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RESUMO

As chalconas sdo uma classe de compostos gerados pelo metabolismo
secundario dos vegetais. Estudos anteriores ja relataram a gama de atividades
farmacoldgicas apresentadas por esses compostos, dentre elas destacam-se as
propriedades leishmanicidas, anticancerigeras, antimicrobianas e antioxidantes.
Nesse trabalho buscamos sintetizar chalconas e dimeros de chalconas inéditos
com rotas viaveis economicamente, elucidar estruturalmente os compostos por
técnicas espectroscopicas de RMN 'H e '3C, além de espectrometria de massas
e avaliar as propriedades desses compostos frente as espécies de Leishmania
infantum e Leishmania brasiliensis, e ainda relatar propriedades
anticancerigenas de chalconas em estudos relatados nos ultimos cinco anos,
englobando o periodo de 2019 a 2023. Diferentes concentragdes dos compostos
foram avaliadas frente a formas promastigotas e amastigotas de L. infantum e L.
brasiliensis, apresentando inibigdes promissoras com ICso de 10.96 e 13.64 um.
Estudos in silico foram feitos com enzimas importantes na sobrevivéncia e
manutengao do parasita, dentre elas a tripanotiona redutase e a 14-ademetilase
(CYP-51). O Docking molecular revelou fortes interagdes dos compostos com
esses alvos, com valores de MolDock score inferiores aos dos ligante
cocristalizados variando entre -94.0758 (para CYP-51) e -50.5692 (para
trypanotiona redutase) de energia negativa. Nossos achados reforcam o
potencial dessa classe de metabdlitos secundarios e encorajam estudos
posteriores para descobrir 0 real mecanismo de agao por analises in vitro, além
de encontrar novos analogos ainda mais promissores para essa doenga ainda
negligenciada. Para uma melhor compreenséo do leitor, o trabalho foi dividido
em 4 capitulos, onde no capitulo 1 abordamos as etapas de sintese e
caracterizagao dos compostos, seguido dos trabalhos publicados, englobando

os capitulos 2, 3 e 4.

Palavras-Chave: Chalconas, Condensacdo de Claisem-Schimidt, Atividade

anticancerigena, Leishmania infantum, Leishmania brasiliensis.



ABSTRACT

Chalcones are a class of compounds generated by the secondary
metabolism of plants. Previous studies have reported the range of
pharmacological activities presented by these compounds, among which the
leishmanicidal, anticancer, antimicrobial and antioxidant properties stand out. In
this work, we aimed to synthesize novel chalcones and chalcone dimers with
economically viable routes, structurally elucidate the compounds by 'H and '3C
NMR spectroscopic techniques, in addition to mass spectrometry and evaluate
the properties of these compounds against Leishmania infantum and Leishmania
brasiliensis species, and also report anticancer properties of chalcones in studies
reported in the last five years, covering the period from 2019 to 2023. Different
concentrations of the compounds were evaluated against promastigote and
amastigote forms of L. infantum and L. brasiliensis, showing promising inhibitions
with I1Cso of 10.96 and 13.64 um. In silico studies were performed with enzymes
important in the survival and maintenance of the parasite, among them
trypanothione reductase and 14-ademethylase (CYP-51). Molecular docking
revealed strong interactions of the compounds with these targets, with MolDock
score values lower than those of the cocrystallized ligands, ranging from -94.0758
(for CYP-51) to -50.5692 (for trypanothione reductase) of negative energy. Our
findings reinforce the potential of this class of secondary metabolites and
encourage further studies to discover the real mechanism of action by in vitro
analysis, in addition to finding new, even more promising analogues for this still
neglected disease. For a better understanding of the reader, the work was divided
into 4 chapters, where in chapter 1 we address the synthesis and characterization
steps of the compounds, followed by the published works, encompassing

chapters 2, 3 and 4.

Keywords: Chalcones, Claisem-Schimidt Condensation, Anticancer activity,

Leishmania infantum, Leishmania brasiliensis.
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INTRODUGCAO

A busca por novos agentes terapéuticos e aperfeicoamento dos
mecanismos farmacolégicos tém impulsionado a pesquisa na area de produtos
bioativos, sejam eles de origem natural ou sintética (PIRES A L R, BIERHALZ A
C K. & MORAE A M, 2015). No contexto farmacéutico, a atencéo voltada para
substancias capazes de modular processos fisioldgicos, prevenir ou tratar

doencas tem sido crescente.

Nesse cenario, os produtos naturais tém se destacado como fontes ricas
em moléculas bioativas, oferecendo um vasto repertério de compostos com
potencial farmacoldgico (SIMOES, C.M.O. et al. 2016). O Brasil se torna
protagonista nesse ambito, possuindo em torno de 25 a 27% da maior
biodiversidade mundial, segundo a CDB (Convencédo da Diversidade Bioldgica)
distribuida em 7 biomas, se tornando uma rica fonte de substancias
biologicamente ativas (ROMA, J.C. & CORADIN, L., 2016).

Os produtos naturais, provenientes de plantas, microorganismos e outros
organismos, tém sido tradicionalmente utilizados na medicina popular e
(NAGEEN, et al., 2018), ao longo do tempo, tém sido objeto de investigacao
cientifica intensa, fomentando cada vez mais a industria farmacéutica no
investimento a P&D (Pesquisa & Desenvolvimento). A diversidade estrutural
quimica presente nesses compostos naturais oferece uma gama de
oportunidades para a descoberta de novos farmacos e entendimento de seus
mecanismos de acao (SOUZA G H B, MELLO J C P, 2011), dentre esses
compostos naturais estdo presentes alcaldides, flavonoides, cumarinas,

lignanas, triterpenos, esteroides e as chalconas.

As chalconas sao polifendis de grande interesse quimico-farmacoldgico
que vem recebendo grande atengdo pois além de possuirem estruturas
relativamente simples, ainda possuem uma grande variedade de atividades
farmacolégicas (FERREIRA, et al., 2018), como: atividade antioxidante
(VANANGAMUDI, et al., 2017), antinociceptiva (FERREIRA, et al., 2018), anti-
convulsivante (NASSAR, et al., 2016), anti-inflamatéria (OZDEMIR, et al., 2015),
anti-viral contra o0 SARS-CoV (PARK, JI-YOUNG, et al., 2016) e virus influenza
H1N1 (MALBARI, K., et al., 2018).



23

Tanto na terapéutica convencional como na medicina tradicional
encontramos diversos medicamentos a base de fitocomplexos ou
fitoconstituintes, como a quercetina com propriedades antiinflamatérias (COSTA,
ACF, 2020), antioxidante (BEHLING, E. V. et al. 2008), antiviral (AGRAWAL,
Pawan K.; AGRAWAL, Chandan; BLUNDEN, Gerald, 2020) e gastroprotetora
(MARTIN, MJ, et al, 2015).

Derivados das 1,3-diaril-2-propen-1-onas (Figura 1), apresentaram
variadas atividades como ac¢ao anticonvulsivante (MORA-PEREZ PA & MEDEL
MRH, 2016), antinociceptiva (BARROT M, 2012), antioxidante (PANDEY M M,
et al., 2016) e antiinflamatéria (MACHADO, et al., 2016), relatado por Ferreira e
colaboradores em 2018. Leite e colaboradores (2023) relataram, em uma reviséao
sistematica, atividades anticancerigenas de chalconas naturais e sintéticas,
demonstrando o amplo espectro de agdes farmacoldgicas que esses metabdlitos

apresentam.

Figura 1: Esqueleto basico de chalconas.

X

o)

1,3-diaril-2-propen-1-ona
Fonte: MORA-PEREZ PA & MEDEL MRH, 2016.

No entanto, a crescente demanda por esses potenciais agentes
terapéuticos, vem preocupando os pesquisadores uma vez que sao encontrados
baixos rendimentos quando obtidos por fontes naturais, sendo necessaria uma
grande demanda de matéria prima. Nesse cenario a quimica verde vem
ganhando destaque, pois tem como objetivo final conduzir as agdes cientificas

ecologicamente corretas, visando a preservagédo dos biomas (CGEE, 2010).

A sintese aliada aos produtos naturais proporciona uma obteng¢ao de
compostos bioativos sem agressdes aos biomas, além de permitir realizar
ajustes precisos em suas propriedades, visando a otimizagao de atividades

farmacoldgicas e a minimizagcéo de efeitos colaterais indesejados (SANGI D P,
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2016). Dessa forma, a interac&o sinérgica entre produtos naturais e sintéticos

abre novas perspectivas para o avango na descoberta de medicamentos.

A integragao entre a sintese de compostos bioativos e o uso de produtos
naturais ndo sé facilita a descoberta de novos medicamentos, mas também
oferece  uma abordagem sustentavel para o tratamento de doencas,
especialmente aquelas que afetam de forma desproporcional paises
emergentes. Nesse contexto, a aplicacdo dessas técnicas na luta contra
doencas negligenciadas, como a Leishmaniose, se torna ainda mais relevante.
Com milhares de novos casos registrados anualmente, a exploragdo de
estratégias inovadoras e eficazes para o combate a essa doenga é essencial
(Marques, L.G.A,, et al. 2022).

A OMS (2018) estima que cerca de 0,7 a 1 milhdo de novos casos surgem
anualmente, além de 20 a 30 mil 6bitos (Diotallevi et al, 2020). Dentre as
espécies de maior interesse clinico estdo a Leishmania infantum, L. chagasi, L.

donovani, L. brasiliensis e L. amazonensis (Mauricio et al, 2018).

Os mesmos medicamentos desde o final da década de 1940 ainda sao
utilizados no combate ao parasita, como os antimoniais pentavalentes e, mais
recentemente, a anfotericina B (Barbosa et al, 2015). Porém, além de caros,
esses medicamentos ndao sao mais tao eficazes ou seguros, e apresentam
diversos efeitos colaterais. Além disso, provocaram selecdo natural devido ao
uso extensivo, o que levou ao surgimento de cepas resistentes de Leishmania
sp. (Qin et al, 2020; Akbari et al, 2017).

Dada a importancia que as chalconas e seus dimeros vem apresentando
na terapéutica, e tendo em vista que a extragcao desses recursos por vias naturais
necessita de uma alta demanda de nossa flora pelos baixos rendimentos
sobretudo dos dimeros bichalconas, buscamos realizar a sintese desses
compostos utilizando matérias primas de baixo custo e de facil acesso, com
técnicas ja conhecidas na literatura, e analisar as atividades antileishmania

apresentadas por essa classe de compostos.
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SINTESE E CARACTERIZACAO DOS COMPOSTOS




29

PROPOSTA DE SINTESE E CARACTERIZAGAO DOS COMPOSTOS
Um total de 18 compostos foram sintetizados, dentre eles chalconas e

dimeros de chalconas, das quais 9 sdo compostos inéditos, sendo eles, FER26,
FER23(A), FER23(B), FER89, FERO08, FER13, FER12, FER36 e FER37.

Os compostos foram obtidos via condensagdes de Claisem Schimidt
(Esquema 1), utilizando em quase todos os casos um reagente em comum,
sendo a 3,4-metilenodioxi acetofenona, com benzaldeidos previamente

sintetizados e/ou modificados sinteticamente.

Esquema 1: Esquema geral de sintese das chalconas.

(A) Q Ry o
o\/@ Re R
0 S o / 1
R3
-
KOH/MetOH
(o] (o) R
2

R
FER81: R1=H R2=OCH; R3=H FER36: R1= OCH; R2= OCH,CH; R3=OCH3 °
FER18: R1=HR2=OCH,CH; R3=H FER37: R1= OCH; R2= OCH,CHCH, R;= OCH,
FERS89: R1=H R2=OCH,CHCH, R3=H FER41: R1I=HR2=CIR3=H
FERO08: R1= OCH; R2= OCH; R3=Br FER44: R1=H R2= CI R3=Cl
FER13: R1= OCH;R2= OCH,CH; R3=Br FER42: R1=H R2=NH, R3=H
FER12: R1= OCH;R2= OCH,CHCH, R3= Br FER45: RI=HR2=FR3=H
(B) 0 0
R
0 Ov@ 0 G R
< > \
KOH/MetOH /
o o
FER38: R=0
FER39: R=S

Fonte: autor, 2024.

O mecanismo de condensacao via Claisen-Schimidt foi relatado pela

primeira vez em 1881 pelos pesquisadores Ludwig Claisen e J. G. Schmidt
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(CLAISEN L, 1881), e consiste em uma reag&o de condensagdo entre aldeidos
e cetonas na presencga de um catalisador acido ou basico, formando compostos
carbonilicos a,B-insaturado. Essas reagcbes se tornaram populares por
apresentar altos rendimentos, além de possuir um baixo custo para sua
execugao. No mecanismo das reagdes via Claisen via catalise basica, a base
capta um préton da acetofenona que possui carater acido, um carbanion entao
€ formado entrando em conjugagdo com a carbonila da cetona, formando um

enol (Esquema 2).

Os elétrons em ressonancia do grupo enol atacam o carbono do
benzaldeido formando uma ponte de ligagdo entre a acetofenona e o
benzaldeido. Em meio aquoso a base atua retirando o préton do carbono alfa-
carbonila, ocasionando uma desidratagcdo e formando um sistema conjulgado,
concluindo assim a formagédo de compostos do tipo chalcona (WALDVOGEL,
2010).

Esquema 2: Mecanismo da condensagao de Claisen Schmidt.

6 : 0 : 0 :
H NaOH
" .
+ Etanol

N\ H

€]
-OH
— —
_—
H j
S6n
2 /
-OH
— .
P

Fonte: Adaptado de Waldvogel, 2010.

Na sintese dos dimeros, foi feito um acoplamento oxidativo entre duas
moléculas de vanilina, utilizando o cloreto férrico como catalisador. O mecanismo

proposto para essa reagao se inicia pela clivagem homolitica do hidrogénio da
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hidroxila (Figura 2 [1]) formando um complexo com o cloreto férrico. O sistema
ressonante desloca o elétron até a posicdao orto (Figura 2 [2]), onde
posteriormente é formado uma ponte bifenil entre duas moléculas de vanilina
(Figura 2 [3]). Apos a formagédo da ponte bifenil o sistema ressonante é
restabelecido promovendo a formacao do dimero (Mardhatillah A., et al. 2016).
Posteriormente a obtengao da divanilina, foi realizada uma etapa de alquilagao,
metilando as hidroxilas livres presente no dimero, finalizando o preparo do

primeiro reagente na sintese da bichalcona.

Figura 2: Mecanismo proposto na sintese da divanilina.

\o
_Fe i i o
\o H’j/ \0 \o
(l)) o o 0\ D
. .
. 131
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O,

N

Fonte: Adaptado de Mardhatillah A., et al. 2016

No preparo do segundo reagente, foi feita uma acilagao via Friedel-Crafts
com trifluoreto de boto eterato. A acilagao ocorre preferencialmente na posicao
orto-hidroxila, uma vez que esse grupo € um ativante do anel aromatico, sendo
orto/para dirigente. Pela posicdo de ambas hidroxilas, a posicdo orto se torna
duplamente favorecida. Por fim, foi feita uma condensacdo de Claisem-
Schimidt entre a divanilina e a acetofenona da resorcina para gerar a bichalcona
(FER26).
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1.1. DETERMINACAO ESTRUTURAL DA (2E,2'E)-3,3'-(5,5',6,6'-
TETRAMETOXI-[1,1'-BIFENIL]-3,3"-DIIL)BIS(1-(2,4-
DIMETOXIFENIL)PROP-2-EN-1-ONA) (FER26)

Por se tratar de um dimero com um plano de simetria (Figura 3), &
esperado que se observe sinais compativeis com uma estrutura de chalcona,
porém com sinais equivalentes ao dobro da massa molecular, sendo mais
intensos e com um acoplamento bifenilico, correspondente da divanilina (Figura
4).

Evidenciamos a formagao da chalcona, através dos dupletos em dn 7.60
e On 7.39 ppm (Figura 6) acoplando entre si com uma constante de 15.7 Hz no
espectro de 'H (400MHz, CDCIs3), indicando a presenga do sistema olefinico
obtido apdés a condensacado de Claisen-Schimidt. As alquilacbes podem ser
confirmadas pelas metoxilas presentes em 61 3.713 (s, 6H), o1 3.86 (s, 6H), dH
3.87 (s, 6H) e dH 3,95 ppm (s, 6H) (Figura 5) no espectro de 'H em conjunto com
os dados do espectro de '3C com deslocamentos em dc 60.83, 8¢ 55.89, &¢c 55.78
e Oc 55.52 ppm (Figura 7). No espectro de 3C (100MHz, CDCI3) verificamos a
presenca de 7 sinais para carbonos metinicos aromaticos e 8 sinais para
carbonos nao hidrogenados (Figura 8), sugerindo a formagao da ponte bifenil da

divanilina resultante do acoplamento oxidativo.

O espectro de massas (Figura 9) revelou uma massa molar de 665.2537
no modo positivo, e uma formula quimica compativel com o dimero de chalcona
C3sH39010 [M+]. A partir desses dados de RMN 'H e '3C, aliado aos dados
obtidos do espectro de massas, podemos identificar o composto FER26 sendo
a bichalcona (2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3"-diil)bis(1-(2,4-

dimetoxifenil)prop-2-en-1-ona).
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Figura 3: (2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-diil)bis(1-(2,4-
dimetoxifenil)prop-2-en-1-ona) (FER26).

Chemical Formula: C;3H;350,
Exact Mass: 654,25

Figura 4: Espectro de RMN 'H (400 MHz, CDCI3) de FER26.
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Figura 5: Expansao do espectro de RMN 'H (400 MHz, CDCIz) de FER26 na
regiao 3.66 a 3.99 ppm.
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Figura 6: Expanséo do espectro de RMN "H (400 MHz, CDCI3) de FER26 na
regiao 6.45 a 7.80 ppm.
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Figura 7: Espectro de RMN '3C (100 MHz, CDCI3) de FER26.
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Figura 8: Expanséo do espectro de RMN '3C (100 MHz, CDCIl3) de FER26 na
regiao 97 a 165 ppm.
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Figura 9: Espectro de massas [M+] do composto FER26.
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1.2. DETERMINACAO ESTRUTURAL DA (2E,2'E)-3,3'-(5,5',6,6'-
tetrametoxi-[1,1'-bifenil]-3,3"-diil)bis(1-(benzo[d][1,3]dioxol-5-il)prop-2-
en-1-ona) (FER23(A))

Para obtengdo do composto FER23(A) (Figura 10) foi feita uma
condensagao de Claisem entre a divanilina metilada e a 3,4-metilenodioxi
acetofenona, gerando o segundo dimero. Apds 48 horas a reacgao foi parada e
purificada em CCDP com hexano e acetato de etila como eluentes, na proporgao
de 8:2. Na placa foi observado a formacao de 2 produtos, sendo isolados e
codificados de FER23(A) e FER23(B). Posteriormente foi feito o espectro de
RMN 'H e '3C de ambos.

No espectro de FER23(A) observamos sinais compativeis aos da
chalcona, porém essa molécula, assim como no dimero anterior, apresenta um
plano de simetria, absorvendo na mesma regido. As integrais foram entdo
duplicadas no espectro de 'H (Figura 11). Os sinais presentes em &n 7.76 (d, J
=15.6 Hz, 2H) e &1 7.41 (d, J = 15.6 Hz, 2H) (Figura 12) confirmam a formacao
da chalcona pela condensacéao de Claisem. As metoxilas sdo confirmadas em &u
3.98 (s, 6H) e 81 3.73 (s, 3H) (Figura 11) no espectro de 'H aliado aos sinais em
dc 61.04 e dc 56.15 ppm no espectro de '3C. Os sinais em dc 6.05 (s, 2H) e &¢c
102.00 (Figura 13) confirmam a presenga do metilenodioxi. A presenga de 30
protons reforga a formacgao do dimero, aliado a isso temos a comparacao entre

0s espectros da chalcona FER23 e do dimero FER23(A), onde no dimero temos
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a auséncia de um dupleto em 6+ 7.15 (d, J = 2.1 Hz, 1H), isso se deve a presenca
do acoplamento bifenilico da divanilina. A presenca de 7 sinais para carbonos
nao hidrogenados (Figura 13) confirma o acoplamento bifenilico, que é
evidenciado quando comparamos com o espectro de '*C de FER23 (Figura 23),
onde notamos a presenga de apenas 6 sinais para carbonos n&o hidrogenados,
indicando a presencga de 1 proton a mais.

Com base nos dados obtidos no espectro de 'H, '3C em comparagéo aos
espectros de 'H e '°C de FER23, concluimos que o composto FER13(A) trata-
se do dimero de chalcona (2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-
diil)bis(1-(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona).

Figura 10: (2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-diil)bis(1-
(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona) (FER(A)).

Chemical Formula: C;cH;,0,,
Exact Mass: 622,18
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Figura 11: Espectro de RMN "H (400 MHz, CDCls) de FER23(A).
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Figura 12: Expansao do espectro de RMN 'H (400 MHz, CDCIz) de FER23(A)
na regiao 6.70 a 7.95 ppm.
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Figura 13: Espectro de RMN '3C (100 MHz, CDCl3) de FER23(A).
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Figura 14: Expansao do espectro de RMN '3C (100 MHz, CDClz) de FER26 na
regiao 100 a 155 ppm.
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1.3. DETERMINACAO ESTRUTURAL DA (E)-5'-(3-
(BENZOI[D][1,3]DIOXOL-5-IL)-3-OXOPROP-1-EN-1-IL)-2',3",5,6-
TETRAMETOXI-[1,1'-BIFENIL]-3-CARBALDEIDO (FER23(B))

O composto FER23(B) (Figura 21) foi obtido como produto secundario da
condensagdo de Claisem-Schimidt entre a divanilina metilada e a 3,4-
metilenodioxi acetofenona. O composto FER23(B) foi obtido na forma incompleta

do dimero, em que houve a condensacgao de Claisem em apenas uma porgao do
aldeido.

Figura 15: Espectro de RMN 'H (400 MHz, CDCI3) de FER23(B).
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Figura 16: Expanséo do espectro de RMN 'H (400 MHz, CDClI3) de FER23(B)
na regiao 3.70 a 4.00 ppm.
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Figura 17: Expansao do espectro de RMN 'H (400 MHz, CDCIz) de FER23(B)
na regiao 6.85a 7.75 ppm.
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Figura 18: Espectro de RMN '3C (100 MHz, CDCls) de FER23(B).
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Figura 20: Espectro de massas [M+] de FER23(B).
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No espectro de 'H (400 MHz, CDCI3) (Figura 15) observamos a presenca
do sistema olefinico em on 7.75 (d, J = 15.6 Hz, 1H) e o1 7.40 (d, J = 15.6 Hz,
1H) (Figura 16) acoplando entre si, aliado a isso ainda observamos uma
carbonila de cetona deslocada em dc 188.28 ppm no espectro de '*C (100 MHz,
CDCIs) (Figura 17), indicando a formagéao da chalcona pela condensacao de
Claisem. As metoxilas presentes no espectro de 'H nas regides de &n 3.98 (s,
3H), &1 3.98 (s, 3H), o1 3.78 (s, 3H) e &1 3.71 (s, 3H) (Figura 16) em conjunto
com as absorgdes no espectro de 3C em dc 61.12, &¢c 61.04, dc 56.18 e d¢ 56.17
ppm (Figura 18), corroboram com as alquilagdes realizadas na divanilina. A
presenga das carbonilas de cetona em &c 188.27 e de aldeido em &c 191.25 ppm

(Figura 18) corroboram com o acoplamento em apenas um lado da divanilina.

Por fim, a presenca de 9 sinais compativeis com carbonos metinicos e 11
sinais para carbonos nao hidrogenados, aliado aos dados obtidos no espectro
de massas (Figura 20) com a uma massa total de 477.1532 e férmula molecular
de C27H250s, confirmam que o composto FER23(B) se trata do (E)-5'-(3-
(benzo[d][1,3]dioxol-5-il)-3-oxoprop-1-en-1-il)-2',3',5,6-tetrametoxi-[1,1'-bifenil]-
3-carbaldeido, havendo a formacéao da chalcona em apenas uma porgao aldeido
da divanilina.
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Figura 21: (E)-5'-(3-(benzo[d][1,3]dioxol-5-yl)-3-oxoprop-1-en-1-il)-2',3",5,6-
tetrametoxi-[1,1'-bifenil]-3-carbaldeido (FER23(B)).

Chemical Formula: C,;H,,04
Exact Mass: 476,15

1.4. ELUCIDACAO ESTRUTURAL DAS CHALCONAS

Um total de 15 chalconas foram obtidas via condensacédo de Claisem
(Figura 2). As chalconas sao uma classe de metabdlitos conhecidas no reino
vegetal e com um grande volume de estudos anteriores, com isso guiamos a
elucidacéao estrutural com base em seus sinais norteadores, sendo sua principal
caracteristica a presenga de um sistema olefinico com carbonila a,B-insaturada,
gerando dois dupletos na regiao aproximada de &1 7,6 € &1 7,3 ppm (Figura 24)
acoplando entre si com uma constante de aproximadamente 15 Hz e ambos
integrando para 1 H cada, além da absor¢ao de carbonila de cetona deslocada
em torno 188 ppm (Figura 25) no espectro de '*C. Uma riqueza de sinais
aromaticos na regido entre &n 6.7~7.9 ppm (Figura 23) também é observada
nessa classe de compostos. Aliado aos sinais norteadores da classe, foi
verificado ainda a preservacgao de grupos funcionais presentes nos reagentes, e
grupos protetores adicionados em etapas anteriores a condensagdo. Em
conjunto com os dados de RMN foram obtidos dados de espectroscopia de
massas (ver secdo “Material Suplementar” Paq. 158), confirmando as

estruturas pela presenca da massa total e da férmula molecular.
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Figura 22: (E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(3,4-dimetoxifenil)prop-2-en-1-ona

(FER23).

~

o
gh
AN

Figura 23: Espectro de RMN 'H (400 MHz, CDCIz) de FER23.
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Figura 24: Expanséo do espectro de RMN 'H (400 MHz, CDCl3) de FER23 na

6.80 a 7.95 ppm.
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Figura 25: Espectro de RMN '3C (100 MHz, CDCl3) de FER23.

6ETT9S
CHET'9S V

€10aD 009T°4L —

8596'10T
££20°80T /
985°80T /
0STZ'0TT
€2LTTIT
seeTv1T
T6LL°61T
SS81°€TT N
b2v9'v2L [
821821
ThbeeeT

PhLS YT
169€'86T
858€°64T —
6081517

CESP'88T —

AN

WMMMMWMWWLWL# mmlummm

T
40 30

50

T
90

T T
130 120 110

T
140

T T T T
200 190 180 170

T
210

f1 (ppm)



47

CAPITULO 2

Anticancer Activity of Chalcones and Its Derivatives:
Review and In Silico Studies
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As chalconas sdo uma classe de metabdlitos amplamente conhecida na
literatura, sao precursoras direto dos flavonoides onde a etapa de ciclagao do
anel C nao é concretizada. Esses compostos possuem um sistema olefinico
constituido de uma cetona conjugada na posi¢céo a,3, sendo essa sua principal
caracteristica. As chalconas apresentam diversas atividades farmacoldgicas, ja

relatadas, dentre elas propriedades anticancerigenas.

Nessa perspectiva buscamos explorar o papel das chalconas naturais e
sintéticas e sua atividade anticancer in vitro relatadas nos ultimos quatro anos
compreendendo de 2019 a 2023. Além disso, realizamos uma analise de
minimos quadrados parciais (PLS) dos dados biolégicos relatados para linhagem

de adenocarcinoma de célon HCT-116.

As informagdes foram obtidas na base de dados Web of Science. Nossa
analise in silico identificou que a presenca de radicais polares como hidroxila e
metoxila contribuiram para a atividade anticancerigena dos derivados de
chalconas. Esperamos que os dados apresentados neste trabalho ajudem os
pesquisadores a desenvolver medicamentos eficazes para inibir o

adenocarcinoma de colon em trabalhos futuros.

Esse trabalho foi publicado na revista “molecules” no ano de 2023,
disponivel em: https://doi.org/10.3390/molecules28104009.

