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Table 12. Benzhydryl ureas obtained through a continuous DPPA-mediated Curtius rearrangement

procedure.
Starting . Isolated
material Amine Product yield (%)
o)
ey
93
MM94
o}
HN*H/\/
HaN 73
MM95
N
C
N\\/N NH
/\
N 07 NH 83

150 N "
N J 0
MM97

NH 82

35

H2N4<:|

4.3. Flow versus batch assessment

In order to assess the impact on the reaction’s yield of the procedure used - continuous flow
or batch procedure - a comparative study was performed, assessing the yield obtained for
each of the twelve derivatives obtained. Table 13 and Table 14 depict the yield obtained in
the synthesis of the benzhydryl carbamates through flow and batch procedure. For the
synthesis of the benzhydryl carbamates, the quantity of unreacted starting material (SM)

(diphenyl acetic acid) present in the crude product was also quantified.
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Table 13. Yield obtained in the synthesis of the benzhydryl carbamates through flow and batch
procedures and unreacted SM.

Yield (%) Unreacted SM (%)
Entry Flow? Batch?P Flow? BatchaP
MM81 50 60 13 7
MM85 60 91 8 1
MM88 45 93 9 2
MM90 24 42 5 n.d.
MM91 57 78 5 n.d.
MM92 39 79 41 2

2Yield calculated from crude NMR using an internal standard
b i) toluene, DPPA, TEA, rt, 0.5 h; ii) 110 °C, 0.5 h; iii) alcohol, 110 °C, 2.0 h.
n.d.: not detected

Table 14. Yield obtained in the synthesis of the benzhydryl ureas through flow and batch
procedures.

Yield (%)
Entry Flow? Batch®P
MM94 89 97
MM95 71 96
MM96 51 98
MM97 82 85
MM98 78 96
MM99 67 74

aYield calculated from crude NMR using an internal standard
b i) toluene, DPPA, TEA, rt, 0.5 h; ii) 110 °C, 0.5 h; iii) amine, 110 °C, 2.0 h.
n.d.: not detected

Unexpectedly, it was observed that the flow procedure led to a lower yield comparing with
the batch procedure, for all the carbamate and urea derivatives synthetized. As previously
mentioned, the application of continuous flow techniques provides several advantages
regarding safety, reproducibility, and scalability comparing with the traditional batch
procedure. An improved reaction yield is also expected, considering the precise control over
the reaction conditions, namely temperature and stoichiometry. Nonetheless, in this

procedure such improved yield was not observed. In an attempt to understand the reasons
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for the results obtained, three possible causes were hypothesized as potential responsible

for the lowest performance of the flow technique:

1)

ii)

Unreacted SM: the first step of the Curtius rearrangement reaction is the
formation of the acyl azide, reacting the carboxylic acid group with DPPA. This
step was performed stirring at room temperature for 15 min at the flow procedure
and for 30 min at the batch procedure, and such difference in the reaction time
may have led to higher levels of unreacted starting material in the flow
procedure. However, as depicted in Table 13, with exception of MM92, a lower
percentage of unreacted diphenyl acetic acid is observed (bellow 13%), which
suggests that this should not be the single reason for the unsatisfactory yields
obtained in the flow procedure.

Incomplete conversion acyl azide -> isocyanate: the formation of the isocyanate
intermediate is a crucial step for the subsequent reaction with a nucleophile. An
incomplete conversion may also have impacted the yield obtained in flow,
namely due to insufficient temperature. Beyond the 5 °C difference used in flow
versus the batch procedure, considering that this conversion is exothermic, the
temperature in the batch procedure may be higher than 105°C, favoring the
conversion of the acyl azide in isocyanate and, consequently, the reaction yield.
Dimer formation (traces of water): as depicted in Scheme 22, the presence of
water in the reaction medium/system would lead to the formation of an amine;
thus, the amine will act as a nucleophile and react with another isocyanate
intermediate, forming a dimer connected by a urea group. The formation of this
by-product may be reduced in the batch procedure, once this is an open system,
allowing the water molecules to escape under temperature conditions above its

boiling point.

Further studies would allow to assess the impact of 1) residence time; 2) temperature; 3)

anhydrous conditions in the continuous flow Curtius rearrangement procedure, in order to

achieve an improved process for the synthesis of carbamate and urea derivatives.

Additionally, the integration of an automated flash chromatography system with the flow

reactor would provide the continuous synthesis and isolation of the desire products,

enhancing automation and scalability.
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4.4, Biological activity results and discussion
4.4.1. Activity against Trypanosoma brucei

The twelve compounds obtained - six carbamate and six urea derivatives - were assessed
regarding their potential to inhibit the growth of T.brucei. Additionally, and following previous
disclosures of xanthene derivatives with antitrypanosoma activity & 247, twenty-one
xanthene derivatives (described in Chapter 3) were also evaluated.

A stock solution of 10 mg/mL was prepared in DMSO, and the compounds were kept at -20
°C until the assay was performed. Then, a first assay was performed for a preliminary
minimum inhibitory concentration (MIC) determination, using concentrations ranging from
100 — 0.01 pg/mL (10-fold dilutions). Compounds were considered effective and advanced
to the I1Cso determination if MIC < 1 pg/mL. The dye used was Alamar blue, and the
fluorescence was measured in a BMG FLUOstar Omega (excitation: 544 nm, emission: 595
nm). The results obtained in the first assay are depicted in Table 15 and Table 16 for

xanthene derivatives and diphenylacetic acid derivatives, respectively.

Table 15. Preliminary MIC determination for T. brucei of xanthene derivatives.

Compound MIC MIC
(Hg/mL (M)
MM7B 10 36.6
MM29 100 471.1
MM30 100 340.9
MM32 100 338.6
MM36 10 355
MM42B 10 32.8
MM42C 100 327.5
MM43 100 352.9
MM46 10 37.4
MM48A 100 285.9
MM50 10 35.8
MM52 100 338.8
MM54 100 260.4
MM56B 10 22.1
MM57A 100 215.9
MM57B 100 215.9
MM59B3 100 319.1
MM63B 1 3.1
MM68 10 19.2
MM73 100 226.7
MM74 100 212.3
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Table 16. Preliminary MIC determination for T. brucei of diphenyl acetic acid derivatives.

Compound MIC MIC
(hg/mL) (M)
MM81 100 391.7
MM85 10 315
MM88 10 29.1
MM90 10 35.3
MM91 10 374
MM92 10 26.5
MM94 10 29.9
MM95 100 375.5
MM96 100 340.9
MM97 10 33.0
MM98 10 32.6
MM99 1 34

The urea derivative MM99, comprising a urea moiety with a terminal cyclopentane ring,
showed the best result in the in vitro assay performed, with a MIC = 3.4 pM. This compound
has a 8-fold improved activity comparing with the second most active compound — MM92 —
which contains a carbamate moiety with a 1,1,1,3,3,3-hexafluoro-2-methylpropane terminal.
MM99 is the only derivative comprising a terminal cycloalkane ring. Other compounds
comprising different terminal cycloalkane ring, with carbamate or urea moieties, should be
obtained in further studies in order to confirm if this moiety provides improved activity for T.

brucei.

