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RESUMO

SOUZA, Ana Paula Martins de, D.Sc., Universidade Federal de Vigosa, abril de
2021. Sintese e avaliacao das atividades citotoxica e antiviral de derivados
do SRPIN 340 contendo fragmentos 1,2,3-triazélicos. Orientador: Rébson
Ricardo Teixeira.

A substancia (N-[2-(piperidin-1-il)-5-(trifluorometil)fenil) Jisonicotinamida),
também conhecida como SRPIN 340, € um inibidor das cinases SRPK1 e
SRPK2. Este composto e seus analogos foram descritos na literatura como
substancias que apresentam importantes bioatividades como, por exemplo,
antiviral, antimetastatica, citotéxica e inibitéria do transporte de elétrons
fotossintético. A estrutura quimica do SRPIN 340 possui trés regiées que podem
ser quimicamente modificadas. Isso resulta em um aumento da diversidade de
moléculas que podem ser obtidas tendo esta estrutura como fonte de inspiracéo
e, com isso, sao aumentadas as chances de descoberta de novos compostos
bioativos. Os compostos 1,2,3-triazélicos constituem uma classe de substancias
heterociclicas que também apresentam diferentes atividades biologicas. O
presente trabalho teve por objetivo sintetizar uma série de derivados do SRPIN
340 contendo fragmentos 1,2,3-triazélicos e avaliar bioatividades destes
compostos. Para a sintese dos compostos foram empregadas reacdes
substituicdo nucleofilica aromatica, reacées de alquilacdo via catalise de
transferéncia de fases, reacao de cicloadicao 1,3-dipolar entre um alcino e uma
azida organica catalisada por Cu(l) (reacdo CuAAC, também conhecida como
reacao “click”), reagdes de reducdo e reagbes de acilagcdo. Os compostos
sintetizados foram caracterizados via espectroscopia no IV e de RMN de 'H e de
13C. Uma vez sintetizados, os compostos derivados do SRPIN 340 com
fragmentos triazdlicos e os intermediérios envolvidos nas suas sinteses foram
submetidos a ensaios de avaliacdo antiviral e de seus efeitos frente a células de
glioblastoma. A avaliagdo da atividade antiviral contra os virus Zika,
Chikungunya e Oropouche mostrou que nenhum dos derivados foi ativo contra
os virus Zika e Chikungunya. No entanto, o composto 4-((benziloxi)metil)-1-(2-
nitro-4-(trifluorometil)fenil)-1H-1,2,3-triazol (3b) foi o mais ativo contra o virus
Oropouche, apresentando uma concentracao efetiva (CEso) de 162,64 + 11,18
umol L' e indice de seletividade de 2,35. Com respeito a avaliacdo citotoxica
contra células de tumor cerebral glioblastoma U87, o composto 2-(4-(((4-



fluorobenzil)oxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4h) foi o mais
ativo em termos de reducéao de viabilidade celular, provocando uma reducgao de
cerca de 55%. Por outro lado, os compostos N-(2-(4-(fenoximetil)-1H-1,2,3-
triazol-1-il)-5-(trifluorometil)fenil)isonicotinamida (5a), N-(2-(4-(((4-
bromobenzil)oxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)fenil)isonicotinamida
(5¢), N-(2-(4-(((4-clorobenzil)oxi)metil)-1H-1,2,3-triazol-1-il)-5

(trifluorometil)fenil)isonicotinamida  (5d),N-(2-(4-(((4-metilbenzil)oxi)metil)-1 H-
1,2,3-triazol-1-il)-5-(trifluorometil)fenil)isonicotinamida  (5i) e  N-(2-(4-((4-
iodofenoxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)fenil)isonicotinamida  (5j),
aumentaram a viabilidade celular em aproximdamente 200%. Isso sugere que

tais compostos podem futuramente serem usados como agentes de cicatrizacao.

Palavras-chave: SRPIN 340. 1,2,3-triazol. Antiviral. Citotoxica.



ABSTRACT

SOUZA, Ana Paula Martins de, D.Sc., Universidade Federal de Vigosa, April,
2021. Synthesis and evaluation of the cytotoxic and antiviral activities of
SRPIN 340 derivatives with 1,2,3-triazole fragments. Adviser: Rébson Ricardo
Teixeira.

The (N-[2-(piperidin-1-yl)-5-(trifluoromethyl)phenyl)] isonicotinamide), also
known as SRPIN 340, is an inhibitor of SRPK1 and SRPK2 kinases. Reports in
the literature have described the antiviral, antimetastatic, and cytotoxic activities
as well as their effects on photosynthetic electron transport. The chemical
structure of SRPIN 340 has three regions that can be chemically modified. This
is an interesting feature since it increases the diversity of molecules that can be
obtained using this structure as a source of inspiration and, with this, the chances
of discovering new bioactive compounds. The 1,2,3-triazoles are a class of
heterocyclic substances that also have a wide spectrum of biological activities.
The present work aimed to synthesize a series of SRPIN 340 derivatives
containing 1,2,3-triazole fragments and to evaluate bioactivities of these
compounds. In this context, the synthetic route used to prepare the derivatives
utilized aromatic nucleophilic substitution reactions, alkylation reactions via
phase transfer catalysis, the copper(l)-catalyzed alkyne-azide cycloaddition
(CuAAC reaction, also known as “click” reaction), reduction reactions, and
acylation reactions. The synthesized compounds were characterized via IR and
NMR ('H and '3C) spectroscopic techniques. Once prepared, the SRPIN 340
derivatives and intermediates involved in their synthesis were submitted to
antiviral and cytotoxicity evaluation. The evaluation of antiviral activity against the
Zika, Chikungunya, and Oropouche viruses showed that none of the compounds
were active against the Zika and Chikungunya viruses. On the contrary,
compound 4-((benzyloxy) methyl)-1-(2-nitro-4-(trifluoromethyl))phenyl)-1H-1,2,3-
triazole (3b) was the most active against the Oropouche virus, with an effective
concentration (ECso) of 162.64 + 11.18 umol L' and a selectivity index of 2.35.
Regarding the cytotoxicity evaluation against brain tumor cells glioblastoma U87,
the  compound  2-(4-((((4-fluorobenzyl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-5-
(trifluoromethyl) aniline (4h) was the most effective in reducing cell viability
(approximately 55% of reduction). The compounds N-(2-(4-(phenoxymethyl)-1H-
1,2,3-triazol-1-yl)-5-(trifluoromethyl) phenyl) isonicotinamide (5a), N-(2-(4-(((4-



bromobenzyl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-5-(trifluoromethyl)phenyl)

isonicotinamide (5¢), N-(2-(4-(((4-chlorobenzyl)oxy)methyl)-1H-1,2,3-triazol-
1-yl)-5-(trifluoromethyl)phenyl) isonicotinamide (5d), N-(2-(4-((((4-
methylbenzyl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-5-(trifluoromethyl)phenyl)
isonicotinamide (5i) and N-(2-(4-((4-iodophenoxy) methyl)-1H-1,2,3-triazol-1-yl)-
5-(trifluoromethyl)phenyl) isonicotinamide (5j) were the ones that most increased
cell viability by almost 200%. This suggests that such compounds may be useful

as wound healing agents.

Keywords: SRPIN 340. 1,2,3-triazole. Antiviral. Cytotoxic.
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CAPITULO 1
APRESENTACAO

1.1. INTRODUCAO

A N-[2-(piperidin-1-il)-5-(trifluorometil)fenil)Jisonicotinamida (Figura 1.1) é
uma substancia quimica comumente conhecida como SRPIN 340. Ela pode ser
sintetizada por meio de uma rota que abrange trés etapas, a saber: substituicao
nucleofilica aromatica, reducdo e acilacdo, mas também pode ser obtida

comercialmente.

CF3

Figura 1.1 — Estrutura quimica do SRPIN 340.

Fonte: Elaborada pelo préprio autor.

O SRPIN 340 é conhecido, do ponto de vista de atividade biolégica, como
um inibidor de SRPKs (SRPK 1 e SRPK 2) (SIQUEIRA et. al., 2017). SRPKs sé@o
proteinas cinases ricas em serina/arginina que estdao envolvidas em variadas
atividades celulares, como por exemplo, catalisar a fosforilacdo das proteinas
SR (PATEL et. al., 2018). As proteinas SR sao proteinas de ligagcdo ao RNA.
Elas compartiiham uma ou duas por¢cdes de reconhecimento de RNA e um
dominio SR rico em serina/arginina. Essas proteinas desempenham papel
importante no processamento do RNA eucariético, principalmente no
processamento de pré-mRNA (HAGIWARA et. al., 2006).

A primeira atividade biolégica descrita para o SRPIN 340 foi como inibidor
da atividade das cinases SRPKs do virus HIV. Demonstrou-se que a replicacao
do virus HIV é dependente destas cinases e que a inibicdo delas resultam em
inibicdo da replicacao viral (HAGIWARA et. al., 2006). Outra investigacdo

conduzida por FUKUHARA e colaboradores (2006) descreve a mesma atividade
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para o SRPIN 340, além de inibir a fungdo das SRPKs, promove a degradacao
da proteina SRp75 que também é importante na replicagcao do virus HIV.

Outros relatos a respeito da atividade antiviral do SRPIN 340 e de seus
analogos foram reportados. Segundo Karakama e colaboradores (2010) e Anwar
e colaboradores (2011), o SRPIN 340 e derivados inibiram a infeccdo e
replicacdo do virus da hepatite C (HCV), virus Sindbis, virus da sindrome
respiratéria aguda grave, assim como também apresentaram atividade contra os
quatro sorotipos do virus da dengue (DENV).

Atualmente a humanidade vem enfrentando uma pandemia mundial da
Coronavirus disease 2019 (COVID-19), uma doenca causada pelo virus
denominado Severe Acute Respiratory Syndrome Coronavirus 2 (Coronavirus
da Sindrome Respiratéria Aguda 2), mais conhecido como SARS-CoV-2 ou novo
coronavirus (LI et. al., 2020; LI et. al., 2020). Desde o primeiro caso da doenga
registrado em Novembro de 2019, j& foram registrados, até o dia 09 de Abril de
2021, 133.552.774 casos confirmados de COVID-19 e um total de 2.894.295
obitos (WHO Coronavirus (COVID-19) DASHBORD, 2021p). Diante deste grave
cenario pandémico, teve inicio uma corrida para obtencdo de vacinas e de
medicamentos para o tratamento da COVID-19. Este fato resultou na descoberta
de imunizantes contra a doenca (KOIRALA et. al., 2020). Além disso, diversos
compostos vem sendo avaliados como antivirais para o tratamento da COVID-
19 (CHEN et. al, 2020; RIVA et. al., 2020), dentre o eles o SRPIN 340. Um estudo
in vitro realizado por Heaton e colaboradores (2020), mostrou que o SRPIN 340
foi ativo contra 0 SARS-CQOV-2, inibindo as proteinas cinases SRPK 1 e 2, que
sao fundamentais na replicagdo do novo coronavirus.

Embora o SRPIN 340 tenha sido descrito pela primeira vez como um
agente antiviral, estudos envolvendo outras possiveis atividades biol6gicas
ligadas a esta substancia vem sendo realizados.

Nesse sentido, o SRPIN 340 e alguns de seus derivados apresentaram
efeito citotoxico seletivo contra linhagens de células de leucemias linfoide e
mieloide agindo na inibicdo das proteinas cinases SRPKs (SIQUEIRA, et. al.,
2015; SIQUEIRA, et. al., 2017). Também apresentaram efeito antimetastaico in
vitro frente a células de melanoma, diminuindo a migracao, invasao, adeséao e

formagéao de col6nias. Em experimentos in vivo, também apresentaram atividade
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antimetastatica, sem sinais aparentes de citotoxicidade para as células normais
apoés o tratamento (MOREIRA et. al., 2018).

O SRPIN 340 também foi avaliado quanto a sua atividade contra a doenca
Degeneracao Vascular Relacionada a ldade (DMRI-neovascular) (DONG et. al.,
2013). A DMRI, na sua forma neovascular, € caracterizada por um crescimento
de vasos sanguineos no espago sub-retiniano, denominado membrana
neovascular sub-retiniana (MNSR) ou neovascularizacdo de coroide (NVC)
(DONG et. al., 2013; AMARO et. al., 2011). O crescimento de novos vasos
sanguineos leva ao acumulo de sangue ou lipideos no espaco sub-retiniano
causando a perda da visdo central em pacientes acima de cinquenta anos de
idade (RODRIGUES et. al., 2006). O processo de formacdo de novos vasos
sanguineos é conhecido como angiogénese, que € um fendmeno complexo no
qual participam um numero variado de moléculas que estimulam ou inibem a
formagdo dos novos vasos. O VEGF (Fator de Crescimento do Endotélio
Vascular) é uma das moléculas pré-angiogénicas mais importantes ja
identificadas e por isso, tem-se tornado alvo para drogas antiangiogénicas na
terapia da DMRI-neovascular (DAMICO, 2007). Segundo os autores deste
trabalho, o SRPIN 340 foi capaz de suprimir a expressao do VEGF e com isso
atenuar a formagcao da MNSR. Eles sugerem que esse composto pode ser usado
como um possivel novo farmaco no tratamento dessa doenca.

Em um trabalho recente, o0 SRPIN 340 foi submetido a estudos para
avaliar seu efeito cardioprotetor em miécitos ventriculares de ratos neonatos
(HUANG et. al,, 2019). Os resultados desse estudo mostraram que, (i) os
cardiomiécitos (que foram submetidos a estresse oxidativo induzido por H202)
foram significativamente protegidos pelo SRPIN 340 da morte celular induzida
por H202 e apoptose; (i) o SRPIN 340 inibe as SRPK 1 e SRPK 2 gerando efeitos
benéficos contra o estresse oxidativo através da ativacdo da sinalizagdo de AKT,
que € uma enzima conhecida como enzima cinase B (proteina quinase
serina/treonina). A AKT atua como um regulador essencial do crescimento e
sobrevivéncia dos cardiomidécitos; (iii), os autores confirmaram o efeito protetor
do SRPIN 340 em coracbes de ratos perfundidos por lesdes I/R
(Isquemia/Reperfusédo), uma vez que ele preserva a fungéo e previne lesdes

como por exemplo, infarto.
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Do ponto de vista agroquimico, o SRPIN 340 e analogos foram avaliados
quanto aos seus efeitos sobre o transporte fotossintético de elétrons (TEIXEIRA
et. al., 2017). De acordo com os resultados, vinte analogos do SRPIN 340 foram
capazes de interferir na cadeia de transporte de elétrons fotossintético e os
compostos mais ativos apresentaram ICso na faixa de 1 pmol L. Segundo os
autores, esses compostos se mostram promissores para o desenvolvimento de
novos principios ativos para o controle de plantas daninhas.

Em fungéo das diferentes bioatividades apresentadas, o SRPIN 340 tem
atraido a atengao de diversos grupos de pesquisa, incluindo o GSPCB — Grupo
de Pesquisa e Sintese de Compostos Bioativos — do Departamento de Quimica
da Universidade Federal de Vigcosa. Este grupo de pesquisa também tem
conduzido pesquisas voltadas para a sintese e avaliacao de substancias que
apresentam fragmentos 1,2,3-triazélicos. Conforme sera apresentado com mais
detalhes no Capitulo 2, os 1,2,3-triazdis possuem diferentes bioatividades
(DHEER et. al., 2017; LESSA, 2021), tais como antiviral, citotoxica, antitumoral,
antifingica, antibacteriana, dentre outras, e importantes caracteristicas fisico-
quimicas que os tornam atrativos para a pesquisa e desenvolvimento de

substancias bioativas.

1.2. JUSTIFICATIVA E RELEVANCIA DO TRABALHO

Uma variedade de substancias ja foi sintetizada ao longo dos anos como
potenciais fontes de novos e seletivos agentes para o tratamento de muitas
doencas.

Uma dessas doencas € o cancer e a descoberta precoce do mesmo, seja
em qualquer parte do corpo, favorece o tratamento e algumas vezes a cura
acontece de uma forma menos traumatica para o paciente. Infelizmente, fatores
como resisténcia das células aos medicamentos utilizados no tratamento do
cancer e efeitos colaterais agressivos destes farmacos, fazem do cancer uma
doenca de tratamento complexo na maioria dos casos. Outras doencas, no
entanto, sdo causadas por virus que podem deixar sequelas irreparaveis e até
mesmo causar a morte de um grande numero de pessoas. Dentro deste
contexto, o desenvolvimento de novas substancias mais eficazes com atividade

anticancer e antiviral € uma constante necessidade.
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Diante das diferentes atividades apresentadas pelo SRPIN 340 e seus
andlogos, dentre elas antiviral e efeitos contra linhagens de células
cancerigenas, assim como também dos compostos triazdlicos (assunto
abordado no Capitulo 2), este trabalho teve como objetivo sintetizar derivados
do SRPIN 340 contendo fragmentos 1,2,3-triazolicos e submeté-los a ensaios
bioldgicos utilizando linhagens de células de glioblastoma humano bem como
avaliar seus efeitos antivirais frente a Flavivirus, Alphavirus e Orthobunyavirus.
Os compostos sintetizados apresentam a férmula geral mostrada na Figura 1.2.
A porcdo da molécula mostrada em vermelho é derivada do SRPIN 340 e a

porcao em azul corresponde ao fragmento 1,2,3-triazol.

CFsy
o)
NHJ‘\Ar
N,
e
o)

n=0ou1,;
R = diferentes substituintes ligados ao anel benzénico;
Ar = diferentes grupos aromaticos.

Figura 1.2 — Estrutura geral dos compostos sintetizados neste trabalho. A porcéo
destacada em vermelho é derivada do SRPIN 340; o anel 1,2,3-triazol esta em
azul; o anel benzénico contendo diferentes substituintes esta destacado em

verde.

Fonte: Elaborada pelo préprio autor.

No planejamento da sintese destes derivados do SRPIN 340, buscou-se
variar o padrao de substituicao dos grupos ligados ao anel benzénico, destacado
em verde na Figura 1.2, de modo a avaliar a influéncia destes substituintes nas

atividades testadas, bem como variar o grupo n.
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CAPITULO 2

SINTESE DE DERIVADOS DO SRPIN 340 CONTENDO
FRAGMENTOS 1,2,3-TRIAZOLICOS

2.1. INTRODUCAO

Azdbis sdo compostos heterociclicos aromaticos que possuem um ou mais
atomos de nitrogénio em um anel de cinco membros. Quando outro heteroatomo
esta presente, como enxofre ou oxigénio, eles sdo chamados de tiazol ou oxazol,
respectivamente. (DEOBALD, 2010; NETTO et. al., 2008; MELO et. al., 2006). A

Figura 2.1 mostra as estruturas de membros dessa classe de heterociclos.

H H H

H H H H
N S O _N N N N N. NG
W WALV O A A

pirrol tiazol oxazol pirazol imidazol 1,2,3-triazol 1,2,4-triazol tetrazol pentazol

Figura 2.1 — Heterociclos azoicos.

Fonte: Elaborada pelo préprio autor.

Dentre eles, 0 1,2,3-triazol é o heterociclo que, nas ultimas décadas, mais
tem despertado a atencado de quimicos e pesquisadores Das mais diferentes
areas. Isto esta relacionado, em parte, as suas varias aplica¢des, pois eles
podem ser utilizados como, por exemplo, agroquimicos e farmacos
(TOTOBENAZARA & BURKE, 2015; DEOBALD, 2010). Estas substancias
apresentam trés atomos de nitrogénio vicinais, possuem seis elétrons T,
possuem baixa massa molecular e sao estaveis (NOURAIE et al., 2019;
CANDUZINI, 2012).

Os compostos triazélicos (ndo somente os 1,2,3-triazdis), apresentam
varias atividades biol6gicas, como antivitiligo (NIU et. al., 2019), antituberculose
(FERNANDES et. al., 2019), contra doenca de Alzheimer (DIAS et. al., 2018),

antineoplésica, antimicrobiana, analgésica, anti-inflamatéria, anestésica local,
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anticonvulsivante, antimalarica, anti-HIV (IRFAN et. al, 2015), citotdxica,
antiprotozoaria, antifungica e tripanocida (FREITAS, 2014). O anel 1,2,3-triazol
€ o grupo farmacoforico em diversos compostos, sendo, portanto, o responsavel
pela atividade biolégica observada (DIAS et. al., 2018; WHITING et. al., 2006).
Eles apresentam aplicacdes em diferentes areas podendo, por exemplo, atuar
também como inibidores de corrosao em aco (FERNANDES et. al., 2019). Como
exemplos de compostos bioativos, na Figura 2.2 estdo representados trés
compostos triazdlicos que apresentam atividade leishmanicida (TEIXEIRA et. al.,
2018) e atividade antivitiligo (NIU et. al., 2019).

OCH,

Atividade leishmanicida
R = Cl ou OCH;

O  Atividade antivitiligo

Figura 2.2 — Exemplos de compostos triazolicos com atividade bioldgica. O anel
1,2,3-triazol € destacado em azul nas estruturas das substéancias.

Fonte: Elaborada pelo préprio autor.

A origem dos 1,2,3-triazbis € exclusivamente sintética, ndo sendo
descritos relatos da obtencédo desta classe de substancias a partir de fontes
naturais. A metodologia mais usada no preparo deles € a cicloadi¢ao 1,3-dipolar
de Huisgen entre um alcino terminal (dipolaréfilo) e uma azida orgéanica (dipolo).
Essa reacao, no entanto, s6 ocorre em elevadas temperaturas na auséncia de
catalisador, forma mistura de regioisbmeros, € lenta e apresenta baixos
rendimentos (SINGH et. al,, 2016; FREITAS et. al, 2011). Essas limitacoes
motivaram a busca por melhores condi¢cées para o preparo de 1,2,3-triazdis,
resultando na descoberta do papel benéfico do cobre como catalisador no
processo de cicloadicédo 1,3-dipolar.

A reacao de cicloadicdo 1,3-dipolar catalisada por cobre para o preparo
de 1,2,3-triazbis foi relatada independentemente pelos grupos de Meldal na
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Dinamarca e Sharpless nos Estados Unidos. Eles mostraram que a reacao de
alguinos terminais e azidas organicas catalisada por Cu(l) é acelerada por um
fator de 107 vezes em relagdo ao processo nio catalisado. Além disso, no
processo catalisado ha formacéao exclusiva dos 1,2,3-triazois 1,4-dissubstituidos
(Esquema 2.1) (HEIN & FOKIN, 2010).

3
N.
O ® RZ4CSN2
R1_N_NEN + RZE ﬂ» \<\—"\Il
5 1 R’

Esquema 2.1 — Reacao entre um alquino e uma azida catalisada por Cu(l).

Fonte: Elaborado pelo préprio autor.

Essa reacdo esta inserida dentro do conceito de quimica “click” e é
denominada de reagdo CUAAC (Reacéo de cicloadi¢cao (C) entre um alquino (A)
e uma azida (A), catalisda por cobre (Cu)). Por se tratar de um dos melhores
exemplos de reagédo “click’, a reagcdo CuAAC é normalmente descrita na
literatura como reacgao “click”.

O conceito de quimica “click” foi introduzido em 1999 por Barry Sharpless
e desde entéo se tornou muito popular devido ao grande numero de publicacbes
(HEIN et. al., 2008). Segundo Sharpless, essas reacdes devem apresentar as
seguintes caracteristicas (NOURAIE et. al., 2019; TABACARU et. al., 2016):

- ser de amplo escopo;

- fornecer rendimentos elevados, gerar subprodutos inofensivos e que

possam ser removidos por métodos nao cromatograficos;

- ser estereoespecifica, mas ndo necessariamente enantiosseletiva;

- ser de facil execucéao e deve ser também insensivel ao oxigénio e a agua;

- 0s substratos e reagentes devem ser prontamente disponiveis;

- ndo utilizar solvente ou utilizar um que seja ambientalmente benigno e

facilmente removido;

- 0s produtos devem ser isolados de maneira simples e devem ser

estaveis sob condigdes fisioldgicas.

A reagdo CUuAAC (reagao “click) € de facil execugao e nao é afetada por

fatores estéricos nem eletrénicos dos grupos ligados a azida e ao alquino, sendo
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desnecessaria, por exemplo, a utilizagdo da quimica de protecdo de grupos
funcionais (HEIN & FOKIN, 2010).