Qualis Capes: A2
Fatos de Impacto: 4.2
Cite Score: 7.4

Ano vigente 2023
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Anticancer Activity of Chalcones and Its Derivatives: Review and In
Silico Studies
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Abstract: Chalcones are direct precursors in the biosynthesis of flavonoids.
They have an q,B- unsaturated carbonyl system which gives them broad
biological properties. Among the biological properties exerted by chalcones,
their ability to suppress tumors stands out, in addition to their low toxicity. In
this perspective, the present work explores the role of natural and synthetic
chalcones and their anticancer activity in vitro reported in the last four years
from 2019 to 2023. Moreover, we carried out a partial least square (PLS)
analysis of the biologic data reported for colon adenocarcinoma lineage HCT-
116. Information was obtained from the Web of Science database. Our in silico
analysis identified that the presence of polar radicals such as hydroxyl and
methoxyl contributed to the anticancer activity of chalcones derivatives. We
hope that the data presented in this work will help researchers to develop
effective drugs to inhibit colon adenocarcinoma in future works.

Keywords: chalcones; anticancer activity; in vitro; drug discovery; natural
products; synthesis

1. Introduction

Chalcones are direct precursors in the biosynthesis of flavonoids. They
have an a,B- unsaturated carbonyl system (Figure 1), which gives them broad
biological properties [1].

O

Figure 1. Chemical structure of a chalcone.
Their privileged structure also opens up possibilities for substitutions in
aromatic rings [2], directly impacting its biological activity and development of
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formulations capable of improving its pharmacokinetic characteristics [3].
Due to their high biological value, the literature also reports on the anti-
inflammatory [4], antiviral [5], antimicrobial [6], anticancer [7], antioxidant [8],
and antifungal [9] properties of these compounds.

Cancer is generally characterized by the uncontrolled growth of cells,
resulting from a regulatory dysfunction, which can be caused by several factors,
both hereditary and environmental [10]. In addition to presenting a difficult
prognosis, it still has a very aggressive treatment and a high mortality rate,
caused both by the disease and by the impacts of its treatment [11]. Natural
products such as chalcones of the type (1,3-diaryl-2- propen-1-ones) have been
the focus of research for the treatment of this disease, as they have a conjugated
carbonyl system that acts by inhibiting the polymerization of tubulin in tumor cells,
interrupting its disordered reproduction cycle [12].

Colorectal cancer can be cited as an example, since the fatality rate is
reduced by the removal of intestinal polyps through surgical procedures;
however, in more advanced stages the surgery becomes ineffective, requiring
the use of alternative therapies such as chemotherapy. Thus, a molecular target
therapy becomes efficient because it has selectivity in abnormal cells [13].

According to the WHO (World Health Organization), in 2018 alone, cancer
was respon- sible for more than 9.6 million deaths globally. Leukemia accounts
for one in three cases of cancer, and is the most common type in children and
adolescents (WHO, 2018) [14,15]. In women, breast cancer is the most common
type found, corresponding to 25% of re- ported cases. The chemotherapy choice
for this type of tumor aims to reach specific targets, usually using monoclonal
antibodies such as trastuzumab [16]. New candidates derived

from chalcones such as benzocoumarin-chalcones (Figure 2) have shown
promise against breast tumors, as they are capable of inhibiting ERa and ERP
receptors, preventing the proliferation of abnormal cells [17].

Figure 2. Chemical structure of benzocoumarin-chalcones.

Among these activities, studies of anticancer activity involving chalcones
have been widely explored in recent years due to the difficulty in treating
multidrug-resistant tumors with traditional medicines [18] in addition to the high
toxic loads due to the association of drugs to combat the disease.

Chalcones with anticancer activity already known in the literature, such as
MIPP and MOMIPP (Figure 3), act in the induction of methuosis in vitro, a
type of non-apoptotic programmed cell death, while other chalcones act in
different ways in the dysfunction of cell metabolism, causing death cell by
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apoptosis [12].

Given the importance of researching alternative treatments for different types
of cancer, the present work focused on the report of natural and synthetic
products based on the chalcone scaffold as potential candidates for the
treatment of the most diverse types of cancer. The review was combined with
a partial least square (PLS) analysis of the biologic data obtained from previous
authors and the chemical structures with reported inhibitory activity of the HCT-
116 lineage of colon adenocarcinoma, in order to identify descriptors that
favor the anticancer activity of the compounds.

MIPP: R=H
MOMIPP: R=0Me

Figure 3. Chemical structure of chalcones, MIPP and MOMIPP.

2. Review Approaches

The present review was written with the aim of presenting the anticancer
activities of chalcones’ synthetic derivatives, aiming to demonstrate the
physicochemical characteristics of these compounds that can contribute to their
activity; however, it must be noted that this theme presents literature review
papers that were previously published and which present different approaches
and objectives that should be mentioned. The following types of approach were
observed:

(1) The first type refers to the description of the complete action
mechanism of chal- cones with emphasis on the biological targets and
signaling pathways involved. Ouyang et al. (2021) [19] carried out a summary
of recent advances in compounds belonging to the class of chalcones as
potential anticancer agents and reported on the action mechanisms of these
compounds. Furthermore, the authors presented future applications and
scope of the chalcone family for cancer treatment and prevention. It is
important to mention that in this work the authors emphasized the need for a
complete description of the toxicity of chalcones. Also, it was possible to observe
that the authors mentioned chalcones of natural origin, but emphasized the
importance of the anticancer activity of chalcone hybrid compounds,
mentioning the biological activity of artemisinin-chalcone hybrids, chalcone-
azole hybrids, chalcone-coumarin hybrids, and chalcone-indole hybrids. In
addition, the biological activity was ad- dressed by describing the mechanism
of action emphasizing the pathways responsible for anti-inflammatory activity,
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inhibition of MDR (multidrug resistance) channels, and anti-angiogenic,
apoptotic, and tubulin polymerization. The authors emphasized the excellent
activity of synthetic derivatives such as sofalcone (antiulcer agent) and
methoxychalcone (choleretic drug), which both represent a promising
strategy for developing chalcones as new anticancer agents. Another point
mentioned referred to the lack of studies on chalcones in natural marine
products. Thus, the authors concluded that chalcones are easy to synthesize,
as well as easy to chemically modify, being able to generate compounds with
a wide variety and structural diversity.

The second approach observed mainly emphasized synthetic
compounds with the analysis of the chemical group related to activity,
characterizing an approach of structure and activity approach. Among these
articles, the main objective of the work developed by Shukla et al. (2021) [20]
was to analyze the antitumor activity of chalcones 1,3-diaryl-2-propen-1-one
through different mechanisms. The chemical groups related to activity and
mentioned as being of greater importance referred to chalcone analogues
with  electron donating groups, indolyl, quinolone, pyrazolol,
hydroxyaminobenzamide, hydroxamic acid, and pyridyl-indole groups.
Among the activities evaluated were mechanisms related to apoptosis
(emphasizing the importance of mitochondrial pathways), microtubule binding
and cell cycle regulation, and inhibition of drug-metabolizing enzymes and new
signaling pathways such as Notch (cell-surface Notch receiver). Thus, the
authors concluded that the presence of electron donating groups such as
OCHs, OH, halogens in the ring A or B of chalcones, induce apoptosis through
the intrinsic or extrinsic pathway as they stabilize the enzyme-inhibitor complex
through electrostatic interactions. Several chalcones with indolyl, quinolone, and
pyrazole act as potential anti-thymicrotubule agents and interrupt the cell
cycle, mainly in the G2/M phase. Apoptosis by enzyme inhibition is achieved
by hydroxyaminobenzamide, hydroxamic acid groups, and pyridylindole.

(2) The third approach found refers to synthetic chalcones and the reactions
involved in their production. An article developed by Mastachi-Loza et al.
(2021) [21] also emphasizes synthetic chalcones, but the authors mention
cycloaddition mechanisms [4+2], which correspond to cycloadditions between
a diene and a dienophile. The authors concluded that chalcones have not
only been used as precursors of natural and synthetic molecules, but also in
the development of new protocols and catalysts for asymmetric Diels—Alder
nullification, reflecting their versatility. Furthermore, it is also possible that
chalcones behave like dienes in Diels—Alder cycloadditions with inverse
electron demand kinetics, as well as formal [4+2] cycloadditions, which are
Diels—Alder cancellations. Therefore, due to their dual role in Diels—Alder
cycloaddi- tions, chalcones have wide possibilities in organic synthesis. Rani
et al. (2019) [22] also addressed synthetic and conjugated chalcones, but
presented the addition of a relationship and activity study as a differential, with
an emphasis on their mechanism of action and anchorage studies along with
their future therapeutic applications.

3) The fourth approach deals with the elucidation of the mechanism and
performance of in vivo studies. This form of work was observed in the review
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conducted by Souza et al. (2021) [23], in which the authors aimed to describe
the anticancer poten- tial of chalcones related to some of the characteristics
of cancer with emphasis on sustaining proliferative signaling, tumor-promoting
inflammation, activation of invasion and metastasis, induction of angiogenesis
and resistance to cell death; however, in this work no emphasis was shown on
the chemical structure—the discussion was made in relation to the mechanism
under study, and the chalcones which stood out were natural chalcones such as
flavokawain B. Thus, the authors concluded that the chalcones and their
derivatives had an anticancer effect by acting on the tumor microenvironment.

The following sections demonstrate articles that address the anticancer
activity of chalcones.

3. Chalcones with Anticancer Activity

Chalcones of natural origin present a pattern of phenolic hydroxyls that
originate from the biosynthetic reactions of flavonoids. As chalcones are
metabolites derived from the mixed pathway, all natural chalcones have
phenolic hydroxyls at positions 5 and 7 [24]. According to Leonte (2021) [25],
this class of chalcones is very important, as they are crucial precursors in the
biosynthesis of several metabolites with potential antitumor activity, such as
flavones, flavanones, aurones, pyrazolines, pyrazoles, and epoxides.

Among the most used synthetic routes for the production of chalcones, the
main route is through the Claisen—Schmidt condensation, which involves a
condensation between a benzaldehyde and an acetophenone. They also
have a conjugated ketone system, which can be functionalized through
chemical reactions such as, for example, the addition of thiazole groups,
producing a range of chalcone derivatives [25-27].

3.1TNF-a

The TNF-a factor was discovered in the 1970s, and the function of a serum
mediation of innate immunity that is responsible for the induction of hemorrhagic
necrosis in tumors is attributed to this signaling pathway [28]. After a few years
of studies, it was noticeable that this factor has a dual action in cancer, especially
in breast cancer, in which TNF-a can be a target that causes the disease as well
as a therapeutic agent [29].

Articles that address TNF-a and natural chalcones correspond to research
carried out by Roh and collaborators (2020) [30], which addressed the structural
optimization of natural chalcones: isoliquiritigenin, which corresponds to a
trinydroxy chalcone (1), as well as butein (2), which represents a
tetrahydroxychalcone. Compounds that have already been reported as good
inhibitors of histone deacetylases (HDAC) [31] are also considered to be
inhibitors of this inflammatory mediator, but their physical-chemical characteristic
of solu- bility is inconvenient for their study and use, because despite having polar
groups, these compounds have low solubility (79 mM, 21.0 mg/mL) and a
partition coefficient (Log P) of only 0.42, in addition to demonstrating low potency
(1C50, 43.3 mM) and insufficient efficacy, with only 21% inhibition at 20 mM in
vitro. Due to these limitations, the authors carried out pro-drug optimization
strategies by conducting structural modifications in the two mentioned chalcones,
with the main objective of improving their pharmacokinetic properties. Based on
this information, derivatives of butein were synthesized, correspond- ing to
compounds 3, 4, and 5 (Figure 4), which showed the power to suppress up to
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50% of TNF-a production in peritoneal macrophages of mice after stimulation with
lipopolysac- charides. Compound 5 was shown to be the most potent inhibitor,
with an in vitro 1C50 of 14.6 mM and limb volume suppressed by 70% in a
murine lymphedema model. Thus, the authors concluded that the pro-drug
strategy allowed a six-fold increase in the kinetic solubility of compound 1 and
five-fold higher levels of the active metabolite in the blood for compound 5 with
oral administration in the pharmacokinetic study. When undergoing modifications
in their structure in order to facilitate solubility and permeability, an increase in
potency was equivalent to three times (17.3 mM) for anti-inflammatory effects in
vitro than the unmodified compound (43.3 mM). Compound 4, despite its
insufficient solubility (28 mg/mL), showed greater permeability and was able to
suppress limb swelling by 53% orally (100 mg/kg/day). Compound 5 was the most
potent (14.6 mM) and had five times greater solubility (136 mg/mL). As a pro-
drug, compound 5 was rapidly converted to compound 2 by liver microsomes of
three species, including mice, rats, and humans. Thus, the authors suggested
that compound 5 could be developed as a potential therapeutic agent targeting
anti-inflammatory activity to alleviate the progression of lymphedema.

Figure 4. Chemical structure of TNF-a inhibitor compounds.

In a study carried out in 2019, Hashid and collaborators [32] observed that
chalcones that have hydroxy, methoxy, and chlorine groups in the ortho and para
positions, have strong inhibitory actions against mechanisms of inflammatory
action, such as inhibition of cyclooxygenase. It was also revealed in this study
that treatment with these compounds was able to inhibit up to 90% of
inflammatory edemas.

3.2.  Colon Cancer
As potential therapeutic agents for colon cancer, articles that reported synthetic

chalcones were observed with chalcones-ciprofloxacins linked to 1,2,3-triazole
(6) (Figure 5), which showed an IC50 ranging from 2.53-8.67 mM, 8.67-62.47
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mM, and 4.19-24.37 mM for HCT116, HT29, and Caco-2 cell lines, respectively;
while doxorubicin showed IC50 values of 1.22, 0.88, and 4.15 mM. In addition,
the compounds in studies still showed Topoisomerase | and Il inhibitory activity
[33]. Based on the properties of anthocyanidins and aglycones, Paus, escu and
collaborators (2022) [34] carried out a synthesis of derivatives of the flavilium
cation (7) (Figure 5), these being evaluated for anticancer activities in HCT116
and HepG2 strains. The anticancer effect was influenced by the position (6-, 7-,
or 8-) of the methoxy group on the f-ring for the methoxy-4 -hydroxy-3
methoxyflavilyl cation. Thus, the authors concluded that the evaluation of the
anticancer activities of derivatives containing methoxy groups in the flavilium
cation in hepatocellular carcinoma cells (HepG2) and colon cells of the HCT116
lineage, showed greater efficiency even at low concentrations (26 uM). Formation
of the inclusion complex of Compound 5 with the cyclodextrin derivative SBECD
led to a 1.5-fold increase in water solubility, preserving 70% of the cytotoxic effect
in HepG2 cells.
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Figure 5. Chemical structure of colon cancer inhibitor compounds.

In a study conducted by Palko-Labuz and collaborators (2020) [35], the
natural chal- cone found in the Kawa plant, flavokawain B (3) was evaluated
for its inhibitory capacity of LoVo/Dx cells. The results showed that the natural
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chalcone under study showed strong cytotoxic activity, as well as strongly
inhibited cell proliferation of the strain under study. Furthermore, at low
concentrations the chalcone flavokawain B (8) contributed to apoptosis, as it led
to an increase in the expression of caspase-3 activity.

Vanillin-based chalcone analogues were discussed by Lukovic and collaborators
(2020) [36]. The IC50 values observed in the HCT-116 cell models were
equivalent to 6.85 £ 0.71 ug/mL for Compound 9 (Figure 5) and 7.9 +1.37 ug/mL
for Compound 10 (Figure 5). Furthermore, vanillin-based chalcone analogues
caused overexpression and activation of mitochondrial Bax protein and caspase-
3 in HCT-116 cells, indicating that their antitumor mechanism of action was
mediated by activation of the internal apoptotic pathway.

Inhibition of HCT-116 cells for evaluation of new tubulin inhibitors was
performed by Hamashi and collaborators (2021) [37], through the aldol reaction
of N-tosyl imidazolketone with the respective aldehyde group (Compound 11)
(Figure 5), thus obtaining 26 compounds that obtained GI50 values corresponding
to 5.14 £6.81 uM. Regarding the IC50 values of the enzyme histone deacetylase
(HDAC), these were equivalent to 1.8 £9.0 uM.

The presence of groups that favor hydrogen bonds, as well as the
presence of halo genated elements may be related to the activity, since among
the compounds considered the most active, they have these characteristics in

common. In contrast, these groups demonstrate large cytotoxic loads, as
demonstrated by Palko-Lobuz and collaborators [35].

3.3.  Lung Cancer

To obtain new therapeutic agents for lung cancer, Mphahlele and collaborators
(2021) [38], carried out a sulfonylation reaction on compounds of the type 5-styryl-
2-aminochalcones with p-toluenesulfonyl chloride in pyridine providing new hybrids
of 5-styryl-2-sulfonamidochalco- nes. The in vitro results of the compounds (12)
and (13) (Figure 6) against A549 and vero cell lines with LPS, showed a
suppression capacity of up to 55% of ROS in vero cells and 35% in A549 cells.
These compounds also reduced the cytotoxicity against the A549 cell line and
did not affect the viability of vero cells. Another mechanism used for the discovery
of drugs against lung cancer was addressed by Sherikar and collaborators (2021)
[39]; in this work, the authors evaluated synthetic chalcone derivatives for
blocking calcium channels, the study being carried out through pharmacophore
modeling combined with experimental evaluation. Pharmacophore modeling
revealed that hydrogen bonding receptors and hy- drophobic groups are
important features for calcium channel-blocking activity. The docking study
showed the existence of hydrophobic interactions, hydrogen bonds, and Van der
Waals interactions between the amino acid residues and the ligands. In vitro
screening showed that compounds 14, 15, and 16 were potent, yielding an IC50
of 4756, 3608, and 5211 pM, respectively, while the standard drug, Nifedipine,
showed an IC50 of 1.30 yM. Furthermore, it is important to mention that synthetic
chalcone derivatives with NO (nitric oxide) donating capacity is promising for
designing new calcium channel blockers.

Another class under study was approached by El-wakil and collaborators
(2020) [40], which refers to a series of 1,3,5-triazines linked to chalcones. The
results showed that compounds (17) and (18) (Figure 6) significantly inhibited
the viability of cancer cells of the A549 lineage, and their IC50 values were
245 and 17 pM, respectively, in reference to cisplatin (IC50 = 21.5 yM).
Furthermore, mechanistic studies employing MALDI-TOF
MS (matrix-assisted laser desorption ionization—time of flight mass
spectrometry) and
fluorescence spectroscopy using the EvaGreen probe inferred that (17) and
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(18) induced DNA double-stranded breaks, in contrast to cisplatin, which
induces crosslinks between DNA strands’ DNA.
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Figure 6. Chemical structure of lung cancer inhibitor compounds.

The functionalization of coumarins to chalcones as potent agents for lung
cancer, among other activities, was mentioned by Kumar and collaborators
(2021) [41]. In this article, the authors synthesized coumaryl-chalcone
derivatives and it was observed that the compound lead (19) (Figure 6) is very
potent against the A-549 (lung) strain, and also showed satisfactory results for
the Jurkat (leukemia) and MCF-7 (breast). The IC50 values were, respectively,
equivalent to 70.90, 79.34, and 79.13 pg/mL.
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The natural chalcone flavokawain B (Compound 20) (Figure 6) was studied by
Hseu and collaborators (2019) [42] as an inhibitor of A459 cells and NSCLC cells
(H1299). 1C50 values of 11 pg/mL were observed for A549 cells and 5.1 pyg/mL for
H1299 cells. Further- more, at concentrations of 5-15 pg/mL, the chalcone under study
induced apoptosis and autophagy in A-549 cells.

The platinum complex functionalization in the chalcone structure was a
strategy adopted by Wang and collaborators (2021) [43]. Compound 21
(Figure 6) was the best performing complex, showing high apopytotic capacity,
as well as IC50 values of 0.31 £0.09 and 0.71 + 0.18 uM for the resistant strains
A549/CDDP and SGC-7901/CDDP, while IC50 values for cisplatin
corresponded to 35.05 £1.39 and 26.81 £1.73 pM, respectively.

Bischalcone derivatives linked to aliphatic ligands, with furan units in the A or
B rings were synthesized by Fathi and collaborators (2021) [44]. Substances 22
and 23 (Figure 6) were considered the most promising, with IC50 (24.9 and 13.7
pMg/mL, respectively) against A549, compared with the reference drug
doxorubicin (IC50, 28.3 pg/mL), in addition to presenting IC50 (26.1 and 14.4
pg/mL, respectively) against A431 compared with the reference drug doxorubicin
(IC50, 24.9 ug/mL). A ligustrazine chalcone was synthesized by Bukhari
(2022) [45]. Compound 24 (Figure 6) showed an IC50 of 5.11 yM, as well
as an inhibitory potential of other strains such as MCF-7.

A study led by Gaur and collaborators [46] pointed out that compounds of the
chalcone class which have indole and furan groups in their structure, present
high cytotoxicity against cell lines of this specific type of cancer, capable of
combating these cells with an IC50 of 1 ug/mL, as well as cyclized chalcones
with groups of diazoles, as reported by Bracke et al., 2008 [47].

3.4. Breast Cancer

Breast cancer was one of the most mentioned pathologies, Wang and
collaborators (2020) [48] reported the synthesis of new chalcones containing a
diaryl ether moiety (25) (Figure 7). The results showed that among the
synthesized compounds, the compound (25) with the 4-methoxy substitution on
the right aromatic ring was considered the most active in cancer for MCF-7,
HepG2, and HCT116 cell lines, showing IC50 values of 3.44 + 0.19, 4.64
0.23, and 6.31 £0.27 uM, respectively. In vitro tests showed that the compound
(25) can effectively inhibit tubulin polymerization. Further studies of the
mechanism of action revealed that the compound (25) was able to induce
G2/M phase arrest and cell apoptosis. Furthermore, molecular docking studies
revealed that compound (25) interacts and binds at the colchicine binding site
of tubulin.

In another work Guruswamy and Jayarama (2020) [49] carried out
synthesis of chalcone derivatives by the Claisen—Schmidt method. The
resulting compound (26) (Figure 7) demonstrated incredible anticancer potential
in MCF7 cells, with IC50 estimates of 6.55-10.14 yM. In addition, this induced
apoptosis, since the increase in the expression level of Caspase 9 and
Caspase 3 was noticeable. These results demonstrated expressive apoptotic
activity.

The authors Homerin and collaborators (2020) [50], carried out synthesis of
chalcones with thienyl groups as potential inhibitors of the farnesyltransferase
enzyme as well as of the MCF-7 cell line. The bis(thienyl) chalcone (compound
27) (Figure 7) was the most active compound in the series (IC50 = 7.4 uM), thus
showing antiproliferative potential against the MCF7 cancer cell lines.

Another reported class refers to ethoxychalcones; these were studied by
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Harshitha and collaborators (2020) [51] and were obtained by classic aldol
condensation. The best compound was derivative (28) (Figure 7), which showed
IC50 value = 53.47 uM for breast cancer cell line MDA-MB-231 and metastatic
melanoma cells (A-375).

Al-kaabi and collaborators (2021) [52] synthesized chalcones from 1,2-bis(2-
methoxy-4- vinylphenoxy)ethane. Compounds (29), (30) and (31) (Figure 7)
showed the highest inhibition rate against the human breast cancer cell line
Cal51, 64.1% 60.2%, and 50.4%, respectively.
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Figure 7. Chemical structure of breast cancer inhibitor compounds.

Chalcones with thiophene groups were synthesized by Mangoud and
collaborators (2020) [53]. The results showed that chalcone 32 (Figure 7) had an
inhibition percentage of 56.90% against T-47 D.

Polymethoxylated chalcones substituted with nitro groups (NO2) were
synthesized by Ahn and collaborators (2022) [54]. IC50 values for the MCF-7 cell
line were around 1.33 and 172.20 uM, with compound 33 (Figure 7) being
considered the best performer.

3.5. Oral Cancer

In cases where the search for new therapeutic agents for oral cancer was
mentioned, this was related to the suppression of inflammatory mediators such
as interleukins. Ra- jeswari and collaborators (2022) [55], performed the
functionalization of chalcones with other natural products belonging to the
coumarin class, which are considered pharma- cophoric groups and which have
already reported activity against oral cancer. In addition, pyrazolone aldehydes
were produced using the Vilsmeier—Haack reaction, via the reaction between
aldehydes and ketones in an alcoholic medium with sodium hydroxide. The
in vitro assays were combined with in silico simulations that demonstrated high
affinity of the compounds under study with mediators such as interleukins, as it
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was also possible to observe that the in vitro cell viability studies of the series
show that chalcones (34), (35), and (36) (Figure 8) presented IC50 values of
2.96, 2.97, and 2.82 yM against CAI27 oral cancer cell lines.

The inhibitory activity of the AW13516 cell line was studied by Kode and
collab- orators (2020) [56]. In this work, the authors synthesized the compound
37 (E)-1-(3,4- dimethoxyphenyl)-3-(1-methyl-5-(3,4,5-trimethoxybenzoyl)-1H-
indol-3-yl)prop -2-in-1-one
(37) (Figure 8). This derivative has 1-methyl, 2 and 3-methoxy substituents on
the aromatic ring and was effective in inhibiting the AW13516 strain, showing
GI50 values of 0.96 uM.

Figure 8. Chemical structure of oral cancer inhibitor compounds.

A study guided by Gul and collaborators [57] demonstrated that chalcone-
like com- pounds have a greater selectivity for cells of the oral cancer lineage
when they are trimethoxy- lated. In addition to the selectivity, based on in vitro
experiments the authors concluded that these groups increase the potency
of the compounds, showing promise in the fight against this type of cancer.

3.6. Leukemia

Leukemia was also one of the most prevalent pathologies; synthetic
derivatives of chalcones were reported in research by Mphahlele and collaborators
(2022) [58], a series of 2- hydroxy-3-nitrochalcones substituted by 5-methyl, 5-
bromo, and 5-chloro were synthesized. The results showed that chalcones 38 to
45 (Figure 9) exhibited inhibitory effect against a- glucosidase and a-amylase
enzymes, in addition, it exhibited minimal cytotoxicity against Raw-264.7
macrophage cells (murine) in comparison with the anticancer drug, curcumin. For
acute lymphoblastic leukemia, Kudlic’kova and collaborators (2020) [59]
performed the synthesis of 20 chalcone derivatives substituted with nitro groups
(NO2) and (CF3). Of the synthesized compounds, four derivatives (compounds
46, 47, 48, and 49), presented IC50 values between 6.1 and 8.9 uM for the
inhibition of T lymphocytes, thus demonstrating a high antiproliferative role.

Del Rosario and collaborators (2022) [60], carried out the synthesis of 50
chalcones through a standard aldol condensation reaction of three
acetophenones with three ben- zaldehydes. These compounds were
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evaluated by means of the inhibition capacity of the strains HL-60 and U-937.
Chalcone 2,2 -furoyloxy-4-methoxychalcone (Compound 50) (Figure 9) was

the most active compound, with IC50 values corresponding to 4.9 £1.3 uM.
In a differentiated methodology, Li and collaborators (2021) [61] aimed to search
for new inhibitors of the specific histone lysine demethylase 1 (LSD1) enzyme,
for which the synthesis was carried out through the aldol condensation of
acetophenone and benzalde- hyde. Compound (51) (Figure 9), characterized
as a piperidine oxazole chalcone, presented IC50 values corresponding to 0.14
MM, thus being about 100 times more potent than its precursor, in addition to
representing a highly promising compound for the treatmentO of leukemia.
o o]

F F

Figure 9. Chemical structure of leukemia inhibitor compounds.
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Petrov and collaborators (2020) [62], carried out the synthesis of
benzoxazolone deriva- tives to evaluate the inhibition of human leukemia strains.
Compound (52) (Figure 9) demonstrated dose-dependent effect of cytotoxicity,
being more sensitive for BV-173, SKW-3 and HL-60 strains (IC50 = 3.6—-10.7 yM).
The introduction of the aminomethyl group at position 3 of benzoxazolone was
considered a structural prerequisite for the cytotoxic activity of the synthesized
molecules.