Regarding the xanthene derivatives, MM63B showed to be the post potent derivative in this
series, with a MIC = 3.1 uM. These results are in line with prior studies, reporting interesting
activities of xanthenes comprising a carboxamide moiety with a long alkyl chain with a
terminal nitrogen ® 8. The next two most active compounds are MM68 and MM56,
xanthene carboxamides comprising a morpholine moiety in the central position of the
xanthene and substituted in positions 2,7 of the xanthene aromatic rings with bromo and
2,4-difluorophenyl, respectively. Together with the results from compound MM32 (xanthene
scaffold unsubstituted), it indicates that the inclusion of bromine in these positions of the
tricyclic moiety improves activity. Considering the results of MM68, the presence of a bulky

group also appears to be benefic (Figure 53).
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MM32 MM56 MM68
MIC= 338.6 (M) MIC= 22.1 (uM) MIC= 19.2 (M)

Figure 53. Comparison of the MIC of compounds MM32, MM56 and MM68.

Xanthene derivative MM63B and diphenyl acetic acid derivative MM99 were investigated in
an additional assay, for the determination of ICsy values against T. brucei, using
concentrations ranging from 3.2 — 0.05 pg/mL (2-fold dilutions). The dye used was Alamar
blue, and the fluorescence was measured in a BMG FLUOstar Omega (excitation: 544 nm,

emission: 595 nm). The results are depicted in Table 17.

Table 17. Determination of ICso for for T. brucei.

ICso ICso

Compound
P (Hg/mL) (HM)
MM63B 2.346 = 0.467 7.2
MM99 0.318 + 0.097 1.1

Compounds MM63B and MM99 showed interesting values of ICso, of 7.2 pM and 1.1 pM,
respectively, against T. brucei. Hence, in other to assess the safety of these compounds,
their cytotoxicity was evaluated and the selectivity index (SI) calculated. ICso in HelLa cells
was determined, using concentrations ranging from 100 — 1.5 pg/mL (2-fold dilutions). The
dye used was Alamar blue, and the fluorescence was measured in a BMG FLUOstar
Omega (excitation: 544 nm, emission: 595 nm). Selectivity index was calculated through
the ratio ICso (HeLa cells) / ICso (T. brucei). Table 18 and Table 19 depict the results
obtained.

Table 18. MIC determination for HelLa cells.

Compound MIC MIC
(pg/mL) (uM)

MM63B 100 308.2
MM99 100 339.7
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Table 19. Determination of ICso for HeLa cells and selectivity index.

ICso ICs0 Selectivity
Compound (pg/mL) (LM) index
MM63B 3.38 6.508 0.9
MM99 57.64 >100 181.4

Compound MM63 showed an ICso of 3.38 pg/mL for HelLa cells. Considering the results
obtained for T. brucei, it results to an undesired selectivity index below 1, showing that
compound MM63 does not represent a suitable compound for further studies once it
possesses cytotoxic issues. On the other side, compound MM99 showed an ICsy of 57.64
pg/mL for Hela cells, representing a selectivity index for T. brucei of 181.4. These results
shows that compound MM99 has an adequate selectivity for T. brucei parasite comparing
with HelLa cells, indicating a potential suitability for administration without causing
cytotoxicity issues. Hence, compound MM99 was chosen for an in vivo assay, to study the
tolerability in a BALB/c mice, at doses as high as 150 mg/kg, according to the scheme in
Table 20.

Table 20. Application scheme of compound MM99 in BALB/c mice for tolerability study.

Tim(?h;;oint Dose applied (mg/kg) ~ Cumulative dose
0 20 20
2 30 50
4 50 100
6 50 150

Compound MM99 showed to be well tolerated at the cumulative dose of 150 mg/kg. Hence,
considering the preliminary results regarding cytotoxicity and efficacy obtained, compound
MM99 will be further study in a in vivo model to assess its in vivo efficacy. These results will
allow to confirm the results obtained in vitro and support the further development of the
compound, namely move on to a hit-to-lead optimization process, to improve their
pharmacodynamic and pharmacokinetic properties. Additionally, studies regarding the
molecular target should be performed, namely, assessing the impact of the compounds on
trypanothione reductase, a vulnerable target for drugs that disrupt the natural redox defense

systems of the parasite 25,
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4.5. Conclusion

In summary, six carbamate and six urea derivatives comprising a benzhydryl moiety were
obtained, through a straightforward process employing continuous flow synthesis and
DPPA-mediated Curtius rearrangement. The compounds herein obtained, as well as
twenty-one xanthene derivatives described in the previous chapter were assessed
regarding their ability to inhibit T. brucei growth. The urea derivative MM99 showed the most
promising result in the in vitro assay performed, with an ICso = 1.1 uM and a selectivity index
of 181.4. Additionally, this compound showed to be well tolerated in an in vivo assay, at the
cumulative dose of 150 mg/kg. Further modifications on the urea MM99, namely adding
substituents to the cyclopentane ring and/or on the aromatic rings, would provide additional

information on the structure activity of this class of compounds.

4.6. Experimental data
4.6.1. Chemical synthesis and characterization

4.6.1.1. General information

All reagents and solvents were purchased from TCI (Tokyo Chemical Industry Co. Ltd.,
Chuo-ku, Tokyo, Japan), Acros Organics (Geel, Belgium), Sigma-Aldrich (Sigma-Aldrich
Co. Ltd., UK), or Alfa Aesar (Thermo Fisher GmbH, Kandel, Germany) and were used
directly without any further purification. All reactions were monitored by Thin-layer
chromatography (TLC), carried out on Merck silica gel 60 (GF254) precoated plates by
using appropriate mobile phases. Purification of the synthesized compounds was usually
performed by flash column chromatography using Merck silica gel 60 (0.040—0.063 mm).
Melting points (mp) were measured by using a Kofler microscope (Wagner and Munz,
Munich, Germany) equipped with a Crison TM 65 (Crison Instruments, Barcelona, Spain)
and were uncorrected. *H and 3C NMR spectra were taken in CDCl; or [Ds]DMSO (Deutero
GmbH, Kastellaun, Germany) at rt on 400 MHz instrument. *C-NMR spectra were recorded
on the same instruments (100 MHz). Chemical shifts are expressed in relative to
tetramethylsilane (TMS) as an internal reference.’*C-NMR assignments were made by 2D
HSQC and HMBC experiments. For the assignment of each signal to the corresponding
proton or carbon, it was considered the automatic numeration provided by MestReNova®,
as provided in Annex 1. Continuous flow experiments were performed on a Vapourtec

easy-Scholar E-Series flow reactor system, comprising a 10 mL volume reactor.
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4.6.1.2. Synthesis, purification and structural characterization

Synthesis of ethyl benzhydrylcarbamate (MM81)

A mixture of triethylamine (0.14 mL, 1 mmol), absolute EtOH (0.09 mL, 1.5 mmol),
diphenylacetic acid (161) (0.106 g, 0.5 mmol) and DPPA (0.138g, 0.5 mmol) were
homogenized in 4 mL of toluene with stirring for 15 min. The obtained mixture flowed
directly into a CFC reactor (10 mL volume). A total flow rate of 0.25 mL/min, equating
to a reactor residence time of 40 min at a temperature of 105 °C, was used to ensure
complete conversion. The resulting flow stream was then collected to a round bottom
flask and the solvent evaporated. The crude product was purified by silica gel flash
chromatography (EtOAc/hexane 10:90). Compound MM81 was obtained as a beige
powder (63.9 mg, 50 %).