Os solventes mais utilizados nos processos CuAAC sao a agua,
tetraidrofurano, dimetilsulféxido, dimetilformamida, metanol, acetato de etila,
diclorometano, cloroférmio, piridina, tolueno, acetonitrila, dioxano, alcool tert-
butilico, etanol e acetona (LIANG & ASTRUC, 2011). Eles podem ser utilizados
puros ou como misturas, mas a decisao definitiva sobre o tipo de solvente a ser
usado deve levar em consideracao as propriedades dos reagentes e a fonte de
cobre que estara envolvida. Por isso, em alguns casos, ha a necessidade de se
fazer um estudo prévio com varios solventes (FREITAS et. al., 2011).

O uso da agua como solvente seja puro ou em mistura com outro solvente,
recebe uma atencao especial pois € ambientalmente benigna, universal, dissolve
sais inorganicos de Cu(ll) e o ascorbato de sodio (agente redutor comumente
empregado em reacdes CUAAC). Além disso, a 4dgua estabiliza o complexo
acetileto de cobre gerado no processo e tem a capacidade de absorver o calor
gerado nestas reagdes. Apesar da dgua dissolver alguns componentes, de forma
geral, ndo ha necessidade deles estarem dissolvidos no meio reacional, desde
que a agitacao da mistura seja suficientemente vigorosa (HEIN & FOKIN, 2010;
FREITAS et. al., 2011).

Diferentes fontes de cobre podem ser utilizadas na reacdo CuAAC. Sais
de cobre (l), como iodeto, brometo, cloreto e acetato sdo empregados com
frequéncia, assim como também, complexos como [Cu(CHsCN)4]PFe e
[Cu(CH3CN)4]OTf. Mas os mais usados sdo os sais de cobre(ll), como por
exemplo o sulfato de cobre pentaidratado que é normalmente utilizado na
presenga de um agente redutor, uma vez que a espécie cataliticamente ativa nas
reacdes CuUAAC é o Cu(l) (FREITAS et. al., 2011).

O ascorbato de sédio é tipicamente usado como agente redutor, mas
outros compostos, como a hidrazina e a tris-(2-carboxietil)fosfina, também sao
empregados para a mesma finalidade. No entanto, esses agentes podem reduzir
o Cu(ll) a Cu(0) e para isso ser evitado € necessario usar uma pProporcao
adequada de agente redutor para catalisador e/ou adicionar um estabilizador de
cobre como tris-(hidroxipropiltriazolilmetil)amina (HEIN et. al., 2008).

Cumpre ressaltar que as reagodes “click” desempenham papel importante

na quimica medicinal, na bioconjugacédo, na quimica de materiais, na quimica
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supramolecular e podem ser aplicadas em diversas outras areas (MALKOWSKI
et. al., 2017).

Assim como os triaz0is, as amidas sdo uma classe importante de
compostos organicos. (CHAPARRO et. al., 2020; LIU & REBROV, 2021). Elas
sdo amplamente utilizadas no preparo de plasticos, lubrificantes, detergentes
(CHEN et. al., 2020), nylon, hidrogéis, sedas artificiais, catalisadores suportados,
materiais biocompativeis para o crescimento celular (FIGUEIREDO et. al., 2016),
polimeros, adesivos (IRVING et. al., 2020), pigmentos, agroquimicos, produtos
fotograficos e farmacéuticos (CHAPARRO et al., 2020). Elas também
apresentam papel relevante no contexto da biologia e bioquimica uma vez que
o grupamento amida faz parte da composi¢ao de proteinas e peptideos (IRVING
et. al., 2020).

Dentre as transformac¢des mais utilizadas na quimica medicinal, as
reagdes de formagao de amidas ocupam o primeiro lugar, compreendendo 16%
de todas as reagbes, em comparacao com a formacédo de heterociclos (7,4%),
arilacdo (6,3%), alquilacdo (5,3%) e aminacao redutiva (5,3%) (BROWN &
BOSTROM, 2015). O grupamento amida encontra-se presente nas estruturas de
2/3 dos candidatos a medicamentos e estdo presentes em 25% dos produtos
farmacéuticos disponiveis atualmente no mercado (FIGUEIREDO, et. al., 2016).
A Figura 2.3, pg. 34, apresenta alguns compostos bioativos que possuem a
funcdo amida em suas estruturas (PATEU et. al., 2020).

No que tange as estratégias sintéticas para formacao de amidas, ao longo
dos anos varios métodos foram descritos, mas classicamente as reacdes
envolvem a jung¢do entre aminas e acidos carboxilicos ou derivados como por
exemplo, haletos de acila, necessitando as vezes de catalisadores e reagentes
de acoplamento (LIAO et. al, 2020). Neste trabalho serdao abordados dois
métodos na sintese das amidas, um utilizando o cloreto de benzoila, um derivado
do &cido benzoico, e o outro utilizando o acido benzoico e um agente de
acoplamento (TBTU).
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Figura 2.3 — Compostos bioativos que possuem a fungdo amida em suas
estruturas. O grupamento amida estd destacado em azul nas estruturas dos
compostos.

Fonte:Elaborada pelo préprio autor.

Conforme previamente discutido, tanto o SRPIN 340, que apresenta a
funcdo amida em sua estrutura, quanto compostos contendo anéis triazolicos,
apresentam importantes bioatividades. Além disso, a por¢éao 1,2,3-triazol €, em
muitas substancias, o grupo farmacoférico. Assim, decidiu-se sintetizar
compostos que apresentem a estrutura geral mostrada na Figura 1.2, pg. 24 e,
em um passo subsequente, explorar potenciais bioatividades desses compostos.
Dentro deste contexto, este capitulo trata da sintese de amidas contendo o
fragmento 1,2,3-triazol. Sera discutida a sintese de intermediarios assim como

também a sintese das amidas finais analogas ao SRPIN 340.

2.2. MATERIAL E METODOS

2.2.1. Generalidades Metodoldgicas
Os reagentes utilizados para a sintese dos compostos foram de grau P.A.
As substancias 1-fluoro-2-nitro-4-(trifluorometil)benzeno, fenol, 3-

bromoprop-1-ino (brometo de propargila), brometo de tetrabutilaménio, cloreto
de benzoila, cloridrato do cloreto de isonicotinoila, 2-(1H-benzotriazol-1-il)-
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1,1,3,3- tetrafluoroborato de tetrametilaminio (TBTU), 4-iodofenol, eugenol,
guaiacol, vanilina, alcool benzilico, alcool 4-bromobenzilico, alcool 4-
clorobenzilico, alcool 4-fluorobenzilico, alcool 4-metilbenzilico, acido benzoico,
cloreto de sédio, sulfato de cobre pentaidratado, ascorbato de sodio, azida de
sodio, celite® 545 e 4-(dimetilamino)piridina (DMAP) foram adquiridos da Sigma
Aldrich (St. Louis, MO, Estados Unidos) e utilizados sem prévia purificagcao.
Cloreto de sédio, sulfato de sédio anidro, carbonato de potassio, hidroxido de
sodio, bicarbonato de sddio, cloreto de estanho diidratado, acetona, cloroférmio,
alcool tert-butilico, trietilamina e éter etilico foram obtidos da F Maia Industria de
Produtos Quimicos e Cientificos Ltda (Cotia, Sao Paulo, Brasil). Dimetilsulfoxido,
hexano, diclorometano, acetato de etila, dimetilformamida, metanol, etanol,
tolueno foram adquiridos da Exodo Cientifica (Sumaré, Sao Paulo, Brasil), sendo
hexano, acetato de etila e dicloromentano utilizados ap6s destilacao.

As analises por cromatografia em camada delgada (CCD) foram
realizadas utilizando-se placas cromatograficas de silica-gel impregnadas sobre
aluminio. Apds a eluicdo, as placas de CCD foram observadas sob luz
ultravioleta (A = 254 nm), ndo sendo realizada revelagéo por agentes quimicos.

As separagdes em coluna cromatogréafica foram realizadas utilizando-se
silica-gel (70-230 mesh), como fase estacionaria.

Os espectros no infravermelho (IV) foram obtidos empregando-se a
técnica reflectancia total atenuada (ATR) em equipamento Varian 660 com
acessorio GladiATr.

Os espectros de ressonancia magnética nuclear de hidrogénio (RMN de
H, 300 MHz e 400 MHz) e de carbono (RMN de 3C, 75 MHz e 100 MHz) foram
obtidos em dois espectrometros, VARIAN MERCURY 300 e RMN Bruker
AVANCE-I11 400 Nanobay. Foram utilizados como solventes cloroférmio (CDCls)
e dimetilsulféxido (DMSO-ds) deuterados. As constantes de acoplamento escalar
(J) foram expressas em Hertz (Hz).

As temperaturas de fusdo foram determinadas em aparelho MQAPF-302
e ndo foram corrigidas.

2.3. PROCEDIMENTOS SINTETICOS
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2.3.1. Sintese da 1-azido-2-nitro-4-(trifluorometil)benzeno (1)

N

(1

A um baldo de fundo redondo (50 mL) contendo 10,0 mL de
dimetilsulféxido e azida de sddio (1,12 g, 17,2 mmol), foi adicionado o 1-fluoro-
2-nitro-4-(trifluorometil)benzeno (0,901 g, 4,31 mmol). A mistura foi mantida sob
agitacdo magnética a temperatura ambiente e monitorada por CCD. Terminada
a reacgao (quatro horas), foram adicionados 20,0 mL de agua gelada a reagéo. A
mistura resultante foi extraida com diclorometano (3 x 30,00 mL) e os extratos
organicos combinados. A fase orgéanica resultante foi lavada com solucao
saturada de cloreto de sodio, seca com sulfato de soédio anidro, filtrada e
concentrada sob pressdo reduzida. O residuo foi purificado por coluna
cromatografica de silica gel eluida com hexano-acetato de etila (8:1 v/v) e a azida
1 foi obtida com 94% (0,937 g, 4,04 mmol) de rendimento.

Caracteristica: 6leo amarelo.
CCD: Ri= 0,50 (hexano-acetato de etila 8:1 v/v).

IV (ATR) vmax: 3098, 2121, 1605, 1538, 1315, 1125, 828, 702. O espectro é
apresentado na Figura 2.6 (pg. 102).

RMN de 'H (300 MHz, CDCls) &: 7,47 (d, 1H, J = 8,7 Hz, H-6); 7,86 (d, 1H, J =
8,7 Hz, H-5); 8,20 (s, 1H, H-3). O espectro é apresentado na Figura 2.7 (pg. 103).
RMN de '3C (75 MHz, CDCls) &: 121,5 (C-6); 122,6 (q, 'Jcr = 270,8 Hz, CF3)’;
123,7 (9, 3Jc-F= 4,0 Hz, C-3); 127,3 (q, 2Jc-F = 35,2 Hz, C-4); 130,5 (q, 3JcF= 3,5
Hz, C-5); 138,4 (C-1); 140, 3 (C-2). O quarteto esperado para o sinal do carbono
do grupo —CF3, devido ao acoplamento °F-'3C, ndo se mostrou completamente
resolvido. Foram observadas duas raias do quarteto. No entanto, foi possivel
calcular o deslocamento quimico bem como a constante de acoplamento do
sinal. O espectro € apresentado na Figura 2.8 (pg. 104).

! De modo geral, a numerac3o das estruturas de todos 0os compostos sintetizados n3o corresponde aquela
recomendada pela International Union of Pure and Applied Chemistry (IUPAC).
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2.3.2. Sintese dos alquinos terminais 2a-2j

(prop-2-in-1-iloxi)benzeno (2a)

(2a)

A um balédo de fundo redondo (50 mL) foram adicionados fenol (2,15 g,
22,8 mmol), brometo de tetrabutilaménio (0,735 g, 2,28 mmol), 10,0 mL de
solucao de hidroxido de sédio 35% (m/v) e 10,0 mL de tolueno. A mistura foi
resfriada em banho de gelo e mantida sob agitacdo magnética durante uma hora.
Em seguida foi adicionado brometo de propargila (2,40 mL, 27,4 mmol). A
mistura de reacdo foi mantida sob agitacdo a temperatura ambiente por mais
quatro horas. Apds esse periodo, seu volume foi reduzido em evaporador rotativo
e adicionou-se a ela 10,0 mL de solucao saturada de cloreto de sodio. A mistura
foi transferida para um funil de separagédo e posteriormente extraida com éter
etilico (3 x 30,00 mL). Os extratos organicos foram reunidos e a fase organica
resultante foi seca com sulfato de soédio anidro, filtrada e concentrada sob
pressao reduzida. O composto 2a foi purificado por coluna cromatografica de
silica gel eluida com hexano-cloroférmio (20:13 v/v) e obtido com 76% (2,29 g,
17,4 mmol) de rendimento.

Caracteristica: 6leo amarelo.
CCD: Ri= 0,73 (hexano-cloroférmio 20:13 v/v).

IV (ATR) vmax: 3291, 3098, 3065, 3042, 2924, 2871, 2121, 1597, 1493, 1211,
1036, 750, 687, 635, 594. O espectro é apresentado na Figura 2.11 (pg. 109).
RMN de 'H (300 MHz, CDCl3) & 2,53 (t, 1H, J = 2,4 Hz, H-9); 4,71 (d, 2H, J =
2,4 Hz, H-7); 6,98-7,05 (m, 3H, H-2/H-6/H-4); 7,29-7,36 (m, 2H, H-3/H-5). O
espectro € apresentado na Figura 2.12 (pg. 110).

RMN de '3C (75 MHz, CDCls) &: 55,7 (C-7); 75,4 (C-9); 78,6 (C-8); 114,8 (C-2/C-
6); 121,5 (C-4); 129,4 (C-3/C-5); 157,5 (C-1). O espectro € apresentado na Figura
2.13 (pg. 111).
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Os compostos 2b-2j foram sintetizados empregando-se a mesma
metodologia descrita para o preparo do composto 2a. Na Tabela 2.1, pg. 39
estao apresentadas informagodes relativas as reagdes realizadas para o preparo
dos compostos 2b-2j. Os compostos 2e e 2f foram purificados utilizando como
eluente hexano-acetato de etila (6:1 v/v) e o composto 2g foi purificado usando
como eluente hexano-acetato de etila (2:1 v/v). Os demais compostos foram

purificados utilizando hexano-cloroformio (20:13 v/v).



Tabela 2.1 — Informacdes relativas as reacdes realizadas para o preparo dos compostos 2b-2j

Bu),NB
Ar-OH + Br/\Q (BuNBr .- A0 =
NaOH 35% (m/v), .
tolueno (2b-2))
Massa de Volume Massa de
Massa de Ar-OH de Tempo .
. (Bu)sNBr produto obtida .
(g)/Quantidade . brometo de . Rendimento
Composto R de matéria (g)/Quantidade de reacio (g)/Quantidade (%)
de matéria . ¢ de matéria °
(mmol) propargila (horas)
(mmol) (mmol)
(mL)
2b @J“ 2,00/18,0 0,580/1,80 1,93 4 1,83/12,5 68
2c Br@—%ﬂ 3,00/16,0 0,532/1,60 1,70 4 3,16/14,0 87
2d CI‘@J% 3,00/21,0 0,698/2,10 2,20 4 3,20/17,7 84
2e EOCH 2,50/15,0 0,483/1,50 1,60 3 2,63/13,0 85
3
2f §— 2,50/20,0 0,645/2,00 2,14 2,5 2,68/16,5 82

OCH,

Os volumes da solugdo de NaOH 35% (m/v) e tolueno utilizados nas reacdes foram de 10,0 mL cada.

39



Tabela 2.1 — Continuacao

Massa de Massa de
Massa de Ar-OH (Bu)sNBr Volume de Tempo de produto
Combosto R (g)/Quantidade ( )/(;uanti dade brometo de rea go obtida (g)/ Rendimento
P de matéria d% matéria propargila (hoSas) Quantidade (%)
(mmol) (mL) de matéria
(mmol)
(mmol)
OHC 3~
29 2,50/16,0 0,516/1,60 1,70 4 2,25/11,8 72
OCHjs
. <:> e
2h 2,50/20,0 0,645/2,00 2,10 4 2,74/16,7 84
2i : 2,50/20,0 0,645/2,00 2,10 4 2,59/16,2 79
2j '4@3_ 2,00/9,10 0,293/0,910 0,970 4 0,877/3,39 37

Os volumes da solugdo de NaOH 35% (m/v) e tolueno utilizados nas reacdes foram de 10,0 mL cada.
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As estruturas dos compostos 2b-2j sdo suportadas pelos dados

apresentados a seguir.

((prop-2-in-1-iloxi)metil)benzeno (2b)

2 7 8
3 >0 N
AR
4 6
5
(2b)

Caracteristica: 6leo amarelo.
CCD: R¢= 0,55 (hexano-cloroférmio 20:13 v/v).

IV (ATR) vmax: 3291, 3087, 3065, 3031, 2946, 2890, 2853, 2158, 1497, 1452,
1356, 1073, 739, 694, 631. O espectro é apresentado na Figura 1, pg 188 do
anexo.

RMN de 'H (400 MHz, CDCls) &: 2,45 (t, 1H, J = 2,4 Hz, H-10); 4,16 (d, 2H, J =
2,4 Hz, H-8); 4,60 (s, 2H, H-7); 7,28-7,35 (m, 5H, H-2/H-3/H-4/H-5/H-6). O
espectro é apresentado na Figura 2, pg. 189 do anexo.

RMN de '3C (100 MHz, CDCIs) §: 57,0 (C-8); 71,5 (C-7); 74,6 (C-10); 79,7 (C-9);
127,9 (C-4); 128,1 (C-2/C-6); 128,4 (C-3/C-5); 137,3 (C-1). O espectro é

apresentado na Figura 3, pg. 190 do anexo.

1-bromo-4-((prop-2-in-1-iloxi)metil)benzeno (2c)

2 7 8
3 1
0" N\
Br 6

5

(2¢)

Caracteristica: 6leo amarelo.
CCD: Rr= 0,59 (hexano-cloroférmio 20:13 v/v).

IV (ATR) vmax: 3295, 3046, 2946, 2894, 2853, 2117, 1594, 1486, 1066, 1010,
798, 631, 479. O espectro é apresentado na Figura 4, pg. 191 do anexo.

RMN de "H (400 MHz, CDCls) &: 2,47 (t, 1H, J = 2,4 Hz, H-10); 4,16 (d, 2H, J =
2,4 Hz, H-8); 4,55 (s, 2H, H-7); 7,22 (d, 2H, J = 8,4 Hz, H-2/H-6 ); 7,47 (d, 2H, J
= 8,4 Hz, H-3/H-5). O espectro é apresentado na Figura 5, pg. 192 do anexo.
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RMN de '3C (100 MHz, CDCls) ¢§: 57,4 (C-8); 70,9 (C-7); 75,1 (C-10); 79,5 (C-9);
121,9 (C-4); 129,8 (C-2/C-6); 131,7 (C-3/C-5); 136,5 (C-1). O espectro €&
apresentado na Figura 6, pg. 193 do anexo.

1-cloro-4-((prop-2-in-1-iloxi)metil)benzeno (2d)

2 7 8
1
@A 07N
4 10
Cl 6

5

(2d)

Caracteristica: 6leo amarelo.
CCD: Rs= 0,58 (hexano-cloroférmio 20:13 v/v).

IV (ATR) vmax: 3299, 3035, 2946, 2898, 2857, 2117, 1601, 1493, 1352, 1081,
1014, 802, 631. O espectro € apresentado na Figura 7, pg. 194 do anexo.

RMN de 'H (400 MHz, CDCls) &: 2,47 (t, 1H, J= 2,4 Hz, H-10); 4,16 (d, 2H, J =
2,4 Hz, H-8); 4,56 (s, 2H, H-7); 7,29-7,35 (m, 4H, H-2/H-3/H-5/H-6). O espectro
é apresentado na Figura 8, pg. 195 do anexo.

RMN de 3C (100 MHz, CDCls) &: 57,3 (C-8); 70,8 (C-7); 75,1 (C-10); 79,6 (C-9);
128,7 (C-3/C-5); 129,5 (C-2/C-6); 133,8 (C-1); 135,9 (C-4). O espectro é
apresentado na Figura 9, pg. 196 do anexo.

4-alil-2-metoxi-1-(prop-2-in-1-iloxi)benzeno (2e)

(2e)

Caracteristica: 6leo amarelo.
CCD: Ri= 0,51 (hexano-acetato de etila 6:1 v/v).

IV (ATR) vmax: 3288, 3080, 3002, 2935, 2909, 2868, 2121, 1638, 1594, 1508,
1255, 1214, 1136, 1021, 635. O espectro é apresentado na Figura 10, pg. 197
do anexo.

RMN de 'H (400 MHz, CDCls) &: 2,51 (t, 1H, J = 1,6 Hz, H-9); 3,37 (d, 2H, J =
4,4 Hz, H-10); 3,88 (s, 3H, OCHzs); 4,75 (m, 2H, H-7); 5,08-5,13 (m, 2H, H-12);
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5,96 (ddtap, 1H, J1 = 11,2 Hz, J2 = 6,4 Hz, J3 = 4,4 Hz, H-11); 6,74-6,77 (m, 2H,
H-3/H-5); 6,99 (d, 1H, J = 6,4 Hz, H-2). O espectro é apresentado na Figura 11,
pg. 198 do anexo.

RMN de '3C (100 MHz, CDCIs) &: 39,8 (C-10); 55,8 (OCHs); 56,9 (C-7); 75,6 (C-
9); 78,8 (C-8); 112,3 (C-5); 114,8 (C-2); 115,7 (C-12); 120,3 (C-3); 134,2 (C-4);
137,5 (C-11); 145,1 (C-1); 149,7 (C-6). O espectro é apresentado na Figura 12,
pg. 199 do anexo.

1-metoxi-2-(prop-2-in-1-iloxi)benzeno (2f)

Caracteristica: 6leo amarelo.
CCD: Rs= 0,68 (hexano-acetato de etila 3:1 v/v).

IV (ATR) vmax: 3284, 3065, 3002, 2935, 2835, 2121, 1594, 1501, 1456, 1244,
1122, 1018, 739. O espectro € apresentado na Figura 13, pg. 200 do anexo.
RMN de 'H (400 MHz, CDCls) 6: 2,52 (t, 1H, J= 2,4 Hz, H-9); 3,89 (s, 3H, OCH3);
4,78 (d, 2H, J=2,4 Hz, H-7); 6,92-6,96 (m, 2H, H-3/H-5); 6,99-7,03 (m, 1H, H-4);
7,06-7,09 (m, 1H, H-2). O espectro é apresentado na Figura 14, pg. 201 do
anexo.

RMN de 3C (100 MHz, CDCIs) 6: 55,8 (OCHs3); 56,8 (C-7); 75,6 (C-9); 78,7 (C-
8); 112,0 (C-5); 114,7 (C-2); 120,7 (C-4); 122,3 (C-3); 146,8 (C-1); 149,8 (C-6).
O espectro é apresentado na Figura 15, pg. 202 do anexo.

3-metoxi-4-(prop-2-in-1-iloxi)benzaldeido (29)

3 2
7
|
6
5
OCH,

(29)

Caracteristica: sélido branco.
CCD: Ri= 0,58 (hexano-acetato de etila 2:1 v/v).
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Tf = 88,2-89,3 °C.

IV (ATR) vmax: 3247, 3080, 2983, 2117, 1690, 1586, 1512, 1267, 1122, 780. O
espectro é apresentado na Figura 16, pg. 203 do anexo.

RMN de 'H (400 MHz, CDCls) &: 2,58 (t, 1H, J= 2,4 Hz, H-9); 3,95 (s, 3H, OCH?3);
4,87 (d, 2H, J=2,4 Hz, H-7); 7,16 (d, 1H, J= 7,2 Hz, H-2); 7,45 (dd, 1H, J1 = 7,2
Hz, J2=2,0 Hz, H-3); 7,48 (d, 1H, J= 2,0 Hz, H-5); 9,88 (s, 1H, CHO). O espectro

é apresentado na Figura 17, pg. 204 do anexo.

RMN de '3C (100 MHz, CDCIs) 6: 56,0 (OCHs); 56,6 (C-7); 76,6 (C-9); 77,5 (C-
8); 109,6 (C-2); 112,7 (C-5); 126,1 (C-3); 131,0 (C-4); 150,1 (C-6); 152,1 (C-1);
190,8 (CHO). O espectro é apresentado na Figura 18, pg. 205 do anexo.

1-fluoro-4-((prop-2-in-1-iloxi)metil)benzeno (2h)

2 7 8
1
3 O/R\\
F 4 6 10

5

(2h)

Caracteristica: 6leo amarelo.
CCD: Rs= 0,58 (hexano-cloroférmio 20:13 v/v).