For acute lymphoblastic leukemia, Kudlic’kova and collaborators (2021) [59]
performed the synthesis of 20 chalcone derivatives substituted with nitro groups
(NO2) and (CF3). Of the synthesized compounds, four derivatives (compounds
46, 47, 48, and 49), presented IC50 values between 6.1 and 8.9 uM for the
inhibition of T lymphocytes, thus demonstrating a high antiproliferative role. The
greatest efficacy was demonstrated by chalcones against Jurkat leukemic cells,
which are rapidly proliferative and more sensitive cells. IC50 values (excluding
three compounds) ranged from 3.9 to 15 pM. The best results were obtained by
compound 53 (Figure 9).

Bis-quinolinyl-chalcone compounds were synthesized by Insuasty and
collaborators (2020) [63]. Compound 54 (Figure 9) showed significant activity
against leukemia cells K-562 (G150 = 0.88 uM), RPMI-8226 (GI50 = 0.32 uM)
and SR (GI50 = 0.32 pM).

Studies led by Vrontaki (2017) [64] and Mercader (2012) [65] showed that
nitrogenated
and halogenated chalcones have high cytotoxicity against leukemic cells, being

able to limit their growth, in addition to inducing the process of cell apoptosis.

3.7. Hepatocarcinoma

A study conducted by Wang and collaborators (2022) [66] showed two
series of chalcone derivatives containing aminoguanidine or bis-chalcone that
were designed, synthesized, and screened for their cytotoxicity, proliferation
inhibition, and apoptosis- promoting activity in vitro. The results showed that 2-
((E)-4-((E)-3-0x0-3-(p-tolyl)prop-1- en-1-yl)benzylidene)hydrazine-1-
carboximidamide (58) (Figure 10) was the most potent compound, with IC50
values of 7.17 uM and 3.05 uM of in vitro anti-proliferative activity against
HepG2 human hepatocarcinoma cells and SMMC-7721 cells, respectively.
This result showed that the compound had a certain degree of selectivity for
human hepatocel- lular carcinoma cells, especially for SMMC-7721, affirming
this compound as a potential drug candidate.
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Figure 10. Chemical structure of hepatocarcinoma inhibitor compounds.

Helmy and collaborators (2022) [2], synthesized 4-acetyl-5-furan/thiophene-
pyrazole derivatives. Compound (59) (Figure 10) showed to be the most
promising compound, with IC50 = 26.6 ug/mL against HepG2 cells compared
with the reference drug doxorubicin (IC50 = 21.6 pg/mL), and with IC50 = 27.7
pg/mL against A549 cells compared with the reference drug doxorubicin (IC50 =
28.3 pyg/mL).

Huang and collaborators (2020) [67], reported functionalized platinum
complexes to chalcones. Chalcone 60 (Figure 10) showed the best IC50 value
for the HepG-2 strain IC50 of 0.33 pM, as well as other good values 0.41 uM,
0.30 uM, 0.45 uM, and 11.85 uyM for HeLa, MGC-803, NCI-H460, and HL-7702,
respectively.

a-phthalimido-chalcones were synthesized by Mourad and collaborators
(2020) [68]. Trimethoxy derivative 61 (Figure 10) demonstrated the most potent
anticancer activity, with an IC50 of 1.62 uM for Hep G2 and 1.88 uM for MCF-
7. Thiophenic, nitrogenous, and diazolic chalcones have a strong antioxidant
power, in addition to acting significantly against breast cancer and hepatocellular
carcinoma cells, as reported in studies led by Zahrani in 2020 [69].

3.8. Cervical Cancer

Methoxylation and hydroxylation reactions in chalcones were the
strategies used by Sangpheak and collaborators (2019) [70] for the elaboration
of new topoisomerase enzyme inhibitors. The synthesized compound
corresponded to a derivative that had 2,4-dimethoxy and 6-hydroxy groups in ring
A and 3,4 ,5-trimethoxy in ring B (Compound 62) (Figure 11), and showed the
highest cytotOX|C|ty in in vitro against HelLa, HT-1376, and MCF-7 strains,
whose IC50 values corresponded to 3.2, 10.8, and 21.1 yM. In addition, it was
demonstrated that the test compound had a high affinity for the topoisomerase
enzyme, which was confirmed by molecular docking and molecular dynamics
simulations.
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Figure 11. Chemical structure of cervical cancer inhibitor compounds.

HelLa cell inhibition was evaluated by Vongdeth and collaborators (2019)
[71]. In this work, polyhydroxychalcones were synthesized by the classic
Claisen—Schmidt con- densation pathway of  2-hydroxy-4,6-
dimethoxyacetophenone with several aldehydes. Compound (63) (Figure 11)
was the most potent, with greater selectivity for HeLa cells (IC50 1.44 pM)
and SK-OV-3 cells (IC50 1.60 uM).

3.9. Glioblastoma
Medanha and collaborators (2021) [72] reported the synthesis of new

chalcones as promising inhibitors of human glioblastoma lines U98 and GL261.
Chalcone 65 (Figure 12) was the compound with the best performance and
reduced cell proliferation by 40% for U87 cells and 25% for GL261, not
dependent on exposure time. The number of viable cells was significantly
lower in treated cells and the invasive capacity of U87 cells was reduced by
50% after treatment with chalcone 65. These results demonstrate chalcone 65 as
a promising agent.
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Figure 12. Chemical structure of glioblastoma inhibitor compounds.

Sulfonamide groups in chalcones were reported by Custodio and collaborators
(2020) [73]. Compound (66) (Figure 12) had the lowest values of IC50 (2.1 € 2.4

pg.mL‘1 against SF-295 e PC-3, respectively).

3.10. Melanoma
Castano and collaborators (2022) [74], synthesized chalcone-sulfonamide
hybrids. Since the compound (67) (Figure 13) presented the best inhibition profile
for LOX IMVI (melanoma) with IC50 = 0.34 pM, it also showed good results for
MCF7 and MDA-MB-468 (breast cancer) with IC50 values of 0.97 and 1.20 uM,
respectively; K-562 (leukemia) with IC50 = 1.50 uM, and HCT-116 (colon cancer)
with IC50 = 1.49 uM.
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Figure 13. Chemical structure of melanoma inhibitor compounds.

4. Other Studies

This section includes compounds that are derived from chalcones, but have
a different structure, as well as other mediators of anticancer activity. The results
are described in Table 1.
Table 1. Other articles related to chalcones with anticancer activity.

Number of

In Vit
Compounds Compounds Obtaining Method :eti:ﬁ:; Cell Lineage References
under Study
Pyrimidine derivalives 18 Synthesis 5+ 1 pg/mL (IC50) DU-145 (prostate cancer) 73]
linked to chloropyrazine Y S8 JELHE prostate cancer. .
chalcone-thienopyrimidine 06 Synthesis 5.3 £ 2.1 ug/mL (IC50) Hep-G2 (Hepatocarcinoma) [78]
o e . . Antimitotic activity (cell cycle
Natural chalcones Various compounds Literature review - inhibition in the G2/M phase) 1771
1,3-diaryl-2-propen-1-one ST . . Inhibition of erythroid nuclear -
synthetic chalcones Various compounds Literature review factor-related factor 2 (Nrf2) 1751
. . . PO DI(HUSI(EU ﬂt(l\‘lt)’ I Cnarcones
‘N‘lFuml‘ R)l‘l.l‘]’lt‘:‘l‘l.i.,‘dnd‘ Various compounds Literature review - in negative undulating breast [79]
semi-synthetic chalcones "~ N
cancers (TNBCs)
Evaluation of antioxidant and
T . : . Qualitative evaluation antiproliferative activity, as -
Tsoquinpline chalcane o Synthesis of marker expression well as the action on p-53 and 180]
BAX markers
7 £ 0.27 uM (IC50)
Spirooxindole hybrids 37 Synthesis 55+0.2 uM HCT-116 and Hep(:2 [81]
(colon cancer)
(IC50)
Pyrimidodiazepine
derivatives containing the 14 Synthesis 0.622 1M (GI50) K-562 (Leukemia) [82]

2-chloro-4-
anilinoquinazoline fragment
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16 + 18 pg/mL (IC50)

HT-29 (colon cancer)

Benzothiazepine derivatives 20 Synthesis 12 & 13 pg/mL (IC50) MCF-7 (breast cancer) 831
15 + 18 pg/mL (IC50) DU-145 (prostate cancer)
Homocyclic an?d heterocyclic Various compounds Literature review - Bialngic_al athvw).? of.chalcmes 1841
chalcones in breast cancer.
, . MDR A549/T (lung cancer)
f}:ahllé(ar:\:'c‘i{ifi)\ :’g..'::: Various compounds Literature review fE;; f:m ((g%;)o)) HCT-116/L (colon cancer) 851
) : HL6&0/DOX (leukemia)
A-549 (lung cancer)
HepG2 (colon cancer)
MCF-7 (breast cancer)
, . MDA-MB-231 (breast cancer)
Natural and 4 nlilmehc Various compounds Literature review 620 282 ug/ml ALL-SIL (leukemia) [86]
chalcone derivatives (IC50) o
SW1990 (pancreatic cancer)
Vascular endothelial growth
factor (VEGF)
(anti-angiogenesis)
Derivatives of indole . ) . . PaCa2 (pancreatic carcinoma) -
chalcones Various compounds Literature review 4 pM (IC50) RT112 (bladder carcinoma) [87]
. Evaluation of the induction of
Subsntut(?d natural Various compounds Literature review - apoptosis by the [88]
chalcones
caspase-3 pathway
It does not mention a specific
Natural chalcones present in Various compounds Literature review - cell or mechanism; it only 1291
the Sophora kingdom P ; informs that the compounds
have anticancer activity
Glycosidic derivatives Various compounds Literature review 2.97 uM (IC50) HL-60 (leukemia) [20]
of chalcones
Natural and synthetic . i . " ABCG2 transport
chalcone derivatives Various compounds Literature review 0.17-0.19 M (IC50) profein inhibition [91]
It does not mention a specific
Natural and synthetic Various compounds Literature review - cell or mechanism; it only 2]
chalcone derivatives comp i informs that the compounds o
have anticancer activity.
. . . MCF-7 (breast cancer)
Triazole-chalcone-conjugates 7 Synthesis 0.94-1.92 pM (IC50) Leu(temia ;R ) 193]
. . . U208 (humanosteosarcoma
Amino-naftil-chalcona 1 Synthesis 8 pg/mL (IC50) ( cell line) [94]
38.46-48.25 ug/mL
Polycyclic chalcone X . (IC50) MCF-7 (breast cancer)
based acrylamides 4 Synthesis 38.02-36.35 pug/mL HeLa (cervical cancer) 193]
(1C50)
Arylpropenone § . g
aminochalcone conjugates 17 Synthesis 6.7-9.8 uM (IC50) MCEF-7 (breast cancer) [96]
Synthetic chalcones Various compounds Review article - NRF2, apoptosis, and BCL2 [97]
i . Evaluation of the activity of
Natural and Sy ““?E“C Various compounds Review article - chalcones in multiple [20]
chalcone derivatives )
mechanisms
§ . Survey of several P
Natural and synthetic Various compounds Review article studies and explanation Mechanisms related to 98]
chalcone derivatives s gastric cancer
of the mechanisms
Survey of several
Synthetic chalcones Various compounds Review article about synthesis studies and explanation Various mechanisms [19]
of the mechanisms
. : " : : Survey of several
Natural and slyntl_'lem Various compounds Review artlm]es on mechanisms studies and explanation Various mechanisms [22]
chalcone derivatives of action of chalcones .
of the mechanisms
. . " . . Survey of several
Natural and slynﬂ:\ettc Various compounds Review articles on mechanisms studies and explanation Action on p-53 protein [99]
chalcone derivatives the enzyme p53 of the mechanisms
Review article on obtaining The arlticle emphaa:lzes
hybrid chalcone compounds S,.trvey of several various synthetic
Chalcone hybrids Various compounds Y combined with studies and explanation compounds and various [100]
P . of the mechanisms mechanisms to
strucpure-activity studies N
achieve cancer
The article emphasizes
Various synthetic Survey of several various synthetic
Ferrocenyl chalcones corr; }\}unds Review about application studies and explanation compounds and various [101]
P of the mechanisms mechanisms to
achieve cancer
Natural chalcones Various compounds Review on compounds Compost survey with Histone deacetylase [31]
COnes pounds reported in specific mechanism action on histones ylas g
, Review and application of Survey of several
Na?“”" flavans and Various compounds synthetic compounds studies and explanation Various mechanisms [102]
(iso)flavanones 3 .
anticancer of the mechanisms
Review and application of Survey of several Various mechanisms for
Chalcone bas&_‘d metal Various compounds synthetic compounds studies and explanation obtaining synthetic [103]
cordination . .
anticancer of the mechanisms chalcones
Chalcone heterocycles Review and application of Various mechanisms for Various mechanisms for
rocycles Various compounds v and appicatio obtaining synthetic obtaining synthetic [25]
synthesis synthetic chalcones in cancer : g
chalcones chaleones
Review and application of Various mechanisms for Various mechanisms for
Quinoline chalcone hybrids Various compounds - ppica X obtaining synthetic obtaining synthetic [104]
synthetic chalcones in cancer ’ ;
chalcones chalcones

Flavonoids overview
addressing natural
chalcones

Various compounds

Review about application of
phytochemical constituents

Blade cancer

[105]

Chalcones and other
compounds

Various compounds

Review on bioisosterism and
obtaining drugs

Various mechanisms

[106]
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Number of In Vitro
Compounds Compounds Obtaining Method Activit Cell Lineage References
under Study Y
Coumarin-chalcone Review and application of Various mechanisms for
hvbrids Various compounds o o ‘PP AP obtaining synthetic Various mechanisms [107]
ybrids synthetic chalcones in cancer

chalcones

Phytochemical constituents
of the Didymorcarpus wall
(Gesneriaceae)

Various compounds

Review about application of
phytochemical constituents

Survey of several
studies and explanation
of the mechanisms

Various mechanisms

Phytochemical constituents
of the Kawa (piper
methistycum)

Various compounds

Review about application of
phytochemical constituents

Survey of several
studies and explanation
of the mechanisms

Various mechanisms

Flavonoids overview
addressing natural
chalcones

Various compounds

Review about application of
phytochemical constituents

Survey of several
studies and explanation
of the mechanisms

Various mechanisms

Flavonoids overview
addressing natural
chalcones

Various compounds

Review article that addresses

the antiviral activity for Herpes

virus and a correlation with
cancer pictures

Survey of several
studies and explanation
of the mechanisms

Antiviral activity and
antitumor activity

Phenolic compounds of the
Mous alba—natural
chalcones

Various compounds

Review about application of
phytochemical constituents

Survey of several
studies and explanation
of the mechanisms

Various mechanisms

Licochalcones

Various compounds

Review about application of
phytochemical constituents

Survey of several
studies and explanation
of the mechanisms

Various mechanisms

Chalcone heterocycles
synthesis

Various compounds

Review articles on mechanisms

of action of chalcones

Survey of several
studies and explanation
of the mechanisms

Various mechanisms

Natural chalcones present
in licorice-Chinese
materia medica

Various compounds

Review articles on mechanisms

of action of chalcones and
other compounds

Survey of several
studies and explanation
of the mechanisms

Various mechanisms

5. Chemometric Analyses

The PLS analysis was performed with the training set of 128 descriptors,
assigning classification criteria to the compounds according to the activity value
of the compounds obtained in the literature review. The activity values included
were equivalent to the IC50, G150, or percentage of inhibition (%) obtained for the
cell lines under study. The selection of compounds related to the HCT-116
lineage of colon adenocarcinoma was carried out. This series corresponded to
28 compounds that presented the activity value in IC50 (ug/mL). The total series
under study was divided into active and inactive compounds, with a value of +1
for active compounds and -1 for inactive compounds. Compounds 01, 02,
03, 04, 05, 06, 07, 08, 09, 11, 12, 14, 22, 27, and 28 were classified as active,
as they presented IC50 values < 10 pg/mL (Figure 14A). The other
compounds in the model, referring to compounds with IC50 values > 10
Mg/mL, were classified as inactive (Figure 14B). To improve the statistical
validation of the model, compounds 14 and 22 were excluded. The model
validation was performed with the leave-one-out (LOO) cross-validation
correlation coefficient method, resulting in a good observed statistical index in
the calculation of the latent variable LV5, having a good predictive coefficient
(Q2 = 0.847) and an excellent determination coefficient (R2 = 0.960),
reinforcing the quality of the physical-chemical descriptors of VolSurf and the
biological activity data used in this study.
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Figure 14. Chemical structure of the series of compounds submitted to PLS
analysis. (A) Active compounds; (B) inactive compounds.

The t1-t2 PLS Score plot is shown in Figure 15. Regarding the plot, the
selected model provides good discrimination between active and inactive class
of compounds according to the statistically significant quality of the derived
PLS model.

Based on the developed model, the contribution coefficients of the most
significant descriptors for the activity were analyzed, that is, we sought to
highlight the descriptors that favor the biological activity of the active compounds
and the descriptors that disfavor the biological activity of the compounds. Among
these descriptors, it is possible to observe the positive influence of the
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descriptors Flex, G, W1, and Pol while the negative influence can be
highlighted by the MetSab descriptor, as shown in Figure 16.

PLS tu (PLS Model 1)
wwwwwwwwwww ity 1

&
i

Figure 15. Arrangement of objects in relation to the activity of compounds.

PLS Coefficients (PLS Model 1 - activity)
1

efficier

Figure 16. Coefficient graph generated from the PLS model.

The mentioned descriptors take into account the structural characteristics of
the com- pounds without declaring the interference of biological activity. As
positive contributions, the following stand out:

The W1 descriptor belongs to the hydrophilic volume descriptor block, which
describes the accessible molecular envelope that interacts attractively with water
molecules.
The FLEX descriptor is related to flexibility parameters and represents the
maximum flexibility of a molecule.
Another descriptor is the POL, which represents an estimate of the average
molecular polarizability and is based on the structure of the compounds.
Molecular globularity (G) is related to molecular flexibility and is defined as
S/Sequiv with Sequiv = surface area of a sphere of volume V, where S and V
are the molecular surface and volume described above, respectively.
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As negative contributions, the following stand out:

The MetSab descriptor is an ADMET (absorption, distribution, metabolism,
excretion, toxicity) descriptor, which represents the metabolic stability after
incubation with the human CYP3A4 enzyme.

So in this way, it is understood that the series under study has hydrophilic
characteris- tics and may present metabolization inconveniently.

6. Discussion

According to Michalkova and collaborators (2021) [116], chalcones are
molecules chemically derived from aromatic ketones, and their chemical
structure is considered simple, which may explain the ease of modifications
in their structure. This information can be confirmed in the analyzed data, since
most of the articles found referred to obtaining synthetic or semi-synthetic
chalcones. The only natural chalcones mentioned referred to the butein and
isoliquiritigenin derivatives and the chalcone present in the Kawa plant,
known as flavokawain B.

Regarding the semi-synthetic chalcones that were observed, the most
used synthesis reaction corresponded to the Claisen condensation, which is
configured as a standard in obtaining chalcones, however, it was noticeable
that the structural modifications carried out referred to hydroxylation reactions
and methoxylation. The addition of halogens such as chlorine, bromine, and
fluorine was also observed. In addition, the high occurrence of thiophene rings
and azole substituents was noticeable. Another strategy used refers to the
elaboration of complexes with platinum.

It was observed that the addition of the metal complex to the chalcone
structure significantly increased the potency of the chalcone under study, being
noticeable by the decrease in the IC50 values. According to Hacker (2009) [117]
platinum complexes such as cisplatin and carboplatin demonstrate their
antitumor action through the formation of DNA adducts that consequently
contribute to the inhibition of DNA replication and transcription.

The high use of the strategy of adding polar radicals such as the hydroxyl
and methoxyl was identified in the analyses related to the PLS regression, since
the descriptors that are most related to the activity of the compounds under study
are descriptors related to polar features, such as the W1 descriptor and the G
descriptor.

Among the types of strains under study, the strains related to lung
cancer were the most prevalent, reported in nine studies with the A-549 strain
being the most mentioned strain. In addition, it was also observed that the
compounds in question have multi-target potential since, in several cases, it
was observed that natural chalcones and chalcone derivatives under study
showed inhibitory capacity in more than one cell lineage, such as the natural
chalcone flavokawain B.

Based on the observed results, the class of chalcones can be
confirmed as potent anticancer agents, as well as their low level of toxicity
and ease of procurement.
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7. Material and Methods

7.2. Literature Review

A literature review was carried out with articles that addressed the
anticancer activity of natural chalcones, synthetic chalcones, and chalcone
derivatives. The search was carried out on the Web of Sciences database
(https://lwww.webofscience.com/wos/woscc/basic- search (accessed on 10
January 2023)); the period comprised the last four years, from 2019 to 2023, and
the words used as descriptors were chalcones, anticancer activity, and in vitro.
The inclusion criteria were full articles published in English that were reporting
anticancer activity of natural or synthetic chalcones and chalcone derivatives.
The exclusion criteria were in vivo and in silico studies, chalcone analogs,
and other biological activities. In the search were found 159 articles from the
Web of Science database, but only 101 met the review eligibility criteria
mentioned above. The SMILES referring to all the compounds reported in the
bibliographic survey are described in Table S1 of the Supplementary Material.

7.3. Data Set

The chemical structures of the compounds under study were drawn in
the software Marvin Sketch 22.13., 2022, ChemAxon (https://chemaxon.com/
(accessed on 10 January 2023)) [118]. After drawing, the structures were
converted into SMILES, which consist of the canonical representation of the
structure.

Chemometric Studies

The structures in three dimensions (3D) saved in SDF format were
imported in the program VolSurf+ v.1.0.7 [119] and subjected to molecular
interaction fields (MIF) to generate descriptors using the following probes: N1
(nitrogen-amide binding donor probe—N1); O (carbonyl oxygen-hydrogen bond
receptor probe); OH2 (water probe) and a DRY (hydrophobic probe). Non-MIF-
derived descriptors were generated to create 128 descriptors [120].

7.5. Partial Least Squares (PLS)

The QSAR analysis with PLS involves working with matrices X and Y,
respectively, corresponding to chemical variables and biological descriptors. The
PLS method approxi- mates the X and Y matrices to model the relationship
between them. The PLS methodology was applied to build models. A discriminant
PLS analysis was performed, with active com- pounds assigned the value of 1
(totaling 14 compounds) and inactive compounds assigned the value of -1
(totaling 14 compounds) separated according to the values of the IC50 (ug/mL),
where the compounds that showed IC50 values < 10 ug/mL were considered
active and the molecules that showed IC50 values > 10 pyg/mL were considered
inactive. The number of latent variables (LV) as well as the original value of the
variables was selected using a graph of coefficients together with a graph that
responds for each PLS com- ponent; the varlatlon explained in the inflow (R )
and the variation explained in forecast (Q ) cv; cross-validation performed by
LOO. The model W|th the highest cross-validation correlation based on the
coefficient value (Q cv) was selected.
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8. Conclusions

Based on the literature review, it is possible to state that the class of
chalcones that presents inhibitory activity against several cancer strains can be
attributed to natural and synthetic chalcones. In addition, it was observed that the
chalcone flavokawain B showed a high potential for cell inhibition in two cell lines,
presenting multi-target potential. Another important point is the low toxicity
reported in this class of compounds.

Supplementary Materials: The following supporting information can be
downloaded at: https:// www.mdpi.com/article/10.3390/molecules28104009/s1.
Table S1: Anticancer activity of chalcone-like compounds for various types of
cancer with their respective cell lineage.
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In vitro and in silico evaluation of the anti-leishmania
activity of synthetic chalcones
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Apesar dos graves problemas de saude que causa, a Leishmaniose ainda
€ uma das doencgas negligenciadas. Segundo a OMS (2018) cerca de 700 mil a
1milhdo de novos, além de 20 a 30 mil mortes s&o registradas todos os anos. E
prevalente em paises emergentes como o Brasil. Dentre suas espécies as de
maior interesse clinico sdo a L. Leishmania infantum, L. chagasi, L. donovani, L.

brasiliensis and L. Amazonenses.

Na literatura ja possuem relatos do uso de chalconas no combate a esses
parasitas, apresentando um potencial alternativa aos tratamentos convencionais

na terapéutica atual.

Nesse estudo um total de 10 compostos da classe chalcona foram
sintetizados e avaliados frente a formas promastigotas e amastigotas de
Leishmania infantum. Estudos in silico demonstraram fortes interagcdes entre os
compostos e os alvos propostos (Trypanotiona redutase e a 14,a-redutase)
sugerindo uma via de acdo dos compostos. Dos compostos avaliados 6
apresentaram atividade, desses 3 ganharam destaque sendo o composto CP03

considerado 0 mais promissor.

Esses compostos podem servir de modelo para novos protétipos, afim de
potencializar essas interagdes. Um estudo de mecanismo de agao também pode
ser considerado para determinar os alvos in vitro.
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Abstract: Leishmaniasis is a group of neglected, vector-borne
infectious diseases that affect millions of people around the world. The
medications available for its treatment, especially in cases of visceral
leishmaniasis, are old, outdated and have serious side effects. In this
work, 10 chalcones were synthesized and evaluated in vitro against
promastigotes and axenic amastigotes of Leishmania infantum.
Compounds CP04 and CP06 were the most promising, presenting
respectively ICso values = 13.64 + 0.25 and 11.19 + 0.22 yM against
promastigotes, and ICso = 18.92 + 0.05 and 22.42 £ 0.05 yM against
axenic amastigotes. Only compound CP04 did not show cytotoxicity
against Peripheral Blood Mononuclear Cells (PBMCs). Molecular
docking studies carried out with the enzyme’s sterol 14-alpha
demethylase (CYP-51) (PDB: 3L4D) and trypanothione reductase
(PDB: 5EBK) from L. infantum evidenced the great affinity of the CP04
for these targets, presenting values Moldock score of -94.0758 and -
50.5692 KJ/mol".

Keywords: chalcones, anti-leishmania activity, cytotoxicity, molecular
docking, molecular dynamic.

1. Introduction

Despite the serious public health problems it causes, leishmaniasis is still one
of the neglected diseases. According to the World Health Organization (WHO)
(2018), the highest concentration of cases occurs in emerging countries, with
highest incidences in Brazil, China, Ethiopia, Eritrea, Kenya and Somalia, where
there are records of approximately 0.7 to 1 million new cases. cases, in addition
to 20 to 30 thousand deaths annually (Diotallevi et al, 2020). Among the
Leishmania species, Leishmania infantum, L. chagasi, L. donovani, L. brasiliensis
and L. amazonensis are those with greatest clinical interest (Mauricio et al, 2018).

Upon entering a human host in its reproductive cycle, the promastigote forms
infest defense cells such as neutrophils and macrophages, transforming into
amastigotes and becoming immune to the body's defense mechanisms. Cell lysis
is caused by massive intracellular reproduction, releasing more amastigotes into
the body. The cycle repeats itself causing a generalized infection (Rougeron et
al, 2017). As a result, treatment in humans becomes difficult and fighting sandfly
transmission is often preferable. The same medications since the late 1940s are
still used to combat the parasite, such as pentavalent antimonials and, more
recently, amphotericin B. However, in addition to being expensive, these
medications are no longer as effective or safe, and have several side effects.
collaterals associated with its use are widely known; Furthermore, they provoked
natural selection due to extensive use, which led to the emergence of resistant
strains of Leishmania sp. (Qin et al, 2020; Akbari et al, 2017; Barbosa et al, 2015).

These facts by themselves already demonstrate the need to develop new drug
candidates which represent new therapeutic alternatives and demonstrate
efficacy and safety in combating these infections (Ortalli et al, 2018; Moreno et
al, 2014). One of the strategies that has been widely used to help and direct this
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search is through the use of alternative therapeutic targets, preferably exclusive
to the parasite, or that present greater selectivity for the parasite, thus reducing
its potential toxicity and increasing its selectivity, and in turn its effectiveness
(Moreno et al. 2014; Hermoso et al., 2003).

Among the various classes of natural products that have been used as
prototypes for the design of new anti-leishmania agents (Rodrigues, 2015), our
group is interested in chalcones are chemical compounds which are natural
synthesis precursors of some secondary metabolite classes, being structurally
constituted by two phenyl rings united through an a,B-unsaturated ketone (Souza
et al, 2020; Rosa et al, 2019; Ali et al, 2021), being the 1,3-diaryl-2-propen-1-one
(Figure 1) its simplest substructure (Moreno et al., 2014; Passalacqua et al,
2015). They are known as privileged structures due to their extensive
pharmacological applications, associated with their affinity to bind to several
known molecular targets (Xiang et al, 2023), as well as due to the relative
synthetic simplicity, which allows numerous molecular changes to be made to its
main skeleton, allowing different classes of derivatives to be obtained (Romagnoli
et al, 2009; Zhang et al, 2023).