Compound MM81: white powder (63.9 mg, 50 %); mp: 127 — 128 °C; *H NMR (400
MHz, CDCls) & 7.38 — 7.20 (m, 10H, H-1 — H-4, H-6, H-9 — H13), 5.96 (s, 1H, H-7),
5.28 (s, 1H, H-14), 4.13 (q, J = 7.1 Hz, 2H, H-18), 1.30 — 1.18 (m, 3H, H-19); 3C NMR
(101 MHz, CDCls) 6 156.0 (C-15), 142.0 (C-5, C-8), 128.8 (C-1, C-3, C-10, C-12),
127.6 (C-2, C-11), 127.4 (C-4, C-6, C-9, C-13), 61.3 (C-18), 58.9 (C-7), 14.7 (C-19).
; HRMS (ESI): m/z calculated for C16H17NO> [M+Na*]: 278.11515; found: 278.11800.
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Synthesis of benzyl benzhydrylcarbamate (MM85)

Hﬁ/w\o/m\ﬁ/z\zr
| 16
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A mixture of triethylamine (0.14 mL, 1 mmol), benzyl alcohol (0.21 mL, 1.5 mmol),
diphenylacetic acid (161) (0.106 g, 0.5 mmol) and DPPA (0.138g, 0.5 mmol) were
homogenized in 4 mL of toluene with stirring for 15 min. The obtained mixture flowed
directly into a CFC reactor (10 mL volume). A total flow rate of 0.25 mL/min, equating
to a reactor residence time of 40 min at a temperature of 105 °C, was used to ensure
complete conversion. The resulting flow stream was then collected to a round bottom
flask and the solvent evaporated. The crude product was purified by silica gel flash
chromatography (EtOAc/hexane 10:90). Compound MM85 was obtained as a white
powder (93.0 mg, 59 %).

Compound MM85: white powder (93.0 mg, 59 %); mp: 99 — 100 °C; 'H NMR (400
MHz, CDCl3) 6 7.39 — 7.21 (m, 15H, (H-1 — H-4, H-6, H-7, H-10 — H-13, H-20 — H-24),
5.99 (d, J = 8.1 Hz, 1H, H-9), 5.40 (s, 1H, H-14), 5.12 (s, 2H, H-18); 3C NMR (101
MHz, CDCls) & 155.6 (C-15), 141.6 (C-5, C-8), 136.3 (C-19), 128.8 (C-21, C-23),
128.7 (C-1, C-3,C-10, C-12, 128.5 (C-20, C-24), 127.8 (C-22) , 127.5 (C-2, C-11),
127.2 (C-4, C-6, C-9, C-13), 67.0 (C-18), 58.8 (C-9); HRMS (ESI): m/z calculated for
C21H1sNO, [M+Na*]: 340.13080; found: 340.13448.
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Synthesis of cinnamyl benzhydrylcarbamate (MM88)

A mixture of triethylamine (0.14 mL, 1 mmol), trans-cinnamyl alcohol (0.205 g,1.5
mmol), diphenylacetic acid (161) (0.106 g, 0.5 mmol) and DPPA (0.138g, 0.5 mmol)
were homogenized in 4 mL of toluene with stirring for 15 min. The obtained mixture
flowed directly into a CFC reactor (10 mL volume). A total flow rate of 0.25 mL/min,
equating to a reactor residence time of 40 min at a temperature of 105 °C, was used
to ensure complete conversion. The resulting flow stream was then collected to a
round bottom flask and the solvent evaporated. The crude product was purified by
silica gel flash chromatography (EtOAc/hexane 10:90). Compound MM88 was
obtained as a white powder (54.0 mg, 31 %).

Compound MM88: white powder (54.0 mg, 31 %); mp: 119 — 120 °C ; 'H NMR (400
MHz, CDCls) 6 7.44 — 7.19 (m, 15H, H-1 — H-4, H-6, H-9 — H-13, H-22 — H-26), 6.64
(d, J=15.8 Hz, 1H, H-20), 6.29 (d, J = 15.8 Hz, 1H, H-19), 6.00 (d, J = 8.1 Hz, 1H, H-
7),5.39 (s, 1H, H-14), 4.75 (dd, J = 6.3, 1.4 Hz, 2H, H-18); 13C NMR (101 MHz, CDCls)
0 155.5 (C-15), 141.7 (C-5, C-8), 136.3 (C-21), 133.8 (C-20), 128.7 (C-1, C-3, C-10,
C-12), 128.6 (C-23, C-25), 128.0 (C-24), 127.5 (C-2, C-11), 127.3 (C-4, C-6, C-9, C-
13, 126.6 (C-22, C-26), 123.7 (C-19), 65.7 (C-18), 58.9 (C-7); HRMS (ESI): m/z
calculated for Cz3H21NO2 [M+ Na*]: 366.14645; found: 366.15081.
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Synthesis of sec-butyl benzhydrylcarbamate (MM90)

A mixture of triethylamine (0.28 mL, 1 mmol), 2-butanol (0.28 mL, 3 mmol),
diphenylacetic acid (161) (0.212 g, 1 mmol) and DPPA (0.275 g, 1 mmol) were
homogenized in 4 mL of toluene with stirring for 15 min. The obtained mixture flowed
directly into a CFC reactor (10 mL volume). A total flow rate of 0.25 mL/min, equating
to a reactor residence time of 40 min at a temperature of 105 °C, was used to ensure
complete conversion. The resulting flow stream was then collected to a round bottom
flask and the solvent evaporated. The crude product was purified by silica gel flash
chromatography (EtOAc/hexane 10:90). Compound MM90 was obtained as a white
powder (193.7 mg, 66 %).

Compound MM90: white powder (193.7 mg, 66 %); mp: 70 — 71 °C ; *H NMR (400
MHz, CDCls) 6 7.37 — 7.19 (m, 10H, H-1 — H-4, H-6, H-9 — H-13), 5.96 (s, 1H, H-7),
5.25 (s, br, 1H, H-14), 4.76 (h, J = 6.3 Hz, 1H, H-18), 1.51 (s, 2H, H-20), 1.20 (s, 3H,
H-19), 0.89 (s, 3H, H-21); 13C NMR (101 MHz, CDCls) & 155.7 (C-15), 141.9 (C-5, C-
8), 128.6 (C-1, C-3, C-10, C-12), 127.4 (C-2, C-11), 127.2 (C-4, C-6, C-9, C-13), 58.8
(C-7), 29.0 (C-20), 19.7 (C-19), 9.6 (C-21) ; HRMS (ESI): m/z calculated for
CisH21NO; [M+ Na*]: 306.14645; found: 306.14974.
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Synthesis of allyl benzhydrylcarbamate (MM91)

A mixture of triethylamine (0.28 mL, 2 mmol), allyl alcohol (0.20 mL, 3 mmaol),
diphenylacetic acid (161) (0.212 g, 1 mmol) and DPPA (0.275 g, 1 mmol) was
homogenized in 4 mL of toluene with stirring for 15 min. The obtained mixture flowed
directly into a CFC reactor (10 mL volume). A total flow rate of 0.25 mL/min, equating
to a reactor residence time of 40 min at a temperature of 105 C, was used to ensure
complete conversion. The resulting flow stream was then collected to a round bottom
flask and the solvent evaporated. The crude product was purified by silica gel flash
chromatography (EtOAc/hexane 10:90). Compound MM91 was obtained as a white
powder (224.3 mg, 84 %).