IV (ATR) vmax: 3299, 3076, 3042, 2949, 2857, 2117, 1605, 1512, 1352, 1222,
1077, 824, 635, 490. O espectro é apresentado na Figura 19, pg. 206 do anexo.
RMN de 'H (400 MHz, CDCIs) &: 2,50 (t, 1H, J= 2,4 Hz, H-10); 4,19 (d, 2H, J =
2,4 Hz, H-8); 4,60 (s, 2H, H-7); 7,06 (tap, 2H, J = 8,6 Hz, H-3/H-5); 7,34-7,38 (m,
2H, H-2/H-6). O espectro é apresentado na Figura 20, pg. 207 do anexo.

RMN de '3C (100 MHz, CDCls) &: 57,0 (C-8); 70,8 (C-7); 74,7 (C-10); 79,5 (C-9);
115,3 (d, 2Jcr = 21,0 Hz, C-3/C-5); 129,8 (d, 3Jc-F = 8,0 Hz, C-2/C-6); 133,1 (d,
4JcF = 4,0 Hz, C-1); 162,5 (d, "Jc-F = 244,0 Hz, C-4). O espectro é apresentado
na Figura 21, pg. 208 do anexo.

1-metil-4-((prop-2-in-1-iloxi)metil)benzeno (2i)
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Caracteristica: 6leo amarelo.
CCD: Ri= 0,58 (hexano-cloroférmio 20:13 v/v).

IV (ATR) vmax: 3291, 3050, 3024, 2946, 2920, 2860, 2117, 1616, 1516, 1445,
1352, 1077, 802, 635. O espectro é apresentado na Figura 22, pg. 209 do anexo.
RMN de 'H (400 MHz, CDCIs) &: 2,39 (s, 3H, CH3); 2,49 (tap, 1H, J = 2,4 Hz, H-
10); 4,19 (d, 2H, J = 2,4 Hz, H-8); 4,61 (s, 2H, H-7); 7,20 (d, 2H, J = 7,8 Hz, H-
3/H-5); 7,29 (d, 2H, J = 7,8 Hz, H-2/H-6). O espectro é apresentado na Figura
23, pg. 210 do anexo.

RMN de 3C (100 MHz, CDCls) &: 21,1 (CHs); 56,8 (C-8); 71,4 (C-7); 74,5 (C-10);
79,8 (C-9); 128,2 (C-3/C-5); 129,1 (C-2/C-6); 134,2 (C-4); 137,6 (C-1). O espectro

é apresentado na Figura 24, pg. 211 do anexo.

1-iodo-4-(prop-2-in-1-iloxi)benzeno (2j)

Caracteristica: soélido branco.
CCD: Ri= 0,78 (hexano-acetato de etila 2:1 v/v).
Tf =42,5- 42,6 °C.

IV (ATR) vmax: 3273, 3098, 3072, 2912, 2864, 2128, 1571, 1482, 1452, 1374,
1222, 1021, 821, 665, 501. O espectro é apresentado na Figura 25, pg. 212 do
anexo.

RMN de 'H (400 MHz, CDCIs) 6: 2,55 (t, 1H, J = 2,4 Hz, H-9); 4,69 (d, 2H, J =
2,4 Hz, H-7); 6,79 (d, 2H, J = 9,0 Hz, H-2/H-6); 7,61 (d, 2H, J = 9,0 Hz, H-3/H-5).
O espectro é apresentado na Figura 26, pg. 213 do anexo.
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RMN de 3C (100 MHz, CDCIs) &: 55,8 (C-7); 75,8 (C-9); 78,0 (C-8); 83,9 (C-4);
117,3 (C-2/C-6); 138,2 (C-3/C-5); 157,4 (C-1). O espectro é apresentado na
Figura 27, pg. 214 do anexo.

2.3.3. Sintese dos nitrocompostos triazélicos 3a-3j
1-(2-nitro-4-(trifluorometil)fenil)-4-(fenoximetil)-1 H-1,2,3-triazol (3a)
A~ -CF3
9
a2 /7\%\,1\] e 5

5 6 (3a)

A um baldo de fundo redondo (50 mL) foram adicionados (prop-2-in-1-
iloxi)benzeno (2a) (0,400 g, 3,03 mmol), 1-azido-2-nitro-4-(trifluorometil)benzeno
(1) (0,703 g, 3,03 mmol), 7,00 mL de élcool tbutilico, 7,00 mL de agua e
ascorbato de sédio (0,239 g, 1,21 mmol). Em seguida, adicionou-se sulfato de
cobre pentaidratado (0,151 g, 0,610 mmol). A mistura de reagéo foi mantida sob
agitacao vigorosa a temperatura ambiente. Ap6s o término da reacao (quatro
horas) evidenciado por CCD, a mistura foi extraida com acetato de etila (4 x
30,00 mL). Os extratos organicos foram combinados e a fase orgéanica resultante
foi lavada com solucdo saturada de carbonato de soédio, seca com sulfato de
sédio anidro, filtrada por filtracao a vacuo e concentrada sob pressao reduzida.
O composto 3a foi purificado por coluna cromatografica de silica gel eluida com
hexano-acetato de etila (3:1 v/v) e obtido com 70% (0,771 g, 2,12 mmol) de
rendimento.

Caracteristica: solido amarelo.
CCD: Ri= 0,40 (hexano-acetato de etila 3:1 v/v).
Tf=134,8 - 135,0 °C.

IV (ATR) vmax: 3087, 2920, 1631, 1538, 1319, 1237, 1118, 750. O espectro é
apresentado na Figura 2.15 (pg. 118).

RMN de 'H (300 MHz, CDCls) &: 5,32 (s, 2H, H-7); 6,98-7,04 (m, 3H, H-2/H-6/H-
4); 7,29-7,36 (m, 2H, H-3/H-5); 7,83 (d, 1H, J = 8,4 Hz, H-2"); 7,97 (s, 1H, H-9);



47

8,06 (dd, 1H, J; = 8,4 Hz, J> = 1,4 Hz, H-3’); 8,33 (d, 1H, J= 1,4 Hz, H-5'). O
espectro € apresentado na Figura 2.16 (pg. 119).

RMN de '3C (75 MHz, CDCls) &: 61,7 (C-7); 114,7 (C-2/C-6); 121,5 (C-4/C-9);
123,2 (q, 3Jc.r = 3,8 Hz, C-57); 123,9 (C-1’); 128,5 (C-2°); 129,6 (C-3/C-5); 130,6
(9, 3Jc-F = 3,8 Hz, C-3'); 133,1 (q, 2Jc-F = 36,4 Hz, C-4’); 145,6 (C-6'/C-8); 157,9
(C-1). O quarteto referente ao carbono do grupo CFsz nao foi observado. O
espectro € apresentado na Figura 2.17 (pg. 120).

Os compostos 3b-3j foram sintetizados empregando-se a mesma
metodologia descrita para o preparo do composto 3a. Na Tabela 2.2, pg. 48
estdo apresentadas informacgdes relativas as reagdes realizadas para o preparo
dos compostos 3b-3j. O composto 3g foi purificado utilizando como eluente
hexano-acetato de etila-diclorometano (3:1:3 v/v). Os demais compostos foram
purificados com hexano-acetato de etila-metanol (10:3:1 v/v).



Tabela 2.2 — Informacdes relativas as reacdes realizadas para o preparo dos compostos 3b-3j

CF3 CuSO,45H,0, CF3
— ascorbato de sédio /Q/
R-O * g 7/ N
NO, alcool tert-butilico/H,0 R—O/\(N:’\/l NO,
N3
(2b-2j) (1) (3b-3j)
Massa de
Massa de Massa de
Massa de Massa de ascorbato
. . .y CuS045H.0 Tempo roduto
alquino (g)/ azida(g)/  de sodio (gl;/ D g T bbtida () Rendimento
Composto R Quantidade Quantidade (g)/ Quantidade reacio Quantidade (%)
de matéria de matéria Quantidade de matéria (horas) de matéria
(mmol) (mmol) de matéria (mmol) (mmol)
(mmol)
/ 0,450/3,08
3b @J%" (2b) 0,714/3,08 0,243/1,23 0,154/0,616 4 0,885/2,34 76
/ 0,500/2,22
3c Br@—qﬁ" (20) 0,515/2,22 0,174/0,888 0,109/0,444 4 0,772/1,69 76
c
/ 0,400/2,21
3d CI@—J\/% (2d) 0,512/2,21 0,175/0,884 0,110/0,442 4 0,728/1,76 80
B ~ 0,500/2,47
3e § 0,573/2,47 0,195/0,988 0,123/0,494 3 0,747/1,72 70
ocH, (2€)
- 0,450/2,77
3f § (2 0,643/2,77 0,219/1,11 0,138/0,554 4 0,846/2,14 77

OCH;

Os volumes de alcool tert-butilico e agua utilizados nas reagdes foram de 8,00 mL cada.

48



Tabela 2.2 — Continuacao

Massa de
Massa de Massa de
Mas§a de Ma_ssa de ascor b_ato CuS04-5H.0 Tempo produto
alquino (g)/ azida (g)/ de soédio . .
. - (9)/ de obtida (g)) Rendimento
Composto R Quantidade Quantidade (g)/ . ~ . o
- - . Quantidade reacao Quantidade (%)
de matéria de matéria Quantidade de matéria  (horas) de matéria
(mmol) (mmol) de matéria |
(mmol) (mmol) (mmol)
OHC i~ 0,450/2,37
39 0,550/2,37 0,187/0,948 0,118/0,474 4 0,950/2,25 95
ocH, (29)
., 0,450/2,74
3h F (2h) 0,636/2,74 0,216/1,09 0,137/0,548 4 0,903/2,28 83
0,410/2,55
3i (2) 0,592/2,55 0,201/1,02 0,127/0,510 3 0,804/2,05 80
i
0,550/2,13
3j ! i 0,494/2,13 0,168/0,852 0,106/0,426 4 0,615/1,25 59

(2j)

Os volumes de alcool tert-butilico e agua utilizados nas reagdes foram de 8,00 mL cada.
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As estruturas dos compostos 3b-3j sdo suportadas pelos dados

apresentados a seguir.
4-((benziloxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-1H-1,2,3-triazol (3b)

3
2 4' CF3
10 5
8 9 1
] /NN

O NN NO,

(3b)

Caracteristica: solido amarelo.
CCD: Rs= 0,53 (hexano-acetato de etila-metanol 10:3:1 v/v).
Tf=86,3-87,2 °C.

IV (ATR) vmax: 3117, 3098, 3076, 2898, 2861, 1627, 1545, 1356, 1322, 1129,
1070, 754, 698. O espectro € apresentado na Figura 28, pg. 215 do anexo.
RMN de 'H (400 MHz, CDCls3) 6: 4,65 (s, 2H, H-7); 4,78 (s, 2H, H-8); 7,28-7,39
(m, 5H, H-2/H-3/H-4/H-5/H-6); 7,80 (d, 1H, J = 8,4 Hz, H-2’); 7,89 (s, 1H, H-10);
8,04 (dd, 1H, Js = 8,4 Hz, J> = 1,6 Hz, H-3’); 8,31 (d, 1H, J = 1,6 Hz, H-5). O
espectro é apresentado na Figura 29, pg. 216 do anexo.

RMN de 3C (100 MHz, CDCls) 6: 63,4 (C-8); 72,9 (C-7); 122,2 (q, 'Jc-F = 271,6
Hz, CF3); 123,1 (q, 3Jcr = 3,7 Hz, C-5’); 123,8 (C-10); 127,9 (C-2'); 128,0 (C-2/C-
6); 128,4 (C-4); 128,5 (C-3/C-5); 130,6 (q, *Jc-F = 3,7 Hz, C-3’); 132,9 (q, 2Jc-rF =
34,7 Hz, C-4);137,5 (C-9/C-1’); 144,1 (C-1); 146,6 (C-6’). O espectro é
apresentado na Figura 30, pg. 217 do anexo.

4-(((4-bromobenzil)oxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-
1H-1,2,3-triazol (3c)

3
a4 CFy
10 '
/8\%/\',\‘ e °

0 N=N NO,

4 5 (3c)




51

Caracteristica: s6lido amarelo.
CCD: Ri= 0,48 (hexano-acetato de etila-metanol 10:3:1 v/v).
Tf=90,0-91,0 °C.

IV (ATR) vmax: 3158, 3076, 2912, 2853, 1627, 1545, 1322, 1177, 1096, 1007,
806, 471. O espectro € apresentado na Figura 31, pg. 218 do anexo.

RMN de 'H (400 MHz, CDCls) o: 4,59 (s, 2H, H-7); 4,77 (s, 2H, H-8); 7,25 (d, 2H,
J = 8,4 Hz, H-2/H-6); 7,48 (d, 2H, J = 8,4 Hz, H-3/H-5); 7,81 (d, 1H, J = 8,0 Hz,
H-2'); 7,89 (s, 1H, H-10); 8,05 (dd, 1H, J: = 8,2 Hz, J>= 1,4 Hz, H-3’); 8,32 (d,
1H, J= 1,4 Hz, H-5’). O espectro € apresentado na Figura 32, pg. 219 do anexo.
RMN de '3C (100 MHz, CDCls) &: 63,4 (C-8); 71,9 (C-7); 121,8 (C-4); 122,2 (q,
'Jc.r=272,0 Hz, CF3); 123,1 (q, 3Jc.F = 3,7 Hz, C-5'); 123,9 (C-10); 128,5 (C-2');
129,6 (C-2/C-6); 130,6 (q, 3Jc-F = 3,0 Hz, C-3'); 131,6 (C-3/C-5); 132,7 (C-9),
133,0 (q, 2Jc-F= 35,0 Hz, C-4'); 136,6 (C-1’); 144,1 (C-1); 146,3 (C-6’). O espectro

é apresentado na Figura 33, pg. 220 do anexo.

4-(((4-clorobenzil)oxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-1 H-1,2,3-triazol

(3d)
e CF3
10

(e} N’N N02

~

4 5 (3d)

Caracteristica: sélido amarelo.
CCD: Rr= 0,48 (hexano-acetato de etila-metanol 10:3:1 v/v).
Tf =89,9 -91,3 °C.

IV (ATR) vmax: 3147, 3080, 3054, 2942, 2909, 2875, 1631, 1549, 1322, 1140,
1073, 843. O espectro € apresentado na Figura 34, pg. 221 do anexo.

RMN de 'H (400 MHz, CDCls) d: 4,64 (s, 2H, H-7); 4,80 (s, 2H, H-8); 7,31-7,36
(m, 4H, H-2/H-3/H-5/H-6); 7,83 (d, 1H, J = 8,4 Hz, H-2"); 7,91 (s, 1H, H-10); 8,08
(dd, 1H, Jr =8,4 Hz, J-= 2,0 Hz, H-3’); 8,35 (d, 1H, J= 2,0 Hz, H-5’). O espectro
é apresentado na Figura 35, pg. 222 do anexo.
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RMN de 3C (100 MHz, CDCls) 6: 63,4 (C-8); 71,9 (C-7); 122,1 (q, 'Jcr = 273,0
Hz, CF3); 123,1 (q, 3Jcr = 4,0 Hz, C-5'); 123,8 (C-10); 128,4 (C-2'); 128,6 (C-3/C-
5); 129,3 (C-2/C-6) 130,5 (q, 3Jc-F = 3,0 Hz, C-3'); 132,7 (C-9), 133,0 (q, 2Jc-F =
35,0 Hz, C-4’); 133,7 (C-1"), 136,0 (C-4); 144,1 (C-1); 146,3 (C-6’). O espectro é
apresentado na Figura 36, pg. 223 do anexo.

4-((4-alil-2-metoxifenoxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-

1H-1,2,3-triazol (3e)
j@CF?’
9
32 7 N -5
10_4 1 /\%jl 6

O NN NO,

12_11 5 N0
OCH,4 (3e)

Caracteristica: sélido branco.
CCD: Ri= 0,33 (hexano-acetato de etila-metanol 10:3:1 v/v).
Tf=123,2 -123,4 °C.

IV (ATR) vmax: 3113, 3091, 3057, 2972, 2938, 2912, 2883, 2842, 1631, 1586,
1538, 1512, 1322, 1259, 1133, 999, 854. O espectro é apresentado na Figura
37, pg. 224 do anexo.

RMN de 'H (400 MHz, CDCIs) &: 3, 36 (d, 2H, J = 6,8 Hz, H-10); 3,88 (s, 3H,
OCHs); 5,08-5,13 (m, 2H, H-12); 5,37 (s, 2H, H-7); 5,98 (ddtap, 1H, J1 = 16,8 Hz,
J2=10,4 Hz, J5 = 6,8 Hz, H-11); 6,74-6,77 (m, 2H, H-3/H-5); 7,00 (d, 1H, J= 8,0
Hz, H-2); 7,84 (d, 1H, J = 8,2 Hz, H-2’); 8,02 (s, 1H, H-9); 8,06 (d, 1H, J= 8,2 Hz,
H-3’); 8,34 (s, 1H, H-5’). O espectro é apresentado na Figura 38, pg. 225 do
anexo.

RMN de 3C (100 MHz, CDCI3) &: 39,8 (C-10); 55,8 (OCHs3); 63,4 (C-7); 112,5
(C-5); 115,1 (C-2); 115,8 (C-12); 120,6 (C-9); 123,1 (qap, 3Jc.F = 4,0 Hz, C-5');
123,7 (q, 'Jcr = 290,0 Hz, CF3); 124,1 (C-3); 128,4 (C-2'); 130,5 (q, 3Jc-F = 4,0
Hz, C-3’); 132,5 (C-1"); 133,1 (q, 2Jc-F = 40,0 Hz, C-4’); 134,4 (C-4); 137,4 (C-11);
144,1 (C-6’); 145,7 (C-8); 145,8 (C-1); 149,7 (C-6). O espectro é apresentado na
Figura 39, pg. 226 do anexo.
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4-((2-metoxifenoxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-1H-1,2,3-triazol

(3)
2 3'¢ CF3
9
. 5

4 O NN NO,
6
OCHjs (3f)

5

Caracteristica: solido branco.
CCD: Rs= 0,24 (hexano-acetato de etila-metanol 10:3:1 v/v).
Tf=127,2-127,8 °C.

IV (ATR) vmax: 3135, 3102, 3087, 3028, 2964, 2946, 2916, 2886, 2846, 1631,
1594, 1541, 1504, 1452, 1319, 1252, 1118, 1007, 728. O espectro € apresentado
na Figura 40, pg. 227 do anexo.

RMN de 'H (400 MHz, CDCIs) 4: 3,89 (s, 3H, OCHzs); 5,40 (s, 2H, H-7); 6,92-6,96
(m, 2H, H-3/H5); 6,99-7,03 (m, 1H, H-4); 7,07-7,10 (m, 1H, H-2); 7,83 (d, 1H, J =
8,4 Hz, H-2’); 8,03 (s, 1H, H-9); 8,07 (dd, 1H, Ji = 8,4 Hz, J> = 1,6 Hz, H-3’); 8,34
(d, 1H, J = 1,6 Hz, H-5’). O espectro é apresentado na Figura 41, pg. 228 do
anexo.

RMN de 3C (100 MHz, CDCIs) &: 55,8 (OCHs); 63,1 (C-7); 112,0 (C-5); 114,9
(C-2); 121,0 (C-4); 122,4 (C-9); 123,1 (q, 3Jc.F= 3,0 Hz, C-5'); 123,7 (CF3); 124,1
(C-3);128,4 (C-2'); 130,5 (q, 3Jc-F= 3,3 Hz, C-3'); 132,7 (C-1’); 133,2 (C-4’); 1441
(C-6); 145,7 (C-8), 147,4 (C-1); 149,8 (C-6). Os quartetos esperados para o
grupo CF3 e para o carbono C-4’, devido ao acoplamento '®F-'3C, ndo se
mostraram completamente resolvidos. Foi observada apenas um raia do
quarteto para cada sinal. O espectro é apresentado na Figura 42, pg. 229 do

anexo.

3-metoxi-4-((1-(2-nitro-4-(trifluorometil)fenil)-1H-1,2,3-triazol-4-
il)metoxi)benzaldeido (39g)
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3

A CFs
9 U
3 2 M\N I
I

OHC—4 0 NN NO

OCH3, (39)

Caracteristica: solido branco.
CCD: Ri= 0,33 (hexano-acetato de etila-diclorometano 3:1:3 v/v).
Tf=182,1 -183,4 °C.

IV (ATR) vmax: 3143, 3109, 3076, 2957, 2924, 2860, 1690, 1586, 1538, 1504,
1463, 1322, 1267, 1125, 995, 728, 561. O espectro é apresentado na Figura 43,
pg. 230 do anexo.

RMN de 'H (400 MHz, CDCIs) &: 3,96 (s, 3H, OCHs); 5,50 (s, 2H, H-7); 7,25 (d,
1H, J = 8,0 Hz, H-2); 7,45-7,51 (m, 2H, H-3/H5); 7,85 (d, 1H, J = 8,2 Hz, H-2’);
8,06 (s, 1H, H-9); 8,09 (dd, 1H, J1 = 8,2 Hz, J» = 2,0 Hz, H-3"); 8,36 (d, 1H, J =
2,0 Hz, H-5); 9,89 (s, 1H, CHO). O espectro € apresentado na Figura 44, pg. 231
do anexo.

RMN de 3C (100 MHz, CDCls) &: 56,0 (OCHs); 65,3 (C-7); 109,4 (C-5); 112,8
(C-2); 123,2 (q, 8Jc-F = 4,0 Hz, C-5'); 123,4 (q, 'Jc-Fr = 271,0 Hz, CF3); 124,5 (C-
9); 126,6 (C-2’); 128,6 (C-3); 130,6 (q, 3Jc-F = 3,6 Hz, C-3’); 130,9 (C-1’); 132,5
(C-8); 133,9 (g, 2Jcr = 33,0 Hz, C-4’); 136,4 (C-4); 144,5 (C-6’); 150,0 (C-1);
152,7 (C-6); 190,8 (CHO). O espectro é apresentado na Figura 45, pg. 232 do

anexo.

4-(((4-fluorobenzil)oxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-
1H-1,2,3-triazol (3h)

Caracteristica: s6lido amarelo.
CCD: Ri= 0,30 (hexano-acetato de etila-metanol 10:3:1 v/v).
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Tf = 55,1 - 56,6 °C.

IV (ATR) vmax: 3147, 3083, 3050, 2964, 2901, 2871, 1631, 1601, 1553, 1512,
1322, 1140, 1073, 917, 694, 498. O espectro é apresentado na Figura 46, pg.
233 do anexo.

RMN de 'H (400 MHz, CDCls) &: 4,64 (s, 2H, H-7); 4,80 (s, 2H, H-8); 7,07 (tap,
2H, J = 8,6 Hz, H-3/H-5); 7,35-7,40 (m, 2H, H-2/H-6); 7,84 (d, 1H, J= 8,4 Hz, H-
2’); 7,91 (s, 1H, H-10); 8,08 (dd, 1H, J1 = 8,4 Hz, J> = 1,8 Hz, H-3’); 8,35 (dap, 1H,
J=1,8 Hz, H-5). O espectro é apresentado na Figura 47, pg. 234 do anexo.
RMN de '3C (100 MHz, CDCls) &: 63,2 (C-8); 72,0 (C-7); 115,4 (d, 2Jc-r = 21,0
Hz, C-3/C-5); 120,8 (q, 'Jc-r = 271,5 Hz, CF3); 123,1 (q, 3Jc-Fr = 4,0 Hz, C-5');
123,8 (C-10); 128,4 (C-2'); 129,8 (d, 3Jc-F = 8,0 Hz, C-2/C-6); 130,5 (q, 3JcF= 3,0
Hz, C-3’); 132,7 (C-1"), 133,2 (C-1); 144,1 (C-6’); 146,4 (C-9); 162,5 (q, 'Jcr =
245,0 Hz, C-4). O sinal (quarteto) do carbono C-4’ nao foi observado. O espectro

é apresentado na Figura 48, pg. 235 do anexo.

4-(((4-metilbenzil)oxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-1 H-1,2,3-triazol

(3i)
3,
, 4 CF3
10 .

73 NN NO,

4 5 (3i)

Caracteristica: solido amarelo.
CCD: Ri= 0,38 (hexano-acetato de etila-metanol 10:3:1 v/v).
Tf=129,7 - 130,0 °C.

IV (ATR) vmax: 3147, 3083, 3054, 2901, 2871, 1631, 1553, 1519, 1322, 1138,
843, 642, 486. O espectro € apresentado na Figura 49, pg. 236 do anexo.