The anti-leishmania activity of chalcones is widely described in the literature,
for example: Lophirone E (Figure 1) presented an ICso of 15.3 uM against
promastigotes of L. infantum (Pozzetti et al, 2022); Licochalcone A (Figure 1)
presented, in vitro, 1Cso values of 3.88 and 12.47 yM against promastigotes of L.
amazonensis and L. infantum, and 1Cso values of 36.84 and 29.58 uM against
amastigotes of the same species. In vivo, administered at 50 mg/kg, Licochalcone
A was able to reduce the parasite load by 43.67% and 39.81% in the liver and
spleen, respectively (Souza et al, 2020); Ortalli et al, 2018 analyzed the anti-
leishmania potential of 31 chalcones, of which two stood out (compounds 6 and
16 - Figure 01) as being active against four Leishmania species (L. donovani, L.
tropica, L. major and L. infantum). Compound 6 presented ICso values lower than
5.2 uM, and compound 16 lower than 13 yM against the promastigotes forms of
the four analyzed species. These two compounds also showed anti-amastigote
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activity against L. donovani with 1Cso values of 14 yM (compound 6) and 4.5 yM
(compound 16).

o
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Figure 1: Chemical structures of 1,3-diaryl-2-propen-1-one and other chalcone
derivatives with anti-leishmania activity.

Although the action mechanism associated with the anti-leishmania activity of
chalcones is not fully known, some more recent studies have described the
metabolic importance of many essential macromolecules for the protozoan
growth and life cycle, which may represent molecular targets to be explored in
molecular docking studies (Garcia et al, 2021; Escrivani et al, 2021).
Trypanothione reductase (TR) stands out among these important molecular
targets, as it is involved in maintaining the redox balance of the parasite cell. It
also represents an enzyme specific to trypanosomatids (not present in humans),
and is essential in the biochemical pathway for the survival of the parasite
(Battista et al, 2020). Inhibition of this enzyme can lead to the accumulation of
reactive oxygen species (ROS), causing cellular damage and parasite death,
making it a promising target for the development of new treatments (Juan et al,
2021).

Another potential target to be explored is Sterol 14a-demethylase (CYP51).
Its inhibition destabilizes the parasite membrane, leading to its death (Lepesheva
et al., 2011). This enzyme acts directly on the biosynthesis of ergosterol, an
essential component of the parasite's cell membrane, making it a specific
therapeutic target. This allows for the development of drugs that affect the
parasite but not the human host (Lepesheva et al.,, 2018). Furthermore,
understanding CYP51 (PDB: 3L4D) is crucial for combating drug resistance.
CYP51 inhibitors, such as azoles, have demonstrated potential in the treatment
of Leishmania infections (Capela et al., 2019).

Considering the importance of this class of natural products such as

chalcones, combined with the search for alternative treatments for
Leishmaniasis, our group sought to apply the potential of these compounds
against forms of the parasite to investigate their anti-leishmanial power.
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2. Results and discussion

2.1. Chemistry

Claisen-Schmidt  condensation was performed between 34-
methylenedioxyacetophenone and substituted benzaldehydes to synthesize the
10 chalcones of the present work. They were previously prepared according to
procedures widely described in the literature (Scheme 1). The compounds had
their chemical structures confirmed by Nuclear Magnetic Resonance (NMR) and
mass spectrometry (MS).

The "H NMR showed the presence of the carbonyl system conjugated with
two doublets (coupling diagnostic signal) with chemical shifts between 7.30 and
7.60 ppm and a,B type constant couplings (J) appearing in the range between 6H
15.3~15.7 Hz being typical of the E-alkene system. A singlet at 6.00 ppm referring
to methylenedioxy hydrogens is also observed. Signs of aromatic hydrogens with
couplings in ortho, meta and para are also observed according to the pattern of
substituents of each aromatic ring.

The 3C NMR also confirm the success of the reactions. It was observed
at 101 ppm the methylenedioxy carbon. The methoxyl (around 55 ppm), ethyloxyl
(around 70 and 15 ppm) and allyloxyl (around 70, 118 and 133 ppm) carbons in
their specific regions. The presence of a carbon shifted around 188 ppm, referring
to ketone carbonyl, helps confirm the E stereochemistry of the alkene (Goyal et
al, 2021).

The compounds were obtained in the form of a pale yellow amorphous
solid for all compounds, with the exception of CP08 which presented an orange
color and CP09 which presented a brownish tone. Yields varied between
87~97%. The purity of all compounds was determined by HPLC and presented
values above 95% (spectra in supplementary material).
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CP01-CP08, CP10

CP01 R=4-OMe

CP02 R =4-OEt

CP03 R = 3-Br, 4-OEt, 5-OMe

CP04 R = 3-Br, 4-OCH,-CH=CH,, 5-OMe
CP05 R =3,5-OMe, 4-OFt

CP06 R=3,5-OMe, 4-OCH,-CH=CH,
CP07 R =4-Cl

CP08 R = 4-N(Me),

CP10 R=4-F

Scheme 1: General synthesis of chalcones via Claisen-Schmidt condensation
between 3,4-methylenedioxyacetophenone and benzaldehydes.

2.2. Anti-Leishmania activity
In order to evaluate the anti-leishmania potential of the synthesized
compounds, in vitro assays against promastigote and axenic amastigote forms of
L. infantum were carried aou with the aim to determining the inhibitory
concentration of 50% (ICso) against promastigotes and the effective concentration
of 50% (ECso) against axenic amastigotes, using amphotericin B as reference
drug. ICso0 corresponds to the potency of the drug to inhibit promastigote forms in
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their log phase of growth, thus evaluating the inhibition of parasite growth, while
ECso evaluates the cytotoxic power of amastigote forms in their stationary phase,
defining the potential of the drug at effective concentrations. A screening was
initially performed to evaluate the anti-promastigote activity, in which it was
observed that four compounds (CP01, CP02, CP07 and CP08) were inactive,
three showed moderate activity (CP05, CP09 and CP10, with ICso values ranging
between 39 and 60 uM), and three compounds (CP03, CP04 and CP06) showed
good activity (ICso less than 14 uM) (Table 1).

Table 1. Inhibitory concentration of 50% (ICso) in log phase of growth of L.
infantum promastigotes and effective concentration of 50% (ECso) of axenic
amastigotes of L. infantum in stationary phase, treated with chalcones.

Compound ICs0 (UM) ECso0 (uM)

CPO1 >1012

CP02 >1012

CPO03 10.96 + 0.27 62.52 £ 0.05
CP04 13.64 £0.25 18.92 £ 0.05
CPO05 39.04 £0.19

CP06 11.19£0.22 22.42 £ 0.05
CPO7 >1012

CP08 >1012

CP09 60.48 + 0.27

CP10 42.21£0.25

AmpB 0.31 £0.02 0.15+0.02

Data represent the mean + SEM of three independent triplicate experiments
evaluating growth inhibition of promastigote forms of L. infantum (ICs0) and anti-
leishmania potency in stationary forms of axenic amastigotes of L. infantum
(ECso) treated with chalcones and amphotericin B as positive control.

The three most promising compounds (CP03, CP04 and CP06) were
evaluated in vitro for anti-amastigote activity (Table 1; Graph 1). The CP04 and
CPO0O6 chalcones showed cytotoxicity above 75% at concentrations from 126 to
63.30 yM, while CP03 showed the same effect from 126 to 31.60 uM. However,
CP04 and CP06 showed a 50% drop in anti-amastigote activity at concentrations
between 31.60 and 15.80 uM, respectively, constituting results in agreement with
their ECso values, which were 18.92 £ 0.05 uM for CP04 and 22.42 + 0.05 pM for
CPO06, thereby showing its potential against the evolutionary form of the parasite
which promotes disease in humans.

As expected, Amphotericin B showed great potential for inhibiting
amastigotes, showing cytotoxicity against parasites in concentrations from 10 to
0.31 pM (Graph 1), with biological activity against L. infantum amastigotes
reduced by half in concentrations of 0.15 uM, as indicated by the drug’s ECso
value of 0.15 + 0.02 uM.

Graph 1. Cell viability percentage of axenic amastigotes treated with CP04,
CPO03, CP06 and Amphotericin B.
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2.3. Cytotoxicity on Peripheral Blood Mononuclear Cells (PBMCs)
and Red Blood cells

In order to assess the safety of the most active compounds CP03, CP04 and
CPO06 compared to amphotericin B (AmpB), in vitro cytotoxicity tests were carried
out against Peripheral Blood Mononuclear Cells (PBMCs) and Red Blood cells.
The results are presented in table 2.

The hemolysis test demonstrated that both the chalcones and AmpB have low
cytotoxicity against Red Blood cells. The selectivity indices (Sl) observed were
greater than 74 for chalcones and greater than 245 for AmpB.

However, the same profile was not observed in PBMCs, where it was
observed that the compounds exhibited significant cytotoxicity, especially for
CPO03 and CPO06 even at low concentrations, resulting in Sl of 1. Compound CP04
was the only chalcone that presented a safety margin against PBMCs, presenting
CCso value of 185.60 uM, and Sl of 9.8.

Table 2. Compound selectivity index against red blood and Peripheral Blood
Mononuclear Cells (PBMCs)

L. infantum Red Blood cells PBMC cells
Compound HCso
ICs0 (M) ECso (M)  (uM) Sl CCso (M) S

10.96 62.52 62.72 +

CPO3 0.27 0.05 >1,012 >92.33 0.05 1.00
13.64 18.92 + 185.6 +

CP0O4 0.25 0.05 >1,012 >74.19 0.03 9.80
11.19 2242 + 23.29

CPO0O6 0.22 0.05 >1,012 >90.43 0.05 1.03
0.13 0.15 % 58.9 + 53.88 +

AmpB 0.02 0.02 0.14 245.41 0.01 359.20

Data represent mean £ SEM of three independent experiments in triplicate of L.
infantum promastigotes (ICs0) and amastigotes (ECso) treated with chalcone
compounds and amphotericin B as positive control, respectively during 72 and
24 hours of treatment. Red Blood cell citotoxicity (HCso0) and selectivity indices
(SI, HCs0/ICs0). PBMCs cytotoxicity (CCso) and selectivity indices (Sl, CCs0/ECso).

2.4. Computational chemistry
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2.4.1. Docking molecular

Molecular docking simulations were performed with compounds derived
from chalcones that showed the best inhibition results of the parasite under study
in the in vitro test for evaluating their affinity to enzymes related to important
survival mechanisms of L. infantum, such as Sterol enzyme 14-alpha
demethylase (CYP-51) (PDB: 3L4D) and the trypanothione reductase enzyme
from L. infantum (PDB: SEBK). Molecular docking results were generated based
on the energy value of the MolDock Score algorithm. More negative values
indicate better predictions for all scoring functions.

Redocking was performed prior to molecular docking simulations in order
to validate the compounds under study. For the proteins under study, the RMSD
(Root Mean Square Deviation) values corresponded to: 0.2122 for the PDB ligand
Fluconazole complexed to the target CYP-51 (PDB: 3L4D) and 1.5733 for the
ligand 6-sec-Butoxy-2-[(3-chlorophenyl)sulfanyl]-4-pyrimidinamine (RDS)
complexed to the target Trypanothione Reductase (PDB: 5EBK), and it was
observed that all compounds obtained values below the recommended limit
(below 2.0 A), validating the docking simulations performed. The molecular
docking simulation results can be viewed in Table 3.

Table 3. Affinity values of chalcone derivatives for the enzymes under study
according to the MolDock Score algorithm.

Compound CYP-51 Trypanothione
(PDB: 3L4D) Reductase
(PDB: 5EBK)

CPO1 -82.2604 -28.1816
CP02 -92.3169 -20.2976
CPO3 -85.9169 -45.2721
CP0O4 -94.0758 -50.5692
CP0O5 -89.5499 -17.9649
CP0O6 -91.2791 -28.3599
CPO7 -75.0916 -29.6601
CP08 -84.5501 -27.6151
CP0O9 -71.7698 -36.0213
CP10 -75.2075 -29.9171

PDB ligand -72.482 -16.29

(fluconazole)

Legend: The most negative energy compound is in bold.

According to the results of the analyzed, the compounds under study
obtained negative energies, thus demonstrating that they have the potential to
interact with the two 3D structures under study generating stable complexes. Only
the CP09 compound did not show a more negative affinity score for the CYP-51
enzyme (PDB: 5RG1) than the PDB ligand, while all the other compounds in the
series were considered more potent and demonstrating greater affinity; the CP04
compound presented the highest affinity among the studied compounds
corresponding to -94.0758 KJ/mol-', while the PDB ligand fluconazole presented
a score of -72.482 KJ/mol-'. All 10 compounds derived from chalcones showed a
higher affinity for the trypanothione reductase enzyme (PDB: 5EBK) when
compared to the PDB ligand, with the CP04 compound presenting the lowest
energy -50.5692 KJ/mol-', while the PDB ligand presented a score of -16.19
KJ/mol-'. (Figure S30) shows the molecular interaction between the CP04
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compound, the PDB ligand fluconazole and the CYP-51 enzyme (PDB: 3L4D),
and (Figure S31) shows the molecular interaction between the CP04 compound,
the pyridine-derived PDB ligand and the trypanothione reductase enzyme for L.
infantum (PDB: 5EBK).

Molecular interactions in the CP04 compound present in the methylenedioxy
groups were visualized through hydrogen bond interactions via the Tyr 115
residue (1 interaction) and three alkyl and pi-alkyl interactions, which represent
hydrophobic interactions resulting from van der Waals bonds (pink dashed line)
through the Phe 109 (1 interaction), Leu 126 (1 interaction) and Tyr 115 (1
interaction) residues. The alkyl and pi-alkyl interactions were also visualized in
the aromatic rings of the compound through the Ala 286 (1 interaction), Ala 290
(1 interaction), Leu 355 (2 interactions) residues, and additionally 1 hydrogen
bond interaction with the Ala 290 residue and a halogen interaction with the
Bromine (Br) atom. The allyl group presented three alkyl and pi-alkyl interactions
through Val 212 (interaction), Pro 209 (1 interaction) and Met 359 (1 interaction)
residues. The last group that interacted with the studied macromolecule
corresponded to the methoxy group through the Met 359 (1 interaction), Phe 104
(1 interaction) and Tyr 102 (1 interaction) residues. It is worth mentioning that the
CPO09 compound presented similar interactions to the PDB ligand fluconazole
through alkyl and pi-alkyl interactions of the Ala 290 and Ala 286 residues, as well
as through hydrogen bond interactions through the Ala 290 amino acid.

The molecular interaction established between the CP04 compound and the
trypanothione reductase enzyme from L. infantum (PDB: SEBK) involved the allyl
group, with an alkyl-type interaction being observed with the Trp 21 residue. The
second group observed corresponded to the methoxy group through alkyl and pi-
alkyl interactions (pink dashed line) through the Leu 17 (1 interaction), Val 53 (1
interaction), Tyr 110 (1 interaction) residues, and additionally, a hydrogen bond
interaction was observed through the Gly 49 residue. The third group involved in
the interactions corresponded to the Bromine (Br) atom, in which an alkyl-type
interaction with the lle residue 339 and a halogen-type interaction with the Glu 18
residue were observed. It is important to mention that similar interactions were
observed between the CP04 test compound and PDB ligand which corresponded
to alkyl-type interactions of the Val 53 residue.

2.4.2. Molecular Dynamics Simulation

After analyzing the activity potential of the CP04 test compound against
important mechanisms for evaluating anti-leishmania activity, molecular
dynamics simulations were conducted with the CP04 compound to evaluate the
flexibility of the enzyme and the stability of interactions in the presence of factors
such as solvent, ions, pressure and temperature. This information is important
because it complements the docking results and allows evaluating whether the
compounds remain strongly bound to the studied enzymes in the presence of
factors which are found in the host organism. Therefore, the following enzymes
were chosen for analysis: CYP-51 (PDB: 3L4D) and trypanothione reductase
from L. infantum (PDB: 5EBK), since the CP04 test compound showed a higher
affinity for these proteins. Then, the RMSD was calculated separately for the Ca
atoms of the complexed enzyme and the structures of each ligand.

For the enzyme CYP-51 (PDB: 3L4D) (Figure S32) the RMSD metric of

the protein demonstrated that the test compound CP04 (red dashed line) was the
most stable compound, when compared to the protein complex (line black) and
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the PDB ligand fluconazole (green line), as it presented lower RMSD values,
corresponding to 0.3 nm. It is worth noting that the stability of the CYP-51 protein
(PDB: 3L4D) is essential to keep compounds bound to the active site. Regarding
the binder's RMSD metric (Figure S33), which refers to the compound's ability to
resist variations in temperature and pressure conditions, it was observed that the
fluconazole control (black line) presented lower RMSD values when compared to
compound CPO04 (red line). This result can be justified by the fact that the
fluconazole compound has a more rigid structure which is composed of three
rings that configure the compound as a molecular system with a lower degree of
freedom in terms of Cartesian atomic coordinates, which makes it difficult to move
the complex, but also reduces structure overlap. Regarding the RMSF metric
(Figure S34) in which the fluctuation of amino acids and their contribution to the
flexibility of the structure was observed, as this is contributed by values above
0.3, it was noticed that that residues among the amino acids present in the protein
at positions 29, 30, 36, 41, 253, 310, 409 and 476 contribute to the conformational
change of the protein complexed to the CP04 compound (red dashed line).

For the TR enzyme (PDB: 5EBK) (Figure S35), it was observed that the
compound CP4 (red dashed line) presented stability between the period of 20 to
40 ns with RMSD values corresponding to 0.35 nm, with subsequent fluctuation
until reaching 0.5 nm. The most stable complex corresponded to the TR protein
(black line), as it presented lower RMSD values corresponding to 0.35 nm and
the PDB ligand (green line) was the most unstable with RMSD values
corresponding to 0.5 nm. For the RMSD of the ligand (Figure S36), a greater
stability of the PDB ligand (red line) was observed. showing that it remains in the
active site of the enzyme after changes in pressure and temperature conditions.
In the RMSF metric (Figure S37) it was observed that among the amino acids
present in the protein, those in positions 1, 76 -82, 85, 86, 302, 305, 353, 399-
405, 407, 419, 457-462 and 486 contribute to the conformational change of the
protein complexed to the CP04 compound (red line).

3. Conclusions

This study involved the design, synthesis, and evaluation of a series of
chalcone-based compounds as potential anti-leishmania agents, both in vitro and
in silico. Six of the synthesized compounds exhibited activity against L. infantum
promastigotes, with three compounds (CP03, CP04, and CPO06) identified as the
most promising. Against L. infantum amastigotes CP04 and CP06 showed the
highest activity, with 1Cso values of 18.92 £+ 0.05 yM and 22.42 + 0.05 uM,
respectively. The compounds did not demonstrated cytotoxicity against red blood
cells, meanwhile only CP04 did not present cytotoxicity against PBMCs with CCso
value of 185.60 uM, and Sl of 9.8.

Molecular docking studies against two key molecular targets of the
parasite, sterol 14-alpha demethylase (CYP-51) (PDB: 3L4D) and trypanothione
reductase (PDB: 5EBK), revealed strong affinity of the CP04 molecule for these
targets. Significant interactions with several amino acid residues were observed,
resulting in Moldock score values of -94.0758 and -50.5692 KJ/mol, which are
lower than those of the co-crystallized ligands. Additionally, molecular dynamics
simulations demonstrated the high stability of CP04 with these targets, indicating
a robust interaction potential.
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Our findings underscore the potential of chalcones as candidates for anti-
leishmania drugs and highlight CP04 as a particularly promising compound for
the design and development of more active chalcone-based analogs for
leishmaniasis therapy.

Supplementary Materials: The supporting information can be downloaded at:
XXXXXXXXXXXXXX
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Experimental

1. Chemical

All chemicals, solvents, and reagents (reagent grade) used were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. The
reaction was monitored by TLC, run on silica gel-coated aluminum sheets (silica
gel 60 GF254, E. Merck, Germany) and revealed by UV light (254 or 365 nm).
1H, 13C Nuclear Magnetic Resonance (NMR) spectra were registered in a Bruker
Avance 400 MHz NMR spectrometer in deuterated chloroform. The chemical
shifts () are reported in parts per million (ppm) downfield to tetramethylsilane (&
= 0). The coupling constant (J) is expressed in Hertz (Hz). High Resolution Mass
Spectra (HRMS) was performed using direct infusion on a micrOTOF Il mass
spectrometer (Bruker Daltonics, Billerica, MA, USA) containing an electrospray
ion (ESI) source to obtain high resolution mass spectra. The parameters applied
were as follows: capillary 4.5 kV, ESI in negative mode, final plate offset 500 V,
40 psi nebulizer, dry gas (N2) with a flow rate of 8 mL/min and a temperature of

200 °C. The mass spectra (m/z 50-1000) were recorded every 2 s.

1.1. Synthesis of 3-bromo-4-hydroxy-5-methoxybenzaldehyde

A solution with glacial acetic acid (100 mL) and bromine (25 mL) was prepared,
adding 2 g of vanillin (31-333-CAS-6108306) and left under magnetic stirring for
24 hat room temperature (28-30 °C). A white precipitate was formed by filtering
and washing with water and methanol three times, respectively. The solid was

then dried at room temperature, with an approximate yield of 98%.

1.1.1. General procedure for etherifications in bromine vanillin, 4-

hydroxybenzaldehyde and syringealdehyde

In a 500 mL flask, the respective aldehyde, bromo-vanillin (8.7 mmol, 1 equiv), 4-
hydroxybenzaldehyde (31-614-CAS-32142740) (16.4 mmol, 1equiv), and
syringealdehyde (31-331-CAS-7026331) (10.1 mmol, 1 equiv) was added and
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solubilized in dimethylformamide (DMF), followed by potassium carbonate (4 eq)
and finally the methylating (iodomethane, 1 eq), ethylating (bromoethane, 1
equiv) and allylating (allyl bromide, 1 eq) agents, respectively. The reaction
medium was left under magnetic stirring for 24 hours at room temperature (28-30
°C), being monitored by Thin Layer Chromatography (TLC). At the end of the
reaction, a partition was made with ethyl acetate for 3 times, the organic phase
was dried with anhydrous sodium sulfate and rotary evaporated, resulting in the

etherified product, with yields ranging from 95 to 98%.

1.1.2. General procedure for chalcone synthesis

First, 3,4-methylenedioxyacetophenone (31-614-CAS-31805209) (6.1 mmol, 1
eq) was added in a 500 mL flask and solubilized in ethanol. Then the respective
aldehyde (6.1 mmol, 1 eq) was added and finally potassium hydroxide (24.4
mmol, 4 eq). The reaction medium was left under magnetic stirring for 24 hours
at room temperature (28-30 °C), being monitored by TLC. A yellow solid was
formed. The solid was filtered, washed with ethanol and dried in a desiccator.

This process was repeated for all chalcones, with yields ranging from 87 to 97%.

1.1.3. Spectral data and physicochemical characteristics of the synthesized

compounds

(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(4-methoxyphenyl)prop-2-en-1-one (CPO1)
[47]: Yellowish amorphous solid, yield of 95%, Weight 1.63 g (5,78 mmol), melting
point147.1 —148.0 °C, C17H1404, mm: 282.09 g/mol, HPLC-UV: 4.36 min/ 96%.
1H NMR (400 MHz, CDCI3) 6 7.75 (d, J = 15.5 Hz, 1H), 7.62 (dd, J = 8.1, 1.7 Hz,
1H), 7.57 (d, J = 8.7 Hz, 2H), 7.51 (d, J = 1.7 Hz, 1H), 7.35 (d, J = 15.5 Hz, 1H),
6.91 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.1 Hz, 1H), 6.03 (s, 2H), 3.83 (s, 3H). 13C
NMR (101 MHz, CDCI3) 6 188.33, 161.66, 151.59, 148.31, 144.14, 133.32,
130.20, 127.81, 124.54, 119.47, 114.48, 108.49, 107.95, 101.90, 55.47.

(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(4-ethoxyphenyl)prop-2-en-1-one (CP02):
Yellowish amorphous solid, yield of 95%, Weight 1.72 g (5,79 mmol), melting
point 125.0 - 126.0 °C; HRMS (ESI-TOF+) C18H1704, mm: 296.10 g/mol, HPLC-
UV: 5.23 min/ 99%, [M+H]+: calcd m/z = 297.1049; found 297.1132; 1H NMR
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(400 MHz, CDCI3) 5 7.73 (d, J = 15.5 Hz, 1H), 7.60 (dd, J = 8.2, 1.7 Hz, 1H), 7.54
(d, J = 8.7 Hz, 2H), 7.49 (d, J = 1.7 Hz, 1H), 7.33 (d, J = 15.5 Hz, 1H), 6.88 (d, J
= 8.8 Hz, 2H), 6.85 (d, J = 8.1 Hz, 1H), 6.01 (s, 2H), 4.04 (g, J = 7.0 Hz, 2H), 1.40
(t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCI3) & 188.19, 160.94, 151.42,
148.15, 144.08, 133.20, 130.07, 127.47, 124.38, 119.17, 114.80, 108.34, 107.79,
101.74, 63.57, 14.65.

(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(3-bromo-4-ethoxy-5-methoxyphenyl)prop-2-
en-1-one (CP03) — pale yellow crystals, yield of 87%, Weight 2.14 g (5,30 mmol),
melting point 112.6 - 115.2 °C, C19H17BrO5, mm: 404.03 g/mol, HPLC-UV: 6.99
min/ 98%. 1H NMR (400 MHz, CDCI3) 6 7.37 (d, Jd = 15.5 Hz, 1H), 7.64 (dd, J =
8.2, 1.7 Hz, 1H), 7.52 (d, J = 1.4 Hz, 1H), 7.46 (d, J = 1.9 Hz, 1H), 7.37 (d, J =
15.5 Hz, 1H), 7.05 (d, J = 1.9 Hz, 1H), 6.90 (d, J = 8.1 Hz, 1H), 6.07 (s, 2H), 4.13
(g, d =7.1 Hz, 2H), 3.91 (s, 3H), 1.43 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz,
CDCI3) 6 187.89, 153.91, 151.81, 148.34, 147.53, 142.61, 132.80, 131.83,
124.80, 124.73, 121.88, 118.63, 111.50, 108.40, 107.93, 101.90, 69.43, 56.19,
15.58.

(E)-3-(4-(allyloxy)-3-bromo-5-methoxyphenyl)-1-(benzo[d][1,3]dioxol-5-yl)prop-
2-en-1-one (CP04) - pale yellow crystals, yield of 95%, Weight 2.41 g (5,79
mmol), melting point 123.7 - 125.8 °C; HRMS (ESI-TOF+) C20H17BrO5, mm:
416.03 g/mol, HPLC-UV: 7.04 min/ 92%, [M+H]+: calcd m/z = 417.0259; found
417.0335; 1H NMR (400 MHz, CDCI3) 6 7.62 (d, J = 15.6 Hz, 1H), 7.62 (dd, J =
8.2,1.7 Hz, 2H), .49 (d,J=1.6 Hz, 1H),7.43 (d, J=1.8 Hz,1H),7.34 (d, J=15.6
Hz, 1H), 7.03 (d, J = 1.9 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.11 (ddt, J = 17.2,
10.3, 6.0 Hz, 1H), 6.04 (s, 2H), 5.37 (dq, J =17.2, 1.5 Hz, 1H), 5.23 (dq, J = 10.4,
1.1 Hz, 1H), 4.57 (dt, J = 6.0, 1.3 Hz, 2H), 3.89 (s, 3H). 13C NMR (101 MHz,
CDCI3) 6 187.86, 153.85, 151.84, 148.37, 147.08, 142.54, 133.56, 132.82,
132.04, 124.82, 124.76, 122.00, 118.59, 118.47, 111.54, 108.43, 107.95, 101.93,
74.25, 56.22.