Compound MM91: white powder (224.3 mg, 84 %); mp: 72 °C ; 'H NMR (400 MHz,
CDCls) 6 7.38 — 7.22 (m, 10H, H4 — H-6, H-7 — H13), 5.98 (d, J = 9.5 Hz, 1H, H-9),
5.91 (s, 1H, H-19), 5.45 — 5.24 (m, 2H, H-20), 5.21 (d, J = 9.5 Hz, 1H, H-14), 4.59 (dt,
J=5.6, 1.4 Hz, 2H, H-18); *C NMR (101 MHz, CDCls) & 155.4 (C-15), 141.7 (C-5, C-
8), 132.7 (C-19), 128.7 (C-1, C-3, C-10, C-12), 127.5 (C-2, C-12), 127.2 (C-4, C-6, C-
7, C-13), 117.9 (C-20), 65.8 (C-18), 58.8 (C-9) ; HRMS (ESI): m/z calculated for
C17H17NO; [M+ Na*]: 290.11515; found: 290.11789.
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Synthesis of 1,1,1,3,3,3-hexafluoropropan-2-yl benzhydrylcarbamate (MM92)

A mixture of triethylamine (0.28 mL, 2 mmol), 1,1,1,3,3,3-hexafluoro-2-propanol (0.32
mL, 3 mmol), diphenylacetic acid (161) (0.212 g, 1 mmol) and DPPA (0.275 g, 1 mmol)
were homogenized in 4 mL of toluene with stirring for 15 min. The obtained mixture
flowed directly into a CFC reactor (10 mL volume). A total flow rate of 0.25 mL/min,
equating to a reactor residence time of 40 min at a temperature of 105 °C, was used
to ensure complete conversion. The resulting flow stream was then collected to a
round bottom flask and the solvent evaporated. The crude product was purified by
silica gel flash chromatography (EtOAc/hexane 5:95). Compound MM92 was
obtained as a white powder (321.8 mg, 80 %).

Compound MM92: white powder (321.8 mg, 80 %); mp: 108 — 109 °C; *H NMR (400
MHz, CDCl3) 6 7.39 — 7.21 (m, 10H, H-4 — H-6, H-7 — H13), 5.98 (d, J = 7.8 Hz, 1H,
H-9), 5.76 — 5.62 (m, 2H, H-14, H-18).; *3C NMR (101 MHz, CDCl3) d 151.7 (C-15),
140.2 (C-5, C-8), 128.9 (C-1, C-3, C-10, C-12), 128.0 (C-2, C-11), 127.1 (C-4, C-6,
C-7, C-13), 122.0 and 119.1 (C-19, C-13), 68.1, 67.8 and 67.4 (C-18), 59.6 (C-9) ;
HRMS (ESI): m/z calculated for C17H13FsNO2 [M+ Na*]: 400.07427; found: 400.07979.

146



Synthesis of 1-benzhydryl-3-(4-fluorobenzyl)urea (MM94)

A mixture of triethylamine (0.28 mL, 2 mmol), diphenylacetic acid (161) (0.212 g, 1
mmol) and DPPA (0.275 g, 1 mmol) were homogenized in 4 mL of toluene with stirring
for 15 min. The obtained mixture flowed directly into a CFC reactor (10 mL volume).
A total flow rate of 0.25 mL/min, equating to a reactor residence time of 40 min at a
temperature of 105 °C, was used to ensure complete conversion. The resulting flow
stream was then collected to a round bottom flask containing 4-fluorobenzylamine
(0.34 mL, 3 mmol) solubilized in 2 mL of toluene. After stirring for 15 min at rt the
solvent was evaporated. The crude product was purified by silica gel flash
chromatography (EtOAc/hexane 30:70). Compound MM94 was obtained as yellowish
powder (313.4 mg, 93 %).

Compound MM94: white powder (313.4 mg, 93 %); mp: 138 — 140 °C; *H NMR (400
MHz, DMSO-dg) 6 7.34 — 7.17 (m, 12H, H-1 — H-4, H-6, H9 — H-13, H-20, H-24), 7.13
—7.06 (m, 2H, H-21, H-23), 6.99 (d, J = 8.6 Hz, 1H, H-14), 6.38 (t, J = 6.1 Hz, 1H, H-
16), 5.90 (d, J = 8.6 Hz, 1H, H-7), 4.19 (d, J = 6.1 Hz, 2H, H-18); 13C NMR (101 MHz,
DMSO-ds) 8 162.7 and 160.3 (C-22), 157.7 (C-15), 144.1 (C-5, C-8), 137.4 (C-19),
129.4 and 129.3 (C-20, C-24), 128.8 (C-1, C-3, C-10, C-12), 127.4 (C-2, C-11), 127.2
(C-4, C-6, C-9, C-13), 115.5 and 115.3 (C-21, C-23), 57.4 (C-7) , 42.6 (C-18).
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Synthesis of 1-benzhydryl-3-(4-fluorobenzyl)urea (MM95)
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A mixture of triethylamine (0.28 mL, 2 mmol), diphenylacetic acid (161) (0.212 g, 1
mmol) and DPPA (0.275 g, 1 mmol) were homogenized in 4 mL of toluene with stirring
for 15 min. The obtained mixture flowed directly into a CFC reactor (10 mL volume).
A total flow rate of 0.25 mL/min, equating to a reactor residence time of 40 min at a
temperature of 105 °C, was used to ensure complete conversion. The resulting flow
stream was then collected to a round bottom flask containing allylamine (0.23 mL, 3
mmol) solubilized in 2 mL of toluene. After stirring for 15 min at rt the solvent was
evaporated. The crude product was purified by silica gel flash chromatography
(EtOAc/hexane 30:70). Compound MM95 was obtained as a white powder (195.6 mg,
73 %).

Compound MM95: white powder (195.6 mg, 73 %); mp: 132 °C; *H NMR (400 MHz,
CDCls) § 7.34 — 7.18 (m, 10H, H-1 — H-4, H-6, H-9 — H-13), 5.92 (d, J = 7.1 Hz, 1H,
H-7), 5.76 (ddt, J = 17.2, 10.5, 5.7 Hz, 1H, H-19), 5.35 (d, J = 7.1 Hz, 1H, H-14), 5.11
—4.98 (m, 2H, H-20), 4.75 (t, J = 5.7 Hz, 1H, H-16), 3.71 (tt, J = 5.7, 1.8 Hz, 2H, H-
18); 3C NMR (101 MHz, CDCls) 8 157.4 (C-15), 142.2 (C-5, C-8), 135.2 (C-19), 128.6
(C-1, C-3, C-10, C-12), 127.4 (C-2, C-11) 127.3 (C-4, C-6, C-9, C-13), 115.5 (C-20),
58.5 (C-7), 42.9 (C-18). ; HRMS (ESI): m/z calculated for Ci7H1sN2O [M+ Na'l:
289.13113; found: 289.13429.
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Synthesis of 1-benzhydryl-3-(4H-1,2,4-triazol-4-yl)urea (MM96)

A mixture of triethylamine (0.28 mL, 2 mmol), diphenylacetic acid (161) (0.212 g, 1
mmol) and DPPA (0.275 g, 1 mmol) was homogenized in 4 mL of toluene with stirring
for 15 min. The obtained mixture flowed directly into a CFC reactor (10 mL volume).
A total flow rate of 0.25 mL/min, equating to a reactor residence time of 40 min at a
temperature of 105 °C, was used to ensure complete conversion. The resulting flow
stream was then collected to a round bottom flask containing 4-amino-4H-1,2,4-
triazole (0.255 g, 3 mmol) solubilized in 2 mL of toluene. After stirring for 15 min at rt
the solvent was evaporated. The crude product was purified by silica gel flash
chromatography (MeOH/EtOAc 10:90). Compound MM96 was obtained as a white
powder (244.1 mg, 83 %).