RMN de 'H (400 MHz, CDCIs) 6: 2,37 (s, 3H, CHa); 4,64 (s, 2H, H-7); 4,75 (s, 2H,
H-8); 7,19 (d, 2H, J = 8,0 Hz, H-3/H-5); 7,29 (d, 2H, J = 8,0 Hz, H-2/H-6); 7,83 (d,
1H, J=8,2 Hz, H-2’); 7,89 (s, 1H, H-10); 8,07 (ddap, 1H, J1 = 8,2 Hz, J2 = 2,0 Hz,
H-3%); 8,34 (dap, 1H, J = 2,0 Hz, H-5’). O espectro € apresentado na Figura 50,
pg. 237 do anexo.
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RMN de 3C (100 MHz, CDCIs) 6: 21,1 (CHs); 63,2 (C-8); 72,7 (C-7); 122,2 (q,
'Jc.F=272,0 Hz, CF3); 123,1 (q, 3Jc-F = 4,0 Hz, C-5); 123,7 (C-10); 128,1 (C-3/C-
5); 128,4 (C-2'); 129,2 (C-2/C-6); 130,5 (q, 3Jcr = 4,0 Hz, C-3'); 132,7 (C-1");
132,8 (q, 2Jc.F = 33,0 Hz, C-4’); 134,4 (C-1), 137,7 (C-4); 144,1 (C-6); 146,7 (C-
9). O espectro € apresentado na Figura 51, pg. 238 do anexo.

4-((4-iodofenoxi)metil)-1-(2-nitro-4-(trifluorometil)fenil)-1H-1,2,3-triazol (3j)

& CF3
9 U
3 2 ]\sfl,\l e
|—4©1—o NN NO,

(3))

Caracteristica: solido amarelo.
CCD: Ri= 0,60 (hexano-acetato de etila-metanol 10:3:1 v/v).
Tf=150,3 - 151,1 °C.

IV (ATR) vmax: 3150, 3080, 3065, 2924, 2871, 1631, 1545, 1486, 1460, 1319,
1237, 1136, 1021, 832, 702, 505. O espectro é apresentado na Figura 52, pg.
239 do anexo.

RMN de 'H (400 MHz, CDCIs) 6: 5,30 (s, 2H, H-7); 6,82 (d, 2H, J= 8,8 Hz, H-
2/H-6); 7,61 (d, 2H, J= 8,8 Hz, H-3/H-5); 7,85 (d, 1H, J = 8,4 Hz, H-2); 7,96 (s,
1H, H-9); 8,09 (ddap, 1H, J1 = 8,4 Hz, J2 = 2,0 Hz, H-3’); 8,36 (dap, 1H, J= 2,0 Hz,
H-5"). O espectro € apresentado na Figura 53, pg. 240 do anexo.

RMN de 3C (100 MHz, CDCIs) o: 61,8 (C-7); 83,8 (C-4), 117,2 (C-2/C-6); 122,1
(9, 'Jer = 272,0 Hz, CF3); 123,2 (q, 3Jc-F = 4,0 Hz, C-5'); 124,8 (C-9); 128,5 (C-
2'); 130,6 (q, 3Jc-F = 3,0 Hz, C-3’); 132,6 (C-1"); 133,2 (q, 2Jc-F = 35,0 Hz, C-4");
138,4 (C-3/C-5); 144,1 (C-6’); 145,0 (C-8); 157,8 (C-1). O espectro € apresentado
na Figura 54, pg. 241 do anexo.

2.3.4. Sintese das anilinas triazélicas 4a-4j

2-(4-(fenoximetil)-1 H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4a)
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A ~4CF3
g U
3 5 /7\8(/\’I\l 1 4 5

5 6 (4a)

A um baldo de fundo redondo (50 mL) foram adicionados 1-(2-nitro-4-
(trifluorometil)fenil)-4-(fenoximetil)-1 H-1,2,3-triazol (3a) (0,100 g, 0,280 mmol),
cloreto de estanho diidratado (0,632 g, 2,80 mmol) e 5,00 mL de etanol. A mistura
foi agitada e aquecida a 80 °C, sob refluxo, por duas horas. Apds o término da
reacdo, evidenciado por CCD, a mistura de reagdo foi neutralizada com
bicarbonato de s6dio em pd até pH 7,0. Apds a neutralizacdo, a mistura foi
filtrada por meio de celite® 545 e o etanol foi removido em evaporador rotativo.
Posteriormente, adicionou-se agua destilada e a mistura obtida foi extraida com
acetato de etila (3 x 40,0 mL). Os extratos organicos foram reunidos e a fase
organica resultante foi seca com sulfato de sédio anidro, filtrada e concentrada
sob presséao reduzida. O composto 4a foi purificado por coluna cromatografica
de silica gel eluida com hexano-acetato de etila (3:1 v/v) e obtido com 75%
(0,0690 g, 0,210 mmol) de rendimento.

Caracteristica: solido amarelo.
CCD: Ri= 0,40 (hexano-acetato de etila 3:1 v/v).
Tf=142,6 — 143,4 °C.

IV (ATR) vmax: 3451, 3343, 3150, 3057, 2920, 2868, 1623, 1601, 1586, 1334,
1225, 1029, 876, 758, 516. O espectro é apresentado na Figura 2.21 (pg. 126).
RMN de 'H (400 MHz, DMSO-ds) 5: 5,13 (s, 2H, H-7); 5,86 (s, 2H, NH2); 6,85-
6,90 (m, 2H, H-3'/H-5"); 6,99 (d, 2H, J = 8,0 Hz, H-2/H-6); 7,18-7,26 (m, 3H, H-
3/H-5/H-4); 7,39 (d, 1H, J = 8,4 Hz, H-2); 8,56 (s, 1H, H-9). O espectro é
apresentado na Figura 2.22 (pg. 127).

RMN de '3C (100 MHz, DMSO-ds) 6: 61,6 (C-7); 112,7 (q, 3Jc.r = 3,3 Hz, C-5);
113,8 (q, 3JcF = 3,7 Hz, C-3); 115,4 (C-2/C-6); 121,6 (C-4); 124,6 (q, 'Jc-F =
271,0 Hz, CF3); 124,8 (C-1’); 126,2 (C-2'); 127,2 (C-9); 130,2 (C-3/C-5); 131,1 (q,
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2Jc-F = 31,3 Hz, C-4’); 143,7 (C-6’); 143,8 (C-8); 158,8 (C-1). O espectro é
apresentado na Figura 2.23 (pg. 128).

Os compostos 4b-4j foram sintetizados empregando-se a mesma
metodologia descrita para o preparo do composto 4a. Na Tabela 2.3, pg. 59
estdo apresentadas informacgdes relativas as reagdes realizadas para o preparo
dos compostos 4b-4j. O composto 4e foi purificado utilizando como eluente
hexano-acetato de etila (2:1 v/v) e os compostos 4g e 4i foram purificados com
hexano-acetato de etila (1:1 v/v). Os demais compostos foram purificados com

hexano-acetato de etila (3:1 v/v).



Tabela 2.3 — Informacdes relativas as reacdes realizadas para o preparo dos compostos 4b-4j

CF; CF,4
[ ] SnCly* 2H,0 Ji }
—~ N o ~N
R-0O N=N NO, etanol, 80 °C R-O N=N NH,
(3b-3j) (4b-4j)
Massa de Massa de Massa de
nitrocomposto SnCl2:2H20 produto obtida
(9)/ (9)/ Tempo de (9)/ Rendimento
Composto R Quantidade de Quantidade de reacao (horas) Quantidade de (%)
matéria matéria matéria
(mmol) (mmol) (mmol)
4b @J“ 0,600/1,59 (3b) 3,59/15,9 2 0,480/1,38 87
4c Br@i” 0,600/1,31 (3¢c) 2,96/13,1 2 0,469/1,09 84
4d CI@J% 0,830/2,01 (3d) 4,54/20,1 2 0,597/1,56 83
4e §— 0,930/2,14 (3e) 4,83/21,4 2 0,787/1,95 91
OCH,4
4f §— 1,10/2,80 (3f) 6,32/28,0 2 0,930/2,55 92
OCH,

O volume de etanol utilizado em todas as reagdes foi 25,0 mL.



Tabela 2.3 — Continuacao

Massa do Massa de Massa de
nitrocomposto SnCl2-2H20 produto

Composto R (g)/ (g)/ I::}gg de  obtida (g)/ Rendimento
Quantidade de Quantidade (horas) Quantidade (%)
matéria de matéria de matéria
(mmol) (mmol) (mmol)

OHC 8-
4g 0,802/1,90 (3g) 4,29/19,0 2 0,653/1,66 88
OCH,4
/

4h F‘@J‘" 0,680/1,70 (3h) 3,84/17,0 2 0,583/1,59 93

4i —@—% 0,600/1,53 (3i) 3,39/15,3 2 0,525/1,45 95

4j lOé— 0,800/1,63 (3j) 3,68/16,3 2 0,593/1,29 79

O volume de etanol utilizado em todas as reagdes foi 25,0 mL.

60
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As estruturas dos compostos 4b-4j sdao suportadas pelos dados

apresentados a seguir.

2-(4-((benziloxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4b)

» 24 CF3
et
8 9 1
. NG

O N°N NH,

(4b)

Caracteristica: sélido laranja.
CCD: Rs= 0,33 (hexano-acetato de etila 3:1 v/v).
Tf =100,1 - 100,8 °C.

IV (ATR) vmax: 3466, 3366, 3132, 3090, 3037, 2895, 2862, 1621, 1518, 1449,
1267, 1116, 739. O espectro € apresentado na Figura 55, pg. 242 do anexo.
RMN de 'H (400 MHz, CDCls) &: 4,70 (s, 2H, H-7); 4,81 (s, 2H, H-8); 4,96 (s, 2H,
NH2); 7,07 (ddap, 1H, J1 = 5,6 Hz, J> = 1,2 Hz, H-3’); 7,15 (dap, 1H, J= 1,2 Hz, H-
5");7,32-7,35 (m, 2H, H-2/H-6); 7,37-7,43 (m, 4H, H-2’/H-3/H-5/H-4); 7,90 (s, 1H,
H-10). O espectro é apresentado na Figura 56, pg. 243 do anexo.

RMN de '3C (100 MHz, CDCls) &: 63,5 (C-8); 72,9 (C-7); 114,4 (q, 3Jc.Fr = 2,3 Hz,
C-5'); 114,5 (q, 3Jcr = 2,3 Hz, C-3); 122,9 (C-10); 123,5 (q, 'Jc-r = 180,6 Hz,
CF3); 124,3 (C-27); 124,8 (C-17); 127,9 (C-4/C-2/C-6); 128,5 (C-3/C-5); 132,0 (q,
2JcF = 21,6 Hz, C-4’); 137,6 (C-1); 141,0 (C-9); 145,6 (C-6’). O espectro é

apresentado na Figura 57, pg. 244 do anexo.
2-(4-(((4-bromobenzil)oxi)metil)-1 H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4c)

)
” 4 CFj
10

0 N=N NH,

4 5 (4C)

Caracteristica: sélido amarelo claro.
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CCD: Ri= 0,32 (hexano-acetato de etila 3:1 v/v).
Tf=97,6 - 97,9 °C.

IV (ATR) vmax: 3459, 3351, 3213, 3143, 3087, 3050, 2953, 2909, 2868, 1631,
1586, 1456, 1352, 1270, 1163, 1118, 1070, 802, 654, 516. O espectro &
apresentado na Figura 58, pg. 245 do anexo.

RMN de 'H (400 MHz, CDCls) 6: 4,57 (s, 2H, H-7); 4,72 (s, 2H, H-8); 4,90 (s, 2H,
NH2); 7,00 (ddap, 1H, J1 = 8,4 Hz, J2 = 2,0 Hz, H-3’); 7,08 (dap, 1H, J = 2,0 Hz, H-
5; 7,19-7,25 (m, 3H, H-2/H-6/H-2’); 7,44 (d, 2H, J = 8,4 Hz, H-3/H-5); 7,82 (s,
1H, H-10). O espectro € apresentado na Figura 59, pg. 246 do anexo.

RMN de '*C (100 MHz, CDCls) &: 63,6 (C-8); 72,1 (C-7); 114,5 (q, 3Jc-r = 3,5 Hz,
C-5"); 114,6 (q, 3Jc.r = 3,5 Hz, C-3'); 121,8 (C-4); 123,0 (C-10); 123,5 (q, 'Jcr =
271,0 Hz, CF3); 124,3 (C-2’); 124,8 (C-1’); 129,5 (C-2/C-6); 131,6 (C-3/C-5);
132,1 (9, 2Jc.r= 31,3 Hz, C-4’); 136,6 (C-1); 141,0 (C-9); 145,3 (C-6’). O espectro
é apresentado na Figura 60, pg. 247 do anexo.

2-(4-(((4-clorobenzil)oxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina

(4d)
24 CF3
10 i

N=N NH»>

\‘
o

45 (4d)

Caracteristica: sélido amarelo claro.
CCD: Ri= 0,23 (hexano-acetato de etila 3:1 v/v).
Tf = 95,8 — 96,0 °C.

IV (ATR) vmax: 3459, 3347, 3213, 3139, 3087, 3050, 2961, 2909, 2868, 1631,
1590, 1519, 1449, 1348, 1274, 1122, 1070, 802, 471. O espectro é apresentado
na Figura 61, pg. 248 do anexo.

RMN de 'H (400 MHz, CDCls) 6: 4,59 (s, 2H, H-7); 4,72 (s, 2H, H-8); 4,88 (s, 2H,
NH2); 7,00 (ddap, 1H, J1 = 8,4 Hz, J2 = 2,0 Hz, H-3’); 7,08 (dap, 1H, J = 2,0 Hz, H-
5); 7,24-7,29 (m, 5H, H-2/H-3/H-5/H-6/H-2"); 7,76 (s, 1H, H-10). O espectro é
apresentado na Figura 62, pg. 249 do anexo.
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RMN de '3C (100 MHz, CDCls) &: 63,6 (C-8); 72,0 (C-7); 114,5 (q, 3Jc.r = 4,0 Hz,
C-5'); 114,6 (q, 3Jc-r = 3,0 Hz, C-3); 122,9 (C-10); 123,5 (q, 'Jc-Fr = 271,0 Hz,
CF3); 124,3 (C-2); 124,8 (C-1); 128,7 (C-3/C-5); 129,2 (C-2/C-6); 132,1 (q, 2Jc-rF
= 32,3 Hz, C-4’); 133,7 (C-4); 136,1 (C-1); 141,0 (C-9); 145,3 (C-6’). O espectro
é apresentado na Figura 63, pg. 250 do anexo.

2-(4-((4-alil-2-metoxifenoxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4e)

3
> 4' CF3

9
2 ]\%\NT s 7

I
10_4 ' g =N NH,

12 11 5 o
OCHj4 (4e)

Caracteristica: solido branco.
CCD: Rs= 0,25 (hexano-acetato de etila 3:1 v/v).
Tf=1445-144,6 °C.

IV (ATR) vmax: 3403, 3336, 3221, 3165, 3072, 3002, 2957, 2909, 2879, 2834,
1653, 1590, 1512, 1341, 1229, 1122, 802, 494. O espectro € apresentado na
Figura 64, pg. 251 do anexo.

RMN de 'H (400 MHz, CDCls) &: 3,37 (d, 2H, J = 4,4 Hz, H-10); 3,89 (s, 3H,
OCHs); 4,96 (s, 2H, NH2); 5,08-5,13 (m, 2H, H-12); 5,37 (s, 2H, H-7); 5,98 (ddtap,
1H, J1 = 11,2 Hz, J» = 6,8 Hz, J3 = 4,4 Hz, H-11); 6,74-6,78 (m, 2H, H-3/H-5);
7,02 (d, 1H, J = 5,2 Hz, H-2); 7,06 (d, 1H, J = 5,6 Hz, H-2’); 7,14 (s, 1H, H-5");
7,33 (d, 1H, J = 5,6 Hz, H-3’); 8,00 (s, 1H, H-9). O espectro é apresentado na
Figura 65, pg. 252 do anexo.

RMN de 3C (100 MHz, CDCls) &: 39,8 (C-10); 55,8 (OCHsa); 63,3 (C-7); 112,4
(C-5); 114,4 (q, 3Jc-F= 2,5 Hz, C-5'); 114,5 (q, 3Jc-F = 2,5 Hz, C-3'); 114,6 (C-2);
115,8 (C-12); 120,5 (C-9); 123,3 (C-3); 123,5 (q, 'Jcr = 180,6 Hz, CF3); 124,3
(C-2); 124,7 (C-1'); 132,0 (q, 2JcF = 21,6 Hz, C-4’); 134,2 (C-4); 137,4 (C-11);
144,0 (C-6); 144,8 (C-8); 145,8 (C-1); 149,6 (C-6). O espectro € apresentado na
Figura 66, pg. 253 do anexo.

2-(4-((2-metoxifenoxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4f)
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Caracteristica: solido branco.
CCD: Ri= 0,23 (hexano-acetato de etila 3:1 v/v).
Tf=175,0-175,5°C.

IV (ATR) vmax: 3459, 3369, 3228, 3161, 3076, 3013, 2942, 2875, 1634, 1590,
1504, 1456, 1334, 1244, 1177, 1118, 1018, 806, 743, 498. O espectro é
apresentado na Figura 67, pg. 254 do anexo.

RMN de 'H (400 MHz, CDCls) o: 3,90 (s, 3H, OCHs); 4,95 (s, 2H, NH2); 5,40 (s,
2H, H-7); 6,92-6,96 (m, 2H, H-3/H5); 6,99-7,02 (m, 1H, H-4); 7,06-7,08 (m, 1H,
H-2); 7,11 (ddap, 1H, J1 = 5,5 Hz, J2 = 1,6 Hz, H-3"); 7,14 (dap, 1H, J= 1,6 Hz, C-
5); 7,34 (d, 1H, J= 5,5 Hz, H-2’); 8,02 (s, 1H, H-9). O espectro é apresentado na
Figura 68, pg. 255 do anexo.

RMN de 3C (100 MHz, CDCIs) &: 55,8 (OCHs3); 63,1 (C-7); 111,9 (C-5); 114,4 (q,
8Jc-F = 3,0 Hz, C-5’); 114,5 (C-2); 114,6 (q, 3Jc-Fr = 2,0 Hz, C-3’); 120,9 (C-9);
122,2 (C-2’); 123,4 (C-4); 123,5 (q, 'Jcr= 180,3 Hz, CFs); 124,4 (C-3); 124,7 (C-
1"); 132,1 (q, 2Jc-r = 21,6 Hz, C-4’); 141,6 (C-6’); 144,6 (C-8); 147,5 (C-1); 149,7
(C-6). O espectro é apresentado na Figura 69, pg. 256 do anexo.

4-((1-(2-amino-4-(trifluorometil)fenil)-1H-1,2,3-triazol-4-
il)metoxi)-3-metoxibenzaldeido (49g)

3

j@m%
N8
N 6

OHC o} N=N  NH;

OCHj (49)

Caracteristica: solido amarelo.
CCD: Ri= 0,53 (hexano-acetato de etila 1:1 v/v).
Tf=159,6 — 160,3 °C.
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IV (ATR) vmax: 3432, 3343, 3228, 3158, 3087, 2964, 2924, 2879, 2831, 1720,
1694, 1638, 1590, 1512, 1456, 1341, 1263, 1110, 1021, 806, 486. O espectro &
apresentado na Figura 70, pg. 257 do anexo.

RMN de 'H (400 MHz, CDCls) o: 3,96 (s, 3H, OCHs); 4,97 (s, 2H, NH2); 5,48 (s,
2H, H-7); 7,07 (d, 1H, J = 5,6 Hz, H-2); 7,16 (dap, 1H, J= 1,3 Hz, H-5’); 7,28 (d,
1H, J= 2,4 Hz, H-5); 7,34 (d, 1H, J= 5,4 Hz, H-2’); 7,46-7,47 (m, 1H, H-3); 7,49
(dd, 1H, Ji = 5,4 Hz, J2 = 1,3 Hz, H-3); 8,05 (s, 1H, H-9); 9,89 (s, 1H, CHO). O
espectro é apresentado na Figura 71, pg. 258 do anexo.

RMN de 3C (100 MHz, CDCIls) &: 56,0 (OCHs); 62,7 (C-7); 109,4 (C-5); 112,5
(C-2); 114,5 (q, 3JcF= 2,5 Hz, C-5); 114,6 (q, 3Jc-F = 2,0 Hz, C-3); 123,4 (q, 'Jc-
F=180,6 Hz, CF3); 123,6 (C-9); 124,2 (C-2’); 124,6 (C-1’); 126,6 (C-3); 130,8 (C-
4); 132,2 (g, 2Jc.r = 22,0 Hz, C-4’); 141,0 (C-6’); 143,5 (C-8); 149,9 (C-6); 152,8
(C-1); 190,8 (CHO). O espectro € apresentado na Figura 72, pg. 259 do anexo.

2-(4-(((4-fluorobenzil)oxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina
(4h)

3

A& CF3
10 i
0 NN NH,
1
3 6
it 5 (4h)

F

Caracteristica: sélido laranja.
CCD: Rs= 0,23 (hexano-acetato de etila 3:1 v/v).
Tf = 63,2 - 63,8 °C.

IV (ATR) vmax: 3459, 3347, 3213, 3132, 3087, 2957, 2920, 2868, 1631, 1597,
1512, 1452, 1348, 1270, 1226, 826, 483. O espectro é apresentado na Figura
73, pg. 260 do anexo.

RMN de 'H (400 MHz, CDCls) o: 4,66 (s, 2H, H-7); 4,79 (s, 2H, H-8); 4,97 (s, 2H,
NH2); 7,05-7,09 (m, 3H, H-3/H-5/H-3’); 7,15 (dap, 1H, J = 1,2 Hz, H-5); 7,34 (d,
1H, J= 5,6 Hz, H-2"); 7,36-7,40 (m, 2H, H-2/H-6); 7,91 (s, 1H, H-10). O espectro
é apresentado na Figura 74, pg. 261 do anexo.
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RMN de '3C (100 MHz, CDCls) &: 63,4 (C-8); 72,1 (C-7); 114,5 (q, 3Jc.Fr = 2,5 Hz,
C-5’); 14,6 (q, 8Jcr = 2,5 Hz, C-3’); 115,4 (d, ?Jc.F = 14,0 Hz, C-3/C-5); 122,9
(C-10); 123,5 (q, 'JcF = 180,6 Hz, CF3); 124,3 (C-2); 124,8 (C-1°); 129,7 (d, 3Jc-
F=6,0 Hz, C-2/C-6); 132,0 (q, 2Jc-F = 21,6 Hz, C-4’); 133,3 (d, *Jc-r = 3,0 Hz, C-
1); 141,0 (C-6’); 145,4 (C-9); 162,5 (d, 'Jcr = 163,0 Hz, C-4). O espectro é
apresentado na Figura 75, pg. 262 do anexo.

2-(4-(((4-metilbenzil)oxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina

(4i)
:
, A4 CFs
10 .
N

NH,

4 5 (4i)

Caracteristica: sélido branco.
CCD: Rs= 0,36 (hexano-acetato de etila 3:1 v/v).
Tf =128,7 — 129,0 °C.

IV (ATR) vmax: 3462, 3362, 3139, 3091, 3054, 2927, 2890, 2853, 1616, 1601,
1516, 1449, 1337, 1114, 806, 479. O espectro é apresentado na Figura 76, pg.
263 do anexo.

RMN de 'H (300 MHz, CDCIs) &: 2,35 (s, 3H, CHs); 4,63 (s, 2H, H-7); 4,76 (d,
2H, J= 0,6 Hz, H-8); 4,94 (s, 2H, NH2); 7,03 (ddap, 1H, J1 = 8,4 Hz, J> = 2,4 Hz,
H-3); 7,11 (dap, 2H, J= 2,4 Hz, H-5"); 7,17 (d, 2H, J = 7,8 Hz, H-3/H-5); 7,25-7,31
(m, 3H, H-2/H-6/H-2’); 7,86 (t, 1H, J= 0,6 Hz, H-10). O espectro é apresentado
na Figura 77, pg. 264 do anexo.

RMN de '3C (75 MHz, CDCIs) 6: 21,1 (CH3); 63,3 (C-8); 72,8 (C-7); 114,4 (q, 3Jc-
F= 3,8 Hz, C-5"/C-3’); 122,9 (C-10); 123,5 (q, 'Jcr = 271,0 Hz, CF3); 124,3 (C-
2'); 124,7 (C-1"); 128,1 (C-3/C-5); 129,1 (C-2/C-6); 131,9 (q, 2Jc-F = 32,5 Hz, C-
4’); 134,5 (C-1),137,7 (C-4); 141,0 (C-6’); 145,6 (C-9). O espectro é apresentado
na Figura 78, pg. 265 do anexo.

2-(4-((4-iodofenoxi)metil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4j)



67

Caracteristica: sélido amarelo.
CCD: Ri= 0,43 (hexano-acetato de etila 3:1 v/v).
Tf =135,2 -135,5 °C.