(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(4-ethoxy-3,5-dimethoxyphenyl)prop-2-en-1-

one (CPO05) - pale yellow crystals, yield of 87%, Weight 1.89 g (5,30 mmol),
melting point 131.0 — 133.0 °C; HRMS (ESI-TOF+) C20H2106, mm: 356.13
g/mol, HPLC-UV: 4.50 min/ 98%, [M+H]+: calcd m/z = 357.1260; found 357.1346;
1H NMR (400 MHz, CDCI3) 6 7.69 (d, J =15.6 Hz, 1H), 7.63 (dd, J = 8.2, 1.8 Hz,
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1H), 7.51 (d, J = 1.8 Hz, 1H), 7.35 (d, J = 15.6 Hz, 1H), 6.88 (d, J = 8.1 Hz, 1H),
6.84 (s, 2H), 6.05 (s, 2H), 4.10 (q, J = 7.1 Hz, 2H), 3.89 (s, 6H), 1.36 (t, J = 7.0
Hz, 3H). 13C NMR (101 MHz, CDCI3) & 188.36, 153.89, 151.76, 148.38, 144.64,
139.48, 133.13, 130.43, 124.74, 121.02, 108.55, 108.02, 105.76, 101.98, 69.24,
56.34, 15.64.

(E)-3-(4-(allyloxy)-3,5-dimethoxyphenyl)-1-(benzo[d][1,3]dioxol-5-yl)prop-2-en-1-
one (CPO0G6) - greenish yellow crystals, yield of 92%, Weight 2.06 g (5,61 mmol),
melting point 136.0 — 137.0 °C; HRMS (ESI-TOF+) C21H2006, mm: 368.13
g/mol, HPLC-UV: 4.66 min/ 91%, [M+H]+: calcd m/z = 369.1260; found 369.1339;
1H NMR (400 MHz, CDCI3) 6 7.60 (d, J = 15.5 Hz, 1H), 7.68 — 7.55 (m, 2H), 7.49
—7.42 (m, 1H), 7.32 (d, J = 15.5 Hz, 1H), 6.85 — 6.75 (m, 3H), 5.99 (s, 2H), 6.11
- 6.01 (m, 1H), 5.28 (dt, J = 17.2, 1.7 Hz, 1H), 5.15 (dt, J = 10.4, 1.5 Hz, 1H),
5.15 (dt, J = 10.4, 1.5 Hz, 1H), 3.85 (d, J = 2.4 Hz, 8H). 13C NMR (101 MHz,
CDCI3) 6 188.12, 153.61, 151.63, 148.22, 144.41, 138.91, 134.17, 132.90,
130.45, 124.62, 120.86, 117.98, 108.33, 107.83, 105.60, 101.86, 74.16, 56.16.

(E)-1-(benzol[d][1,3]dioxol-5-yl)-3-(4-chlorophenyl)prop-2-en-1-one (CP07) - pale
yellow crystals, yield of 97%, Weight 1.69 g (5,91 mmol), melting point -97.0 —
98.0 °C, HRMS (ESI-TOF+) C16H12CIO3, mm: 286.04 g/mol, HPLC-UV: 5.91
min/ 97%, [M+H]+: calcd m/z = 287.0469; found 287.0475; 1H NMR (400 MHz,
CDCI3) 8 7.75 (d, J =15.6 Hz, 1H), 7.66 (dd, J = 8.1, 1.8 Hz, 1H), 7.57 (d, J = 8.3
Hz, 1H), 7.54 (d, d = 1.7 Hz, 1H), 7.47 (d, J = 15.6 Hz, 1H), 7.40 (d, J = 8.6 Hz,
1H), 6.91 (d, J =8.1 Hz, 1H), 6.08 (s, 2H). 13C NMR (101 MHz, CDCI3) 6 188.03,
151.96, 148.48, 142.82, 136.38, 133.61, 132.92, 129.65, 129.33, 124.84, 122.22,
108.50, 108.06, 102.04.

(E)-1-(benzo[d][1,3]dioxol-5-ylI)-3-(4-(dimethylamino)phenyl)prop-2-en-1-one
(CPO08) - pale red crystals, yield of 92%, Weight 1.66 g (5,61 mmol), melting point
91.0 — 93.0 °C; HRMS (ESI-TOF+) C18H17NO3, mm: 295.12 g/mol, HPLC-UV:
4.80 min/ 98%, [M+H]+: calcd m/z = 296.1208; found 296.1311; 1H NMR (400
MHz, CDCI3) 6 7.78 (d, d = 15.4 Hz, 1H), 7.63 (dd, J = 8.2, 1.7 Hz, 1H), 7.54 (d,
J=24Hz 1H), 7.52 (d, J = 1.7 Hz, 2H), 7.52 (s, 1H), 7.29 (d, J = 15.4 Hz, 1H),
6.87 (d, J = 8.1 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 6.03 (s, 2H), 3.02 (s, 6H). 13C
NMR (101 MHz, CDCI3) & 188.49, 152.06, 151.25, 148.19, 145.34, 133.87,
130.40, 124.27, 122.83, 116.54, 111.92, 108.50, 107.91, 101.81, 40.21.
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(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(thiophen-2-yl)prop-2-en-1-one  (CP09) -
brownish red crystals, yield of 97%, Weight 1.43 g (5,91 mmol), melting point
101.0 - 103.0 °C; HRMS (ESI-TOF+) C14H1104, mm: 242.06 g/mol, HPLC-UV:
3.98 min/ 99%, [M+H]+: calcd m/z = 243.0663; found 243.0663; 1H NMR (400
MHz, CDCI3) 6 7.65 (dd, J = 8.2, 1.8 Hz, 1H), 7.57 (d, J = 15.3 Hz, 1H), 7.53 (d,
J=1.7Hz 2H), 7.51 (d, d = 1.3 Hz, 1H), 7.40 (d, J = 15.3 Hz, 1H), 6.87 (d, J =
8.2 Hz, 1H), 6.69 (d, J = 3.4 Hz, 1H), 6.50 (dd, J = 3.4, 1.8 Hz, 1H), 6.04 (s, 2H).
13C NMR (101 MHz, CDCI3) 6 187.71, 151.80, 148.40, 140.60, 136.77, 133.00,
131.96, 128.68, 128.42, 124.68, 120.57, 108.46, 108.03, 101.98.

(E)-1-(benzol[d][1,3]dioxol-5-yl)-3-(4-fluorophenyl)prop-2-en-1-one (CP10) - pale
yellow crystals, yield of 95%, Weight 1.56 g (5,79 mmol), melting point 118.0 —
120.0 °C; HRMS (ESI-TOF+) C16H12FO3, mm: 270.07 g/mol, HPLC-UV: 4.63
min/ 98%, [M+H]+: calcd m/z = 271.0692; found 271.0769; 1H NMR (400 MHz,
CDCI3) 8 7.70 (d, J = 2.0 Hz, 1H), 7.66 (d, J = 15.6 Hz, 1H), 7.63 (d, J = 1.7 Hz,
1H), 7.51 (d, J = 1.8 Hz, 1H), 7.45 (d, J = 15.6 Hz, 1H), 6.89 (d, J = 8.2 Hz, 1H),
6.07 (s, 2H). 13C NMR (101 MHz, CDCI3) & 187.69, 152.15, 148.57, 141.44,
136.00, 135.20, 134.35, 133.41, 132.70, 131.05, 129.79, 127.60, 124.99, 123.34,
108.52, 108.11, 102.11.

2. Evaluation of anti-leishmania activity

Leishmania infantum [IOC/LO579(MHOM/BR/1974/PP75)] were cultured in
Schneider’'s medium (Sigma-Aldrich, Missouri, USA), pH 7.0, supplemented with
20% heat-inactivated fetal bovine serum (Thermo Fisher Scientifics,
Massachusetts, USA), 2% male human urine, 100 U/ml penicillin and 100 mg/L
streptomycin, and the parasites were maintained at 26 °C. Previously described
methods (Debrabant et al, 2004) were used to obtain the extracellular axenic
amastigote form of L. infantum, which were modified using a Schneider medium
readapted to pH 5.5 at 37 °C. The culture of promastigotes in stationary phase
was centrifuged, and the medium of these cells was replaced and cells
differentiated into axenic amastigotes through changes in temperature and pH of

the medium. Parasites were maintained in culture for no more than 20 passages.
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The compounds were diluted in dimethyl sulfoxide (DMSO) to produce stock
solutions with a concentration of 22 mg/mL. Each stock solution was further
diluted in culture medium containing a maximum of 0.5% DMSO (as vehicle
control) to obtain the desired drug concentrations for the assays. Amphotericin B
(UNIANF®; Unido Quimica Farmacéutica Nacional S.A, Sdo Paulo, Brazil), an
anti-leishmania drug, was used as a positive control. A stock solution of

Amphotericin B (10 mg/mL) was prepared in DMSO.

The promastigotes growth inhibition assay was performed following previously
described methods (Almeida et al, 2003). Parasites in the promastigote stage in
the exponential growth phase were incubated with various concentrations of the
tested compounds (ranging from 1012 to 7.9 yM) and Amphotericin B (AmB) as
a positive control (10 to 0.078 uM). The plates were then placed in a biological
oxygen demand (B.O.D.) incubator and incubated for 72 h at 26 °C in Schneider’s
medium (consisting of Schneider’s Insect Medium 24.5 g/L, L-glutamine 1.8 g/L,
2 g/L glucose, and 0.4 g/L sodium bicarbonate; Sigma-Aldrich—St. Louis—USA)
supplemented with appropriate additives. Growth inhibition was evaluated using
an 3-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit
(Amresco, Solon, OH, USA) according to the manufacturer’s protocol. After 4 h
of incubation, 10% sodium dodecyl sulfate was added to dissolve the formazan
crystals, and the absorbance at 540 nm was measured using a plate reader
(Biosystems model ELx800; Curitiba, PR, Brazil). The same procedure was
followed to evaluate the inhibition of the axenic amastigote form using these
compounds, with the following modifications: the treatment time was reduced to
24 hours, and the test temperature was raised to 37 °C, at a pH of 5.5. Three

independent experiments were performed in triplicate.

3. Evaluation of hemolytic activity in human red blood cells

3.1. Ethics Statement

The experiments were conducted in compliance with the relevant laws,
institutional guidelines, and ethical standards stipulated in the Declaration of
Helsinki. Moreover, all the healthy volunteers provided written informed consent,
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and the Ethics Committee at the Federal University of Paraiba, Brazil granted its
approval for  the study (process number: 2.560.067 and
CAAE:82944118.5.0000.5188).

3.2. Evaluation of hemolytic activity

The hemolytic activities of chalcones were evaluated using red blood cells
obtained from healthy adult humans (n = 3), according to previously described
methods (Jain et al, 2015). In summary, 80 pl of a 5% erythrocyte/phosphate
buffered saline (PBS) suspension was mixed with the compounds (in
concentrations from 1,012 to 7.9 yM) and AmB (in concentrations from 100 to O,
78 uM), and then incubated for 1 hour at 37 °C. To stop the hemolysis process,
200 pL of PBS (consisting of 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 136.9 mM
NaCl and 2.6 mM KCI, pH 7.2) were added and the samples were centrifuged for
10 minutes at 1000 x g. Supernatants were collected and the hemolysis degree
was determined by measuring the absorbance at 540 nm wusing a
spectrophotometer. The hemolysis percentage was calculated as [(Abssam -
Abscon)/(Abstot — Abscon) x 100], where Abssam is the absorbance of the
sample, Abscon is the absorbance of the blank control (no drugs) and Abstot is
the absorbance of hemolysis total (obtained by replacing the sample solution with

an equal volume of ultrapure water from Direct-Q UV®, Guyancourt, France).

3.3. Cytotoxicity assay

In vitro cytotoxicity was evaluated using peripheral blood mononuclear cells
(PBMCs) collected from three healthy volunteers (2 males, mean age 23; and 1
female, age 27). PBMCs were separated through density gradient centrifugation
(400x g for 40 min) with Ficoll Paque PLUS (GE Healthcare, USA), and
resuspended in RPMI 1640 medium, then supplemented with 10% fetal bovine
serum, 1% L-glutamine 200 mM (GE Healthcare, USA) and 1% antibiotic solution
(penicillin 5000 Units/mL + streptomycin 5000 ug/mL). After 24 h of treatment,
cell viability was evaluated by the colorimetric method based on the tetrazolium
dye MTT. The MTT assay was used for in vitro cytotoxicity as previously
described: cells were exposed to serially diluted concentrations of CP03, CP04,
CPO06 (1,012 to 7.9 pM), and AmB (100 to 0.78 uM). The plates were kept at 37
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°Cfor24 h. MTT (5 mg/mL) was added and incubated for 4 h at 37 °C, after which
the plates were centrifuged, the supernatant was discarded, and DMSO was
added, leaving the plates under stirring to solubilize the formazan salts.
Absorbance was measured at 540 nm using a plate reader (ELx800; Curitiba,
PR, Brazil). The mean percentage of viable cells was calculated relative to the

untreated control.

4. Statistical analysis

The GraphPadPrism® software program (version 6.0; San Diego, CA, USA) was
used to calculate 50% inhibitory concentration (IC50), 50% effective
concentration (EC50) and 50% red blood cell concentration (HC50) and 50%
cytotoxic concentration (CC50) values. Non-linear regression (curve fitting) was
used for statistical analysis. Unless otherwise specified, assays were conducted
in triplicate for three independent experiments. Statistical differences between
treatments were evaluated using analysis of variance (ANOVA) with Tukey’s post
hoc test, and a significance level of 0.05 was considered. The mean * standard

error (SEM) was reported for the data.

5. In silico study

5.1. Molecular Docking

Molecular docking was used to investigate the action mechanism of compounds
that contribute to antiviral activity through the binding affinity of compounds to
CYP-51 enzymes (PDB: 3L4D) (Hargrove, 2009) and Trypanothione reductase
(PDB: 5EBK) (Ciccotti, 1986). The 3D structures of the enzymes were obtained
from the Protein Data Bank (PDB) (https://www.rcsb.org/pdb/home/home.do)
(Saccoliti et al. 2017; Abraham et al., 2015). The compounds under study were
initially prepared. The two composites were drawn using Marvin Sketch v. 19.18
(https://chemaxon.com/marvin) (Berendsen et al, 1995) and saved as .sdf files.
Then, the compounds were standardized using Standardizer v. 21.2.0

ChemAxon (https://chemaxon.com/standardizer), in which the addition of
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hydrogen atoms, standardization of the aromatic ring, salt removal and structure
conversion to 3D were performed. After this step, the compounds under study
were subjected to molecular docking in the software Molegro Virtual Docker 6.0
(https://molexus.io/molegro-virtual-docker/), using the definitions of the ligand
cocrystallized with the protein to identify the active site. Redocking was performed

prior to before molecular docking to validate the procedure.

5.2. Molecular Dynamics Simulation

Molecular dynamics simulations were performed to estimate the flexibility of
interactions between proteins and ligands using the GROMACS 5.0 software
program (European Union Horizon 2020 Program, Sweden) (Abraham et al.,
2015, Berendsen et al, 1995). Protein and ligand topologies were also prepared
using the GROMOS96 54a7 force field. The MD simulation was carried out using
the point charge SPC water model, extended in a cubic box (Bondi, 1964). The
system was neutralized by the addition of ions (Cl- and Na+) and minimized to
remove poor contacts between complex molecules and the solvent. The system
was also balanced at 300K using the 100 ps V-rescale algorithm, represented by
NVT (constant number of particles, volume and temperature), followed by
equilibration at 1 atm pressure using the Parrinello-Rahman algorithm as the NPT
(Constant Pressure and Temperature Particle), up to 100 ps. MD simulations
were performed in 5,000,000 steps at 10 ns. Next, the RMSD values of all Ca
atoms were calculated relative to the initial structures to determine the flexibility
of the structure and whether the complex is stable close to the experimental
structure. RMSF values were also analyzed to understand the roles played by
residues close to the receptor binding site. The RMSD and RMSF graphs were
generated in the Grace software program (Grace Development Team,
http://plasma-gate.weizmann.ac.il/Grace/) (Pettersen et al., 2021; Nachbagauer
et al., 2021).

Suplementary References
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Figure S26: Chalcones synthesized via Claisen condensation.
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CAPITULO 4

In vitro and in silico evaluation of the anti-leishmania

activity of synthetic chalcones
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A L. brasiliensis constituem uma das espécies de Leishmania com maior
interesse clinico. Estudos in silico e in vitro foram realizados com 4 chalconas
testadas contra essa espécie, onde o composto FER13 apresentou uma
atividade antileishmania promissora. Vale ressaltar que o composto de maior
atividade contra a espécie L. Infantum foi o mesmo composto, o tornando mais

valioso.
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Abstract

In silico and in vitro tests can reveal promising anti-leishmania activity for natural
products and their derivatives. The aim of this study was to investigate in silico
the pharmacological activities of potential new chalcones and their leishmanicidal
potential in vitro. The in silico study was carried out using the PASS, MolPredictX
and Molegro Virtual Docker 6.0 programs. Antiparasitic activity was assessed in
axenic promastigote and amastigote forms of L. braziliensis. The cytotoxicity tests
used the J77G8 cell line. The chalcones exhibited CCso values of >50 uM.
Chalcone 4 (named FERAI) presented the best activity with ECsos of 9.75 £ 1.7
MM and 10.13 = 1.7 uM for promastigote and amastigote, respectively. ROS
testing presented increased ROS levels in the parasite at the FERAI
concentrations of 10 uM (56.33%), 20 uM (61.76%) and 30 pM (67.13%).
Molecular docking revealed interactions (binding energy) between FERAI and the
enzymes UDP-Glycosyl pyrophosphorylase (-132.276), dihydroorotate-
dehydrogenase (-132.276) and trypanothione-reductase (-132.276). Our results
demonstrated the anti-leishmanial activity of chalcones, especially FERAI, with a
noted raising of ROS levels in the parasite. Molecular docking revealed
dihydroorotate dehydrogenase and trypanothione reductase as potential

pharmacological targets for FERAI.

Keywords: flavonoids, computer-aided drug design, homology modeling,

molecular docking, pharmacological activity, MolPredictX
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1. Introduction

Computer-aided drug design has emerged as a powerful tool with an
important role to play in the development of new therapeutic molecules.
Structure-based and ligand-based drug design are frequently employed in
computer-aided drug design.” Computational methods complement in vitro and
in vivo pharmacological testing, potentially reducing costs, experimental time,
and even the necessity for animal tests, while enhancing predictive accuracy and
safety.23

Great evolution has taken place in the area of in silico drug discovery over
the last decade. This space now providing a more targeted and precise approach
compared to those of the past, which often required the discovery and
identification of active molecules that would subsequently undergo numerous
tests in order to be targeted. 4 In silico analyses provide a powerful tool: the
ability to quantitatively predict the activity of compounds and simultaneously
study interactions between a test substance and its targets, such as proteins. The
combination allows for a more complete understanding of pharmacological
activity, as it takes into account binding to specific target proteins.5-8

Research with natural products and novel synthetic substances exploits
these tools to reach new levels of efficiency and time optimization, providing safer
and more reliable results. In this sense, in order to increase knowledge about the
therapeutic potential of natural compounds, in silico studies are being carried out
on various chemical classes, including alkaloids, terpenes, flavonoids and others,
all with the aim of obtaining more precise and targeted results.%'2

Flavonoids are polyphenolic phytochemical compounds found in many
plants, fruits, vegetables and leaves with frequent applications in medicinal

chemistry. In the field of scientific research, these compounds stand out for
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having a wide range of in vitro and in vivo pharmacological activity, making them
potential candidates for development of new therapies. Anticancer, antioxidant,
anti-inflammatory, antiviral and antileishmanial properties have already been
reported in the literature for these compounds.'3-14

In terms of anti-leishmania activity, both natural and synthetic flavonoid
compounds have been shown to inhibit parasites. Synthetic derivatives have
proven activity against amastigote forms of L. amazonensis, eliminating the
parasite from mammalian host cells, and demonstrating its pharmacological
safety.®> Dehydrolupinifolinol and sericetin (derived from Mundulea sericea) have
been shown to be active against drug-sensitive L. donovani. Other natural
flavonoids as well have presented antileishmanial activity against L. mexicana, L.
major, and L. braziliensis."%1°

Chalcones are secondary metabolites found in edible and medicinal
plants. In the plant kingdom, chalcones play a fundamental role as flavonoid bio-
precursors, acting as important intermediaries in the biosynthetic pathway.
Chalcones possess a range of pharmacological activities, such as antioxidant,
anticancer, antimicrobial, antiviral, anti-plasmodic, and (like flavonoids)
antileishmanial.?°

In Brazil, the first compounds used to treat leishmaniasis were antimonials,
followed by pentavalent derivatives (Sb°*), which are still used today.
Antimoniate-N-methyl glucamine is the drug of choice for treatment of
tegumentary and visceral leishmaniasis.”® In cases of resistance or
contraindication, amphotericin B can also be used. The biggest problems
involved when using such drugs are their high toxicities, high costs, extended

treatment times, serious adverse side effects, and the degree of clinical
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resistance.?'23

Recognizing the pharmacological potential of chalcones already reported
in the literature with regard to their anti-leishmanial activity, and in view of
difficulties in adherence and the high toxicity of the drugs currently available for
leishmaniasis treatment, the need to study new therapeutic alternatives is
evident. The aim of this study was to investigate possible pharmacological
activities of four new chalcones in silico, their leishmanicidal potential in vitro, and

evaluate potential mechanisms of action through molecular docking.

2. Experimental

Test products

The synthesis of news chalcones was conducted in the Organic Chemistry
Laboratory of the Post-graduate Program in Natural Products and Bioactive
Synthetics at the Federal University of Paraiba.

Synthesis was carried out through separate methylation, ethylation, and
allylation of 4-hydroxybenzaldehyde, with subsequent Claisen-Schmidit
condensation, which respectively yielded the first 3 chalcones. The fourth
chalcone resulted from bromination on vanillin, followed by ethylation, and aldol

condensation (Supplementary material).?*

In silico study - activity spectra prediction (PASS and MolPredictX)

To predict the biological activity of the structures, the four compounds were
submitted to the evaluation of biological activity using two online programs.

The program PASS filter?® provides quantitative structure reactivity
relationships through decomposition of chemical structures into 2D and/or 3D
descriptors, with consequent production of models obtained from bioactive

ligands. Through analysis, it is possible to predict the estimated activity spectrum
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of a compound as probable activity (Pa) and probable inactivity (Pi). The values
of Pa and Pi range from 0.000 to 1.000, and a compound can be said to be
experimentally active when Pa > Pi. When Pa > 0.7, the probability of
experimental pharmacological activity is said to be high, values of 0.5 < Pa < 0.7
indicates an average probability of experimental pharmacological activity, and if
Pa < 0.5, the chance of having experimental pharmacological activity is lower,
but it can still present a chance of finding a new compound.?®

MolPredictX is an innovative and freely accessible web interface for
predicting the biological activity of query molecules. Utilizing in-house QSAR
models, MolPredictX provides 27 qualitative predictions (active or inactive) and
quantitative probabilities for bioactivity, including against parasitic organisms
such as Trypanosoma and Leishmania.?” Specifically, activity against Leishmania
braziliensis can be evaluated using a Machine Learning model developed by dos
Santos Maia et al.?® According to this model, a structure is classified as active
when its plCso value exceeds 4.5. MolPredictX also offers quantitative probability
values for activity based on the random forest algorithm utilized in constructing
the model.?®
Parasite culture

Promastigote forms of L. braziliensis (MHOM/BR88/BA-3456) were
cultured in Schneider's medium (Sigma-Aldrich, San Luis, Missouri, USA)
containing 10% fetal bovine serum (FBS, GIBCO, Thermo Fisher Scientific,
Waltham, MA USA), 50 ug mL-' gentamicin (Life, Carlsbad, CA), pH 7.2, and
incubated at 26°C. The parasites were counted daily in a Neubauer chamber for
five days. When they reached the stationary growth phase, new in vitro passages

of the parasites were performed.?°
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Cytotoxicity test on macrophages in vitro

Murine macrophages of the J774 strain were used to evaluate the activity
of the compounds, being incubated in 96-well plates (1 x 10* cells/well) in
Dulbecco's modified Eagle's medium (DMEM,; Life Technologies, GIBCO-BRL,
Gaithersburg, MD), supplemented with 10% fetal bovine serum (SIGMA) and 50
pug mL-' gentamicin (Life), and maintained for 24 h in an incubator at 37°C,
aerated with 5% CO:a. Differing concentrations (100, 50, 25, 12.5, 6.25, and 3.125
MM) of the four compounds were tested, in triplicate, being incubated for 72 h.
Subsequently, 20 L of AlamarBlue (Invitrogen, Carlsbad, CA) were added for 6
h. Reading in a spectrophotometer (Microplate reader, Spectramax 190,
Molecular Devices, Sunnyvale, California, USA) was performed at 570 and 600
nm. The results were expressed as 50% cytotoxic concentration values (CCso).
Gentian violet (Synth, Sdo Paulo, SP, Brazil) was used as a positive control.
Antileishmanial activity

Promastigotes of L. braziliensis (1 x 106 per well) were grown in a 96-well
plate in Schneider's medium (Sigma) supplemented with 10% fetal bovine serum
(FBS; GIBCO) and 50 ug mL"" gentamicin (Life) and subjected to treatment with
differing concentrations (100, 50, 25, 12.5, 6.25, and 3.125 uM) of the four
compounds. The parasites were incubated for 72 h at 26°C. Then, 20 uL well of
AlamarBlue (Invitrogen) was added for 24 h, and reading was performed in a
spectrophotometer at 570 and 600 nm. The percentage of axenic culture

inhibition was determined based on the untreated control.

Selectivity Index (Sl) Evaluation
The Selectivity Index (Sl) was calculated using the ratio between the CCso

value obtained for the macrophages and the ICso value obtained in promastigotes
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treated with the molecules under study. The Sl is used to determine how much
more active the tested molecule is against Leishmania than toxic for the
macrophage, indicating greater selectivity for the parasite without causing
damage to the viability of mammalian cells. The Sl should be greater than one

(>1)%

In vitro infection of macrophages and treatment with FERAI

Murine J774 macrophages were cultured in 24-well plates at a
concentration of 5 x 10° with round coverslips added to the wells beforehand and
infected with L. braziliensis in stationary phase at a ratio of 10 parasites per
macrophage. After washing with DMEM medium, different concentrations of
FERAI (20 uyM, 10 uM, 5 uM, and 2.5 uM), were added to the wells. AB (5 pM)
was used as a positive control. After 24 hours, the cells were fixed in methanol
and stained using Giemsa (Dinémica, Quimica Contemporanea Ltda, SP, Brazil).
The percentage of infected macrophages and the number of amastigotes per

macrophage was determined by counting 100 cells/well.

Evaluation of ROS production

L. braziliensis promastigotes (2 x 10° per well) were grown in a 24-well
plate in Schneider's medium, supplemented with 10% fetal bovine serum, 50
pg/mL gentamicin, and then treated with FERAI (5 uM to 30uM). The parasites
were incubated for 4h at 26°C. Subsequently, 6uL of H2DCFDA (10mM)
(Invitrogen, Eugene, USA) was added to each well, being then kept for 30 min in
the absence of light. Data acquisition was performed in a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed in

FlowJo_v10.6.1.3
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Protein sequence alignment

Three proteins fundamental to the life maintenance of Leishmania species
were used in the study: Dihydroorotate Dehydrogenase, Trypanothione-
reductase and UDP-glucose pyrophosphorylase. Since these proteins do not
have 3D structures in the Protein Data Bank,3? the corresponding sequences
were obtained from the GenBank database.®? A global alignment was performed
using the sequence of a protein with a known three-dimensional structure and the
web tool Clustal Omega3*, which aligns protein sequences. The alignment
facilitated investigation of the active site, determination of similarity, and shared

identity between the proteins.3®

Homology modeling

Target sequences were obtained as amino acid sequences in FASTA
format and were imported into the SWISS-MODEL website.3¢37 Quality was
predicted for each identified template using alignment resources such as
ProMod3, QMEAN and GMQE. The stereo chemical quality of the templates were
evaluated using the PSVS (protein structure validation software suite)3® web
server and PROCHECK.3®* PROCHECK generates a Ramachandran plot,*° for

allowed and disallowed regions of the main amino acid chain.