Compound MM96: white powder (244.1 mg, 83 %); mp: 230 °C; *H NMR (400 MHz,
DMSO-ds) 5 9.49 (s, 1H, H-16), 8.57 (s, 2H, H-19, H-22), 8.16 (d, J = 8.6 Hz, 1H, H-
14), 7.37 - 7.19 (m, 10H, H-4 — H-6, H-9 — H-13), 5.97 (d, J = 8.6 Hz, 1H, H-7); *C
NMR (101 MHz, DMSO-ds) & 156.0 (C-15), 145.1 (C-19, C-22), 143.0 (C-5, C-8),
128.9 (C-1, C-3, C-10, C-12), 127.6 (C-4, C-6, C-9, C-13), 127.5 (C-2, C-11), 57.6 (C-
7).
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Synthesis of 1-benzhydryl-3-(pyridin-3-yl)urea (MM97)

2¢ 20\

A mixture of triethylamine (0.28 mL, 2 mmol), diphenylacetic acid (161) (0.212 g, 1
mmol) and DPPA (0.275 g, 1 mmol) was homogenized in 4 mL of toluene with stirring
for 15 min. The obtained mixture flowed directly into a CFC reactor (10 mL volume).
A total flow rate of 0.25 mL/min, equating to a reactor residence time of 40 min at a
temperature of 105 °C, was used to ensure complete conversion. The resulting flow
stream was then collected to a round bottom flask containing 3-aminopyridine (0.285
g, 3 mmol) solubilized in 2 mL of toluene. After stirring for 15 min at rt the solvent was
evaporated. The crude product was purified by silica gel flash chromatography
(EtOAc/hexane 80:20). Compound MM97 was obtained as a white powder (258.3 mg,
84 %).

Compound MM97: white powder (258.3 mg, 84 %); mp: 173 — 174 °C; *H NMR (400
MHz, DMSO-ds) d 8.62 (s, 1H, H-16), 8.50 (d, J = 2.7 Hz, 1H, H-23)), 8.10 (dd, J =
4.6, 1.5 Hz, 1H, H-21), 7.86 (ddd, J = 8.3, 2.6, 1.5 Hz, 1H, H-19), 7.38 — 7.19 (m, 12H,
H-1 — H-4, H-6, H-9 — H-14, H-20), 5.96 (d, J = 8.0 Hz, 1H, H-7); 3C NMR (101 MHz,
DMSO-ds) 6 154.7 (C-15), 143.4 (C-5, C-8), 142.8 (C-21), 139.9 (C-23), 137.3 (C-18),
129.0 (C-1, C-3, C-10, C-12), 127.5 (C-2, C-11), 127.4 (C-4, C-6, C-9, C-13), 124.8
(C-19), 124.0 (C-20), 57.4 (C-7); HRMS (ESI): m/z calculated for C1oH17NzO [M+ Na*]:
304.14444; found: 304.14764.
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Synthesis of 1-benzhydryl-3-(furan-2-ylmethyl)urea (MM98)

A mixture of triethylamine (0.28 mL, 2 mmol), diphenylacetic acid (161) (0.212 g, 1
mmol) and DPPA (0.275 g, 1 mmol) was homogenized in 4 mL of toluene with stirring
for 15 min. The obtained mixture flowed directly into a CFC reactor (10 mL volume).
A total flow rate of 0.25 mL/min, equating to a reactor residence time of 40 min at a
temperature of 105 °C, was used to ensure complete conversion. The resulting flow
stream was then collected to a round bottom flask containing furfurylamine (0.26 mL,
3 mmol) solubilized in 2 mL of toluene. After stirring for 15 min at rt the solvent was
evaporated. The crude product was purified by silica gel flash chromatography
(EtOAc/hexane 20:80). Compound MM98 was obtained as a white powder (254.0 mg,
82 %).

Compound MM98: white powder (254.0 mg, 82 %); mp: 131 — 132 °C; *H NMR (400
MHz, DMSO-ds) 6 7.53 (dd, J = 1.9, 0.9 Hz, 1H, H-22), 7.34 — 7.16 (m, 10H, H-1 — H-
4, H-6, H-9 — H-13), 6.94 (d, J = 8.5 Hz, 1H, H-14), 6.35 (dd, J = 3.2, 1.9 Hz, 1H, H-
21), 6.27 (t, J = 5.8 Hz, 1H, H-16), 6.16 (dq, J = 3.2, 0.9 Hz, 1H, H-20), 5.89 (d, J =
8.5 Hz, 1H, H-7), 4.19 (dd, J = 5.8, 0.9 Hz, 2H, H-18); 13C NMR (101 MHz, DMSO-ds)
0 157.3 (C-15), 153.9 (C-19), 144.0 (C-5, C-8), 142.4 (C-22), 128.8 (C-1, C-3, C-10,
C-12), 127.3 (C-4, C-6, C-9, C-13), 127.2 (C-2, C-11), 110.8 (C-21), 106.7 (C-20),
57.3 (C-7), 36.8 (C-18). ; HRMS (ESI): m/z calculated for CigH1gN2O2> [M+ H]:
307.14410; found: 307.14727.
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Synthesis of 1-benzhydryl-3-cyclopentylurea (MM99)
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A mixture of triethylamine (0.28 mL, 2 mmol), diphenylacetic acid (161) (0.212 g, 1
mmol) and DPPA (0.275 g, 1 mmol) was homogenized in 4 mL of toluene with stirring
for 15 min. The obtained mixture flowed directly into a CFC reactor (10 mL volume).
A total flow rate of 0.25 mL/min, equating to a reactor residence time of 40 min at a
temperature of 105 °C, was used to ensure complete conversion. The resulting flow
stream was then collected to a round bottom flask containing cyclopentylamine (0.30
mL, 3 mmol) solubilized in 2 mL of toluene. After stirring for 15 min at rt the solvent
was evaporated. The crude product was purified by silica gel flash chromatography
(EtOAc/hexane 30:70). Compound MM99 was obtained as a white powder (137.0 mg,
35 %).