IV (ATR) vmax: 3470, 3381, 3314, 3232, 3083, 3054, 2938, 2879, 1634, 1582,
1519, 1486, 1452, 1337, 1233, 1129, 999, 813, 501. O espectro € apresentado
na Figura 79, pg. 266 do anexo.

RMN de 'H (300 MHz, CDCIs) 6: 4,94 (s, 2H, NH2); 5,26 (d, 2H, J = 0,6 Hz, H-7);
6,80 (d, 2H, J= 9,0 Hz, H-2/H-6); 7,05 (ddap, 2H, J1 = 8,1 Hz, J2 = 2,4 Hz, H-3’);
7,13 (dap, 1H, J= 2,4 Hz, H-5); 7,32 (d, 1H, J= 8,1 Hz, H-2"); 7,58 (d, 2H, J=9,0
Hz, H-3/H-5); 7,95 (i, 1H, J = 0,6 Hz, H-9). O espectro é apresentado na Figura
80, pg. 267 do anexo.

RMN de '3C (75 MHz, CDCls) 6: 61,8 (C-7); 83,7 (C-4), 114,5 (q, 3Jc.r = 2,0 Hz,
C-5'); 14,6 (q, 3JcF = 2,0 Hz, C-3’); 117,1 (C-2/C-6); 123,2 (C-9); 123,4 (q, 'Jc-F
=271,2Hz, CF3); 124,3 (C-2'); 124,6 (C-1°); 132,1 (q, ?Jc.Fr = 33,0 Hz, C-4'); 138,4
(C-3/C-5); 141,0 (C-6’); 144,0 (C-8); 157,9 (C-1). O espectro é apresentado na
Figura 81, pg. 268 do anexo.

2.3.5. Sintese das amidas 5a-5j

N-(2-(4-(fenoximetil)-1H-1,2,3-triazol-1-il)-5-
(trifluorometil)fenil)isonicotinamida (5a)
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(5a)

A um baldo de fundo redondo (50 mL) foram adicionados cloridrato do
cloreto de isonicotinoila (0,0890 g, 0,500 mmol), trietilamina (0,200 mL, 1,25
mmol), 5,00 mL de diclorometano anidro e 2-(4-(fenoximetil)-1H-1,2,3-triazol-1-
il)-5-(trifluorometil)anilina (4a) (0,0830 g, 0,250 mmol). A mistura foi mantida sob
agitacdo magnética, a temperatura ambiente, por oito dias. Apds o término da
reagdo, evidenciado por CDD, adicionou-se agua destilada e a mistura foi
transferida para um funil de separacao e extraida com diclorometano (4 x 30,0
mL). Os extratos organicos foram reunidos e a fase organica resultante foi lavada
com solucédo saturada de cloreto de sédio, seca com sulfato de sédio anidro,
filtrada e concentrada sob presséo reduzida. O composto 5a foi purificado por
coluna cromatografica de silica gel eluida com hexano-acetato de etila (1:1 v/v)
e obtido com 39% (0,043 g, 0,098 mmol) de rendimento.

Caracteristica: sélido amarelo.
CCD: Rs= 0,63 (hexano-acetato de etila 1:1 v/v).
Tf=175,0-175,3 °C.

IV (ATR) vmax: 3269, 3158, 3120, 3061, 3035, 2961, 2931, 1668, 1601, 1545,
1501, 1334, 1233, 743. O espectro é apresentado na Figura 2.27 (pg. 135).
RMN de 'H (400 MHz, CDCls) : 5,37 (s, 2H, H-7); 7,03-7,06 (m, 3H, H-2/H-6/H-
4); 7,33-7,37 (m, 2H, H-3/H-5); 7,58-7,64 (m, 2H, H-2'/H-3’); 7,82 (dd, 2H, Ji =
4,5Hz, ,o=1,7 Hz, H-2”/H-5”); 8,18 (s, 1H, H-9); 8,88 (dd, 2H, J1 = 4,5 Hz, J2 =
1,7 Hz, H-3"/H-4”); 9,16 (s, 1H, H-5); 11,15 (s, 1H, NH). O espectro é
apresentado na Figura 2.28 (pg. 136).

RMN de '3C (100 MHz, CDClIs) &: 61,7 (C-7); 114,7 (C-2/C-6); 120,7 (q, 3Jc-F =
3,6 Hz, C-5'); 120,8 (C-2’); 120,9 (q, 3Jc-F = 3,6 Hz, C-3’); 121,8 (C-9); 122,6 (C-
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4); 123,4 (C-2”/C-5”); 129,7 (C-3/C-5); 130,8 (C-1’); 131,6 (C-6’); 140,6 (C-17);
145,6 (C-8); 151,0 (C-3”/C-4”); 157,8 (C-1); 163,6 (C-6"). Os sinais (quartetos)
do grupo CFs e do carbono C-4° ndo foram observados. O espectro é
apresentado na Figura 2.29 (pg. 137).

Os compostos 5b-5j foram sintetizados empregando-se a mesma
metodologia descrita para o preparo do composto 5a. Na Tabela 2.4, pg. 70
estdo apresentadas informacdes relativas as reagdes realizadas para o preparo
dos compostos 5b-5j. O composto 5g foi purificado utilizando como eluente
acetato de etila. Os demais compostos foram purificados com hexano-acetato de
etila (1:1 v/v).



Tabela 2.4 — Informacdes relativas as reacdes realizadas para o preparo dos compostos 5b-5j

CH,CI
J N + Cl X @#, /N
R—O/\( N NH, )UH a R—o/\ﬁIQ HN._O
=
(4b-4j) (sb-5) | |
Massa de Massa de
:,nrﬂﬁf,z c(ig) / cloreto de \églﬁ'z:ﬁlgf produto
Combosto R Quantidade acila (g)/ Quantidade Tempo de obtida (g)/ Rendimento
P de matéria Quantidade de matéria reacao (dias) Quantidade (%)
de matéria de matéria
(mmol) (mmol) (mmol) (mmol)
/ 0,160/0,450
5b @J%‘ (4b) 0,168/0,942  0,310/2,25 10 0,107/0,236 51
/ 0,150/0,350
5¢ Br@—%" 4c) 0,132/0,740  0,242/1,75 7 0,095/0,178 51
c
/ 0,150/0,390
5d CI@—%A 4d) 0,146/0,819  0,270/1,95 7 0,150/0,307 79
- - 0,150/0,370
5e § 0,278/1,56 0,300/1,85 8 0,151/0,296 80
ocH, (4€)
- 0,150/0,410
5f § @ 0,307/1,72 0,280/2,05 8 0,075/0,159 40
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O volume de diclorometano utilizado em todas as reacdes foi de 5,00 mL.

Tabela 2.4 — Continuacao

Massa de Massa de Massa de Massa de
anilina (g)) °°ret0de  EiN(g)  Tempode Produto
Composto R Quantidade acila (g)/ Quantidade reacao obtida (g)/ Rendimento
d e Quantidade . - Quantidade (%)
e mateéria de matéria de matéria (dias) de matéria
(mmol) (mmol) (mmol) (mmol)
OHC §— 0,150/0,380
59 0,284/1,59 0,260/1,90 10 0,087/0,174 46
ocH,  (49)
v, 0,150/0,400
5h F ah) 0,300/1,68 0,280/2,00 10 0,134/0,284 69
. 0,150/0,410
5i ai) 0,307/1,72  0,280/2,05 8 0,129/0,276 67
i
0,150/0,320
5j ' i 0,240/1,34  0,220/1,60 8 0,117/0,207 64

(4)

O volume de diclorometano utilizado em todas as reac¢des foi de 5,00 mL.
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As estruturas dos compostos 5b-5j sdo suportadas pelos dados

apresentados a seguir.

N-(2-(4-((benziloxi)metil)-1H-1,2,3-triazol-1-il)-5-
(trifluorometil)fenil)isonicotinamida (5b)

CF;
&

Caracteristica: solido amarelo.
CCD: Ri= 0,39 (hexano-acetato de etila 1:1 v/v).
Tf=114,3-115,2 °C.

IV (ATR) vmax: 3251, 3132, 3083, 3057, 2976, 2927, 2875, 2809, 1701, 1608,
1556, 1437, 1334, 1129, 743, 672, 498. O espectro é apresentado na Figura 82,
pg. 269 do anexo.

RMN de 'H (300 MHz, CDCIs) o: 4,68 (s, 2H, H-7); 4,79 (dap, 2H, J= 0,7 Hz, H-
8); 7,29-7,39 (m, 5H, H-2/H-3/H-4/H-5/H-6); 7,55 (m, 2H, H-2°/H-3’); 7,78 (dd, 2H,
J1=45Hz, J,=1,8Hz, H-2"/H-5"); 8,06 (t, 1H, J= 0,7 Hz, H-10); 8,82 (dd, 2H,
Ji =45 Hz, J = 1,8 Hz, H-3"/H-4"); 9,12 (s, 1H, H-5); 11,17 (s, 1H, NH). O
espectro é apresentado na Figura 83, pg. 270 do anexo.

RMN de '3C (75 MHz, CDCIs) &: 63,4 (C-8); 73,2 (C-7); 120,8 (C-2’); 120,8 (q,
8JcF=3,8Hz, C-5);121,3 (q, 'Jc-Fr = 271,1 Hz, CF3); 121,7 (q, 3Jc.r = 3,8 Hz, C-
3’); 122,6 (C-10); 123,2 (C-2”/C-5"); 127,9 (C-2/C-6); 128,0 (C-4); 128,1 (C-1’);
128,5 (C-3/C-5); 131,5 (C-6’); 131,8 (q, 2Jc-F = 33,2 Hz, C-4’); 137,2 (C-1); 140,6
(C-17); 146,5 (C-9); 151,0 (C-3”/C-4"); 163,6 (C-6”). O espectro € apresentado
na Figura 84, pg. 271 do anexo.

N-(2-(4-(((4-bromobenzil)oxi)metil)-1H-1,2,3-triazol-

1-il)-5-(trifluorometil)fenil)isonicotinamida (5c)
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Caracteristica: sélido amarelo.
CCD: Ri= 0,36 (hexano-acetato de etila 1:1 v/v).
Tf = 149,6 — 150,2 °C.

IV (ATR) vmax: 3262, 3158, 3087, 3039, 2953, 2916, 2864, 1657, 1594, 1556,
1504, 1330, 1118, 1051, 847, 598. O espectro é apresentado na Figura 85, pg.
272 do anexo.

RMN de 'H (300 MHz, CDCIs) &: 4,63 (s, 2H, H-7); 4,79 (s, 2H, H-8); 7,24 (dap,
2H, J = 8,4 Hz, H-2/H-6); 7,48 (dap, 2H, J = 8,4 Hz, H-3/H-5); 7,55-7,56 (m, 2H,
H-2'/H-3); 7,77 (dd, 2H, J1 = 4,6 Hz, J2 = 2,1 Hz, H-2"/H-5"); 8,06 (tap, 1H, J =
0,8 Hz, H-10); 8,83 (dd, 2H, J1 = 4,6 Hz, J2 = 2,1 Hz, H-3"/H-4"); 9,11 (s, 1H, H-
5’); 11,15 (s, 1H, NH). O espectro é apresentado na Figura 86, pg. 273 do anexo.
RMN de '3C (75 MHz, CDCIls) &: 63,4 (C-8); 72,4 (C-7); 120,7 (C-2’); 120,8 (q,
3Jc.F = 4,0 Hz, C-5); 121,7 (q, 3JcF = 3,5 Hz, C-3); 121,9 (C-4); 122,5 (C-10);
123,1 (q, 'Jcr = 271,2 Hz, CF3); 123,2 (C-2”/C-5"); 128,1 (C-1’); 129,5 (C-2/C-
6); 131,5 (C-6’); 131,6 (C-3/C-5); 132,1 (q, 2Jc.r = 33,0 Hz, C-4’); 136,3 (C-1);
140,5 (C-17); 146,2 (C-9); 151,0 (C-37/C-4”); 163,6 (C-6”). O espectro &
apresentado na Figura 87, pg. 274 do anexo.

N-(2-(4-(((4-clorobenzil)oxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)isonicotinamida (5d)
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Caracteristica: solido amarelo.
CCD: Rs= 0,30 (hexano-acetato de etila 1:1 v/v).
Tf=142,0-142,6 °C.

IV (ATR) vmax: 3254, 3158, 3094, 3039, 2949, 2912, 2864, 1657, 1597, 1556,
1504, 1326, 1177, 1118, 1047, 843, 598. O espectro é apresentado na Figura
88, pg. 275 do anexo.

RMN de 'H (300 MHz, CDCls) 6: 4,64 (s, 2H, H-7); 4,78 (d, 2H, J = 0,7 Hz, H-8);
7,28-7,34 (m, 4H, H-2/H-3/H-5/H-6); 7,55-7,56 (m, 2H, H-2'/H-3); 7,77 (dd, 2H,
Ji=4,4Hz, o =1,6 Hz, H-2"/H-5"); 8,07 (t, 1H, J= 0,7 Hz, H-10); 8,82 (dd, 2H,
Ji =44 Hz, J =1,6 Hz, H-3"/H-4"); 9,11 (s, 1H, H-5); 11,15 (s, 1H, NH). O
espectro é apresentado na Figura 89, pg. 276 do anexo.

RMN de 3C (75 MHz, CDCIs) 6: 63,5 (C-8); 72,4 (C-7); 120,8 (C-2'); 120,9 (q,
8JcF= 3,8 Hz, C-5); 121,8 (q, 3Jc-F = 3,8 Hz, C-3’); 122,5 (C-10); 123,2 (q, 'Jc-r
=271,3 Hz, CF3); 128,3 (C-2”/C-5"); 128,1 (C-1’); 128,7 (C-3/C-5); 129,2 (C-2/C-
6); 131,5 (C-6’); 131,9 (q, 2Jc-F = 33,3 Hz, C-4’); 133,9 (C-4); 135,8 (C-1); 140,6
(C-1"); 146,3 (C-9); 151,0 (C-3”/C-4"); 163,6 (C-6"). O espectro é apresentado
na Figura 90, pg. 277 do anexo.

N-(2-(4-((4-alil-2-metoxifenoxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)isonicotinamida (5e)
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(Se)

Caracteristica: solido branco.
CCD: Ri= 0,41 (hexano-acetato de etila 1:1 v/v).
Tf=122,5-123,3 °C.

IV (ATR) vmax: 3265, 3132, 3083, 2938, 2912, 2879, 1701, 1597, 1512, 1441,
1337, 1226, 828, 676, 479. O espectro € apresentado na Figura 91, pg. 278 do
anexo.

RMN de 'H (300 MHz, CDCIs) &: 3,33 (dt, 2H, J1 = 6,6 Hz, J> = 1,5 Hz, H-10);
3,85 (s, 3H, OCHs3); 5,04-5,11 (m, 2H, H-12); 5,36 (dap, 2H, J= 0,7 Hz, H-7); 5,93
(ddtap, 1H, J1 = 16,8 Hz, J2 = 10,2 Hz, J3 = 6,6 Hz, H-11); 6,69-6,75 (m, 2H, H-
3/H-5); 6,97 (d, 1H, J = 8,1 Hz, H-2), 7,55-7,56 (m, 2H, H-2’/H-3); 7,77 (dd, 2H,
J=4,4Hz, ,o=1,7 Hz, H-2"/H-5”); 8,19 (1, 1H, J = 0,7 Hz, H-9); 8,83 (dd, 2H,
Ji =44 Hz, J2 = 1,7 Hz, H-3"/H-4"); 9,11 (s, 1H, H-5"); 11,12 (s, 1H, NH). O
espectro é apresentado na Figura 92, pg. 279 do anexo.

RMN de '3C (75 MHz, CDCIs) 4: 39,8 (C-10); 55,8 (OCHBs); 63,2 (C-7); 112,5 (C-
5); 114,8 (C-2); 115,9 (C-12); 120,6 (C-9); 120,7 (C-2'); 120,8 (q, 3Jc-r = 4,0 Hz,
C-5');121,8 (q, 8Jc-F= 3,8 Hz, C-3'); 122,6 (C-3); 123,2 (q, 'Jc-Fr = 271,3 Hz, CF3);
123,7 (C-2”/C-5"); 128,2 (C-1’); 131,6 (C-6’); 131,9 (q, ?Jcr = 33,5 Hz, C-4');
134,6 (C-4); 137,3 (C-11); 140,6 (C-17); 145,6 (C-8); 145,8 (C-1); 149,7 (C-6);
151,1 (C-3”/C-4"); 163,7 (C-6"). O espectro é apresentado na Figura 93, pg. 280
do anexo.
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N-(2-(4-((2-metoxifenoxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)isonicotinamida (5f)

CF5
4
3 5 O
6' N 2"
2 NG | N
N o ~N
of N -
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7
O
2 1
6
3 OCH3
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4 5

Caracteristica: sélido branco.
CCD: Ri= 0,37 (hexano-acetato de etila 1:1 v/v).
Tf = 155,3 - 155,9 °C.

IV (ATR) vmax: 3258, 3135, 3083, 2994, 2946, 2883, 1701, 1594, 1571, 1556,
1504, 1437, 1122, 1021, 735, 479. O espectro é apresentado na Figura 94, pg.
281 do anexo.

RMN de 'H (300 MHz, CDCIs) &: 3,86 (s, 3H, OCHa); 5,38 (dap, 2H, J = 0,7 Hz,
H-7); 6,87-7,07 (m, 4H, H-2/H-3/H-4/H-5); 7,55-7,56 (m, 2H, H-2'/H-3’); 7,76 (dd,
2H, J1 = 4,4 Hz, J» = 1,7 Hz, H-2"/H-5"); 8,19 (t, 1H, J = 0,7 Hz, H-9); 8,83 (dd,
2H, J1 = 4,4 Hz, J» = 1,7 Hz, H-3"/H-4"); 9,11 (s, 1H, H-5’); 11,10 (s, 1H, NH). O
espectro é apresentado na Figura 95, pg. 282 do anexo.

RMN de '3C (75 MHz, CDCIs) 4: 55,8 (OCHs); 63,0 (C-7); 112,0 (C-5); 114,7 (C-
2); 120,7 (C-2’); 120,8 (q, 3JcF = 3,5 Hz, C-5); 120,9 (C-9); 121,8 (9, 3Jc-F= 3,5
Hz, C-3); 122,6 (C-4); 122,7 (C-3); 123,2 (q, 'Jc-F = 271,0 Hz, CF3); 123,7 (C-
2”/C-5"); 128,1 (C-1"); 131,6 (C-6’); 131,9 (q, 2Jc-F = 33,3 Hz, C-4’); 140,6 (C-1");
145,7 (C-8); 147,3 (C-1); 149,8 (C-6); 151,1 (C-3"/C-4"); 163,7 (C-6"). O espectro
é apresentado na Figura 96, pg. 283 do anexo.

N-(2-(4-((4-formil-2-metoxifenoxi)metil)-1H-1,2,3-
triazol-1-il)-5-(trifluorometil)fenil)isonicotinamida
(59)
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Caracteristica: sélido branco.
CCD: Rt= 0,57 (acetato de etila).
Tf =237,4 —237,9 °C.

IV (ATR) vmax: 3281, 3147, 3110, 3073, 2984, 2950, 2884, 1659, 1680, 1587,
1550, 1501, 1438, 1342, 1264, 1119, 1000, 840, 673, 472. O espectro é
apresentado na Figura 97, pg. 284 do anexo.

RMN de H (300 MHz, CDCIs) &: 3,74 (s, 3H, OCHsa); 5,29 (s, 2H, H-7); 7,34-7,35
(m, 2H, H-2°/H-2); 7,44 (dd, 1H, J1 = 8,3 Hz, J2 = 2,0 Hz, H-3"); 7,63 (dd, 2H, Ji =
4,5 Hz, o =1,8 Hz, H-2"/H-5"); 7,85-7,94 (m, 1H, H-3); 8,12 (d, 1H, J = 2,1 Hz,
H-5); 8,68 (ddap, 3H, Ji = 4,4 Hz, Jo = 1,7 Hz, H-3"/H-4"/H-5’); 8,71 (s, 1H, H-9);
9,78 (s, 1H, CHO). O sinal do hidrogénio NH néo foi observado. O espectro é
apresentado na Figura 98, pg. 285 do anexo.

RMN de '3C (75 MHz, CDClIs) 6: 55,9 (OCHs); 61,8 (C-7); 110,3 (C-5); 113,0 (C-
2); 121,9 (C-2); 123,8 (q, 'Jc-r = 271,3 Hz, CF3); 124,6 (q, 3Jc-F = 3,8 Hz, C-5');
125,2 (q, 3Jc-F= 4,0 Hz, C-3'); 126,2 (C-2"/C-5"); 126,3 (C-3); 127,5 (C-9); 130,4
(C-6’); 130,5 (q, 2Jc-Fr = 32,5 Hz, C-4'); 132,2 (C-1’); 135,1 (C-4); 141,0 (C-1");
143,0 (C-8); 149,7 (C-6); 150,7 (C-3”/C-4"); 153,1 (C-1); 164,9 (C-6"); 192,0
(CHO). O espectro € apresentado na Figura 99, pg. 286 do anexo.

N-(2-(4-(((4-fluorobenzil)oxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)isonicotinamida (5h)
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Caracteristica: solido amarelo.
CCD: Rs= 0,44 (hexano-acetato de etila 1:1 v/v).
Tf=116,2-116,4 °C.

IV (ATR) vmax: 3262, 3158, 3128, 3087, 3042, 2961, 2916, 2871, 1657, 1601,
1556, 1504, 1326, 1111, 839, 754, 572. O espectro é apresentado na Figura 100,
pg. 287 do anexo.

RMN de 'H (300 MHz, CDCls) &: 4,64 (s, 2H, H-7); 4,78 (dap, 2H, J= 0,7 Hz, H-
8); 7,04 (tap, 2H, J = 8,7 Hz, H-3/H-5); 7,31-7,38 (m, 2H, H-2/H-6); 7,55-7,56 (m,
2H, H-2'/H-3’); 7,77 (dd, 2H, J1 = 4,4 Hz, J2 = 1,6 Hz, H-2"/H-5"); 8,07 (t, 1H, J=
0,7 Hz, H-10); 8,82 (dd, 2H, J1 = 4,4 Hz, J> = 1,6 Hz, H-3"/H-4"); 9,11 (s, 1H, H-
5’); 11,12 (s, 1H, NH). O espectro € apresentado na Figura 101, pg. 288 do
anexo.

RMN de '3C (75 MHz, CDCIs) 6: 63,4 (C-8); 72,5 (C-7); 115,5 (d, 2JcF = 21,8 Hz,
C-3/C-5); 120,8 (C-2’); 120,9 (q, 3Jc-F = 3,8 Hz, C-5’); 121,8 (q, 3Jc.F = 3,8 Hz, C-
3); 122,5 (C-10); 123,2 (q, 'Jcr = 271,3 Hz, CF3); 123,3 (C-2"/C-5"); 128,1 (C-
1"); 129,8 (d, 3JcF = 8,3 Hz, C-2/C-6); 131,6 (C-6'); 131,9 (q, 2Jc-F = 33,3 Hz, C-
4); 133,1 (d, *Jcr = 4,5 Hz, C-1); 140,6 (C-1"); 146,3 (C-9); 151,0 (C-3”/C-4");
162,5 (d, 'Jc-F = 245,3 Hz, C-4); 163,3 (C-6"). O espectro é apresentado na
Figura 102, pg. 289 do anexo.

N-(2-(4-(((4-metilbenzil)oxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)isonicotinamida (5i)
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y (5i)

Caracteristica: solido branco.
CCD: Ri= 0,51 (hexano-acetato de etila 1:1 v/v).
Tf=151,0-151,4 °C.

IV (ATR) vmax: 3251, 3132, 3087, 3057, 2998, 2927, 2860, 1697, 1608, 1556,
1512, 1437, 1341, 1170, 802, 672, 483. O espectro é apresentado na Figura 103,
pg. 290 do anexo.

RMN de 'H (300 MHz, CDCls) 6: 2,34 (s, 3H, CHa); 4,64 (s, 2H, H-7); 4,77 (dap,
2H, J=0,7 Hz, H-8); 7,16 (d, 2H, J = 8,0 Hz, H-3/H-5); 7,26 (dap, 2H, J = 8,0 Hz,
H-2/H-6); 7,54-7,55 (m, 2H, H-2'/H-3’); 7,77 (dd, 2H, J1 = 4,4 Hz, J- = 1,7 Hz, H-
2”/H-5"); 8,04 (t, 1H, J= 0,7 Hz, H-10); 8,82 (dd, 2H, J1 = 4,4 Hz, J» = 1,7 Hz, H-
3”/H-4"); 9,12 (s, 1H, H-5’); 11,18 (s, 1H, NH). O espectro é apresentado na
Figura 104, pg. 291 do anexo.