Molecular docking

Molecular docking was used to investigate the mechanism of action of the
compound presenting more promise in the previous tests (ChS4), and the binding
affinity of the compound to the enzymes selected in the study, was used to
elucidate a possible route contributing to the leishmanicidal effect. For this,
screening with several proteins involved in these effects was performed. The 3D

structures of the enzymes that served as templates for the elaborated models
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were obtained from the PDB.34 The proteins selected and detailed information

about them are presented in Table 1.

Table 1. Information on the proteins selected in the study.

Protein PDB Positive Control

ID/Homology

Dihydroorotate

Dehydrogenase

Trypanothione Homology

Reductase

Amphotericin B

UDP-glucose
pyrophosphorylase

Molegro Virtual Docker v. 6.0.1 (MVD)*' software was used with its
predefined parameters. The complexed ligand was used to define the active site.
The compounds were then imported to analyze the stability of the system through
interactions identified with the active site of the enzyme, taking the MolDock
Score energy value as reference.*?

The MolDock SE (Simplex Evolution) algorithm was used with the
following parameters: a total of 10 runs with a maximum of 1,500 iterations a
population of 50 individuals, 2,000 minimization steps for each flexible residue,
and 2,000 global minimization steps per run. The MolDock Score function (GRID)
was used to calculate the fitting energy values. The GRID was set to 0.3 A, and
the search sphere radius was set to 15 A. Internal electrostatic interactions,

internal hydrogen bonds, and sp2-sp2 twists were evaluated for ligand energy



125

analysis.
Molecular Dynamics Simulations

Molecular Dynamics simulations were performed to estimate the
flexibility of interactions between proteins and ligands, using the GROMACS 5.0
software (European Union Horizon 2020 Program, Sweden).43>*4 Protein and
ligand topologies were also prepared using GROMOS96 54a7 force field, and the
MD simulation was performed using the point charge SPC water model, extended
in a cubic box.*> The system was neutralized by addition of CI~ and Na* ions and
minimized to remove poor contacts between complex molecules and the solvent.
The system was also balanced at 300K, using the 100 ps V-rescale algorithm,
represented by NVT (constant number of particles, volume, and temperature),
followed by equilibration pressure at 1 atm. using the Parrinello-Rahman
algorithm as the NPT (particle constant pressure and temperature), up to 100 ps.
MD simulations were performed in 5,000,000 steps, at 10 ns. To determine the
flexibility of the structure and whether the complex was stable near the
experimental structure, the RMSD values of all Ca atoms were calculated relative
to the initial structures. RMSF values were also analyzed to verify the roles played
by residues close to the receptor binding site. RMSD and RMSF plots were
generated in Grace software and protein and ligands were visualized in UCSF

Chimera.46-49

Statistical analysis

The numerical values shown in the pharmacological activity tables
correspond to means + S.E.M, from triplicates of each experiment. Significance
in the differences between the groups was evaluated using the one way ANOVA

test for analysis of variance, and the Newman Keuls multiple comparison post-
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test for the sample group.®°

3. Results
PASS filter and MolPredictX predictions

The in silico evaluation aimed at predicting the biological activities of
compounds (1-4) based on their structural formulas (in SMILES format). The
PASS filter and MolPredictX tools were utilized. The PASS filter indicated that all
four chalcones possess antileishmanial activity, being identified among the 15
activities most likely to be exhibited by these substances (see supplementary
material). Further, MolPredictX,28°1 a freely accessible web tool developed at the
Laboratory of Cheminformatics of UFPB was employed to predict the potential
activity of the chalcones against Leishmania braziliensis. The results indicated
that all four structures are active, with a probability of activity equal to 0.8 (Table
2).

Table 2. Prediction of chalcone biological activity in PASS filter and MolPredictX.
Pa = Probability to be active; Pi = Probability to be inactive.

PASS Filter MolPredictX
Antiprotozoal (Leishmania) Leishmania braziliensis
Pa Pi Pa Pi
Chalcone 1 0.704 0.009 0.80 0.20
Chalcone 2 0.649 0.011 0.80 0.20
Chalcone 3 0.78 0.005 0.80 0.20
Chalcone 4 0.753 0.007 0.80 0.20

Considering that the studies performed provide only a prediction of the
probable, we sought other approaches that might help in the choice of biological
activity to be researched. A literature investigation was therefore conducted for
the years 2017 to 2021 in the SciELO, PubMed, Medline, LILACS and

ScienceDirect databases, using the corresponding chemical class descriptors
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"flavonoids" OR "chalcones", and noting relationships for the selected activities
of each compound associated with the pharmacological activity to be researched.

Inclusion criteria included articles that related each chemical class with at
least one of the 15 selected pharmacological activities, and which produced
promising activity on the targets. The articles were required to be published within
the latest five years, and articles that did not demonstrate potentially auspicious
activity were excluded.

The results revealed that antileishmanial activity is one of the biological
activities most associated with flavonoids (and against the most diverse existing
species). A number of studies have reported leishmanicidal activity for
compounds of this class, such as: fisetin, a polyphenolic flavonoid, which has
potent activity against Leishmania spp. in in vitro tests;®? purified dimeric
flavonoids from Arrabidaea brachypoda with in vitro activity against
promastigotes and amastigotes forms of L. amazonensis;>® flavonoids isolated
from Polygonum salicifolium with leishmanicidal in vitro activity against L.
Mexicana;** and rusflavone, a biflavonoid isolated from the pollen of Attalea
funifera presenting activity against promastigote and amastigote forms of L.
amazonensis through a mechanism that involves the production of reactive
oxygen species, mitochondrial dysfunction, and membrane disruption in the
parasites.®®

For chalcones, scientific research can also be found reporting broad
leishmanicidal activity against various Leishmania species.®® The studies of
Nardella et al.%” indicate that regardless of the assay performed, whether in vitro
or in vivo, the most active compounds against Leishmania spp. belong to the

chalcone, biflavone, and aurone classes. Phytochemical evaluation of the
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chalcones, 2'4'-dimethoxy-6'-hydroxychalcona and 2'5'-dimethoxy-4',6'-
dihydroxichalcona has revealed promising antileishmania activity against L.
mexicana, with no toxicity in human cell line tests.>” The leishmanicidal activity of
31 synthetic chalcones was analyzed in vitro, using promastigotes and
amastigotes of L. donovani, L. tropica, L. major, and L. infantum, and the results
indicated that 16 of the compounds were active, while presenting high selectivity,
and low toxicity against mammalian cells.%®

It was decided to initially proceed with in vitro antileishmanial activity tests
(for screening) followed by more complex studies.
Cytotoxicity and antileishmanial activity

Cytotoxicity evaluation (CCso) was performed in J774 murine
macrophages, and the results for each compound were compared to Gentian
violet (CCs0 = 0.6 = 0.01 pM), a known cytotoxic drug, or amphotericin B (AB),
the antileishmanial reference drug. All chalcones exhibited CCs0>50, being
several times less cytotoxic than amphotericin B (CCso = 3.6 uM) (Table 3).
Table 3. Cytotoxicity evaluation (CCso), half maximal effective concentration for

50% of promastigotes and intracellular parasites forms (ECso), and selectivity
index of chalcones.

Compounds CCsot ECs0x S.D. S.l. ECso SH
S.D. promastigotes promastigotes amastigotesamastigotes
Mo J774 L. braziliensis L. braziliensis L. L.
(uM) (MM) braziliensis braziliensis
(UM)
01 >50 >50 - - -
02 >50 >50 - - -
03 >50 >50 - - -
04 (FERAI) >50 9.75+1.7 6.8 10.13 1.7 6.6
fArE‘;hOte”C'” ° 98% 0321001 1125 o07:0004 M
, , 0.7 £ - -
Gentian Violet 0.09 - -
GV= Gentian Violet; CCso = 50% cytotoxic concentration; ECso = 50% inhibitory concentration; SI= selectivity
index. Values calculated from two independent experiments. S.D. = Standard deviation; S.I. = selectivity

index.
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Antileishmanial activity in an axenic culture was used to calculate the ECso
value and evaluate the activity of the compounds against L. braziliensis
promastigotes. Molecules 1-3 did not present promising inhibitory potency,
obtaining ECso0 values above 50 yM, as compared to AB used as a positive control
(ECs0 = 0.32 £ 0.01 uM). However, FERAI presented potent activity inhibiting the
growth of L. braziliensis promastigotes, with an ECso value of 9.75 + 1.7 uM
(Table 3). In view of these results, we decided to continue with the Chalcone 4
tests, now called "FERAI", because it proved to be the most promising compound.

In addition, FERAI demonstrated significant activity against amastigote
forms of L. braziliensis with an ECso value of 10.13 £ 1.7 uM. Amphotericin B (AB)
presented an ECso value of 0.7 £0.004 uM for this same parasite. The Sl, as
calculated from the ratio between the CCso and ECso values for FERAI was 6.8
times more selective (Sl) for promastigotes, and 6.6 times more potent for L.
braziliensis amastigotes than for mammalian cells. AB was respectively 11.25
and 5.14 times more selective (Sl) (Table 3). Thus, FERAI presented a higher
selectivity index for amastigotes than AB, the reference drug.

FERAI also reduced the infection of macrophages by L. braziliensis.
Murine macrophages of the J774 strain were infected with L. braziliensis
amastigotes and treated with various concentrations of FERAI, which caused a
concentration-dependent reduction in the percentage of macrophages infected,
and the number of intracellular parasites per 100 macrophages when compared
to the control group. As expected, AB also decreased the number of infected

macrophages and the number of amastigotes per 100 cells (Figure 1).
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Figure 1. Effect of FERAI against intracellular parasites of L. braziliensis.
Macrophages were infected by L. braziliensis (10:1) and treated with four different
concentrations of FERAI 1:2 — (2.5 uM to 20 uM) and amphotericin B (5 uM) for
24h. The percentage of infected macrophages (A) and the number of intracellular
parasites per 100 macrophages (B) were determined after 24h of treatment.
FERAI significantly alters the production of ROS in L. braziliensis promastigotes
ROS levels were measured using the permeable dye H2DCFDA, aiming to
investigate whether the leishmanicidal effect of FERAI in L. braziliensis
promastigotes is due to ROS production. FERAI induced ROS production in
promastigotes (with increased ROS levels) noted especially at the highest
concentrations used: 10 uyM (56.33%), 20 uM (61.76%) and 30 uM (67.13%)

compared to the untreated control. Hydrogen peroxide (H202) was used as a

positive control (Figure 2).
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Figure 2. Evaluation of intracellular ROS levels in L. braziliensis promastigotes.
Evaluation of intracellular ROS levels induced using FERAI at different
concentrations (5 uM to 30uM) for 24 hours and incubated with H2DCFDA probe
for 30 minutes.”*p < 0.001 and ns= not significant compared to untreated control.

The average values of the FERAI samples, the positive and negative
controls, and the standard deviation were also calculated (Table 4).

Table 4. Evaluation of intracellular ROS levels in L. braziliensis promastigotes
(Mean and standard deviation of positive control and untreated control samples).

Samples Mean Pattern deviation
Negative control 45.66 +1.14
H20:2 73.9 + 3.74
FERAI 5 uM 50.50 +0.43
FERAI 10 pM 56.33 +1.27
FERAI 20 pM 61.76 +1.58
FERAI 30 pM 67.13 + 0.59

Protein sequence alignment

Shared amino acids between target and template protein sequences were
investigated. The results revealed that trypanothione reductase (L. braziliensis)
possesses 84.01% identity with trypanothione reductase from L. infantum (PDB:
3JK6). While dihydroorotate dehydrogenase for L. braziliensis possesses 84.66%
identity with dihydroorotate dehydrogenase from L. major (PDB: 6EBS) (see

supplementary material).
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UDP-glycosyl pyrophosphorylase from L. braziliensis, presented 96.93%
identity with UDP-glycosyl pyrophosphorylase from L. major (PDB: 20EF).
Homology modeling

The enzyme models for dihydroorotate dehydrogenase, trypanothione
reductase and UDP-glycosyl pyrophosphorylase were generated using the
homology modeling method. The reliability of the models was assessed using the
Ramachandran plot, which represents all possible combinations of dihedral
angles W (psi), versus ¢ (phi) for each amino acid in a protein except glycine,
which has no side chains. The models are considered reliable when more than
90% of the amino acids are present in the allowed and/or favored regions (colored
regions of the plot). Blank regions represent discrepant values, with poor
contacts. The dihydroorotate dehydrogenase model presented 91.8% amino
acids in the favored regions and 8.2% in allowed regions. The trypanothione
reductase model presented 91.6% of amino acids in the favored regions and 8%
in allowed regions. Finally, the UDP-glycosyl pyrophosphorylase model
percentages corresponded to 93.5% of amino acids in the favored regions and
6.3% in the allowed regions. Considering the results, the homology models were

considered reliable (Figure 3).
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Figure 3. Ramachandran plots of the homology modeling generated for the
enzymes: Dihydroorotate Dehydrogenase (A), Trypanothione Reductase (B) and
UDP-glucose pyrophosphorylase (C).

Molecular docking

Chalcone 4 (FERAI) was subjected to screening using molecular docking
on 3 proteins. The docking results were generated using two scoring functions,
the Moldock Score and the Rerank Score. In most of the scoring functions, the
more negative values indicated better predictions. The protein in which the
compound obtained binding energy values higher or close to the standard drug

in at least one scoring function was considered active (Table 5).

Table 5. Binding energy values analyzed in the three selected proteins in the
study.

Protein Chalcone 4 (FERAI) Amphotericin B -
Positive Control
Moldock Rerank Moldock Rerank

Score Score Score Score
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Dihydroorotate -132.276 -95.1107 -43.403 1141.65
Dehydrogenase
Trypanothione -151.281 -317.774 -102.191 -282.763
Reductase
UDP- Glucose -56.8384 -39.1568 -146.389 -64.8544
Pyrophosphorylase

Of the three proteins analyzed, Chalcone 4 obtained negative energies for
all the enzymes under study. Moreover, it obtained better results with
dihydroorotate dehydrogenase and trypanothione reductase, and it obtained
values close to or higher than the values of MolDockscore and Rerankscore as
compared to the controls. Chalcone 4 exhibited greater potency against the
proteins dihydroorotate dehydrogenase and trypanothione reductase, with
respective binding affinity values of -132.276 and -151.281 Kcal mol-'.

We analyzed in detail the interactions and bonds formed with the test
compound and the dihydroorotate dehydrogenase and trypanothione reductase
proteins.

The test compound (chalcone 4) was capable of forming four hydrophobic
interactions with the amino acids Val 22, Ala 19, Cys 249, and Met 70; also
forming seven hydrogen bonds with the amino acids Lys 44, Gly 21, Gly 272, Gly
223, Cys 249, Asn 195, and Lys 44 at the active site of the protein dihydroorotate
dehydrogenase (Figure 4). Amphotericin B formed seven hydrogen bonds with
residues Ser 45, Asn 128, Lys 165, Gly 250, lle 194, Thr 273, Ala 20, and Met
20; six hydrophobic interactions with residues Pro 73, Glu 29, Met 20, Met 23,
Ala 19, and Cys 249; and twelve steric interactions with residues Met 20, Glu 29,
Met 23, Val 12, GIn 276, Tyr 59, Ser 198, Gly 122, Asn 199, Ser 98, Lys 44, and

Lys 165. Coincidences occurred between the positive control and the test
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compound at the hydrophobic interaction of residue Cys 249.
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Figure 4. 2D and 3D interactions between chalcone 4, Amphotericin B and the
protein dihydroorotate dehydrogenase.

For trypanothione reductase, the test compound established six
hydrophobic interactions the active site with Thr 160, Ala 398, Ala 159, Val 36,
Leu 10, and Val 34; and five hydrogen interactions, which corresponded to Gly
161, Ser 14, Asp 35, and Gly 15 (Figure 5). Amphotericin B, on the other hand,

presented five hydrogen bonds with residues Gly 49, Thr 51, Cys 57, Tyr 198,
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and Arg; and ten steric interactions with residues Pro 336, lle 339, Val 53, Cys
52, Ser 14, Asp 327, Met 333, Thr 51, Tyr 198, and Cys 57. A hydrophobic
interaction with amino acid Val 53 was also recorded. For this enzyme no similar

interactions occurred between the test compound and the positive control.
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e
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Figure 5. 2D and 3D interactions between chalcone 4, Amphotericin B, and
trypanothione reductase.

Trypanothione Reductase

For trypanothione reductase, analysis of the RMSD metric of the protein

i
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(Figure 6A) revealed that the complexes related to the protein (black line) and
compound 4 (FERAI) (red line) presented greater stability than the control drug
Amphotericin B (green line); presenting much lower RMSD values. Various
fluctuations were also observed in the complex referring to Amphotericin B. For
FERAI, it was observed that after a period of 15 ns the RMSD values remained
constant at 0.4 nm, remaining without change throughout the total simulation
time; denoting high stability. The protein complex presented fluctuations between
30 and 50 ns with RMSD values of up to 0.55 nm, which returned to 0.4 nm after
55 ns. The control drug Amphotericin B was significantly more unstable after 50
ns, as values reached 0.6 nm and remained so until the total time of 100 ns.

When analyzing the stability of the ligands in the presence of solvents
(Figure 6B), it was verified that the result corroborated the RMSD results, since
FERAI (black line) presented lower RMSD values than the control drug
Amphotericin B (red line), which was significantly more unstable.

To better understand the flexibility of residues and amino acids
contributing to the conformational change in the trypanothione reductase
enzyme, the root mean square fluctuations (RMSF) of each amino acid in the
protein were calculated. Residuals with high RMSF values reflect more flexibility
and low RMSF values suggest less flexibility. Considering that amino acids with
fluctuations above 0.3nm contribute to the flexibility of the channel structure,
residues in positions 1-2, 79, 81-87, 89, 305, 355, 458-462, and 480-483 (Figure
7A) contributed to the conformational change and flexibility of the complexed
protein.

The Coulomb and Lennard-Jones interaction energies (Table 6) of the

protein-ligand complexes were calculated. FERAI demonstrated greater



138

interaction stability with the active site due to a greater influence of electrostatic
and hydrogen interactions. According to Lennard-Jonnes metrics, the control

Amphotericin B demonstrated greater stability than FERAI.

Table 6. Coulomb and Lennard-Jonnes interaction energy values.

Energy Compound 4 (FERAI) Amphotericin B
Coulomb (C) -172.534 -80.377
Lennard-Jonnes (LJ) -171.133 -209.129

Dihydroorotate dehydrogenase

For dihydroorotate dehydrogenase, according to the protein RMSD metric
(Figure 6C), the greater instability observed in the three complexes analyzed
reflected the occurrence of a greater number of fluctuations. The control
Amphotericin B (green line) presented the greatest stability, with lower RMSD
values. FERAI (red line) presented RMSD values of 0.5 nm and fluctuations
during the periods at 50 ns and 90 ns.

When analyzing the stability of the ligands in the presence of solvents
(Figure 6D), it was found that FERAI (black line) was significantly more unstable
than Amphotericin B (red line). FERAI presented RMSD values of 0.4 nm, while

Amphotericin B presented values of 0.18 nm.
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Figure 6. RMSD of Ca atoms. A) Trypanothione reductase (black), complexed
with FERAI (red) and Amphotericin B (green). B) FERAI (black line), and
Amphotericin B (red line). C) Dihydroorotate dehydrogenase (black), complexed
with FERAI (red) and Amphotericin B (green). D) FERAI (black line), and
Amphotericin B (red line).

To assess the flexibility of the residues and amino acids that contribute to
the conformational change in dihydroorotate dehydrogenase, the root mean
square fluctuations (RMSF) of each amino acid in the protein were calculated. It
was observed that residues at positions 201, 204- 209, 216, and 310-312

contribute to the conformational change of the protein complexed with FERAI

(Figure 7B).
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Figure 7. RMSF of atoms. A) Enzyme (black line) complexed to FERAI (red line)
and Amphotericin B (green line). B) Enzyme Dihydroorotate dehydrogenase
(black line) complexed to FERAI (red line) and Amphotericin B (green line).

The Coulomb and Lennard-Jones interaction energies (Table 7) of the
protein-ligand complexes were calculated. FERAI demonstrated greater
interaction stability with the active site through Lennard-Jonnes energy
calculations, which denotes a greater influence of Van der Waals interactions.

According to the Coulomb metrics, the Amphotericin B control demonstrated

greater stability than FERAI.

Table 7. Coulomb and Lennard-Jonnes interaction energy values.

Energy Compound 4 (FERAI) Amphotericin B
Coulomb (C) -58.6761 -83.475
Lennard-Jonnes (LJ) -158.865 -126.96
Discussion

Through the use of computer simulations, computational chemistry and
bioinformatics have taken an innovative role in directing studies and drug
planning.5® In this context, the use of in silico models has evolved with remarkable

progress in many areas such as: correlation, prediction, simplification,
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automation, among other expressive aspects.®°

Development of new drugs is a complex process that requires both time
and financial resources. Computer-aided studies aim to create new approaches
that boost research and provide avenues for further testing. Virtual screening for
identification and optimization of other testing methodologies is an advantage of
these studies, as it is possible to predict pharmacological activity for a specific
molecule, quantifying activity and inactivity with a probability score.6'-62

As an initial screening regarding pharmacological activity, it was possible
to observe in both the PASS and MolPredictX studies that the four chalcones
presented similar results for the 15 activities with higher probabilities of
occurrence in both. The fact that the four substances belong to the same class
could explain the occurrence of similar results among them, taking into account
that the tests work using decomposition of the molecular structure into 2D and
3D descriptors which they are expected to have in common.

Based on the literature, and seeking to elect the pharmacological activity
most associated with chalcones, it was observed that antileishmania activity has
been well researched and that these substances present promising activity with
regard to potency and efficacy against various species.63-6°

A number of studies have reported leishmanicidal activity for this class of
compounds, such as: fisetin, a polyphenolic flavonoid, which has potent in vitro
action against Leishmania spp.,%? purified dimeric flavonoids from Arrabidaea
brachypoda with in vitro action against promastigotes and amastigotes forms of
L. amazonensis,® flavonoids isolated from Polygonum salicifolium with in vitro
leishmanicidal activity against L. mexicana,® and rusflavone, a biflavonoid

isolated from the pollen of Attalea funifera, which has been shown to act against
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the promastigote and amastigote forms of L. amazonensis, through a mechanism
that involves the production of ROS, mitochondrial dysfunction, and membrane
disruption in the parasites.®®

As for chalcones, scientific research can also be found indicating broad
leishmanicidal activity against various species of the genus Leishmania.%® The
studies of Nardella et al.%” indicated that regardless of the assay performed,
whether in vitro or in vivo, the most active compounds against Leishmania spp.
belong to the chalcone, biflavone, and aurone classes. The phytochemical
evaluations of the chalcones, 2'4'-dimethoxy-6'-hydroxychalcone and 2'5'-
dimethoxy-4',6'-dihydroxichalcone presented promising antileishmania activity
against L. mexicana, with no toxicity in tests with a human cell line.*® The
leishmanicidal activity of 31 synthetic chalcones was analyzed in vitro using
promastigotes and amastigotes of L. donovani, L. tropica, L. major, and L.
infantum. The results indicated that 16 of the compounds were active against the
strains, showing high selectivity and low toxicity against mammalian cells.®? In
view of this, it was decided to continue our research in this area.

Cytotoxicity assays at the beginning of studies with natural products are
among the principal in vitro tests used. They predict toxicity, and provide a means
for evaluation, safety screening, and classification of compounds. The monitoring
of cell response within these assays provides reliable results and can serve as a
basis for measuring other parameters such as cell viability and S|.66-67

When compared using gentian violet, the cytotoxicity test results for
murine macrophages demonstrated the low cytotoxicity of the four chalcones
(CCs0=0.6 £ 0.01 uM), with CCso values above 50 yM. These were encouraging

results, as it is essential that new antileishmanial drug candidates present
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reduced cytotoxicity to overcome the disadvantages of drugs currently used in
therapy.

Another study investigating the effects of twenty brominated chalcones
against four cancer cell lines reported similar results, the tested substances
exhibited lower cytotoxicity for non-malignant gastric epithelial cells than for
diseased ones, demonstrating selectivity.®® Researchers investigated the in vitro
cytotoxicity of ten chalcones against the HelLa cell line through the MTT viability
assay and Sl calculation, and the results revealed the low cytotoxicity of these
substances in this cell type.®°

It was observed during the axenic culture analysis for antileishmanial
activity that Chalcones 1, 2, and 3 did not present promising inhibitory potency
(ICs0). However Chalcone 4, which was the most potent in inhibiting the growth
of L. braziliensis, presented low cytotoxicity when compared to AB, being
therefore a promising candidate for future tests.

A number of studies have reported chalcones with potent antileishmanial
activity against L. braziliensis.?'-%70 Two synthetic chalcones were evaluated in
vitro against L. braziliensis promastigotes for inhibitory activity and cytotoxicity
against macrophages. The ICso and CCso results were respectively, 1.38 £ 1.09;
6.36 £ 2.04 yM, and 13.49 + 3.13; 199.43 + 4.11 uyM, and both presented effects
against L. braziliensis promastigotes, with low toxicity to mammalian cells.?

Similar results were found in a study involving three methoxy chalcones,
which presented significant in vitro antileishmanial activity against L. braziliensis
promastigotes (ICso = 2.7 uM, 3.9 uM, and 4.6 yM), with more potent activity than
the control drug pentamidine (ICso = 6.0 uM).”"

The potential for FERAI activity to involve increased ROS levels in L.
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braziliensis promastigotes was also investigated. The results indicated an
increase in ROS levels, at concentrations of 10 uM (56.33%), 20 uM (61.76%),
and 30 pM (67.13%) compared to the untreated control. Similar results were
found by Santiago-Silva et al.”?, who evaluated the production of ROS by
chalcone ((E)-1-(4,8-dimethoxynaphthalen-1-yl)-3-(4-nitrophenyl) prop-2-en-1-
one), which induced several morphological and ultrastructural changes in free
promastigotes, including loss of plasma membrane integrity, and an increase in
ROS.

Given our results, it was hypothesized that the addition of bromine to
molecule 4 optimized its antileishmanial effects. Reports in the literature already
report that brominated synthetic substances possess superior bioactive potential,
and although the mechanisms that explain these results are not yet fully
elucidated, one can cite possibilities. High lipophilicity and permeability through
biological membranes, increased half-life, and the ability to form intermolecular
bonds (attractive interactions) between the electrophilic region of the molecule
containing bromine atoms and nucleophilic active sites of the biomolecule.
Bromination can lead to increased therapeutic potency and research in the area
of chemoinformatics can provide important contributions to elucidate its
molecular interactions.”® Thus, we decided to continue our studies with Chalcone
4, with tests investigating its action on L. braziliensis amastigotes, and evaluating
its SI.

L. braziliensis is associated with both metastasis and the mucosal form of
leishmaniasis, and underlies the importance of developing more effective and
less toxic drugs for treatment.”*"® When the pharmacological activity of FERAI

was evaluated against amastigotes of L. braziliensis, an ICso value of 10.13 £ 1.7
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MM was observed. AB, a drug commercially available for the treatment of
leishmaniasis, presented an [Cso value of 0.7 + 0.004 pM. Although FERAI
presented a higher inhibitory concentration, the result still presents promise when
its low toxicity compared to AB is considered. FERAI may yet be a future drug
candidate for leishmaniasis treatment since macrophages infected with L.
braziliensis amastigotes and treated with FERAI resulted in a reductions both in
the number of infected macrophages and in the number of amastigotes per
macrophage, confirming its significant activity on intracellular forms of L.
braziliensis.

Protein sequence alignment helps to verify the similarity and identity the
same protein in different species or different proteins from the same species. With
this technique, it is possible to analyze conserved regions and identify common
residues in the active site. In addition, it is possible to point out differences and
structural similarities that can contribute to drug development. Amino acids
shared between the sequences of the target and template proteins have been
investigated.”¢-77

Alignment of the L. braziliensis trypanothione-reductase protein
sequences with trypanothione reductase from L. infantum; the L. braziliensis
dihydroorotate dehydrogenase with dihydroorotate dehydrogenase from L. major;
and L. braziliensis UDP-glycosyl pyrophosphorylase with UDP-glycosyl
pyrophosphorylase from L. major, revealed a high degree of identity and
similarity, which enabled the construction of reliable homology models for these
proteins.