Compound MM99: white powder (137.0 mg, 35 %); mp: 163 °C; *H NMR (400 MHz,
DMSO-dg) 6 7.38 — 7.13 (m, 10H, H-1 — H-4, H-6, H-9 — H-13), 6.65 (d, J = 8.5 Hz,
1H, H-14), 5.91 - 5.81 (m, 2H, H-7, H-16), 3.86 — 3.79 (m, 1H, H-18), 2.00 — 1.72 (m,
2H, H-20, H-21), 1.76 — 1.55 (m, 2H, H-19, H-22), 1.59 — 1.40 (m, 2H, H-20, H-21),
1.32 - 1.19 (m, 2HH-19, H-22); **C NMR (101 MHz, DMSO-dg) 8 157.3 (C-15), 144.3
(C-5, C-8), 128.8 (C-1, C-3, C-10, C-12), 127.3 (C-4, C-6, C-9, C-13), 127.1 (C-2, C-
11), 57.2 (C-7), 51.4 (C-18), 33.5 (C-19, C-22), 23.6 (C-20, C-21). ; HRMS (ESI): m/z
calculated for C19H22N2O [M+ H*]: 295.18049; found: 295.18396.
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4.6.2. Biological assays

4.6.2.1. Activity against Trypanosoma brucei
T. brucei culturing and evaluation of trypanocidal activity

Bloodstream form T. brucei (strain 221) were cultured at 37 °C in modified HMI9 medium
supplemented with 5% fetal calf serum. Trypanocidal activity was assessed by growing
parasites in the presence of various concentrations of the novel compounds and
determining the levels which inhibited growth by 50% (ICso). T. brucei in the logarithmic
phase of growth were diluted back to 2.5x10%mL and aliquoted into 96-well plates. The
compounds were then added at a range of concentrations and the plates incubated at 37
°C. Each drug concentration was tested in triplicate. Resazurin was added after 48 h and
the plates incubated for a further 16 h and the plates then read in BMG FLUOstar Omega
plate reader. Results were analysed using GraphPad Prism.
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Chapter 5 — General conclusions
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Xanthenes represents an important scaffold in Medicinal Chemistry and their synthesis and
biological activity are being extensive explored. A comprehensive review of the synthesis
strategies of xanthene derivatives and their biological activities was included in Chapter I.
Concerning synthesis, one strategy commonly used is the one-step conjugation of simple
building blocks, namely phenols, aldehydes, and benzynes intermediates, allowing to obtain
the respective derivatives in good yields. However, these methodologies have a limited
versatility, and few derivatives are obtained from each technique, being from a Medicinal
Chemistry perspective an important limitation. Further modification and functionalization of
aromatic rings are also widely explored and described by several authors. Through standard
and simple procedures, the carbonyl in position 9 is easily converted into different function
groups, namely alkyl, alcohol, or carboxylic acid, which can be subsequent transformed in

different derivatives.

Concerning the biological applications, the xanthene nucleus showed to be versatile and
suitable towards obtaining compounds for different biological targets. As expected, the
substitution pattern of the xanthene core will define the capability to interact with specific
targets and lead to the respective pharmacological response. Additionally, another essential
aspect to be considered is the drug-likeness of the compounds developed, which should
present appropriate ADMET properties to allow its progression from pre-clinical assessment
to clinical evaluation.

In this thesis, 36 small molecules, with a xanthene or a benzhydryl moiety, were synthesized
and fully characterized, and studied regarding their biological activity: antibacterial,

antiparasitic and neuroprotection.

In Chapter 2, starting with xanthydrol, four compounds were obtained from the conjugation
of xanthydrol with sulfonamides and aniline and were fully characterized. Compounds were

obtained through crystallization without need of chromatographic column purification.

In Chapter 3, xanthene-9-carboxylic acid was used as starting material for the synthesis of
a series of 20 compounds, involving four distinctive steps: aromatic halogenation, amide
coupling, amide reduction, and Suzuki coupling. The diversity of synthetic techniques
employed allowed the obtention of derivatives with distinct polar and electronic properties,
comprising the presence of different functional groups on position 9 of the xanthene moiety,
namely amides and amines, as well as modification of the aromatic rings through

halogenation and Suzuki coupling.

Lastly, in Chapter 4, diphenylacetic acid was used as scaffold for the synthesis of ureas and

carbamates through continuous flow synthesis, applying the DPPA-mediated Curtius
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rearrangement procedure. Twelve compounds were obtained (six ureas and six

carbamates) through a simple procedure, with isolated yields ranging from 35 — 93 %.

Xanthene sulfonamides MM16-18 and compound MM7 were assessed concerning their
antibacterial activity and influence on bacterial mechanisms of resistance, namely, efflux
pump inhibition, QS inhibition, and influence on biofilm formation. Particularly, the xanthene
sulfonamide derivatives MM17 and MM18 showed interesting preliminary results regarding
their impact on different mechanisms of bacterial resistance. In the future, a comprehensive
series of related compounds must be synthesized to allow their assessment against a larger
set of bacterial strains and the establishment of a structure-activity relationship of the 9-
xanthenyl derivatives, as well as study their safety, stability, and PK properties.
Furthermore, studies on the specific pump being inhibited are warranted, which can be

achieved by genetic assays.

From the series of xanthene derivatives and their impact on P-gp modulation, a highlight is
made for compounds MM7, MM36, MM42C, MM43, MM74, which showed the most
significant and concentration-dependent increase of P-gp activity demonstrating the ability
to increase the RHO 123 efflux and, consequently, leading to the reduction of its intracellular
accumulation. These five compounds also showed to provide protection against iron-
induced cytotoxicity, another potential strategy for neuroprotection. In particular, compound
MM42C showed an increase in P-gp activity in 58% and 76% in the concentration of 10 yM
and 25 uM, respectively. Further studies comprising the synthesis of derivatives of MM42C,
comprising different functionalization of the xanthene tricyclic and different length of the
chain connecting with the 1H-pyrazol-3-amine ring will allow to explore derivatives with
improved P-gp activation activity.

Of utmost importance, the xanthene derivatives that showed to be P-gp activators, also
show to be able to penetrate BBB to reach CNS, through in vitro or in silico studies. The
compounds showed to comply with the principal attributes generally considered when
designing drugs for CNS, namely logP, TPSA and molecular weight. A future interesting
approach would be to assess the capacity of P-gp activation by the benzhydryl carbamates
and urea derivatives obtained, considering the structural similarities of this series of
compounds comparing with the xanthene derivatives, though comprising a different

hydrophobic scaffold.

P-gp activation is a potential strategy against the abnormal accumulation of A, which is
considered one of the main pathological processes involved in neuronal damage and the
development of Alzheimer’s disease. This strategy would allow to prevent AB-associated

toxicity without interfering with BACEL1 activity, once questions have been raised regarding

158



the suitability of BACE1 as a drug target for AD 2° . Nonetheless, the clinical application of
P- gp activation can lead to repercussions on the pharmacokinetic of other pharmacological
agents, once P-gp promotes the efflux of several clinical drugs, reducing their bioavailability
and promoting their elimination 2?4, Alzheimer’s disease has a higher prevalence in the
elderly, a segment of population generally polymedicated, where drug interactions
represent an important concern. Hence, P-gp activation on such population as a therapeutic
strategy against Alzheimer’s disease should be carefully assessed in a case-by case
scenario, under risk—benefit ratio assessment. On the other hand, Alzheimer’s disease is
considered a multifactorial disease, where several and independent pathological pathways
are involved. Several hypotheses have arisen in an attempt to identify the principal
pathological factors in AD: (i) amyloid cascade hypothesis; (ii) tau hypothesis; (iii) metal ion
hypothesis; (iv) oxidative stress hypothesis; (v) cholinergic hypothesis 5> 27°, Hence, a
relevant strategy to fight AD would be the development of a multitarget-direct ligand
(MTDL), capable of acting in more than one pathological mechanism and consequently

effectively slow or stop the neuronal damage and the progression of the disease.

Lastly, xanthene-9-carboxylic acid and diphenylacetic acid derivatives were assessed
regarding their ability to inhibit T. brucei growth. The urea derivative MM99 showed the most
promising result in the in vitro assay performed, with an ICso = 1.1 uM and a selectivity index
of 181.4y. Further modifications on the urea MM99, namely adding substituents to the
cyclopentane ring and/or on the aromatic rings, would provide additional information on the

structure activity of this class of compounds.