RMN de 3C (75 MHz, CDCls) 6: 21,1 (CHs); 63,2 (C-8); 73,1 (C-7); 120,7 (C-2’);
120,8 (q, 3Jc-F= 4,0 Hz, C-5'); 121,7 (q, 3JcF = 3,8 Hz, C-3’); 122,4 (C-10); 123,1
(9, 'Jer=271,0 Hz, CF3); 123,2 (C-2"/C-5"); 128,1 (C-2/C-6/C-1’); 129,2 (C-3/C-
5); 131,5 (C-6’); 131,8 (q, 2Jc-r = 33,3 Hz, C-4'); 134,2 (C-1); 137,9 (C-4); 140,6
(C-17); 146,6 (C-9); 151,0 (C-3”/C-4"); 163,6 (C-6”). O espectro € apresentado
na Figura 105, pg. 292 do anexo.

N-(2-(4-((4-iodofenoxi)metil)-1H-1,2,3-triazol-1-il)-5-
(trifluorometil)fenil)isonicotinamida (5j)
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45 (51)

Caracteristica: sélido branco.
CCD: Ri= 0,563 (hexano-acetato de etila 1:1 v/v).
Tf=212,7-213,0 °C.

IV (ATR) vmax: 3262, 3158, 3117, 3050, 2946, 2886, 1668, 1597, 1538, 1486,
1326, 1233, 1114, 995, 821, 687, 509. O espectro é apresentado na Figura 106,
pg. 293 do anexo.

RMN de 'H (300 MHz, DMSO-ds) &: 7,36 (s, 2H, H-7); 9,03 (d, 2H, J= 9,2 Hz, H-
2/H-6); 9,72 (d, 2H, J = 9,2 Hz, H-3/H-5); 9,85 (dd, 2H, J1 = 4,4 Hz, J> = 1,7 Hz,
H-2”/H-5”); 10,34 (dd, 1H, J1 = 8,8 Hz, J» = 2,1 Hz, H-3’); 10,12 (d, 1H, J = 8,8
Hz, H-2’); 10,36 (d, 1H, J= 2,1 Hz, H-5); 10,93 (dd, 3H, Ji1 = 4,4 Hz, J> = 1,7 Hz,
H-3"/H-4"/H-9); 12,88 (s, 1H, NH). O espectro é apresentado na Figura 107, pg.
294 do anexo.

RMN de '3C (75 MHz, DMSO-ds) &: 63,5 (C-7); 86,2 (C-4); 120,1 (C-2/C-6); 124,1
(C-2'); 126,0 (q, 'Jc-F = 271,0 Hz, CF3); 1226,6 (q, 3Jc-F = 3,8 Hz, C-57); 127,2 (q,
8JcF=3,8 Hz, C-3’); 128,2 (C-2"/C-5"); 129,5 (C-9); 132,4 (q, 2Jc-F = 32,3 Hz, C-
4’); 134,4 (C-1°); 137,1 (C-6’); 140,6 (C-3/C-5); 143,2 (C-17); 145,6 (C-8); 152,9
(C-37/C-4"); 160,4 (C-1); 166,9 (C-6"). O espectro é apresentado na Figura 108,
pg. 295 do anexo.

2.3.6. Sintese das amidas 5k-5t

N-(2-(4-(fenoximetil)-1H-1,2,3-triazol-1-il)-5-(trifluorometil)fenil)benzamida
(5k)
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(Sk)

A um balao de fundo redondo (100 mL) foram adicionados acido benzdico
(0,082 g, 0,675 mmol), TBTU (0,217 g, 0,675 mmol), trietilamina (0,09 mL, 0,675
mmol) e 5,00 mL de acetato de etila. A mistura foi mantida sob agitacao
magnética, a temperatura ambiente, por 10 minutos. Posteriormente foi
adicionado 0 composto 2-(4-(fenoximetil)-1H-1,2,3-triazol-1-il)-5-
(trifluorometil)anilina (4a) (0,150 g, 0,450 mmol) e o sistema foi mantido nas
mesmas condicoes por 8 dias. Apds o término da reacao, evidenciado por CDD,
30 mL de agua destilada foram adicionados a mistura e esta foi transferida para
um funil de separagdo. A fase organica foi separada, lavada com solucéo
saturada de carbonato de sédio, seca com sulfato de sédio anidro e concentrada
sob presséao reduzida. O composto 5k foi purificado por coluna cromatografica
de silica gel eluida com hexano-acetato de etila-cloroférmio (4:1:1 v/v) e obtido
com 17% (0,033 g, 0,075 mmol) de rendimento.

Caracteristica: solido amarelo.
CCD: Ri= 0,57 (hexano-acetato de etila-cloroférmio 4:1:1 v/v).
Tf=167,2-167,5 °C.

IV (ATR) vmax: 3273, 3150, 3109, 3072, 2964, 2924, 2849, 1731, 1660, 1601,
1534, 1497, 1330, 1259, 1170, 1014, 790, 683, 509. O espectro é apresentado
na Figura 2.34 (pg. 146).

RMN de 'H (300 MHz, CDCls) 4: 5,34 (d, 2H, J= 0,8 Hz, H-7); 6,98- 7,04 (m, 3H,
H-2/H-6/H-4); 7,29-7,35 (m, 2H, H-3/H-5); 7,49-7,61 (m, 5H, H-2’/H-3'/H-3"/H-
4”/H-5"); 7,93-7,97 (m, 2H, H-2"/H-6"); 8,11 (t, 1H, J = 0,8 Hz, H-9); 9,14 (dap,
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1H, J = 1,5 Hz, H-5’); 10,82 (s, 1H, NH). O espectro é apresentado na Figura
2.35 (pg. 147).

RMN de '3C (75 MHz, CDCl3) &: 61,7 (C-7); 114,7 (C-2/C-6); 120,9 (q, 3Jc-F= 3,8
Hz, C-5%); 121,0 (q, 3Jcr = 3,8 Hz, C-3’); 121,7 (C-2); 122,8 (C-9); 123,5 (C-4);
125,0 (q, 'Je.r = 271,5 Hz, CF3); 127,2 (C-2”/C-6”); 128,1 (C-1’); 129, (C-3”/C-
5”); 129,6 (C-3/C-5); 131,9 (q, 2Jc-F = 33,0 Hz, C-4’); 132,4 (C-6’); 132,5 (C-4”);
133,5 (C-17); 145,4 (C-8); 157,9 (C-1); 165,5 (C-7"). O espectro é apresentado
na Figura 2.36 (pg. 148).

Os compostos 5I-5t foram sintetizados empregando-se a mesma
metodologia descrita para o preparo do composto 5k. Na Tabela 2.5, pg. 83
estdo apresentadas informacgdes relativas as reagdes realizadas para o preparo
dos compostos 51-5t. Os compostos foram purificados utilizando como eluente

hexano-acetato de etila-cloroférmio (4:1:1 v/v).



Tabela 2.5 — Informacdes relativas as reacdes realizadas para o preparo dos compostos 51-5t

CF CF
3 © TBTU, Et;N °
f_<f\N . HO mmwmdeeMa= /‘ﬂ%\N
/ t. a. /
N R-0O N=N HN__O

R-O N= NH,
(4b-4j) (51-5t)
Massa de
g Massa de
Massa de acido
o . Massa de TBTU Tempo produto
c anilina(g)’ ~ benzoico 0 antidade  VOMNME 4o obtida (g)  Rendimento
omposto R Quantidade (g)/ L de Et:N = .
de matéria Quantidade de materia (mL) reacao Quantlc’la_de (%)
(mmol) de matéria (mmol) (dias) (drﬁg;t)e"a
(mmol)
4 0,150/0,430 0,0900/
51 @J“ 0,079/0,645 0,207/0,645 8 0,071/0,157 36
(4b) 0,645
~/  0,150/0,350 0,073/
5m Br@—/ 0,065/0,525 0,169/0,525 8 0,068/0,128 36
(4c) 0,525
~.0,150/0,390 0,080/
5n CI4©—/ 0,072/0,585 0,189/0,585 8 0,098/0,201 51
(4d) 0,585
B - 0,150/0,370 0,078/
50 0,068/0,560 0,180/0,560 8 - -
OCH,8 (4e) 0,560

O volume de acetato de etila utilizado em todas as reagdes foi de 5,00 mL.
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Tabela 2.5 — Continuacao

Massa de
. Massa de
Massa de acido
anilina (g)/ benzéico Massa de_TBTU Volume Tempo pro_duto .
. (g)/Quantidade de obtida (g)/ Rendimento
Composto R Quantidade (g)/ d - de ET:N ~ . o
. . e matéria reacdo Quantidade (%)
de matéria Quantidade (mmol) (mL) (dias)  de matéria
(mmol) de matéria
(mmol)
(mmol)
3 0,150/0,410 0,085/
5p 0,075/0,615 0,197/0,615 - -
OCH, (4f) 0,615
OHC §— 0,150/0,380 0,079/
5q 0,069/0,570 0,183/0,570 8 - -
OCH, (49) 0,570
L, 0,150/0,400 0,084/ 0,043/
5r F 0,073/0,600 0,193/0,600 8 22
(4h) 0,600 0,0914
0,150/0,410 0,086/ 0,013/
5s . 0,076/0,620 0,199/0,620 8 7
(4i) 0,620 0,0279
0,150/0,320 0,067/ 0,020/
5t ' i ) 0,059/0,480 0,154/0,480 11
(4j) 0,480 0,0354

O volume de acetato de etila utilizado em todas as reagdes foi de 5,00 mL.
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As estruturas dos compostos 5I-5t sdo suportadas pelos dados

apresentados a seguir.

N-(2-(4-((benziloxi)metil)-1H-1,2,3-triazol-1-il)-5-

(trifluorometil)fenil)benzamida (51)

CF3
&

Caracteristica: solido amarelo.
CCD: Ri= 0,41 (hexano-acetato de etila-cloroférmio 4:1:1 v/v).
Tf=133,1 - 133,6 °C.

IV (ATR) vmax: 3259, 3147, 3109, 3069, 2961, 2916, 2864, 1697, 1653, 1601,
1538, 1452, 1326, 1125, 1044, 821, 694, 501. O espectro € apresentado na
Figura 109, pg. 296 do anexo.

RMN de 'H (300 MHz, CDCls) o: 4,68 (s, 2H, H-7); 4,80 (d, 2H, J = 0,6 Hz, H-8);
7,29- 7,39 (m, 5H, H-2/H-3/H-4/H-5/H-6); 7,47-7,55 (m, 5H, H-2’/H-3'/H-3"/H-
4”/H-5"); 7,93-7,96 (m, 2H, H-2"/H-6"); 8,03 (t, 1H, J = 0,6 Hz, H-10); 9,13 (s,
1H, H-5%); 10,86 (s, 1H, NH). O espectro é apresentado na Figura 110, pg. 297
do anexo.

RMN de '3C (75 MHz, CDCls) 6: 63,4 (C-8); 73,1 (C-7); 120,8 (q, 3Jc.F = 4,0 Hz,
C-5);121,0 (q, 3Jc-F= 3,8 Hz, C-3’); 122,7 (C-2'); 123,3 (q, 'Jc-F=271,0 Hz, CF3);
123,4 (C-10); 127,3 (C-2”/C-6"); 127,9 (C-2/C-6); 128,0 (C-4); 128,2 (C-1’); 128,4
(C-4"); 128,5 (C-3/C-5); 129,0 (C-3”/C-5"); 130,1 (C-6’); 131,8 (q, 2Jc-F = 33,0
Hz, C-4’); 133,6 (C-1”); 137,3 (C-1); 146,3 (C-9); 165,6 (C-7"). O espectro &
apresentado na Figura 111, pg. 298 do anexo.

N-(2-(4-(((4-bromobenzil)oxi)metil)-1H-1,2,3-triazol-

1-il)-5-(trifluorometil)fenil)benzamida (5m)
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Caracteristica: sélido branco.
CCD: Rs= 0,30 (hexano-acetato de etila-cloroformio 4:1:1 v/v).
Tf=120,2 - 121,3 °C.

IV (ATR) vmax: 3273, 3161, 3087, 3061, 2968, 2916, 2871, 1697, 1653, 1579,
1504, 1482, 1326, 1117, 1111, 873, 709, 598. O espectro € apresentado na
Figura 112, pg. 299 do anexo.

RMN de 'H (300 MHz, CDCls) o: 4,62 (s, 2H, H-7); 4,78 (d, 2H, J = 0,8 Hz, H-8);
7,22- 7,26 (m, 2H, H-2/H-6); 7,45-7,57 (m, 7H, H-3/H-5/H-2"/H-3’/H-3"/H-4"/H-
5”); 7,92-7,95 (m, 2H, H-2"/H-6"); 8,03 (t, 1H, J = 0,8 Hz, H-10); 9,12 (s, 1H, H-
5’); 10,83 (s, 1H, NH). O espectro € apresentado na Figura 113, pg. 300 do
anexo.

RMN de '3C (75 MHz, CDCls) 6: 63,4 (C-8); 72,3 (C-7); 120,9 (q, 3Jc.F = 3,8 Hz,
C-5'); 121,0 (q, 3Jc.r = 3,8 Hz, C-3'); 121,9 (C-4); 122,8 (C-2'); 123,2 (q, 'Jcr =
271,0 Hz, CF3); 123,4 (C-10); 127,2 (C-2”/C-6"); 128,2 (C-1’); 128,4 (C-4"); 129,0
(C-3”/C-5"); 129,5 (C-2/C-6); 130,1 (C-6’); 131,6 (C-3/C-5); 131,8 (q, 2JcF = 30,8
Hz, C-4’); 133,4 (C-1"); 136,3 (C-1); 146,0 (C-9); 165,6 (C-7”). O espectro &
apresentado na Figura 114, pg. 301 do anexo.

N-(2-(4-(((4-clorobenzil)oxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)benzamida (5n)
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Caracteristica: sélido branco.
CCD: Ri= 0,28 (hexano-acetato de etila-cloroférmio 4:1:1 v/v).
Tf =123,4 — 124,5 °C.

IV (ATR) vmax: 3273, 3161, 3124, 3091, 3061, 2968, 2916, 2875, 1653, 1579,
1504, 1486, 1326, 1177, 1111, 1073, 832, 717. O espectro € apresentado na
Figura 115, pg. 302 do anexo.

RMN de 'H (300 MHz, CDCIs) : 4,63 (s, 2H, H-7); 4,78 (d, 2H, J= 0,7 Hz, H-8);
7,29- 7,34 (m, 4H, H-2/H-3/H-5/H-6); 7,47-7,59 (m, 5H, H-2'/H-3'/H-3"/H-4"/H-
5”); 7,92-7,95 (m, 2H, H-2"/H-6"); 8,03 (t, 1H, J = 0,7 Hz, H-10); 9,11 (s, 1H, H-
5’); 10,82 (s, 1H, NH). O espectro € apresentado na Figura 116, pg. 303 do
anexo.

RMN de 3C (75 MHz, CDCIs) &: 63,4 (C-8); 72,2 (C-7); 120,9 (q, 3Jc-r = 3,8 Hz,
C-5');121,0 (q, 3Jcr= 3,8 Hz, C-3'); 122,1 (C-2); 123,2 (q, 'Jc-Fr=271,3 Hz, CF3);
123,4 (C-10); 127,2 (C-27/C-6"); 128,2 (C-1"); 128,7 (C-3/C-5); 129,0 (C-3”/C-
5”); 129,2 (C-2/C-6); 131,8 (q, 2JcF = 33,5 Hz, C-4’); 132,3 (C-1"); 132,5 (C-4");
133,4 (C-6’); 133,8 (C-4); 135,8 (C-1); 146,0 (C-9); 165,6 (C-7"). O espectro &
apresentado na Figura 117, pg. 304 do anexo.

N-(2-(4-(((4-fluorobenzil)oxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)benzamida (5r)
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(5r)

Caracteristica: sélido laranja.
CCD: Ri= 0,66 (hexano-acetato de etila 3:1 v/v).
Tf=91,8-92,7 °C.

IV (ATR) vmax: 3251, 3143, 3106, 3069, 2968, 2938, 2857, 1694, 1653, 1605,
1504, 1419, 1326, 1222, 1122, 1040, 824, 709, 568. O espectro é apresentado
na Figura 118, pg. 305 do anexo.

RMN de 'H (300 MHz, CDCls) : 4,62 (s, 2H, H-7); 4,78 (d, 2H, J= 0,7 Hz, H-8);
7,083 (tap, 2H, J = 8,7 Hz, H-3/H-5), 7,45- 7,59 (m, 7H, H-2/H-6/H-2’/ H-3'/H-3"/H-
4”IH-5"); 7,92-7,95 (m, 2H, H-2"/H-6"); 8,04 (t, 1H, J = 0,7 Hz, H-10); 9,11 (s,
1H, H-5%); 10,84 (s, 1H, NH). O espectro é apresentado na Figura 119, pg. 306
do anexo.

RMN de '3C (75 MHz, CDCIs) 6: 63,4 (C-8); 72,3 (C-7); 115,4 (d, 2Jc-F= 21,0 Hz,
C-3/C-5);120,9 (q, 3Jc.r = 3,8 Hz, C-5'); 121,0 (q, °Jc-F = 3,4 Hz, C-3’); 122,8 (C-
2'); 123,2 (q, 'Je-F = 271,3 Hz, CF3); 123,4 (C-10); 127,2 (C-2"/C-6"); 128,2 (C-
1"); 128,4 (C-4"); 129,0 (C-3”/C-5"); 129,7 (d, 3Jc.r = 8,3 Hz, C-2/C-6); 131,8 (q,
2Jc.F = 33,3 Hz, C-4’); 132,3 (C-1"); 133,1 (d, *Jc.r = 3,0 Hz, C-1); 137,0 (C-6’);
146,0 (C-9); 162,5 (d, 'Jcr = 244,5 Hz, C-4); 165,6 (C-7"). O espectro é

apresentado na Figura 120, pg. 307 do anexo.

N-(2-(4-(((4-metilbenzil)oxi)metil)-1H-1,2,3-triazol-
1-il)-5-(trifluorometil)fenil)benzamida (5s)
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3 N (5s)

Caracteristica: sélido branco.
CCD: Ri= 0,49 (hexano-acetato de etila 3:1 v/v).
Tf=141,9-142,5 °C.

IV (ATR) vmax: 3265, 3158, 3087, 2968, 2927, 2860, 1731, 1653, 1619, 1579,
1490, 1330, 1116, 1114, 876, 691. O espectro é apresentado na Figura 121, pg.
308 do anexo.

RMN de 'H (300 MHz, CDCIs) 6: 3,26 (s, 3H, CH3); 5,55 (s, 2H, H-7); 5,70 (s, 2H,
H-8); 8,08 (d,2H, J = 7,4 Hz, H-3/H-5), 8,18 (d, 2H, J = 7,4 Hz, H-2/H-6); 8,40-
8,47 (m, 5H, H-2’/ H-3'/H-3”/H-4"/H-5"); 8,86 (d,2H, J = 8,4 Hz, H-2"/H-6"); 8,92
(s, 1TH, H-10); 10,06 (s, 1H, H-5’); 11,79 (s, 1H, NH). O espectro é apresentado
na Figura 122, pg. 309 do anexo.

RMN de '3C (75 MHz, CDCIs) 6: 22,0 (CHs); 64,2 (C-8); 74,0 (C-7); 121,7 (q, 3Jc-
F=4,1Hz, C-5); 121,9 (q, 3Jc-F = 3,8 Hz, C-3'); 123,6 (C-2’); 124,1 (q, 'Jcr =
270,0 Hz, CF3); 124,2 (C-10); 128,2 (C-2/C-6); 129,0 (C-2”/C-6”); 129,3 (C-1’);
129,9 (C-3"/C-5"); 130,1 (C-3/C-5); 132,7 (q, 2Jc-F = 33,5 Hz, C-4’); 133,2 (C-6');
133,4 (C-4”); 134,4 (C-17); 135,2 (C-1); 138,7 (C-4); 147,3 (C-9); 166,4 (C-7"). O
espectro é apresentado na Figura 123, pg. 310 do anexo.

N-(2-(4-((4-iodofenoxi)metil)-1H-1,2,3-triazol-1-il)-5-
(trifluorometil)fenil)benzamida (5t)
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| 4 5 (5t)

Caracteristica: sélido branco.
CCD: Rs¢= 0,56 (hexano-acetato de etila 3:1 v/v).
Tf=176,9-177,5 °C.

IV (ATR) vmax: 3247, 3165, 3094, 3057, 2927, 2890, 2853, 1653, 1582, 1504,
1482, 1326, 1233, 1114, 995, 691, 509. O espectro é apresentado na Figura 124,
pg. 311 do anexo.

RMN de 'H (300 MHz, CDCIs) &: 5,28 (s, 2H, H-7); 6,78 (d,2H, J = 8,7 Hz, H-
2/H-6); 7,48-7,60 (m, 7H, H-3/H-5/H-2’/ H-3'/H-3"/H-4"/H-5"); 7,91-7,94 (m, 2H,
H-2”/H-6"); 8,10 (s, 1H, H-9); 9,12 (s, 1H, H-5’); 10,76 (s, 1H, NH). O espectro é
apresentado na Figura 125, pg. 312 do anexo.

RMN de '3C (75 MHz, CDCls) &: 61,7 (C-7); 83,9 (C-4); 117,0 (C-2/C-6); 121,0
(9, 3JeF=4,1 Hz, C-5'); 121,1 (q, 3Jcr = 3,8 Hz, C-3'); 122,9 (C-2’); 123,2(q, 'Jc-
F=275,1 Hz, CF3); 123,6 (C-9); 127,2 (C-2”/C-6"); 128,1 (C-1"); 129,0 (C-3"/C-
5”); 132,0 (q, 2Jc-F = 33,3 Hz, C-4’); 132,3 (C-6’); 132,6 (C-4"); 133,4 (C-17);
138,4 (C-3/C-5); 144,8 (C-8); 157,8 (C-1); 165,5 (C-7”). O espectro é
apresentado na Figura 126, pg. 313 do anexo.

2.4. INVESTIGACAO DAS ESTRUTURAS DOS COMPOSTOS 3a, 4a E 5a POR
DIFRACAO DE RAIO X DE MONOCRISTAL (DRXM)

Os cristais foram selecionados para o experimento de DRXM e tiveram
seus parametros de cela unitaria determinados. Apds indexacao das celas
unitarias usando o conjunto de programas HKL Denzo-Scalepack
(OTWINOWSKI & MINOR, 1997), a configuragéao angular do difratdmetro Kappa-
CCD (Enraf-Nonius®), equipado com uma camera CCD (Charge-Coupled
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Device) de 95 mm como detector e geometria angular k, foi calculada assumindo
liberdade dos eixos f e w, com o eixo k fixo, usando o programa COLLECT. Uma
vez determinada a estratégia de coleta, os dados completos de DRXM foram
coletados a temperatura ambiente (298 K) apds exposigéo a radiagdo MoKa (A
= 0,71073 A) monocromada por grafite e gerada a 60 kV e 33 mA. Nao foi
aplicada corregdo por absorcdo aos dados devido ao baixo coeficiente de
absorcdo das amostras, desprovidas de metais. Apds a coleta dos dados
completos, as reflexdes foram indexadas, integradas e corrigidas por fatores de
escala fisicos e geométricos, e cristalograficos, devido as equivaléncias por
simetria. Para estes propésitos, o programa HKL Denzo-Scalepack foi utilizado
(OTWINOWSKI & MINOR, 1997).