Molecular docking, when applied to analyze natural products as

candidates for new drugs, makes it possible to obtain data on mechanisms of
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action, molecular interactions, and substance - target binding.”®7® Molecular
docking is a fast, low-cost and efficient technique, and is very useful for working
with both natural and synthetic products, allowing reduction of material losses,
and better use of the substances.® &

In the molecular docking results, chalcone 4 (FERAI) obtained negative
energies for all of the enzymes under study, demonstrating interaction with all the
targets. Further, FERAI interacted more specifically with dihydroorotate
dehydrogenase and trypanothione reductase, and this may reflect a certain
specificity of the compound, since it presented higher energy in two specific
targets.

After analyzing the potential activity of FERAI in relation to important
mechanisms for evaluating antileishmanial activity, molecular dynamics
simulations were carried out to evaluate the flexibility of the enzymes and the
stability of interactions in the presence of factors such as solvent, ions, pressure,
and temperature. Such information is important because it complements docking
results and allows us to evaluate whether the compound remains strongly bound
to the studied enzymes in the presence of factors that are found in the host
organism. For this analysis, the enzymes trypanothione reductase and
dihydroorotate dehydrogenase were chosen since FERAI presented greater
affinity for these proteins. RMSD was calculated separately for the Ca atoms of

the complexed enzyme and the structures of each ligand.

Ligand stability is essential in pharmacological activity studies, as this
factor, for keeping compounds bound to the active site, can be a determining
factor in both potency and efficacy.?'-82 The trypanothione reductase protein

complex proved to be more stable than the dihydroorotate dehydrogenase
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complex, which in turn was the most unstable complex, as it presented the

highest RMSD values, corresponding to 0.5 nm.

Similar to Amphotericin B, FERAI was capable of establishing strong
bonds with the active site, tending to remain even in the presence of solvents,
ions, and other factors. Enzyme conformational flexibility is necessary for the
production of certain effects, and the evidence suggests that enzyme folding and
unfolding may indicate a loss of enzyme activity that precedes any marked
changes in protein conformation.®3 Flexibility results for the amino acid residues
of trypanothione reductase revealed that of the amino acids present in the protein,
the residues in positions 1-2, 79, 81-87, 89, 305, 355, 458-462, and 480-483
favored conformational changes and protein flexibility when complexed with the
compound. This may be related to the fact that the protein under study was
constructed using homology modeling.

The Coulomb and Lennard-Jones interaction energy calculations for the
protein-ligand complexes and compound 4 (FERAI) demonstrated stable RMSD
and interaction energies which in addition to enabling interaction, flexibility and
stability, suggests that compound 04 interacts at the active site of the
trypanothione reductase enzyme. It was also observed that the RMSD of FERAI
did not present high stability for dihydroorotate dehydrogenase, suggesting that

the compound does not interact significantly with this enzyme.

4. Conclusions

Based on our results, the four compounds tested did not present
significant cytotoxicity compared to Amphotericin B. However, of the compounds

tested, FERAI presented the highest potency against L. braziliensis
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promastigotes and amastigotes, and was also able to reduce the both percentage
of Leishmania infected macrophages, and the number of intracellular parasites in
vitro. The ROS test results indicated that the compound possibly acts by
increasing ROS in the parasite and may be one of the mechanisms of action
involved in FERAI’s antileishmanial activity. Molecular docking revealed that
FERAI interacts with UDP-Glycosyl pyrophosphorylase, with stronger, more
potent inhibition of dihydroorotate dehydrogenase, and trypanothione reductase.
Trypanothione reductase, a possible target for FERAI in L. braziliensis presented
more stable RMSD and Coulomb and Lennard-Jones interaction energies as

well.

Supplementary Information

Supplementary information concerning the synthesis of the molecules,
characterization and extra information on the protein-binding sequence of the
enzymes involved in this study are available free of charge at

http://jbcs.sbq.org.br.
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CONCLUSOES E PERSPECTIVAS

Em conclusao, um total de 18 compostos foram sintetizados, sendo 2
dimeros de chalcona FER26 e FER23(A), 1 monémero FER23(B) e 15
chalconas. Desses, 9 estdo sendo relatadas pela primeira vez na literatura. Os
compostos foram sintetizados partindo de reagentes simples, baratos e de facil
acesso. Foram usadas técnicas conhecidas na literatura, como alquilagdes,

alilacdes, acilagdes e condensacgdes de Claisem.

Dos compostos sintetizados, 10 foram avaliados frente a formas
promastigotas e amastigotas de Leishmania infantum, em que 6 apresentaram
atividade inibitoria, sendo 3 considerados os mais promissores, dentre eles o
composto CP03 ganhou destaque, apresentando uma ICso de 10 ym, além de
apresentar auséncia de hemolise em eritrocitos. Com isso destacamos a
importancia da classe chalcona com relacdo a suas propriedades

farmacoldgicas, sendo candidatos terapéuticos com grande potencial.

Ainda dos compostos sintetizados, 4 foram testados in vitro e in silico
contra Leishmania brasiliensis, dentre eles o composto FER13 se mostrou mais
promissor frente ao parasita. O composto demonstrou maior poder de inibicao
entre as 2 espécies de Leishmania testadas, se tornando um candidato

promissor a criagdo de novos derivados.

Novas sinteses com a formacdo desses derivados podem ser
consideradas, utilizando os compostos ativos como protétipos para a formacao

de novos derivados, possibilitando potencializar ainda mais essas propriedades.
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MATERIAL SUPLEMENTAR
ACILACAO DA RESORCINA

Em baldo de fundo redondo foi pesado e adicionado 5 g (1 eq, 45,409
mmol) de resorcina e solubilizados em 5,2 mL (1,1 eq, 49,95 mmol) de anidrido
aceético. Apos total solubilizagao, foi adicionado 21,5 mL (3,5 eq, 158,931 mmol)
de trifluoreto de boroeterato (BFs.Et20). O sistema foi deixado sob agitagédo
magnética em temperatura ambiente por 24 h sendo monitorada por
Cromatografia em Camada Delgada Analitica (CCDA) (Schimidt NG & KROUTIL
W. 2017). Apos o tempo de reacgao foi feito uma particdo com agua, gelo e
acetato de etila. A fase organica foi lavada por 3 vezes, sendo seca em sulfato
de sddio anidro e purificada por recristalizacdo em hexano, obtendo um sdlido

esbranquigcado (Esquema 8).

Esquema 3: Acilagao da resorcina.

Acilacdo da resorcina.

OH (0] OH
O O
N

BF;.Et,0

>

OH OH

resorcinol 1-(2,4-dihidroxifenil)etanona

Fonte: autor, 2024

DIMERIZACAO DA VANILINA

Em um erlemeyer de 50 mL foram solubilizados 2g de vanilina (1 eq, 13,14
mmol) sob agitacdo magnética a 50 °C. Um segundo erlemeyer de 50 mL foi
solubilizado 2,4 g (1 eq, 13,14 mmol) de cloreto férrico hexahidratado
(FeCls.6H20) (Esquema 9). A solugao de cloreto férrico foi adicionada a solugao
contendo a vanilina, sendo observado uma mudanca de coloracdo imediata,
partindo de um transparente limpido para um tom roxo. A reagao foi deixada sob
agitacdo magneética, em temperatura ambiente por 24 h, sendo monitorada por
CCDA. Foi observado a formacao de um sodlido de coloragao cinza. Apés as 24
h o sélido foi filtrado em placa porosa e kitassato sob sistema de vacuo. O sdlido

foi lavado por 3 vezes com agua destilada e 3 vezes com metanol, sendo seco
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em dessecador a vacuo, apresentando um rendimento aproximado de 25%
(~500 mg).

Esquema 4: Dimerizagao da vanilina.

FeCl,.6H,0

H,0
HO 2

(0}

N

4-hidroxi-3-metoxibenzaldeido

6,6'-dihidroxi-5,5'-dimetoxi-[1,1'-bifenil]-3,3'-dicarbaldeido
Fonte: autor, 2023.

BROMACAO DA VANILINA

Em erlemeyer de 500 mL foi pesado 2 g de vanilina (1 eq, 13,14 mmol) e
solubilizado em 100 mL de solugao (0,32 molar) contendo acido acético e bromo
(Brz), a reacao (Esquema 10) foi deixada sob agitacdo magnética por 24 h, sendo
monitorada por CCDA. Foi observado uma mudanga de coloragao partindo de
um laranja forte para um laranja mais claro com um pé suspenso turvando o meio
reacional. Apos o tempo de reagao a agitagao foi suspensa, promovendo uma
decantacao do sélido. Foi feita uma filtragdo do sdlido sob vacuo, em funil de
placa porosa e kitassato, sendo lavado por 3 vezes com agua destilada. O
produto resultante foi seco em dessecador, obtendo um rendimento aproximado
de 45%.

Esquema 5: Bromacéao da vanilina.
0 0
Br
H Br,/AcOH H
HO HO
o o}

N ™~

4-hidroxi-3-metoxibenzaldeido 3-bromo-4-hidroxi-5-metoxibenzaldeido

Fonte: autor, 2024.
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ADICAO DE GRUPOS ALQUILA E ALILA
Um procedimento geral para as adi¢gdes de grupamentos alquila e alila foi

utilizado, sendo comum em todas as reacoées.

Foram pesados e adicionados em erlemeyer de 250 mL, 2 g do acetil
resorcinol (1 eq, 13,15 mmol) e solubilizado em dimetil-formamida (DMF)
(Esquema 11). Foi adicionado 5,6 g (3 eq, 39,45 mmol) de iodo metano (ICH3) e
5,4 g (3 eq, 39,45 mmol) de carbonato de potassio (K2COs3). A reacéao foi deixada
sob agitagdo magnética por 24 h, sendo monitorada por CCDA. Apd6s o tempo
de reacéo foi feito uma particdo com acetato de etila e agua destilada, a fase
organica foi seca em sulfato de sodio anidro. Foi obtido um rendimento

aproximado de 95%.

Esquema 6: Metilacdo da acetofenona da resorcina.

(0)

I-CH,

Y
K,CO;/DMF
HO OH

1-(2,4-dihidroxifenil)etanona

1-(2,4-
dimetoxifenil)etanona

Fonte: Autor, 2024.

ETERIFICACOES NA BROMO-VANILINA

Foram pesados e adicionados em erlemeyer de 250 mL 1 g de bromo
vanilina (1 eq, 6,58 mmol), 1,2 g de carbonato de potassio (2 eq, 13,16 mmol) e
os respectivos reagentes iodeto de metila 0,93 g (1 eq, 6,58 mmol), bromo etano
0,72 g (1eq, 6,58 mmol) e brometo de alila 0,79 g (1 eq, 6,58 mmol). As rea¢des
foram submetidas ao mesmo método, sendo solubilizadas em DMF e deixadas
sob agitagdo magnética por 24 h (Esquema 12), a temperatura ambiente e sendo
monitoradas por CCDA. Apds consumo dos reagentes foram purificadas por
particdo com acetato de etila e agua destilada, sendo lavadas por 3x e secada

com sulfato de sédio anidro. Foram obtidos rendimentos entre 87-95%.
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Esquema 7: Reacgdes de eterificagdo na bromo-vanilina.

(o)

Br

3-bromo-4,5-dimethoxybenzaldehyde

(o}

(o}

HO >
K,CO4/DMF o
Br

Br
3-bromo-4-hydroxy-5-methoxybenzaldehyde

3-bromo-4-ethoxy-5-
methoxybenzaldehyde

o

(0}

Br

4-(allyloxy)-3-bromo-5-
methoxybenzaldehyde

Fonte: Autor, 2024.

SINTESE DA BICHALCONA 1-(2,3-DIMETOXIFENIL)-3-(5'-(3-(2,4-
DIMETOXIFENIL)-3-OXOPROP-1-EN-1-IL)-2',3',5,6-TETRAMETOXI-[1,1'-
BIFENIL]-3-IL)PROP-2-EN-1-ONA (FER26)

Em um erlemeyer de 500 mL foi adicionado 0,1 g (1 eq: 0,30 mmol) de dimetil
divanilina e 0,108 g (2 eq: 0,60) de 2,4-dimetoxi acetofenona, ambos foram
solubilizados em 50 ml de etanol, e deixado em agitagdo magnética (Esquema
13). Em seguida foi adicionado 50 mL de uma solu¢do de hidroxido de sédio

(NaOH a 10%), havendo uma precipitagédo de um sélido amarelado. O sélido foi
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filtrado e purificado em CCDP com sistema de eluigdo hexano: acetato de etila

na propor¢ao 8:3 com 3 elui¢des, com um rendimento aproximado de 40%.

Esquema 8: Sintese da bichalcona via condensagéo de Claisem.

5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-dicarbaldeido

\O
(2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bif enil]-3,3'-diil)bis(1-(2,4-dimetoxif enil)prop-2-en-1-ona)

Fonte: autor, 2024.
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SINTESE DA BICHALCONA (2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-
diil)bis(1-(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona) (FER23(A))

(o}

5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-dicarbaldeido

(RE,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-diil)bis(1-(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona)

A metodologia utilizada na sintese da (2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-
[1,1'-bifenil]-3,3'-diil)bis(1-(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona) foi
semelhante a descrita no subitem 4.13. Em um erlemeyer de 500 mL foi
adicionado 0,5 g (1 eq: 1,51 mmol) de divanilina (subitem 4.9) e 0,250 g (2 eq:
1,51) de 3,4-metilenodioxi acetofenona, ambos foram solubilizados em 50 ml de
etanol, e deixado em agitagdo magnética (Esquema 14). Em seguida foi
adicionado 50 mL de uma solugao de hidroxido de sddio (NaOH a 10%), havendo
uma precipitagdo de um solido amarelado. O sdlido foi filtrado e purificado em
CCDP com sistema de eluicdo hexano: acetato de etila na proporg¢ao 8:2 com 3

eluicées, com um rendimento aproximado de 40%.
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SINTESE DA MONOCHALCONA 5'-(3-(BENZO[1,3]DIOXOL-5-IL)-3-
OXOPROP-1-EN-1-IL)-2',3",5,6-TETRAMETOXI-[1,1'-BIFENIL]-3-
CARBALDEIDO (FER23(B))

O composto 5'-(3-(benzo[1,3]dioxol-5-il)-3-oxoprop-1-en-1-il)-2',3",5,6-
tetrametoxi-[1,1'-bifenil]-3-carbaldeido (Esquema 14) foi obtido como produto
secundario da bichalcona descrita em 7.14. A partir da CCDP foi purificado e
analisado em espectroscopia de RMN 'H e '3C. Para o composto FER23(B) foi
obtido um rendimento de 25%.

Esquema 9: Sintese do FER23(B) via condensacéao de Claisem.

EtOH
NaOH(10%)

(o)

\ 1-(benzo[d][1,3]dioxol-5-il)etanona
o
5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-dicarbaldeido

(E)-5'-(3-(benzo|d][1,3]dioxol-5-il)-3-0xoprop-1-en-1-il)-2',3',5,6-tetrametoxi-[1,1'-bif enil]-3-carbaldeido
Fonte: autor, 2024.

PROCEDIMENTO GERAL PARA A SINTESE DAS CHALCONAS
Na sintese das chalconas foi utilizado um procedimento comum a todos
os compostos, sendo derivadas da acetofenona 1-(benzo[d][1,3]dioxol-5-

illetanona com diferentes benzaldeidos.

Foram pesados e adicionados a um erlemeyer de 250 mL (1 eq, 3,05
mmol) de 1-(benzo[d][1,3]dioxol-5-il)etanona, (3 eq, 9,15 mmol) de hidréxido de
potassio e (1 eq, 3,05 mmol) do respectivo aldeido (Esquema 15). Todas as
reagcoes foram feitas com metanol como solvente, sendo aplicado agitacao
magnética por 24 h a temperatura ambiente, sendo monitoradas por CCDA. Apos

o periodo de reagao em todos os casos o produto precipitou, sendo extraido com
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filtracdo a vacuo e lavado por 3x com metanol. Foram obtidos rendimentos que

variam entre 70-90%.

Esquema 10: Procedimento geral na sintese das chalconas.

(A) o R, o
0\/@ Re R
o S o / 1
R3
o
KOH/MetOH
o o] R
2

FERS81: R1=H R2=0OCH; R3=H

FER18: R1=HR2=0OCH,CH; R3=H

FERS89: R1=H R2=OCH,CHCH, R3=H FER41

FERO08: R1= OCH; R2= OCH; R3=Br

FER13: R1= OCH; R2= OCH,CH; R3=Br FER42

FER12: R1= OCH;R2= OCH,CHCH, R3= Br FER45

FER36:

FER37:

FER44:

(B) 0
Ojij)k
< KO
(o)

(0]
H

R1= OCH; R2= OCH,CH; R3= OCH3 Rs

R1= OCH; R2= OCH,CHCH, Ry= OCH,

: RI=HR2=CIR3=H

R1=H R2=CIR3=Cl

: RI=HR2=NH, R3=H

: RI=HR2=FR3=H

0
R
\‘/@ o} G R
- \
/MetOH /
o)
FER38: R=0
FER39: R=S

Fonte: autor, 2024.
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ANEXOS
(2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3'-diil)bis(1-(2,4-
dimetoxifenil)prop-2-en-1-ona) (FER26)

Chemical Formula: C;3H;40,
Exact Mass: 654,25

Sdlido pastoso, de coloragéo verde — FM: C3sH3s010[M+]: 665.2537 g/mol;
PF: 148 — 149 °C; Tempo de reagéo 24 hrs; Rendimento: 40%; RMN 'H (400
MHz, CDCI3) 6u 7.72 (d, J = 8.6 Hz, 2H); 7.62 (d, J = 15.7 Hz, 2H); 7.39 (d, J =
15.7 Hz, 2H); 7.15 (dd, J = 12.2, 2.0 Hz, 4H); 6.55 (dd, J = 8.6, 2.3 Hz, 2H); 6.49
(d, J = 2.2 Hz, 2H); 3.95 (s, 6H); 3.87 (s, 6H); 3.86 (s, 6H); 3.71 (s, 6H). *C NMR
(125 MHz, CDCls) &¢ 190.78, 164.21, 160.42, 153.01, 148.82, 142.10, 132.85,
132.61, 131.03, 126.71, 123.81, 122.43, 114.19, 111.60, 105.28, 98.85, 60.99,
56.05, 55.94, 55.68.
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(2E,2'E)-3,3'-(5,5',6,6'-tetrametoxi-[1,1'-bifenil]-3,3"-diil )bis(1-
(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona) (FER(A))

Chemical Formula: C;.H;,0,,
Exact Mass: 622,18

Solido pastoso de coloragéo verde — FM: C3sH30010; MM: 622,18 g/mol; PF: 157
- 158 °C; Tempode reagdo: 24 hrs; Rendimento: 40%. "H NMR (500 MHz, CDCl3)
0 7.76 (d, J = 15.6 Hz, 2H); 7.64 (dd, J = 8.2, 1.8 Hz, 2H); 7.52 (d, J = 1.7 Hz,
2H); 7.41 (d, J = 15.6 Hz, 2H); 7.20 (dd, J = 14.5, 2.0 Hz, 4H); 6.88 (d, J = 8.1
Hz, 2H); 6.05 (s, 4H); 3.98 (s, 6H); 3.73 (s, 6H). '3C NMR (125 MHz, CDCl3) d
188.30, 153.11, 151.81, 149.13, 148.43, 144.07, 133.15, 132.61, 130.61, 124.80,
123.66, 121.19, 111.97, 108.56, 108.04, 102.00, 61.04, 56.15.
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(E)-5'-(3-(benzo[d][1,3]dioxol-5-yl)-3-oxoprop-1-en-1-il)-2',3',5,6-tetrametoxi-
[1,1'-bifenil]-3-carbaldeido (FER23(B))

Chemical Formula: C,;H,,04
Exact Mass: 476,15

Sdlido pastoso de coloragao verde — FM: C27H240s [M+]: 447.1532 g/mol;
PF: 136 - 137 °C; Tempode reagdo: 24 hrs; Rendimento: 25%. RMN 'H (400
MHz, CDCI3) 614 9.91 (s, 1H); 7.75 (d, J = 15.6 Hz, 1H); 7.64 (dd, J = 8.2, 1.7 Hz,
1H); 7.51 (dd, J = 8.4, 1.8 Hz, 2H); 7.40 (d, J = 15.6 Hz, 1H); 7.41 (d, J = 2.0 Hz,
1H); 7.19 (s, 2H); 6.88 (d, J = 8.2 Hz, 1H); 6.88 (d, J = 8.2 Hz, 2H); 3.98 (s, 3H);
3.98 (s, 3H); 3.78 (s, 3H); 3.71 (s, 3H). '3C NMR (125 MHz, CDClI3) dc 191.25,
188.28, 153.53, 153.13, 152.57, 151.85, 149.07, 148.45, 143.95, 133.13, 132.35,
132.14,132.10, 130.75, 128.02, 124.82, 123.51, 121.30, 114.21, 112.15, 110.18,
108.58, 108.06, 102.02, 61.12, 61.04, 56.18, 56.17.
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(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(3,4-dimetoxifenil)prop-2-en-1-ona (FER23)

~

(o)

a0
0 AN

o

Sélido amorfo, de coloracdo branco esverdeado — FM: C1sH1605; MM:
312,10 g/mol; PF: 98 — 100 °C; Tempo de reagao: 24 horas; Rendimento: 86%.
RMN "H (400 MHz, CDCI3) 8+ 7.74 (d, J = 15.5 Hz, 1H); 7.64 (dd, J = 8.2, 1.7 Hz,
1H); 7.52 (d, J= 1.6 Hz, 1H); 7.34 (d, J = 15.5 Hz, 1H); 7.22 (dd, J = 8.4, 1.9 Hz,
1H); 7.15 (d, J = 2.1 Hz, 1H); 6.89 (d, J = 8.2 Hz, 2H); 6.06 (s, 2H); 3.95 (s, 3H);
3.93 (s, 3H). *C NMR (125 MHz, CDCls) dc 188.33, 151.36, 149.27, 148.25,
144.45,133.22,127.99, 124.52, 123.07, 119.66, 114.07, 111.15, 110.09, 108.46,
107.90, 101.85, 56.01, 55.99.

(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(4-metoxifenil)prop-2-en-1-ona FER81)

O ST

o)

Solido amorfo, de coloragdo branco esverdeado - FM: C17H1404; MM:
282,09 g/mol; PF: 118 — 119 °C; Tempo de reagao: 24 horas; Rendimento: 87%.
RMN "H (500 MHz, CDClI3) d1 7.75 (d, J = 15.5 Hz, 1H); 7.62 (dd, J = 8.1, 1.7 Hz,
1H); 7.57 (d, J = 8.7 Hz, 2H); 7.51 (d, J = 1.7 Hz, 1H); 7.35 (d, J = 15.5 Hz, 1H);
6.91 (d, J = 8.8 Hz, 2H); 6.87 (d, J = 8.1 Hz, 1H); 6.03 (s, 2H); 3.83 (s, 3H). 13C
NMR (125 MHz, CDCI3) &¢c 188.33, 161.66, 151.59, 148.31, 144.14, 133.32,
130.20, 127.81, 124.54, 119.47, 114.48, 108.49, 107.95, 101.90, 55.47.
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Figura 27: Espectro de RMN 'H (500 MHz, CDCI3) de FER81.
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Figura 29: Espectro de RMN '3C (125 MHz, CDCIz) de FER81.
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Figura 30: Expansao do espectro de RMN '3C (125 MHz, CDClz) de FER81 na
regidao 102 - 162 ppm.
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(E)-1-(benzo[d][1,3]dioxol-5-yl)-3-(4-etoxifenil)prop-2-en-1-ona (FER18)

B '~
(1)

(0]

Solido amorfo, de coloragdo branco esverdeado - FM: C1sH1604 [M+]:
297.1132 g/mol; PF: 125.0 - 126.0 °C; Tempo de reacao: 24 horas; Rendimento:
95%. "H NMR (400 MHz, CDCI3) & 7.73 (d, J = 15.5 Hz, 1H), 7.60 (dd, J = 8.2,
1.7 Hz, 1H), 7.54 (d, J = 8.7 Hz, 2H), 7.49 (d, J = 1.7 Hz, 1H), 7.33 (d, J = 15.5
Hz, 1H), 6.88 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.1 Hz, 1H), 6.01 (s, 2H), 4.04 (q,
J =7.0 Hz, 2H), 1.40 (t, J = 7.0 Hz, 3H). '3C NMR (101 MHz, CDCl3) & 188.19,
160.94, 151.42, 148.15, 144.08, 133.20, 130.07, 127.47, 124.38, 119.17, 114.80,
108.34, 107.79, 101.74, 63.57, 14.65.

Figura 31: Espectro de RMN 'H (500 MHz, CDCIz) de FER18.
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Figura 32: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER18 na

regiao

6.70 - 7.85 ppm.
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Figura 33: Espectro de RMN '3C (125 MHz, CDCl3) de FER18.
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Figura 34: Expanséo do espectro de RMN '3C (125 MHz, CDCIlz) de FER18 na
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Figura 35: Espectro de massas [M+] de FER13.
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(E)-3-(4-(alliloxi)fenil)-1-(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona (FER89)

1L

o)

Sélido amorfo, de coloracdo branco esverdeado - FM: Ci9H1604; MM:
308,10 g/mol; PF: °C; Tempo de reagdo: 24 horas; Rendimento: 93%. 'H NMR
(400 MHz, CDCI3) 8 7.75 (d, J= 15.6 Hz, 1H); 7.63 (dd, J= 8.2, 1.6 Hz, 1H); 7.57
(d, J=8.7 Hz, 2H); 7.51 (d, J= 1.5 Hz, 1H); 7.36 (d, J = 15.5 Hz, 1H); 6.93 (d, J
= 8.7 Hz, 2H); 6.88 (d, J = 8.1 Hz, 1H); 6.15 — 5.91 (m, 3H); 5.42 (dd, J = 17.3,
1.4 Hz, 2H); 5.36 — 5.27 (m, 2H); 4.57 (d, J = 5.3 Hz, 3H). *C NMR (100 MHz,
CDCI3) 6 188.39, 160.69, 151.63, 148.35, 144.16, 133.36, 132.87, 130.22,
127.97, 124.58, 119.58, 118.14, 115.26, 108.53, 107.99, 101.93, 68.99.

Figura 36: Espectro de RMN 'H (500 MHz, CDCIz) de FER89.
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Figura 37: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER89 na

regiao

6.85 - 7.80 ppm.
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Figura 38: Espectro de RMN '3C (125 MHz, CDCl3) de FER89.
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Figura 39: Expanséo do espectro de RMN '3C (125 MHz, CDCIz) de FER89 na
regiao 102 - 162 ppm.
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(E)-1-(benzol[d][1,3]dioxol-5-yl)-3-(3-bromo-4,5-dimetoxifenil)prop-2-en-1-ona
(FERO08)

v

(0]

OO

Solido amorfo, de coloragdo branco esverdeado - FM: C1sH15BrOs [M+]:
391.0185 g/mol; PF: 108,8 — 110,3 °C; Tempo de reacao: 24 horas; Rendimento:
92%. "H NMR (400 MHz, CDCl3) 7.62 (d, J = 15.5 Hz, 1H), 7.63 (dd, J = 8.2, 1.7
Hz, 1H), 7.50 (d, J = 1.6 Hz, 1H), 7.50 (d, J = 1.6 Hz, 1H), 7.36 (d, J = 15.5 Hz,
1H), 7.05 (d, J = 1.9 Hz, 1H), 7.05 (d, J = 1.9 Hz, 1H), 6.05 (s, 2H), 3.91 (s, 3H),
3.89 (s, 3H). 3C NMR (101 MHz, CDCI3) d 187.82, 153.79, 151.85, 148.35,
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148.25,142.50, 132.77,132.09, 124.77,122.01, 118.16, 111.56, 108.40, 107.95,
101.95, 60.78, 56.23.