Overall, the main achievements of this thesis were:

e A comprehensive review of the strategies of synthesis of xanthenes and their
biological application was performed, and hopefully will provide guidance to
medicinal chemists, highlighting the best techniques to value this important scaffold
and make significant advances in obtaining novel xanthenes that may become
useful pharmacological tools;

e Thirty-six compounds were synthetized, starting with a xanthene or diphenyl moiety,
24 of which were synthetized from the first time;

e four compounds were found to be active against different mechanisms of bacterial
resistance: efflux pump inhibition, QS inhibition, and influence on biofilm formation.

e fourteen compounds were found to be P-gp activators, where the most potent
compound was MM42C providing an increase in Pg-p activity of 58% and 76% in
the concentration of 10 uM and 25 pM, respectively. All the 14 compounds showed
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to be permeant to BBB, 6 in an in vitro assay and the remain compounds in a in
silico prediction.

¢ eleven compounds showed to provide protection against iron-induced cytotoxicity,
another potential strategy for neuroprotection, and a dual effect, P-activation and
iron-induced cytotoxicity protection was found for the most promising hits, MM7,
MM36, MM42C, MM43 and MM74.

e two compounds were found to inhibit T. brucei growth with an ICso< 7.2 yM, where
the most potent compound was a benzhydryl urea derivative, MM99, with an I1Cs =
1.1 uM and a SI =181.4. This compound also showed to be tolerated at the

cumulative dose of 150 mg/kg in an in vivo study.

Further investigations concerning the most promising compounds, synthetizing analogues
and providing a structure activity relationship, are needed. Additionally, a scale-up process
should be developed, providing enough material for further studies, namely safety, stability,
and PK studies. Considering the low solubility of some of the compounds obtained due to
the tricyclic nucleus, a solid-state study can be performed to find a (potential) suitable
polymorph combining enhance dissolution with adequate stability. Converting a crystalline
state to an amorphous state is also a potential alternative; nonetheless, the development of

a formulation is often necessary to assure the stability of the amorphous form.

The work presented in this thesis is a significant step in the discovery of suitable synthetic
routs to easily obtain novel benzhydryl and xanthenes with biological activity, hopefully

leading to a compound with clinical relevance.
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Figure 63. ORTEP view of the crystal structure of compound MM30.
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Figure 64. Electrospray ESI data for compound MM30.
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Figure 65. *H NMR (top, 300.13 MHz, CDCls) and 3C NMR (bottom, 75.48 MHz,
CDCls) for compound MM32.
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Figure 66. ORTEP view of the crystal structure of compound MM32.
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Figure 67. Electrospray ESI data for compound MM32.
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Figure 68. 'H NMR (top, 300.13 MHz, CDCls) and $3C NMR (bottom, 75.48 MHz,
CDCls) for compound MM36.




Figure 69. ORTEP view of the crystal structure of compound MM36.
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Figure 70. Electrospray ESI data for compound MM36.
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Figure 71. IH NMR (top, 300.13 MHz, CDCls) and 13C NMR (bottom, 75.48 MHz,

CDCls) for compound MM42B.

193



Intensity

8.5x107-|
3,010
752107
7.0%107
6.5%10"-|
6.0x107-|
5.5%10"
50107
4,5%10"
40x107-|
3.5%10" |
3.0x107-
2,510
20%10"
1,5%10"
1.0x10°

5.0%10°

-5.0x10°

C:\Users\migue...HR_MSYMM 428 raw Injection 1FTMS +cESI 5...[296,12-316.12] M5 + spectrum 1.37

306.12372
100.00%

307.12680
1B.74%

304. 13083
6.1%%

T T
100 200 300 400 500

T T T T
800 900 1000 1100
m/z (Da)

T T T T T
1200 1300 1400 1500 1600 1700

T
1800

T
1300 2001

Meas.
m/z

Formula

Adduct

Predicted
m/z

Error
[ppm]

306.1237

194

C18H15N302

H+

306.1237

Figure 72. Electrospray ESI data for compound MM42B.
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Figure 76. Electrospray ESI data for compound MM43.
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CDCls) for compound MM50.
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Figure 90. Electrospray ESI data for compound MM57B.
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DMSO-ds) for compound MM68.
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Figure 97.'H NMR (top, 300.13 MHz, DMSO-ds) and 13C NMR (bottom, 75.48 MHz,
DMSO-ds) for compound MM73.
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Figure 98. Electrospray ESI data for compound MM73.
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Figure 100. Electrospray ESI data for compound MM74.
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Figure 117.'"H NMR (top, 400 MHz, DMSO-ds) and 3C NMR (bottom, 101 MHz,

DMSO-ds) for compound MM97.
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Figure 121.*H NMR (top, 400 MHz, DMSO-ds) and 3C NMR (bottom, 101 MHz,

DMSO-ds) for compound MM99.
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295.18396

C19H22N20
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Figure 122. Electrospray ESI data for compound MM99.
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1000

Figure 123. Chromatogram (HPLC) of compound MM29. Purity (% a/a): 98.7%.

Figure 124. Chromatogram (HPLC) of compound MM30. Purity (% a/a): 98.7%.
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Figure 126. Chromatogram (HPLC) of compound MM36. Purity (% a/a): 99.5%.
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Figure 127. Chromatogram (HPLC) of compound MM42B. Purity (% a/a): 91.8%.

Figure 128. Chromatogram (HPLC) of compound MM42C. Purity (% a/a): 87.6%.
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Figure 129. Chromatogram (HPLC) of compound MM43. Purity (% a/a): 87.6%.

Figure 130. Chromatogram (HPLC) of compound MM46. Purity (% a/a): 99.7%.
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Figure 132. Chromatogram (HPLC) of compound MM50. Purity (% a/a): 99.9%.
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Figure 134. Chromatogram (HPLC) of compound MM54. Purity (% a/a): 97.0%.
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Figure 136. Chromatogram (HPLC) of compound MM57A. Purity (% a/a): 97.2%.
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Figure 138. Chromatogram (HPLC) of compound MM59B3. Purity (% a/a): 99.1%.
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Figure 140. Chromatogram (HPLC) of compound MM68. Purity (% a/a): 96.7%.
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Figure 142. Chromatogram (HPLC) of compound MM74. Purity (% a/a): 98.8%.
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Figure 144. Chromatogram (HPLC) of compound MM85. Purity (% a/a): 49.5% (degradation occurred under
HPLC procedure). Peak purity index: 99,9.
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Figure 146. Chromatogram (HPLC) of compound MM90. Purity (% a/a): 66.9% (degradation occurred under
HPLC procedure). Peak purity index: 99.8 %.
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Figure 147. Chromatogram (HPLC) of compound MM91. Purity (% a/a): 85.9% (degradation occurred under
HPLC procedure). Peak purity index: 99.8 %.

Figure 148. Chromatogram (HPLC) of compound MM92. Purity (% a/a): 94.1%. Peak purity index: 99.9 %.
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Figure 150. Chromatogram (HPLC) of compound MM95. Purity (% a/a): 92.8%. Peak purity index: 99.9 %.
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Figure 152. Chromatogram (HPLC) of compound MM97. Purity (% a/a): 99.8%. Peak purity index: 99.7 %.
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Figure 153. Chromatogram (HPLC) of compound MM98. Purity (% a/a): 92.9%. Peak purity index: 99.x4 %.