Os dados tratados de difracao de raios X foram analisados como segue:
resolucao da estrutura cristalina através dos métodos diretos de recuperacao de
fase com o programa SHELXS-97 (SHELDRICK, 2008); refinamento dessa
estrutura pelo método dos minimos quadrados de matriz completa utilizando o
quadrado dos fatores de estrutura com o programa SHELXL-97 (SHELDRICK,
2008). Os programas utilizados na resolugao e refinamento da estrutura foram
acessados por meio da interface de programas de cristalografia WinGX
(FARRUGIA, 1999). Posicoes fixas e parametros térmicos isotropicos fixos
[Uso(H) = 1,2Ueq(C, N) foram adotados para os atomos de hidrogénio

acompanhando as posicdes dos carbonos e nitrogénios aos quais foram ligados.
2.4.1. Dados cristalograficos

Nas Tabelas 2.6, pg. 92 e 2.7, pg. 93, estdo apresentados os dados
cristalogréaficos correspondentes aos compostos 3a, 4a e 5a.
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Tabela 2.6 - Dados cristalogréaficos e refinamento estrutural dos compostos 3a,

4a, 5a.
Composto 3a 4a Sa
Fémula minima CieHi11F3N4O3  CieHisFsN4O - CoHi6F3Ns502
Massa molar da férmula
o 364.29 334.30 439.40
minimia (g/mol)
Sistema cristalino monoclinico monoclinico monoclinico
Grupo espacial P2(1)/c P21/c P21/n
Z/7Z’ 4/0 4/0 4/0
Dimensoes da a(A) 20.155(7) 17.555(13) 4.9738(15)
cela unitaria b (A) 5.5306(15) 11.708(8) 21.948(9)
¢ (A) 14.913(5) 7.542(4) 17.966(6)
a(®) 90 90 90
L) 107.381(15) 94.08(2) 91.401(16)
7(°) 90 90 90
Volume da célula unitdria (A3) 1586.4(9) 1546.2(18) 1960.7(12)
Densidade calculada (mg/m?) 1.525 1.436 1.488
Coeficiente de absorcao
0.131 0.118 0.118
p (mm™)
Intervalo @ para coleta de
dados (°)
Intervalos dos P
indices
k
[

Reflexdes coletadas
Reflexdes independentes
Reflexdes tnicas com I >2c(J)
Fator de simetria (Rint)
Completeza para 8=25° (%)
F (000)

Parametros refinados
Concordancia sobre F?
Indice residual para 1>2c(])
wR2 para todos os dados
APmix/Apmin (e/A%)

2.118 10 25.194 2.092 to 24.611

24 to 24 -20to 20
-5t06 -13to 13
-16to 17 -8to 6
6318 8808
2857 2612
2043 1607
0.0374 0.0553
98.8 98.5
744.0 688.0
236 217
1.042 1.435
0.0529 0.1195
0.1601 0.3996
0.4/-0.4 0.9/-0.8

2.175 to 25.552

-5to6

-16to 26
-21to 21
7503
3650
1739
0.0703
95.0
904.0
290
0.956
0.0629
0.1796
0.4/-0.3
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Tabela 2.7 - Distancias interatdmicas (A) e angulos interatbmicos (°) para as

estruturas dos compostos 3a, 4a, 5a.

Composto D-H::-A (A) D-H (A) H:--A(A) D---A (A) D-H---A (°)

3a C8-H8---N3 0.93 2.52 3.345(3) 148
C6-H6---O3 0.93 2.69 3.341(4) 128
C8-H8---O1 0,93 2.76 2.862(3) 87
C4---N2 3.14

4a N4-H4B---N2 0.86 2.32 2.873(6) 122
N4-H4B---N3 0.86 2.47 3.075(7) 128
C7-H7---F2 0.93 2.58 3.451(12) 155
N4-H4A.--O1 0.86 2.66 3.407(6) 147
N4-H4A.--C11 0.86 2.69 3.442(7) 146
C16-H16---N2 0.93 2.72 3.606(7) 160
C6-H6---C3 0.93 2.90 3.710(8) 147
N3---N4 3.08 3.075(7)

Sa N4-H4---02 0.86 2.01 2.860(4) 169
C6-H6---N5 0.93 2.60 3.479(5) 158
C16-H16---N3 0.93 2.63 3.512(5) 159
C8-H8---N5 0.93 2.68 3.496(5) 146
C22-H22---01 0.93 2.70 3.599(5) 163
C10-H10B---C15 0.97 2.88 3.805(6) 161
C14-H14---C20 0.93 3.13 4.033(7) 164
C20-H20---C14 0.93 3.23 4.033(7) 146

2.5. RESULTADOS E DISCUSSAO

O SRPIN 340 possui trés regides onde alteragdes estruturais podem ser
buscadas visando a obtencdo de novas substancias bioativas (Figura 2.4, pag.
94).
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Figura 2.4 — Estrutura do SRPIN 340 e regides I, Il e Ill que podem ser

modificadas para a obtengédo de novos compostos potencialmente bioativos.

Fonte: Elaborada pelo préprio autor.

Em investigacbes realizadas pelo Grupo de Sintese e Pesquisa de
Compostos Bioativos (GSPCB), uma série de vinte e dois compostos
estruturalmente similares ao SRPIN 340 foi sintetizada, apresentando
modificacées estruturais nas regiées Il e Ill. Os compostos obtidos foram
avaliados com respeito a seus efeitos contra diferentes linhagens de células
leucémicas. Observou-se que a poténcia dos compostos depende dos grupos
presentes nas regides Il e lll. Em particular, encontrou-se que os compostos mais
ativos em termos de seus efeitos contra as linhagens de células leucémicas (ICso
variando entre 6 e 35,7 pmol L") foram aqueles que apresentaram como
caracteristica estrutural comum a presenca do grupo p-bromo benzilamino na
regido Il (Figura 2.5). As amidas i, ii e iii, de modo geral, foram mais ativas do
que o SRPIN340 (SIQUEIRA et al., 2017).

CF; CF3 CF3
(@] (@] (@]
NH H 7 NH H pZ NH H
/@/ Cl N /©/ N /@/
B Br

(i) (i) (iii)

Br r

Figura 2.5 — Estruturas dos compostos i, ii e iii, estruturalmente similares ao
SRPIN 340 e que apresentaram os melhores resultados quando avaliados contra
diferentes linhagens de células de leucemia (SIQUEIRA et al., 2017).

Fonte: Elaborada pelo préprio autor.
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A mesma série de vinte e dois compostos similares ao SRPIN 340
mencionada anteriormente também foi avaliada com respeito aos seus efeitos
sobre o transporte de elétrons da fotossintese (TEIXEIRA et al, 2017).
Interessantemente, os compostos mais ativos e que foram capazes de inibir 0
transporte de elétrons fotossintético como avaliado in vitro corresponderam aos
derivados i e iii (Figura 2.5 pg. 94), que apresentaram valores de ICsp préximos
de 1 pmol L'. Os compostos i e iii também foram mais ativos que o préprio
SRPIN 340 no que tange ao efeito sobre o transporte de elétrons da fotossintese.
Os resultados descritos mostram que o SRPIN 340 é uma substancia
interessante e que modificagdes em sua estrutura podem resultar em compostos
com melhoria de bioatividades.

No GSPCB, pesquisas vém sendo desenvolvidas explorando o potencial
bioativo de compostos contendo fragmentos 1,2,3-triaz6licos. Neste contexto,
tém sido reportadas investigacbes descrevendo efeitos leishmanicida,
citotdéxicos, antiviral, fotoprotetor e antimetastatico de compostos contendo a
funcionalidade 1,2,3-triazol (TEIXEIRA et. al, 2019; LIMA et al., 2019;
TEIXEIRA et. al., 2018, GAZOLLA et. al., 2018; LIMA et. al., 2018; OLIVEIRA et.
al., 2019; MOREIRA et. al., 2018). Deste modo, vislumbrou-se que a preparacao
de compostos inspirados no SRPIN 340 contendo fragmentos triazolicos poderia
resultar em substancias bioativas. Serdao descritos a seguir o planejamento da
sintese de amidas inspiradas no SRPIN 340 contendo o grupo 1,2,3-triazol bem
como as transformagdes que foram utilizadas para a obtencdo destes
compostos.

O plano sintético inicialmente pensado para a sintese dos derivados do
SRPIN 340 com anéis triazélicos é mostrado no Esquema 2.2, pg. 96. Desde
modo, a obtencdo dos derivados seria feita empregando como material de
partida o composto disponivel comercialmente  1-fluoro-2-nitro-4-
(trifluorometil)benzeno. Além de reagdes de acilacdo, substituicdo nucleofilica
bimolecular (Sn2), reducdo e substituicao nucleofilica aromatica (SNAr),
planejou-se a utilizagdo da reacao “click”, entre alquinos terminais e azidas

aromaticas como a etapa chave da rota sintética.
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CF3 CF3
)OJ\ Acilagéo (0]
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le) 0]
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CF3 CF; CF3
Reagéo de redugéo Reagéo S\2
NH, N, ———— No, T
0 o) OH
=/ (@ = / ) )
CF3 CFs
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N02 N02

OH 0

1-fluoro-2-nitro-4-(trifluorometil)benzeno
Esquema 2.2 — Primeiro plano retrossintético pensado para a producao de
derivados do SRPIN 340 com anéis triazdlicos. Ar corresponde a diferentes

aromaticos. SNAr refere-se a reacao de substituicdo nucleofilica aromatica.

Fonte: Elaborado pelo préprio autor.

De acordo com o plano retrossintético, o material de partida 1-fluoro-2-
nitro-4-(trifluorometil)benzeno seria convertido no fenol | via reagdo de
substituicdo nucleofilica aromatica conduzida em meio basico. A conversao do
fenol no alquino Il seria possivel por meio de uma reacdo Sn2 entre | e brometo
de propargila. A reducao do grupo nitro do alquino Il resultaria na amina lll que,
por sua vez, sofreria processos de acilagdo com cloretos de acila resultando em
IV. Por fim, reagdes click entre IV e diferentes azidas aromaticas levariam a
formagéo dos derivados do SRPIN 340 com grupos triazdlicos V.

Na tentativa de implementar o plano mostrado no Esquema 2.2, buscou-
se sintetizar o composto 2-nitro-4-(trifluorometil)fenol (I) via reacédo de
substituicdo nucleofilica aromatica em condicées basicas. Neste sentido,
algumas metodologias foram testadas para a sintese de |, conforme mostrado

no Esquema 2.3, pg. 97 (CHAFFEE, et. al., 2010; CHU, et. al., 2012).
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1. KOH (5 mol L"), 90 °C, 5 h
2. HCI (1 mol L NO,
(19%) OH
M

1. NaHCO; (saturada),

100 °C, 5h
2. HCI (1 mol L"), pH 6
(B) -
NO,

1. NaOH (1 mol L),
DMSO, 80 °C, 20 h
2. HCI (1 mol L"), pH 5

Y

NO,

CF3 NaOH, BU4NBr
H,0, tolueno
(D) 24 h .
NO,
F

Esquema 2.3 — Métodos A, B, C e D testados para sintese do 2-nitro-4-
(trifluorometil)fenol (1).

Fonte: Elaborado pelo préprio autor.

De acordo com o Esquema 2.3, apenas a reacao A forneceu o produto
fendlico, mas com rendimento de apenas 19%. Nas outras rea¢dées ndao houve
formacao do produto desejado. Devido a esse baixo rendimento para a primeira
etapa de uma rota sintética, a proposta de sintetizar o fenol I foi abandonada.

De acordo com a analise retrossintética mostrado no Esquema 2.2 pg. 96,
a obtencao dos derivados do SRPIN 340 contendo anéis triazolicos requereria o
alquino Il. Cogitou-se obter diretamente este composto via reacao do 1-fluoro-2-
nitro-4-(trifluorometil)benzeno com alcool propargilico. Neste sentido, duas
reacdes foram realizadas (Esquema 2.4, pg. 98) segundo metodologia descrita
por CANO e colaboradores (2011).
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CF5 CFs
_ KOH, DMSO
(E) =\ >
NO, OH 120 °C NO,
F (13%) o __
(I
CF3 CF3
_ K,CO3, DMSO
(F) v =\ -
NO, OH 120 °C NO,
F (41%) o0 —

(In
Esquema 2.4 — Metodologias E e F testadas para sintese do 2-nitro-1-(prop-2-
in-1-iloxi)-4-(trifluorometil)benzeno (Il).

Fonte: Elaborado pelo préprio autor.

Conforme pode ser observado no Esquema 2.4, o alquino Il foi obtido e
houve uma melhoria no rendimento, de 13% na reacao E para 41% na reacéo F,
com a mudanca da base (de KOH para K2COs). Ainda assim, esse rendimento
nao era satisfatério para uma reacado que seria a primeira etapa de uma rota
sintética que teria mais quatro etapas seguintes.

Diante do exposto, uma nova abordagem foi pensada para o preparo dos
compostos triazélicos derivados do SRPIN 340, conforme mostrado no Esquema
2.5, pg. 99.
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Esquema 2.5 - Segundo plano retrossintético para a producéao de derivados do
SRPIN 340 com anéis triazolicos. Ar corresponde a diferentes grupos aromaticos

e SNnAr corresponde a reacgao substituicdo nucleofilica aroméatica.

Fonte: Elaborado pelo préprio autor.

De acordo com este segundo plano retrossintético, a reacdo de
substituicdo nucleofilica aromatica (SnAr) seria novamente utilizada, mas desta
vez com o proposito de obter a azida 1. Esta, por sua vez, seria convertida nos
derivados triazolicos de estrutura geral 3 por intermédio de reagdes “click” com
diferentes alcinos terminais de estrutura geral 2. A reducao dos 1,2,3-triazbis 3,
seguida de acilagao resultaria nos derivados do SRPIN 340 de estrutura geral 5.

A preparagao do composto 1 via substituicdo nucleofilica aromatica se
mostrou bem sucedida. Conforme mostrado no Esquema 2.6, pg. 100, o
tratamento do 1-fluoro-2-nitro-4-(trifluorometil)lbenzeno (1) com azida de sédio

em DMSO, baseado na metodologia descrita por BORGATI e colaboradores
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(2011), resultou na obtencdo da azida aromatica 1 com 94% de rendimento apds

purificagao por cromatografia em coluna de silica gel.

CF; CF;
NaN3z, DMSO
NO, t. a. NO,
F N
1-fluoro-2-nitro-4-(trifluorometil) benzeno (1)
94%

Esquema 2.6 — Sintese da azida 1 por meio da reacdo de substituicdo
nucleofilicar aroméatica (SnAr) entre o composto disponivel comercialmente 1-

fluoro-2-nitro 4-trifluorometilbenzeno e azida de sédio.

Fonte: Elaborado pelo préprio autor.

O Esquema 2.7 mostra as etapas do mecanismo envolvido na formagao
da azida 1. A reacao € favorecida, uma vez que a carga negativa presente no
intermediario formado, o complexo de Meisenheimer, é estabilizada pelos grupos
retiradores de elétrons NO2 e CF3 (BRUICE, 2016).

CF3 CFs CFy
@®0 s ) .
(;\ * Na| Ns adicéo “ + Na eliminacéo . +  NaF
2 N
N02 E) N3 2
F N3

complexo de
Meisenheimer

CF, CF, CF,
o, -
<]
NO, NO, NO,
F7 N, F7 N, F N,

Esquema 2.7 — Mecanismo da reacdo de formacdo da azida 1. As formas
canbnicas resultantes da deslocalizagdo de elétrons no complexo de
Meisenheimer também sao apresentadas.

Fonte: Elaborado pelo préprio autor.

Inicialmente ocorre a adicdo do nucledfilo (N3) ao anel aromatico

formando um carbanion intermediario, o complexo de Meisenheimer.
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Posteriormente, com a restituicdo da aromaticidade, ocorre a eliminacao do
anion fluoreto e a formagao o composto 1.

Em termos de caracterizacdo do composto 1, no seu espectro no
infravermelho (Figura 2.6, pg. 102), podem ser observadas bandas em 3098 cm-,
atribuida ao estiramento de ligacdo C-H para carbonos com hibridizacdo sp?. A
banda intensa em 2121 cm relaciona-se ao estiramento da ligagao tripla entre
atomos de nitrogénio, indicando a formacgéo da azida. A banda em 1605 cm™!
refere-se ao estiramento da ligagdo C=C. As bandas em 1538 cm™' e 1315 cm™’
foram atribuidas aos estiramentos assimétrico e simétrico do grupo nitro e a
banda em 1125 cm™ ao estiramento da ligagdo C-F (BARBOSA, 2008).

No espectro de RMN de 'H do composto 1 (Figura 2.7, pg. 103), o dupleto
observado em &4 7,47 e integrado para um atomo de hidrogénio (J = 8,7 Hz) foi
atribuido ao hidrogénio H-6. Outro dupleto em 617,86 e integrado para um atomo
de hidrogénio (J = 8,7 Hz) foi relacionado ao hidrogénio H-5. O simpleto
observado em &1 8,20 e integrado para um atomo de hidrogénio refere-se ao
atomo H-3. Os valores das constantes de acoplamento estdo em concordancia
com a literatura, uma vez que estdo dentro da faixa de valores tipicos para
acoplamentos de hidrogénios em posigéo orto (Joro = 7-10 Hz) (PAVIA et. al.,
2010).

No espectro de RMN de "3C do composto 1 (Figura 2.8, pg. 104), observa-
se que o numero de sinais estd compativel com a estrutura do composto. Os
sinais em ¢c 121,5, 138,4 e 140,3 foram atribuidos aos carbonos C-6, C-1 e C-2,
respectivamente. Os demais sinais correspondem aos carbonos que fazem
acoplamento com os a&tomos de fluor do grupo trifluorometila (CFs). Em & 122,6,
encontra-se o sinal do grupo CFs e embora o quarteto completo nao tenha sido
observado, o valor da constante de acoplamento, 'Jc.r = 270,8 Hz, pode ser
calculado. O quarteto em &c 123,7 foi atribuido ao carbono C-3 (3Jc-F = 4,0 Hz).
Ja em & 127,3 encontra-se o quarteto referente ao carbono C-4 (2Jc-r = 35,3 Hz)

e em &c 130,5, observa-se o quarteto atribuido ao carbono C-5 (3Jc.r = 3,5 Hz).
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Salienta-se que os valores das constantes de acoplamento '9F-3C
calculadas a partir dos espectros de RMN de '3C estdo proximos aos valores das
constantes reportadas na literatura para este tipo de acoplamento (Figura 2.9)
(PRETSCH et. al., 1989).

a J (Hz)
CF,  (a)2717
b (b) 32 3
C (o3
© g ()1 3
e (e)~0

Figura 2.9 — Valores descritos para constantes de acoplamento '°F-13C.
Fonte: Reproduzida a partir de PRETSCH et. al., 1989, p. C245.

Conforme mostrado no plano sintético (Esquema 2.5 pg. 99), os
nitrocompostos contendo anéis triazélicos de estrutura geral 3 seriam obtidos via
reacao “click” entre a azida 1 e diferentes alquinos terminais. Assim, procedeu-
se a sintese dos alquinos de estrutura geral 2. O primeiro destes alquinos
sintetizados correspondeu ao (prop-2-in-1-iloxi)benzeno (2a). Para sua sintese,
dois métodos foram testados (Esquema 2.7), um utilizando acetona em refluxo
(G) (PEREIRA, 2016) e o outro utilizando catalise de transferéncia de fase (H)
(LIMA, 2018).

OH
K,CO4 o Z
(G) . = - ©/
Br acetona, 60 °C
24 h (2a)
82%
OH (Bu)4NBr
=
B NaOH 35% (m/v) o _Z
H) . = - ©/
Br tolueno
0°C—t. a. (2a)
2h 76%

Esquema 2.8 — Métodos G e H testados para a sintese do (prop-2-in-1-
iloxi)benzeno (2a).

Fonte: Elaborado pelo préprio autor.
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Como pode ser observado no Esquema 2.8, pg. 105, a primeira reagéao G
forneceu o alquino 2a com 82% de rendimento apés vinte e quatro horas de
reacdo. O segundo experimento H forneceu o mesmo produto com um
rendimento de 76% apo6s duas horas de reacdo. Apesar do menor rendimento,
mas sinteticamente util de 76%, este foi 0 método escolhido para a sintese dos
demais alquinos terminais. Critérios como tempo de reagdo e economia de
energia e de agua, foram fundamentais para a escolha desta metodologia.

A catélise de transferéncia de fase (CTF) se tornou um método popular e
bastante aplicado em sintese organica. Foi introduzido no final dos anos 1960 e
desde entdo tem sido muito util promovendo reagdes em sistemas imisciveis de
duas fases (SCHETTIN et. al., 2018). A CTF nao requerer 0 uso de solventes
anidros, fornece produtos com altos rendimentos e com elevado grau de pureza,
n&ao requer o uso de altas temperaturas, possui baixo custo e poder ser utilizada
para os mais diversos tipos de reagdes, inclusive na sintese organica assimétrica
(PATEL et. al., 2018).

Sao varias as substancias que podem atuar como catalisadores nos
processos CTF, como por exemplo, sais de amonio quaternarios, sais de fosfénio
quaternarios, poliéteres macrociclicos (éteres de coroa e criptandos), polimeros,
dentre outros (LUCCHESE & MARZORATI, 2000).

Na presente investigacao, o catalisador utilizado na sintese dos alquinos
terminais foi o brometo de tetrabutilaménio, (Bu)sNBr. Os sais de aménio
quaternarios sdo os catalisadores mais utilizados e convenientes uma vez que
possuem eficiéncia elevada, apresentam baixo custo e sao relativamente
estaveis (SCHETTIN et. al., 2018; PATEL et. al., 2018).

Do ponto de vista mecanistico, uma proposta € apresentada no Esquema
2.9, pg. 107, e nela inicialmente ocorre a desprotonacao do fenol pela base
hidréxido de sdédio formando o fendxido de sddio. Posteriormente ocorre uma
troca iGnica entre esse fendxido e o brometo de tetrabutilaménio, formando o
fen6xido de amdnio quaternario na interface do sistema. Este, por sua vez,
transfere-se para a fase organica, reage com o brometo de propargila fornecendo
o alquino 2a com concomitante regeneracdo do catalisador (MAKOSZA &
WAWRZYNIEWICZ (1969); LIMA, 2018).
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Fase Organica

Interface

Fase Aquosa

Esquema 2.9 - Proposta de mecanismo para CTF sugerido por MAKOSZA &
WAWRZYNIEWICZ (1969) e LIMA, 2018.

Fonte: Elaborado pelo préprio autor.

Lancando mao da CTF, uma série de alquinos foi sintetizada com

rendimentos que variaram de 37% a 87% (Figura 2.10).

s O s
B
o (2b) r (2c) cl (2d)
©/ 68% 87% 84%
=
=
(2a) P
76% / / o/
© o /@[
OCHjs OCHs (29)
Z (2e) (2f) 72%
85% 82% /
/\ ©
T
X
s WD .
: 2) (2i)
(2h) 79% 37%
84%
Figura 2.10 — Estruturas dos alquinos sintetizados via CTF.

Fonte: Elaborada pelo préprio autor.
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Uma vez sintetizado, o alquino 2a foi caracterizado por espectroscopia no
IV e de RMN. No espectro no infravermelho do composto 2a (Figura 2.11,
pg.109), observa-se uma banda em 3291 cm™ referente ao estiramento da
ligacdo C-H de carbono com hibridizacdo sp. Em 3098, 3065, 3042 cm™', ha
bandas de estiramento da ligagdo C-H de carbono com hibridizagdo sp® e em
2924 e 2871 cm’', bandas referentes aos estiramentos da ligacdo C-H de
carbono com hibridizagdo sp3. A banda em 2121 cm™ é devida ao estiramento
da ligagao tripla carbono-carbono e as bandas em 1597 e 1493 cm, foram
atribuidas aos estiramentos da ligagdo C=C (BARBOSA, 2008).

No espectro de RMN de 'H do composto 2a (Figura 2.12, pg. 110), o
tripleto observado em 612,53 e integrado para um atomo de hidrogénio (J = 2,4
Hz) foi atribuido ao hidrogénio acetilénico H-9. O dupleto em 644,71 e integrado
para dois atomos de hidrogénio (J = 2,4 Hz) relaciona-se ao hidrogénio H-7. O
multipleto observado em 64 6,98-7,05 e integrado para trés atomos de hidrogénio
corresponde aos hidrogénios H-2, H-6 e H-4. O outro multipleto em &1 7,29-7,36,
integrado para dois atomos de hidrogénio, foi atribuido aos hidrogénios H-3 e H-
5. Os valores das constantes de acoplamento estdo em acordo com a literatura,
uma vez que seus valores estdo dentro da faixa de valores tipica para
acoplamentos de hidrogénios acetilénicos com hidrogénios a caracteristicos em
alquinos terminais (%J = 2-3 Hz) (PAVIA et. al., 2010).