Figura 40: Espectro de RMN 'H (500 MHz, CDCIz) de FERO0S.
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Figura 41: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FERO08 na

regiao

6.85 - 7.65 ppm.
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Figura 42: Espectro de RMN '3C (125 MHz, CDCl3) de FERO08.
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Figura 43: Expanséo do espectro de RMN "3C (125 MHz, CDCIz) de FER08 na

regiao 102 - 154 ppm.
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Figura 44: Espectro de massas [M+] de FERO08S.
Mass Spectrum SmartFormula Report
Analysis Info Acquisition Date 8/10/2022 8:03:30 PM
Analysis Name Di\Data\Data_2022\ThalissonEXTERNOS\Femando - UFPB\FERO1_LCID_POS_1-16_01_671.d
Method ID-LC_50-1500_pos.m Operator @BDAL
Sample Name FERO1_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type ESI lon Polarity Posifive Set Nebulizer 3.9Bar
Focus Not acfive Set Dry Heater 200°C
Scan Begin 50 miz Set Capillary 4500V SetDry Gas 8.0 Vmin
Scan End 1500 miz Set End Plate Offset -500V Set Divert Valve Waste
Intens. +MS, 0.1-0.3min #7-17|
x105
34 353.2670
2d
C18H168r05, [M+H]
i 202.2798 573.2533
7 .
165.05625923 7{ l \ 711.5748
. R ERTAe . ,
200 400 600 800 1000 1200 1400 miz
Meas.miz # lon Formula m/z em[ppm] mSigma #mSigma Score rdb e Conf N-Rule
391.0185 1 C18H16BrO5 391.0176 -23 101 1 10000 105 even ok
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(E)-1-(benzo[d][1,3]dioxol-5-il)-3-(3-bromo-4-etoxi-5-metoxifenil)prop-2-en-1-
ona (FER13)

v

(o)

| o0
<O O \ Br

Solido amorfo, de coloragdo branco esverdeado - FM: C1gH17BrOs; MM:
404.03 g/mol; PF: 112.6 - 115.2 °C; Tempo de reagado: 24 horas; Rendimento:
87%. '"H NMR (400 MHz, CDClI3) & 7.37 (d, J = 15.5 Hz, 1H), 7.64 (dd, J = 8.2,
1.7 Hz, 1H), 7.52 (d, J = 1.4 Hz, 1H), 7.46 (d, J = 1.9 Hz, 1H), 7.37 (d, J = 15.5
Hz, 1H), 7.05 (d, J = 1.9 Hz, 1H), 6.90 (d, J = 8.1 Hz, 1H), 6.07 (s, 2H), 4.13 (q,
J=7.1Hz, 2H), 3.91 (s, 3H), 1.43 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CDClz)
0 187.89, 153.91, 151.81, 148.34, 147.53, 142.61, 132.80, 131.83, 124.80,
124.73, 121.88, 118.63, 111.50, 108.40, 107.93, 101.90, 69.43, 56.19, 15.58.

Figura 45: Espectro de RMN 'H (500 MHz, CDCIz) de FER13.
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Figura 46: Expansé&o do espectro de RMN 'H (500 MHz, CDCl3) de FER13 na

6.80 - 7.75 ppm.
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Figura 47: Espectro de RMN "3C (125 MHz, CDCls) de FER13.
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Figura 48: Expanséo do espectro de RMN '3C (125 MHz, CDCIz) de FER13 na
regiao 102 - 154 ppm.
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8.2.1. (E)-3-(4-(alliloxi)-3-bromo-5-metoxifenil)-1-(benzo[d][1,3]dioxol-5-il)prop-
2-en-1-ona (FER12)

7~

o)

o O O\/\
<0 O \ Br

Solido amorfo, de coloracdo branco esverdeado - FM: C20H17BrOs
[M+]417.0335 g/mol; PF: 123.7 - 125.8 °C; Tempo de reagdo: 24 horas;
Rendimento: 95%. '"H NMR (400 MHz, CDCl3) d 7.62 (d, J = 15.6 Hz, 1H), 7.62
(dd, J=8.2,1.7 Hz, 2H), .49 (d, J=1.6 Hz, 1H), 7.43 (d, J= 1.8 Hz, 1H), 7.34 (d,
J=15.6 Hz, 1H), 7.03 (d, J = 1.9 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.11 (ddt, J =
17.2, 10.3, 6.0 Hz, 1H), 6.04 (s, 2H), 5.37 (dq, J = 17.2, 1.5 Hz, 1H), 5.23 (dq, J
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=10.4, 1.1 Hz, 1H), 4.57 (dt, J = 6.0, 1.3 Hz, 2H), 3.89 (s, 3H). 3C NMR (101
MHz, CDCls) & 187.86, 153.85, 151.84, 148.37, 147.08, 142.54, 133.56, 132.82,

132.04, 124.82,124.76, 122.00, 118.59, 118.47, 111.54, 108.43, 107.95, 101.93,
74.25, 56.22.

Figura 49: Espectro de RMN 'H (500 MHz, CDCI3) de FER12.
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Figura 50: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER12 na
regiao 5.20 - 6.20 ppm.
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Figura 51: Expansao do espectro de RMN 'H (500 MHz, CDCIl3) de FER12 na
regidao 6.80 - 7.90 ppm.
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Figura 52: Espectro de RMN "3C (125 MHz, CDCl3) de FER12.
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Figura 54: Espectro de massas [M+] de FER12.

Mass Spectrum SmartFormula Report

Analysis Info

Acquisition Date 8/10/2022 8:07:19 PM
Analysis Name Di\Data\Data_2022\ThalissomEXTERNOS\Femando - UFPB\FERO3_LCID_POS_1-17_01_672.d
Method ID-LC_50-1500_pos.m Operator @BDAL
Sample Name FEROD3_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 3.9Bar
Focus Not acfive Set Dry Heater 200°C
Scan Begin 50 miz Set Capillary 4500V Set Dry Gas 8.0 Vmin
Scan End 1500 miz Set End Plate Offset -500 V Set Divert Valve Waste
Intens. { +MS, 0.2min #10)
%105
353.2667

al

a]

A CAOHHBBrOS, (M+H]

o5, [M+
2822793 573.2525
11 711.5742
239.2368
0 AR I.LHJI " rlll Lk ; ._ul l [ 1015;7069 ;
200 400 600 800 1000 1200 1400 miz
Meas.m/z # lon Formula miz er[ppm] mSigma #mSigma Score rdb e Conf N-Rule
417.0335 1 C20H18BrO5  417.0332 -07 89 1 100.00 115 even ok

(E)-1-(benzol[d][1,3]dioxol-5-il)-3-(4-etoxi-3,5-dimetoxifenil)prop-2-en-1-ona
(FER36)

e

o

| 904
O

Solido amorfo, de coloragdo branco esverdeado - FM: C20H2006 [M+]:
357.1346 g/mol; PF: 131.0 — 133.0 °C; Tempo de reacéao: 24 horas; Rendimento:
87%. '"H NMR (400 MHz, CDClI3) & 7.69 (d, J = 15.6 Hz, 1H), 7.63 (dd, J = 8.2,
1.8 Hz, 1H), 7.51 (d, J = 1.8 Hz, 1H), 7.35 (d, J = 15.6 Hz, 1H), 6.88 (d, J = 8.1
Hz, 1H), 6.84 (s, 2H), 6.05 (s, 2H), 4.10 (q, J = 7.1 Hz, 2H), 3.89 (s, 6H), 1.36 (t,
J =7.0 Hz, 3H). 3C NMR (101 MHz, CDCl3) & 188.36, 153.89, 151.76, 148.38,
144.64, 139.48, 133.13, 130.43, 124.74, 121.02, 108.55, 108.02, 105.76, 101.98,
69.24, 56.34, 15.64.
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Figura 55Espectro de RMN 'H (500 MHz, CDCl3) de FER36.
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Figura 56Expanséo do espectro de RMN 'H (500 MHz, CDCI3) de FER36 na
regiao 1.50 - 4.20 ppm.
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Figura 57Expansao do espectro de RMN 'H (500 MHz, CDCIz) de FER36 na
regiao 6.80 - 7.70 ppm.
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Figura 58Espectro de RMN '3C (125 MHz, CDCIz) de FER36.
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Figura 59Expansao do espectro de RMN '3C (125 MHz, CDCl3) de FER36 na

regiao 102 - 155 ppm.
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Figura 60: Espectro de massas [M+] de FER36.
Mass Spectrum SmartFormula Report
Analysis Info Acquisition Date 8/10/2022 8:18:50 PM
Analysis Name D:\Data\Data_2022\Thalisson\EXTERNOS\Femando - UFPB\FER36_LCID_POS_1-20_01_675.d
Method ID-LC_50-1500_pos.m Operator @BDAL
Sample Name FER36_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 3.9 Bar
Focus Not active Set Dry Heater 200°C
Scan Begin 50 miz Set Capillary 4500 vV Set Dry Gas 8.0 Umin
Scan End 1500 miz Set End Plate Offset -500V Set Divert Valve Waste
Intens, C20H2106, [M+H] +MS, 0.1-0.3min #8-1g
x108]
209
3574346
1.5
1.0
059
149.0460 2350069 | 785.2307 1091.3588
0.0 A 1y 1 r Lo b . .
200 400 600 800 1000 1200 1400 miz
Meas.m/z # lon Formula miz em[ppm] mSigma #mSigma Score rdb e Conf N-Rule

3571346 1 C20H2108 3571333 37 114 1 10000 105 even ok
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(E)-3-(4-(alliloxi)-3,5-dimetoxifenil)-1-(benzo[d][1,3]dioxol-5-il)prop-2-en-1-ona
(FER37)

e

o)

o]
o} AN o/
o]

Solido amorfo, de coloragao branco esverdeado - FM: C21H200e6 [M+]:
369.1339 g/mol; PF: 136.0 — 137.0 °C; Tempo de reacdo: 24 horas; Rendimento:
92%. "H NMR (400 MHz, CDCl3) 6 7.60 (d, J = 15.5 Hz, 1H), 7.68 — 7.55 (m, 2H),
749 -7.42 (m, 1H), 7.32 (d, J = 15.5 Hz, 1H), 6.85 — 6.75 (m, 3H), 5.99 (s, 2H),
6.11 — 6.01 (m, 1H), 5.28 (dt, J = 17.2, 1.7 Hz, 1H), 5.15 (dt, J = 10.4, 1.5 Hz,
1H), 5.15 (dt, J=10.4, 1.5 Hz, 1H), 3.85 (d, J = 2.4 Hz, 8H). "3C NMR (101 MHz,

CDCls) & 188.12, 153.61, 151.63, 148.22, 144.41, 138.91, 134.17, 132.90,
130.45, 124.62, 120.86, 117.98, 108.33, 107.83, 105.60, 101.86, 74.16, 56.16.

Figura 61: Espectro de RMN 'H (500 MHz, CDCIz) de FER37.
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Figura 62: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER37 na

regiao

3.75 - 7.65 ppm.
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Figura 63: Espectro de RMN '3C (125 MHz, CDCl3) de FER37.
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Figura 64: Expansé&o do espectro de RMN '3C (125 MHz, CDCIlz) de FER37 na
regiao 102 - 156 ppm.
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Figura 65: Espectro de massas [M+] de FER37.

Mass Spectrum SmartFormula Report

Analysis Info 8/10/2022 8:22:42 PM

Analysis Name

Acquisition Date
Di\Data\Data_2022\Thalisson\EXTERNOS\Femando - UFPB\WFER37_LCID_POS_1-21_01_676.d

Method ID-LC_50-1500_pas.m Operator @BDAL
Sample Name FER37_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type ESI lon Polarity Posifive Set Nebulizer 3.9Bar
Focus Not active Set Dry Heater 200°C
Scan Begin 50 miz Set Capillary 4500V Set Dry Gas 8.0 I'min
Scan End 1500 miz SetEnd Plate Offset -500 V Set Divert Valve Waste
'”1:1'535' C21H2108, [M+H] “NS, 0.1-0 3min #7-17
5]
360,1339
4
1]
5]
19 573.2519 721.3912
239.2369
‘49'F256 " L. b Ln‘i‘ ‘ nt l . i ll “ - .
200 400 800 800 1000 1200 1400 miz
Meas.miz # lon Formula m/z e [ppm] mSigma #mSigma Score rdb € Confl N-Rule
369.1339 1 C21H2106  369.1333 -7 20 1 10000 115 even ok
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(E)-1-(benzo[d][1,3]dioxol-5-il)-3-(4-clorofenil)prop-2-en-1-ona (FER41)

OO

(0]

Solido amorfo, de coloragdo branco esverdeado - FM: C16H11CIO3 [M+]:
287.0475 g/mol; PF: 97.0 — 98.0 °C; Tempo de reacgéo: 24 horas; Rendimento:
97%. '"H NMR (400 MHz, CDCI3) & 7.75 (d, J = 15.6 Hz, 1H), 7.66 (dd, J = 8.1,
1.8 Hz, 1H), 7.57 (d, J = 8.3 Hz, 1H), 7.54 (d, J = 1.7 Hz, 1H), 7.47 (d, J = 15.6
Hz, 1H), 7.40 (d, J = 8.6 Hz, 1H), 6.91 (d, J = 8.1 Hz, 1H), 6.08 (s, 2H). *C NMR
(101 MHz, CDCI3) & 188.03, 151.96, 148.48, 142.82, 136.38, 133.61, 132.92,
129.65, 129.33, 124.84, 122.22, 108.50, 108.06, 102.04.

Figura 66: Espectro de RMN 'H (500 MHz, CDCIz) de FER41.
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Figura 67: Expansé&o do espectro de RMN 'H (500 MHz, CDCl3) de FER41 na
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Figura 68: Espectro de RMN '3C (125 MHz, CDCl3) de FER41.
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xpans&o do espectro de RMN 3C (125 MHz,
regiao 102 - 152 ppm.

CDCls) de FER41 na
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Figura 70: Espectro de massas [M+] de FER41.
Mass Spectrum SmartFormula Report
Analysis Info Acquisition Date 8/10/2022 8:34:11 PM
Analysis Name D:\Data\Data_2022\Thalissom\EXTERNOS\Femando - UFPB\FER41_LCID_POS_1-24 01_679.d
Method ID-LC_50-1500 posm Operator @BDAL
Sample Name FER41_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 39 Bar
Focus Not acfive Set Dry Heater 200 °C
Scan Begin 50 miz Set Capillary 4500 Vv SetDry Gas 8.0 Umin
Scan End 1500 mfz Set End Plate Offset -500 vV Set Divert Valve Waste
m::”;ﬁ C16H12CI03, [M+H] +M3, 0.1-0.3min #8-15)
3
701.4925
287.0475
21 353.2658
1
165.0117 t \ 4533448
T
. ol btk L 713 W 27 8542 ‘
200 400 600 800 1000 1200 1400 miz
Meas.miz # lon Formula m/z em[ppm] mSigma #mSigma Score rdb e Conf N-Rule
2870475 1 C16H12CIO3  287.0469 -1.9 30 1 10000 105 even ok

(E)-1-(benzo

[d][1,3]dioxol-5-il)-3-(3,4-diclorofenil)prop-2-en-1-ona (FER44)
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AL

(0]

Solido amorfo, de coloragao branco esverdeado - FM: C16H10Cl203 [M+]:
321,0085 g/mol; PF: 99.0 — 101.0 °C; Tempo de reacgao: 24 horas; Rendimento:
96%. '"H NMR (500 MHz, CDCl3) 7.73 (d, J = 15.6 Hz, 1H), 7.66 — 7.56 (m, 3H),
7.51 (d, J=1.7 Hz, 1H), 7.40 (d, d = 15.9 Hz, 1H), 7.09 (t, J = 8.6 Hz, 2H), 6.87
(d, J = 8.2 Hz, 1H), 6.04 (s, 2H). *C NMR (126 MHz, CDCl3) 5 188.09, 165.06,

163.06, 151.86, 148.42, 142.98, 132.96, 131.32, 130.31, 124.76, 121.50, 116.26,
116.08, 108.49, 108.01, 102.00.

Figura 71: Espectro de RMN 'H (500 MHz, CDCIz) de FER44.
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5.90 - 7.90 ppm.

Figura 72: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER44 na
regiao
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Figura 74: Expanséo do espectro de RMN 3C (125 MHz, CDCIz) de FER44 na

regiao 102 - 168 ppm.
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Figura 75: Espectro de massas [M+] de FER44.
Mass Spectrum SmartFormula Report
Analysis Info Acquisition Date 8/10/2022 8:41:49 PM
Analysis Name D:\Data\Data_2022\ThalissomEXTERNOS\Femando - UFPB\FER44_LCID_POS_1-26_01_681.d
Method ID-LC_50-1500_pos m Operator @BDAL
Sample Name FER44_LCID_POS Instrument micrOTOF 213750.10338
Comment

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 3.9Bar
Focus Not active Set Dry Heater 200°C
Scan Begin 50 m/z Set Capillary 4500 v SetDry Gas 8.0 Umin
Scan End 1500 miz Set End Plate Offset -500 v Set Divert Valve Waste
Iniinoss, CABH11CI203, [M+H] +MS, 0.1-0.3min #7-17|
34
321,0085
701.4942
2]
14 239.2373
k 4533460
577.1344
Ll L e Al e |
200 400 600 800 1000 1200 1400 miz
Meas. m/z # lonFormula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
321.0085 1 C16H11CI203  321.0080 -1.7 1.8 1 10000 105 even ok
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(E)-1-(benzo[d][1,3]dioxol-5-il)-3-(4-(dimetilamino)fenil)prop-2-en-1-ona (FER42)

| e
L~

(0]

Solido amorfo, de coloragdo vermelho alaranjado - FM: C1sH17NO3 [M+]:
296.1311 g/mol; PF: 91.0 — 93.0 °C; Tempo de reacao: 24 horas; Rendimento:
98%. "H NMR (400 MHz, CDCI3) & 7.78 (d, J = 15.4 Hz, 1H), 7.63 (dd, J = 8.2,
1.7 Hz, 1H), 7.54 (d, J = 2.4 Hz, 1H), 7.52 (d, J = 1.7 Hz, 2H), 7.52 (s, 1H), 7.29
(d, J =154 Hz, 1H), 6.87 (d, J = 8.1 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 6.03 (s,
2H), 3.02 (s, 6H). '3C NMR (101 MHz, CDCI3) & 188.49, 152.06, 151.25, 148.19,

145.34,133.87, 130.40, 124.27, 122.83, 116.54, 111.92, 108.50, 107.91, 101.81,
40.21.

Figura 76: Espectro de RMN 'H (500 MHz, CDCIz) de FER42.
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Figura 77: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER42 na

5.90 - 8.00 ppm.
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Figura 78: Espectro de RMN "3C (125 MHz, CDCls) de FER42.
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Figura 79: Expanséo do espectro de RMN 3C (125 MHz, CDCIlz) de FER42 na
regiao 100 - 154 ppm.
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Figura 80: Espectro de massas [M+] de FER42.

Mass Spectrum SmartFormula Report

Analysis Info
Analysis Name

Acquisition Date 8/10/2022 8:38:00 PM

D:\Data\Data_2022\Thalisson\EXTERNOS\Femando - UFPB\FER42_LCID_POS_1-25_01_680.d

Method ID-LC_50-1500_pos.m Operator @BDAL
Sample Name FER42_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 3.9 Bar
Focus Not active Set Dry Heater 200°C
Scan Begin 50 miz Set Capillary 4500V Set Dry Gas 8.0 ¥min
Scan End 1500 miz Set End Plate Offset -500v Set Divert Valve Waste
\ntensA C18H18NO3, [M+H] +MS, 0.1-0.3min #7-18
x10°
3]
2061311
24
1
l 353.2663 513.2306
0 s .y T T
200 400 600 8OO 1000 1200 1400 miz
Meas.m/z # lon Formula m/z em[ppm] mSigma #mSigma Score rdb e Conf N-Rule
2961311 1 C18H1BNO3 2961281 -10.0 898 1 10000 105 ok
2 C11H22ZNO8 2961340 98 1319 2 1223 15 ok
3 CTHIBNTO8 2961313 07 1453 3 3354 25 ok



204

(E)-1-(benzo[d][1,3]dioxol-5-il)-3-(4-fluorofenil)prop-2-en-1-ona (FER45)
F

Solido amorfo, de coloragdo branco esverdeado - FM: C1eH11FO3 [M+]:
271.0769 g/mol; PF: 118.0 — 120.0 °C; Tempo de reacdo: 24 horas; Rendimento:
98%. 'H NMR (400 MHz, CDCl3) 8 7.70 (d, J = 2.0 Hz, 1H), 7.66 (d, J = 15.6 Hz,
1H), 7.63 (d, J = 1.7 Hz, 1H), 7.51 (d, J = 1.8 Hz, 1H), 7.45 (d, J = 15.6 Hz, 1H),
6.89 (d, J = 8.2 Hz, 1H), 6.07 (s, 2H). C NMR (101 MHz, CDCIz) & 187.69,
152.15, 148.57, 141.44, 136.00, 135.20, 134.35, 133.41, 132.70, 131.05, 129.79,
127.60, 124.99, 123.34, 108.52, 108.11, 102.11.

(o)

Figura 81: Espectro de RMN 'H (500 MHz, CDCIz) de FER45.
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Figura 82: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER45 na

regiao

6.00 - 7.80 ppm.

S0'9 —

88'9 ~
689

80°Z~
oTL—
s

€10ad0 9¢°L —

6€L—
wL—

1S4~
e
092
09°Z~\
19°LF
Nm.n\
9L
€9°L

v9'L
v9'L
€L°L

9LL

I8

%Nﬁ.m

%:A

faeo
%mo.m
o

Figura 83: Espectro de RMN '3C (125 MHz, CDCl3) de FER45.
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Figura 84: Expanséo do espectro de RMN '3C (125 MHz, CDCIlz) de FER45 na
regiao 102 - 165 ppm.
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Figura 85: Espectro de massas [M+] de FER45.
Mass Spectrum SmartFormula Report
Analysis Info Acquisition Date 8/10/2022 8:45:41 PM
Analysis Name D:\Data\Data_2022\ThalissomEXTERNOS\Femando - UFPB\FER45_LCID_POS_1-27_01_682.d
Method ID-LC_50-1500_pos.m Operator @BDAL
‘Sample Name FER45_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type ESl lon Polarity Positive Set Nebulizer 39 Bar
Focus Not active Set Dry Heater 200°C
Scan Begin 50 miz Set Capillary 4500 vV Set Dry Gas 8.0 Vmin
Sean End 1500 miz Set End Plate Offset -500 V Set Divert Valve Waste
Ims‘g:a, C18H12FO3, [M+H] +MS, 0.1-0,3min #6-17|
204
353.2653
154 2710769
1.0
573.2508
051 149.0396 71,5723
00 i i 1 l Ll L h hj ALy L Al al L A l l l. 8213775 1015,7065
200 400 600 800 1000 1200 1400 miz
Meas. mfz # lon Formula miz e [ppm] mSigma #mSigma Score rdb e Conf N-Rule
2710769 1 C16H12FO3  271.0785 -15 28 1 10000 105 even ok
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(E)-1-(benzol[d][1,3]dioxol-5-il)-3-(tiofen-2-il)prop-2-en-1-ona (FER38)

Solido amorfo, de coloragdo marrom tijolo - FM: C14H1004 [M+]: 243.0636
g/mol; PF: 101.0 — 103.0 °C; Tempo de reagao: 24 horas; Rendimento: 99%. 'H
NMR (400 MHz, CDCI3) & 7.65 (dd, J = 8.2, 1.8 Hz, 1H), 7.57 (d, J = 15.3 Hz,
1H), 7.53 (d, J = 1.7 Hz, 2H), 7.51 (d, J = 1.3 Hz, 1H), 7.40 (d, J = 15.3 Hz, 1H),
6.87 (d, J =8.2 Hz, 1H), 6.69 (d, J = 3.4 Hz, 1H), 6.50 (dd, J = 3.4, 1.8 Hz, 1H),
6.04 (s, 2H). '3C NMR (101 MHz, CDCI3) & 187.63, 151.80, 151.73, 148.33,
144.84, 133.00, 130.22, 124.66, 119.09, 115.98, 112.68, 108.37, 107.95, 101.91.

Figura 86: Espectro de RMN 'H (500 MHz, CDCIz) de FER38.
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Figura 87: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER38 na

regiao

6.00 - 7.70 ppm.
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Figura 88: Espectro de RMN '3C (125 MHz, CDCl3) de FER38.
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Figura 89: Expanséo do espectro de RMN '3C (125 MHz, CDCIz) de FER38 na
regiao 102 - 152 ppm.
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Figura 90: Espectro de massas [M+] de FER38.

Mass Spectrum SmartFormula Report

Analysis Info Acquisition Date 8/10/2022 8:26:30 PM
Analysis Name D:\Data\Data_2022\Thalisson\EXTERNOS\Femando - UFPB\FER38_LCID_POS_1-22_01_677.d
Method ID-LC 50-1500 pos.m Operator @BDAL
Sample Name FER38_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type Esl lon Polarity Positive Set Nebulizer 3.9Bar
Focus Not acfive Set Dry Heater 200°C
Scan Begin 50 miz Set Capillary 4500 v Set Dry Gas 8.0 imin
Scan End 1500 miz Set End Plate Offset -500V Set Divert Valve Waste
Intens. +MS3, 0.1-0.3min #7-18
x109
2] 701 4928

C14H1104, [M+H]

24 243.0663 353.2664
3

121.0567 453.3447

7
R il e WMo s ,
200 400 600 800 1000 1200 1400 miz
Meas.mfz # lon Formula miz em[ppm] mSigma #mSigma Score b e Conf N-Rule
24306863 1 C14H1104 24310652 -47 65 1 10000 95 even ok



210

(E)-1-(benzo[d][1,3]dioxol-5-il)-3-(furan-2-il)prop-2-en-1-ona (FER39)

Sélido amorfo, de coloragdo branco esverdeado - FM: C14H1003S [M+]:
259,0430 g/mol; PF: 103.0 — 105.0°C; Tempo de reagao: 24 horas; Rendimento:
99%. 'H NMR (400 MHz, CDCl3) & 7.91 (d, J = 15.3 Hz, 1H), 7.62 (dd, J = 8.2,
1.8 Hz, 1H), 7.62 (dd, J = 8.2, 1.8 Hz, 2H), 7.40 (d, J=5.1 Hz, 1H), 7.34 (d, J =
3.7 Hz, 1H), 7.28 (d, J = 15.3 Hz, 2H), 7.08 (dd, J= 5.1, 3.7 Hz, 2H), 6.88 (d, J =
8.1 Hz, 2H), 6.05 (s, 4H). '3C NMR (101 MHz, CDCIz) d 187.71, 151.80, 148.40,

140.60, 136.77, 133.00, 131.96, 128.68, 128.42, 124.68, 120.57, 108.46, 108.03,
101.98.

Figura 91: Espectro de RMN 'H (500 MHz, CDCIz) de FER39.
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Figura 92: Expanséo do espectro de RMN 'H (500 MHz, CDCl3) de FER39 na

regiao

6.00 - 8.00 ppm.
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Figura 93: Espectro de RMN '3C (125 MHz, CDCl3) de FER39.
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Figura 94: Expanséo do espectro de RMN '3C (125 MHz, CDCIlz) de FER39 na

regiao 102 - 152 ppm.
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Figura 95: Espectro de massas [M+] de FER39.

Mass Spectrum SmartFormula Report

Analysis Info Acquisition Date 8/10/2022 8:30:20 PM
Analysis Name Di\Data\Data_2022\Thalisson\EXTERNOS\Femando - UFPB\WFER39_LCID_POS_1-23_01_678.d
Method ID-LC_50-1500_pos.m Operator @BDAL
Sample Name FER39_LCID_POS Instrument micrOTOF 213750.10338
Comment
Acquisition Parameter
Source Type Esl lon Polarity Positive Set Nebulizer 3.9Bar
Focus Not active Set Dry Heater 200 °C
Scan Begin 50 miz Set Capillary 4500V Set Dry Gas 8.0 Umin
Scan End 1500 m/z Set End Plate Offset -500 vV Set Divert Valve Waste
Inl&‘zlnuss. C14H11038, [M+H] +MS, 0.1-0.3min #5-17|

4

3] 2590430

2] 353.2654 701.4820

41 1370066

453.3438
R T e
200 400 500 800 1000 1200 1400 miz
Meas.m/z # lon Formula m/z em[ppm] mSigma #mSigma Score rdb e Conf N-Rule
259.0430 1 C14H11038 2590423 24 50 1 10000 95 even ok