Figure 154. Chromatogram (HPLC) of compound MM99. Purity (% a/a): 91.3%. Peak purity index: 99.7 %.
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Annex Il - Chemical structures of
the investigated compounds
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Chapter
Compound P

name

Structure

OO MM7 X | X | X
O

4-(9H-xanthen-9-yl)aniline
Chemical Formula: C4gH5NO
Molecular Weight: 273,34

O O MM16 X
0

4-((9H-xanthen-9-yl)amino)-N-(4-
methylpyrimidin-2-yl)benzenesulfonamide
Chemical Formula: Co4H50N403S
Molecular Weight: 444,51

o
HN
(0]

4-((9H-xanthen-9-yl)amino)-N-(4,6-dimethylpyrimidin-
2-yl)benzenesulfonamide
Chemical Formula: C5H2oN403S
Molecular Weight: 458,54
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Structure

Compound
name

Chapter

(6]

H
\ _N
ad
DAL
HN

N-((4-((9H-xanthen-9-yl)amino)phenyl)sulfonyl)acetamide
Chemical Formula: C51H4gN>04S
Molecular Weight: 394,45

MM18

HO
L
(9H-xanthen-9-yl)methanol

Chemical Formula: C14H120,
Molecular Weight: 212,25

MM29

(9 <)
o

(0]

piperidin-1-yl(9H-xanthen-9-yl)methanone
Chemical Formula: C49H19gNO,
Molecular Weight: 293,37

MM30
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Structure

Compound
name

Chapter

O

morpholino(9H-xanthen-9-yl)methanone
Chemical Formula: C4gH{7NO;
Molecular Weight: 295,34

MM32

~_-N 0]

LI

N,N-diethyl-9H-xanthene-9-carboxamide
Chemical Formula: C1gH1gNO>
Molecular Weight: 281,36

MM36

O

N-(5-methyl-1H-pyrazol-3-yl)-9H-xanthene-9-carboxamide
Chemical Formula: C1gH45N30,
Molecular Weight: 305,34

MM42B
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Chapter
Compound P

Structure
name

HzN’tN( o}
O O MM42C X
o)

(3-amino-5-methyl-1H-pyrazol-1-yl)(9H-xanthen-9-yl)methanone
Chemical Formula: C4gH45N30,
Molecular Weight: 305,34

HO

O O MM43 X
(0]

N-(3-hydroxypropyl)-9H-xanthene-9-carboxamide
Chemical Formula: C47H{7NO3
Molecular Weight: 283,33

~_N

O O MM46 X
(@)

N-((9H-xanthen-9-yl)methyl)-N-ethylethanamine
Chemical Formula: C1gH24NO
Molecular Weight: 267,37
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Structure

Compound
name

Chapter

P

N-(4-chlorobenzyl)-9H-xanthene-9-carboxamide
Chemical Formula: Cy1H5CINO,
Molecular Weight: 349,81

MMA48A

@
(LI

1-((9H-xanthen-9-yl)methyl)piperidine
Chemical Formula: C4gH,1NO
Molecular Weight: 279,38

MM50

O+ _OH

Cl ! ! Cl
O

2,7-dichloro-9H-xanthene-9-carboxylic acid
Chemical Formula: C44HgCI,03
Molecular Weight: 295,12

MM52
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Chapter
Compound P

Structure
name

Oy _OH

Br. O O Br
o] MM54 X

2,7-dibromo-9H-xanthene-9-carboxylic acid
Chemical Formula: C44HgBr,0O3
Molecular Weight: 384,02

Br. Br
O O MM56B X
(0]

(2,7-dibromo-9H-xanthen-9-yl)(morpholino)methanone
Chemical Formula: C4gH45BroNO3
Molecular Weight: 453,13

HN.__ O

Br O O Br MM57A X
(6]

2,7-dibromo-N-(5-methyl-1H-pyrazol-3-yl)-9H-xanthene-9-carboxamide
Chemical Formula: C4gH13BroN;0,
Molecular Weight: 463,13
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Structure

Compound
name

Chapter

H2N’<\\N( o)

N~
Br : ! Br
(6]
(3-amino-5-methyl-1H-pyrazol-1-yl)(2,7-dibromo-9H-xanthen-9-
yl)methanone

Chemical Formula: C4gH43Br,N3;0,
Molecular Weight: 463,13

MM57B

OH

Ho N0
LI

N,N-bis(2-hydroxyethyl)-9H-xanthene-9-carboxamide

Chemical Formula: C1gH1gNO,4
Molecular Weight: 313,35

MM59B3

(@) NH

N-(6-aminohexyl)-9H-xanthene-9-carboxamide
Chemical Formula: CogH24N505
Molecular Weight: 324,42

MM63B
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Structure

Compound
name

Chapter

@)

/\

(2,7-bis(2,4-difluorophenyl)-9H-xanthen-9-yl)(morpholino)methanone
Chemical Formula: C3gH»1F4NO3
Molecular Weight: 519,50

MMG68

OH

(0) NH

Br l l Br
O

2,7-dibromo-N-(3-hydroxypropyl)-9H-xanthene-9-
carboxamide
Chemical Formula: C17H45Br,NO3
Molecular Weight: 441,12

MM73

o
T

Br O O Br
O

2,7-dibromo-N,N-bis(2-hydroxyethyl)-9H-xanthene-9-carboxamide
Chemical Formula: CgH47Br,NOy4
Molecular Weight: 471,15

MM74
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Structure

Compound
name

Chapter

ethyl benzhydrylcarbamate
Chemical Formula: C4gH47NO,
Molecular Weight: 255,32

MM81

benzyl benzhydrylcarbamate
Chemical Formula: Co4H{gNO,
Molecular Weight: 317,39

MM85

cinnamyl benzhydrylcarbamate
Chemical Formula: Co3H,4NO5
Molecular Weight: 343,43

MM88
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Structure

Compound
name

Chapter

sec-butyl benzhydrylcarbamate
Chemical Formula: C1gH24NO»
Molecular Weight: 283,37

MM90

HNj.J\Of
J U

allyl benzhydrylcarbamate
Chemical Formula: C47H47NO,
Molecular Weight: 267,33

MM91

CF3;

O
HN)J\O

CF3

1,1,1,3,3,3-hexafluoropropan-2-yl benzhydrylcarbamate

Chemical Formula: C47H43FgNO,
Molecular Weight: 377,29

MM92
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Structure

Compound
name

Chapter

NH
(0] NH

1-benzhydryl-3-(4-fluorobenzyl)urea
Chemical Formula: C54H1gFN,O
Molecular Weight: 334,39

MM94

\L
NH

O~ 'NH

1-allyl-3-benzhydrylurea
Chemical Formula: C47HgN>0
Molecular Weight: 266,34

MM95

1-benzhydryl-3-(4H-1,2,4-triazol-4-yl)urea
Chemical Formula: C4gH45N5O
Molecular Weight: 293,33

MM96
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Structure

Compound
name

Chapter

NH

0] NH

1-benzhydryl-3-(pyridin-3-yl)urea
Chemical Formula: C1gH17N30
Molecular Weight: 303,37

MM97

NH

0 NH

1-benzhydryl-3-(furan-2-ylmethyl)urea
Chemical Formula: C4gH1gN>0,
Molecular Weight: 306,37

MM98

A

O~ 'NH

1-benzhydryl-3-cyclopentylurea
Chemical Formula: C41gH25N,0O
Molecular Weight: 294,40

NH

MM99
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