No espectro de RMN de '3C do composto 2a (Figura 2.13, pg. 111),
observa-se que o numero de sinais estd compativel com a estrutura do
composto. O sinal em & 55,7 foi atribuido ao carbono C-7, enquanto que os
sinais em & 75,4 e 78,6 foram atribuidos aos carbonos da tripla ligacdo C-9 e C-
8, respectivamente. Os demais sinais foram atribuidos aos outros carbonos que
constituem o anel aromatico, sendo, portanto, o sinal em & 114,8 relacionado
aos carbonos C-2 e C-6; em & 121,5 o sinal correspondente a C-4; em & 129,4
o sinal dos carbonos C-3 e C-5; e por fim, o sinal em & 157,5 atribuido ao
carbono C-1 (PRETSCH et. al., 1989).
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A préxima etapa do plano sintético (Esquema 2.5, pg. 99) corresponde a
reagdo click entre a azida 1 e alquinos terminais 2 para a preparagao de
nitrocompostos triazolicos 3. Neste sentido, foram realizados experimentos para
escolha do melhor solvente para a realizacao das reacgoes click. A reagao entre
a azida 1 e o alquino 2a para a formacdo do composto 1-(2-nitro-4-
(trifluorometil)fenil)-4-(fenoximetil)-1 H-1,2,3-triazol (3a) foi escolhida para esta
finalidade. Os resultados obtidos na condugcdo destes experimentos sao
apresentados na Tabela 2.8.

Tabela 2.8 — Experimentos realizados para escolha do melhor solvente a ser
utilizado nas reagoes click entre o composto 1 e diferentes alquinos terminais. A
reacao entre a azida 1 e o alquino terminal 2a foi escolhida para a condugao dos

experimentos.

CFs CFs
e Yavac
T13) (2a) (3a)
Experimento” Solvente Tempo (h) Rendimento (%)
1 Diclorometano 96 h 9
2 Alcool tert-butilico 4h 64
3 Etanol 1,5h 62
4 Dimetilformamida 0,5h 62

*As reaclOes foram realizadas empregando 0,378 mmol da azida, 0,378 mmol do alquino, 0,151
mmol de ascorbato de sédio, 0,0760 mmol de sulfato de cobre pentaidratado, 2,0 mL de agua e
2,0 mL do solvente.

Na primeira reagao “click” realizada para obter o composto 3a foi utilizado
o solvente diclorometano. Como pode ser observado na Tabela 2.8, ap6s 96
horas de reacao, incluindo 1,5 h de aquecimento da reagcao a temperatura de 38
°C, o produto 3a foi obtido com apenas 9% de rendimento.

Diante deste resultado, houve a necessidade de se testar outros solventes
buscando aumentar o rendimento e diminuir o tempo da reagédo. Os solventes
alcool tert-butilico, etanol e dimetilformamida sdo comumente empregados em
reagOes “click” (FREITAS et al., 2011) e foram escolhidos para serem utilizados
em subsequente experimentos. O alcool fert-butilico e o etanol foram os
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solventes utilizados nos primeiros estudos desenvolvidos por Sharpless e
colaboradores a respeito da reagao “click” (FREITAS et. al., 2011).

De acordo com a Tabela 2.8, pg. 112, de maneira geral houve uma
melhoria tanto com respeito ao tempo bem como com respeito ao rendimento
das reacbes. Como pode ser visto, o solvente que proporcionou 0 menor tempo
(0,5 h) e um rendimento util de 62%, foi a dimetilformamida. Logo, este foi o
solvente escolhido para ser utilizado nas reagdes “click” subsequentes. Porém,
com 0 aumento da escala da reacdo para obtencdo de maior quantidade de
produto (partindo de 1,65 mmol do alquino 2a e 1,65 mmol da azida 1), houve
uma queda no rendimento de 62% para 46%. Observou-se que o tempo de
reacao foi o mesmo (0,5 h).

A fim de verificar se esta situacado seria particular para a sintese de 3a,
uma outra reacao entre a azida 1 e o alquino ((prop-2-in-1-iloxi)metil)benzeno
(2b) foi realizada para obter o composto 4-((benziloxi)metil)-1-(2-nitro-4-
(trifluorometil)fenil)-1H-1,2,3-triazol (3b). Utilizou-se 1,65 mmol de 1 e 1,65 mmol
de 2b, sendo obtido um de apenas 3% para 3b. Uma repeticdo da mesma
forneceu um novo rendimento de apenas 14%. Mais uma vez observou-se que
o tempo de reacgao foi de meia hora. Portanto, a dimetilformamida n&o seria mais
o solvente adequado para as reagoes “click”.

Novas reacbes foram realizadas utilizando o segundo solvente que
forneceu os melhores resultados, neste caso o etanol. De acordo com a Tabela
2.8, pg. 112, a reacao para obter 3a em menor escala (partindo de 0,378 mmol
da azida e do alquino), teve um tempo de duragéo de 1,5 h com um rendimento
de 62%. Em maior escala, a reagdo durou duas horas e proporcionou um
rendimento de 40%. A reacao para obter o composto 3b também durou duas
horas e forneceu um rendimento de 45%. Portanto, houve também uma queda
no rendimento para obtencédo de 3a (de 62% para 40%) e apesar de ter havido
uma melhoria no rendimento de 3b (de 14%, em relacdo ao outo solvente
testado, para 45%), ainda seria importante encontrar um solvente que
favorecesse todas as reagoes.

O ultimo solvente testado, o alcool tert-butilico, havia fornecido um
rendimento de 64% para 3a com um tempo de reacado de quatro horas (Tabela
2.8, pg. 112). Nos testes em maior escala, com 0 mesmo tempo de reagao
(quatro horas), houve um aumento de rendimento consideravel para as reacoes
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de preparacao de 3a e 3b. O composto 3a foi obtido com 70% de rendimento e
0 3b com 76% de rendimento. Apesar do tempo de reagdo ter aumentado em
relacdo ao solvente dimetilformamida (de meia hora para quatro horas), o
aumento do rendimento foi mais significativo e fundamental para escolher este
solvente para dar continuidade a sintese dos demais nitrocompostos triazélicos
por meio de reagdes “click”

Cabe ressaltar que néo foi necessario otimizar as outras condi¢coes de
reacao, como por exemplo, a quantidade de reagentes.

Portanto, com a definicdo do solvente (alcool tert-butilico), uma série de
nitrocompostos triazélicos 3a-3j foi sintetizada com rendimentos que variaram de
59% a 95% (Figura 2.14).

CF, CFs /QCF3
7 "N
Qo/\ﬁrh NO, o/\ﬁﬁ NO, o NN MO o/\ﬁh’l NO,

70%
Cl

N N /Q/
7 "N
N e asat

CF3

CF3 /@/CF3 CFy
o NN

(3h) (3i) (3i)
F 83% HsC 80% 59%

Figura 2.14 — Estruturas dos nitrocompostos triazélicos sintetizados.

Fonte: Elaborada pelo proprio autor.

A proposicao de mecanismos de reacdes catalisadas por cobre é um
processo desafiador. A capacidade que o cobre tem de formar complexos
polinucleares, a facilidade de trocar ligantes e o rapido equilibrio existente entre
as espécies de cobre no meio reacional sdo alguns dos problemas enfrentados
guando se busca propor mecanismos de reac¢des catalisadas por este metal
(FREITAS et. al., 2011). No entanto, existem propostas atualmente aceitas que

facilitam o entendimento dessas reacdes, como é o caso da reagcao CuAAC.
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O mecanismo da reacao CuAAC foi proposto por Worrel e colaboradores
(2013) e se da por meio de um ciclo catalitico que compreende varias etapas,
como pode ser visto no Esquema 2.10 com respeito a formagédo do composto
3a.

[Cu]

N34@*CF3
[Cu]

02N
CF; CF3
i “NO, I NO,
N P
N’ RN ¢
N \\\\/[,CU] i1 cul

L J

Esquema 2.10 — Ciclo catalitico envolvido nas reagées CUuAAC tomando-se

como exemplo a formacao do composto 3a.

Fonte: Elaborado pelo préprio autor.

Na primeira etapa do ciclo ocorre uma coordenagédo entre o alquino
terminal e uma espécie de Cu(l). A formacdo deste complexo favorece a
desprotonacao do alquino em meio aquoso, uma vez que o valor do pKa do
hidrogénio ligado ao carbono terminal do alquino se reduz de aproximadamente
25 para 9,8. Esta desprotonacao possibilita uma nova coordenacao com uma
segunda espécie de Cu(l), gerando o complexo acetileto de cobre. Na proxima
etapa, esse acetileto de cobre forma um complexo com a azida denominado de
azida-acetileto. Neste intermediario, o cobre tem um efeito sinérgico, tornando o

nitrogénio terminal da azida mais eletrofilico e o carbono S-vinilidénico do alquino
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mais nucleofilico, favorecendo a formacdo de um novo intermediario chamado
metalociclo. Essa etapa é a que define a regiosseletividade da reagao, por ser
endotérmica, com energia de ativacdo de 15 Kcal mol-', que € menor do que a
energia da ativacdo para a reacdo nao catalisada, 26 Kcal mol'. Na etapa
seguinte, ocorre uma contragdo do anel causada por uma associagcao
transanular do par de elétrons nao ligante do nitrogénio da azida com o orbital
antiligante do carbono ligado aos atomos de cobre, formando a triazolila de
cobre, e com isso ocorre a formacao de uma ligacao efetiva entre este nitrogénio
e este carbono. Na ultima etapa do ciclo catalitico, tem-se a protonacao da
triazolila de cobre com a formagao do produto 1,2,3-triazol 1,4-dissubstituido e a
regeneracao do catalisador (GAZOLLA, 2015).

Uma vez sintetizado, procedeu-se a caracterizagcdo do composto 3a. No
espectro no infravermelho do composto 3a (Figura 2.15, pg. 118), ndo s&o mais
observadas as bandas em 2121 cm™' (referente ao estiramento do grupo azida,
Figura 2.6, pg. 102), 3291 cm™' (estiramento da ligacdo C-H de alquino terminal,
Figura 2.11, pg. 109) e 2121 (estiramento da ligacdo C=C, Figura 2.11, pg. 109).
Observam-se as bandas em 3087 cm! referente ao estiramento da ligagdo C-H
de carbono com hibridizagao sp? e 2920 cm™' correspondente ao estiramento da
ligacdo C-H de carbono com hibridizagao sp?. A banda em 1631 cm™' foi atribuida
ao estiramento da ligagdo C=C. Ja as bandas 1538 cm™ e 1319 cm™ foram
relacionadas aos estiramentos assimétrico e simétrico do grupo nitro e a aquela
em 1118 cm™' refere-se ao estiramento da ligagdo C-F (BARBOSA, 2008).

No espectro de RMN de 'H do composto 3a (Figura 2.16, pg. 119), ndo
mais se observa o sinal correspondente ao hidrogénio do alquino terminal (Figura
2.12, pg. 110). O simpleto observado em &1 5,32 e integrado para dois a&tomos
de hidrogénio foi atribuido ao hidrogénio H-7. O multipleto em &4 6,98-7,04,
integrado para trés atomos de hidrogénio, refere-se aos hidrogénios H-2, H-6 e
H-4. O outro multipleto observado em 61 7,29-7,35, integrado para dois atomos
de hidrogénio, foi atribuido aos hidrogénios H-3 e H-5. O dupleto em 647,83 e
integrado para um atomo de hidrogénio (J = 8,4 Hz) foi atribuido ao hidrogénio
H-2’. O simpleto observado em 617,97 e integrado para um atomo de hidrogénio
corresponde ao hidrogénio H-9. O duplo dupleto em &4 8,06, integrado para um
atomo de hidrogénio (J1 = 8,4 Hz e J>= 1,4 Hz), foi atribuido ao hidrogénio H-3'.

O dupleto observado em ¢4 8,33, integrado para um atomo de hidrogénio (J =
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1,4 Hz), refere-se ao hidrogénio H-5’. O duplo dupleto descrito acima, mostra o
acoplamento em orto do hidrogénio H-3’ com o hidrogénio H-2’ e o0 acoplamento
em meta com o hidrogénio H-5’. Os valores das constantes de acoplamento
estdo em acordo com a literatura, uma vez que seus valores estdao dentro da
faixa de valores tipica para acoplamentos de hidrogénios em posicao orto e meta
(Jorto = 7-10 Hz € Jmeta = 1-3 Hz) (PRETSCH et. al., 1989; PAVIA et. al., 2010).
No espectro de RMN de '3C do composto 3a (Figura 2.17, pg. 120),
observa-se que o numero de sinais estd compativel com a estrutura do
composto. O sinal em & 61,7 foi atribuido ao carbono C-7 e o sinal em & 114,8
foi atribuido aos carbonos C-2 e C-6. Em & 121,5 encontra-se o sinal referente
aos carbonos C-4 e C-9 que. Em & 123,2, observa-se o quarteto atribuido ao
carbono C-5 (3Jc-r = 3,8 Hz); em & 123,9 encontra-se o sinal do carbono C-1;
em ¢&c 128,5, o sinal do carbono C-2" e em & 129,6, o sinal dos carbonos C-3 e
C-5. O sinal do quarteto referente ao carbono C-3’ (3Jc.r = 3,8 Hz) aparece em
&c 130,6 e o sinal do quarteto referente ao carbono C-4’ (3Jc.r = 28,5 Hz) aparece
em oc 133,1. O sinal para C-4'ndo se mostrou totalmente resolvido. Porém, foi
possivel determinar a constante de acoplamento bem como o deslocamento
quimico para este sinal. Mais uma vez nota-se que as constantes de
acoplamento estao préximas dos valores das constantes descritas na literatura
para este tipo de acoplamento entre '°F-'3C (Figura 2.5, pg. 65) (PRETSCH et.
al., 1989). Em &c 145,6 observa-se o sinal atribuido aos carbonos C-6' e C-8 e
em & 157,9 encontra-se o sinal do carbono C-1. O sinal referente ao grupo CFs
(um quarteto devido ao acomplamento '°F-13C) nao foi observado. Os valores
das constantes de acoplamento '°F-13C calculadas a partir dos espectros de
RMN de '3C estao préximos aos valores das constantes reportadas na literatura
para este tipo de acoplamento (Figura 2.9, pg. 105) (PRETSCH et. al., 1989).



Transmitancia (%)

GepiE LT I.—?————____:_

60-

66191 '8ES)
SrBA-6+EF
8E69G'8L
BPESLG 0FE

T 1 T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Numero de onda (cm-)

Figura 2.15 - Espectro no infravermelho (ATR) do composto 3a.
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Além da confirmacéao da estrutura de 3a por meio das espectroscopias no
infravermelho e de RMN, o composto 3a teve sua estrutura também confirmada
por meio da difragéo de raios X de monocristal (DRXM). Na Figura 2.18 encontra-
se apresentada a unidade assimétrica de 3a.

Figura 2.18 — Unidade assimétrica do composto 3a. Atomos nao hidrogendides
sdo representados por elipséides a uma probabilidade de 50%. Atomos de
hidrogénio sdo representados por esferas de raio arbitrario. Os atomos de
carbono possuem cor cinza, os de hidrogénio branca, os de flior amarela, os de
nitrogénio azul e os de oxigénio cor vermelha. A numeracdo dos atomos da
unidade assimétrica do composto 3a € diferente daquela mostrada nas Figuras
2.16 e 2.17.

Fonte: Elaborada pelo préprio autor.

O composto 3a foi resolvido no grupo espacial P2:/c. Na Figura 2.19 c,
pg. 122, observa-se que o anel triazélico de uma molécula de 3a interage com o
anel triazélico e o anel benzénico de uma segunda molécula por meio das
interacdes N2---C4 e a interacdo de hidrogénio ndo classica H8---N3. Ademais,
observa-se que um centroide calculado para o anel benzénico com o grupo
trifluorometila possui uma distancia de 3,50 A para um atomo de fltior do grupo
CF3s localizado em uma molécula seguinte. Todas estas interagdes propagam-se
em uma cadeia ao longo do eixo cristalografico b e conduzem a um

empilhamento com os anéis benzénicos contendo o grupo trifluorometila
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sobrepostos em camadas obliquamente e os anéis triazdis compondo uma rede
plana (Figura 2.19 c). Conforme pode ser observado na Figura 2.19 ¢, o
empacotamento cristalino resulta em uma torgéo entre o anel triazélico e o anel
benzénico contendo o grupo trifluorometila (N2-N1-C5-C6, angulo de torcéo igual
a 71,1 (3) ). Isso revela que a deslocalizacao eletronica entre o anel triazdlico e
o anel benzénico contendo o grupo trifluorometila é pouco efetiva. O composto
3a empacota-se ao longo do eixo ¢, por meio de ligacdes hidrogénio nao
classicas entre o oxigénio do grupo nitro € um hidrogénio também do anel
benzénico contendo o grupo trifluorometila (O3---H6-C6) (Figura 2.19 b). Ao

longo do eixo a, nenhuma interacao importante é observada.

Figura 2.19 - a) Empacotamento 2x2 do composto 3a vista ao longo do eixo b;
b) interacao O3---H6-C6 observada ao longo do eixo c¢; ¢) empilhamento ao longo
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do eixo b. O tracejado em azul indica a interacdao do atomo de flior com o

centréide calculado para o anel benzénico contendo o grupo trifluorometila.

Retornando ao plano sintético apresentado no Esquema 2.5, pg. 99, a
proxima etapa da rota corresponde a preparacao das aminas aromaticas 4a-4j a
partir dos nitrocompostos triazélicos 3a-3j. Para realizar a redugao do grupo nitro
ao grupo amino, algumas metodologias foram testadas. Esses testes foram
realizados utilizando-se o composto 3a como material de partida (GAMBLE et.
al., 2007; ENTWISTLE et. al., 1977; UPADHYAYA et. al., 2013) (Esquema 2.11).

CF3s  NH,NH,, Pd/C,

MeOH, H,0
Ff " g
) Qo N=N NO, 80 °C,
20 h
(3a)
CFs  Fel HCI1%
MeOH
~ N g
W) @O N=N  NO; ta.,
3a) 72 h
CFs  snCly 2H,0, CFs3
EtOH
/\/\ N g Ff N
(K) Qo N=N  NO, 80 °C, Qo N=N  NH,
2h
4a
(3a) (4a)

75%
Esquema 2.11 — Métodos I, J e K testados para a sintese da 2-(4-(fenoximetil)-
1H-1,2,3-triazol-1-il)-5-(trifluorometil)anilina (4a).

Fonte: Elaborado pelo proprio autor.

Como pode ser observado no Esquema 2.11, nos dois primeiros métodos
nao houve a formacao do produto mesmo apds 20 h (método 1) e 72 h (método
J) de reacdo. Ja no terceiro método o produto 4a foi obtido com 75% de
rendimento apds duas horas de reagao. Portanto, este foi o método escolhido
(UPADHYAYA et. al., 2013) para ser utilizado nas demais reacoes de reducao
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do grupo nitro. Com esse método, uma série de aminas foi sintetizada com

rendimentos que variaram de 75 a 95% (Figura 2.20, pg. 124).

o
N
N
/\f’?'/@/ /\( / NH, /\(/\/

(4a)
75%

(4b) (4c) (ad)

87% Br al

/N 7 "N N/Q/
oFN( N Qo/\ﬁﬁ N, Q F{ '

OCHj3 OCH3 (4f)

CFs CFs CF3

¢ 93% Hel 95% 79%

Figura 2.20 — Estruturas das aminas triazélicas sintetizadas.

No que tange a caracterizacao de 4a, no seu espectro no infravermelho
(Figura 2.21, pg.126), observam-se bandas em 3451 e 3343 cm'' referentes aos
estiramentos assimétricos e simétricos da ligagdo N-H, confirmando a presenca
do grupo NH2. Nao s&o mais observadas no espectro da Figura 2.21 as bandas
intensas referentes aos estiramentos simétricos e assimétricos do grupo nitro.
Em 3150 e 3057 cm' observam-se bandas de estiramento de ligagdo C-H de
carbono com hibridizacdo sp?, em 2920 e 2868 cm', bandas referentes ao
estiramento da ligagdo C-H de carbono com hibridizagdo sp®. As bandas em
1623, 1601 e 1586 cm' estdo sobrepostas e sdo referentes ao estiramento da
ligagdo C=C e deformacdo angular da ligacdo N-H. A banda em 1334 cm foi
atribuida ao estiramento da ligagdo C-F (BARBOSA, 2008).

No espectro de RMN de 'H do composto 4a (Figura 2.22, pg. 127), o
simpleto observado em &4 5,13 e integrado para dois atomos de hidrogénio, é
referente aos atomos de hidrogénio H-7. O aparecimento do simpleto em 615,86,
integrado para dois atomos de hidrogénio, foi atribuido aos hidrogénios do grupo
NH2 provando a formacao do composto de interesse. O multipleto em o 6,86-
6,89, integrado para dois atomos de hidrogénio, foi associado aos hidrogénios

H-3’ e H-5". O dupleto em ¢4 6,99 e integrado para dois atomos de hidrogénio (J
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= 8,0 Hz) corresponde aos hidrogénios H-2 e H-6. O outro multipleto observado
em &4 7,19-7,25, integrado para trés atomos de hidrogénio, foi atribuido aos
hidrogénios H-3, H-5 e H-4. O dupleto observado em &4 7,39, integrado para um
atomo de hidrogénio (J = 8,4 Hz), foi relacionado ao hidrogénio H-2'. O simpleto
em &4 8,56 e integrado para um atomo de hidrogénio, é referente ao hidrogénio
H-9. Mais uma vez pode ser observado que as constantes de acoplamento de
hidrogénios em posicao orto estdo em acordo com a literatura (PAVIA et. al.,
2010).

No espectro de RMN de '3C do composto 4a (Figura 2.23, pg. 128),
observa-se que o numero de sinais estd compativel com a estrutura do
composto. O sinal em & 61,5 foi atribuido ao carbono C-7. Em & 112,7 encontra-
se o quarteto atribuido ao carbono C-5' (3Jc-r = 3,3 Hz) e em & 113,7 o sinal do
quarteto referente ao carbono C-3’ (3Jc.F = 3,7 Hz). Em & 115,3 aparece o sinal
dos carbonos C-2 e C-6. Em & 121,6, o sinal do carbono C-4 e em ¢&c 124,8 esta
o quarteto referente ao carbono do grupo CFs ('Jer = 271,0 Hz). O sinal dos
carbonos C-1’, C-2 e C-9, aparecem em & 1248, 126,2 e 1272,
respectivamente. Em &c 130,2 observa-se o sinal atribuido aos carbonos C-3 e
C-5, em &c 131,1, estd o quarteto do carbono C-4’ (3Jc.r = 31,3 Hz). Os sinais
em & 143,7, 143,8 e 158,8 foram atribuidos aos carbonos C-6', C-8 e C1,
respectivamente. Deve ser notado que os sinais referentes a C-6"e C-8 puderam
ser observados no espectro de 4a, enquanto que no espectro de RMN de C'3 de
3a (Figura 2.17, pg. 120) eles foram observados completamente sobrepostos.
Mesmo comentario se aplica aos atomos C-4 e C-9. Os valores das constantes
de acoplamento °F-'3C calculadas a partir dos espectros de RMN de 3C estao
préximos aos valores das constantes reportadas na literatura para este tipo de
acoplamento (Figura 2,9, pg. 105) (PRETSCH et. al., 1989).
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Assim como o composto 3a, 0 composto 4a também teve sua estrutura
investigada e confirmada por difracdo de raios X. Na Figura 2.24 esta
representada a unidade assimétrica de 4a.
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Figura 2.24 — Unidade assimétrica do composto 4a. Atomos nio hidrogendides
sdo representados por elipséides a uma probabilidade de 50%. Atomos de
hidrogénio sdo representados por esferas de raio arbitrario. Os atomos de
carbono possuem cor cinza, os de hidrogénio branca, os de flior amarela, os de
nitrogénio azul e os de oxigénio cor vermelha. A numeracdo dos atomos das
unidades assimétricas mostrada para o composto 4a € diferente daquela
mostrada nas Figuras 2.22 e 2.23.

Fonte: Elaborada pelo proprio autor.

O composto 4a foi resolvido para o grupo espacial P2;c. Na anilina 4a ha
ligagcbes de hidrogénio intramoleculares entre o grupamento amino e o triazol,
gerando um sinton S(6) (N4-H4B---N2, Figura 2.25 d, pg. 131). De forma
bifurcada, H4b também liga-se ao atomo N3 do triazol de uma molécula vizinha
(N4-H4B---N3, Figura 2.25 d). Essas duas ligagdes de hidrogénio cléssicas,
formam juntas, um padr&o sintonico R2%(6) e dando também um padrédo dimérico
as duas moléculas envolvidas (Figura 2.25 d). O atomo N2 bifurca-se em outra
interacdo de hidrogénio nao classica com H16 (C16-H16---N2, Figura 2.25 d).
Estas interag6es conduzem a uma cadeia sanfonada lateralmente ao longo da
direcao do eixo b. Vistas tanto sob o eixo a quanto o ¢, revela-se o padrao zigue-
zague (Figura 2.25 a e Figura 2.25 b respectivamente). Na Figura 2.25 d séo
observadas duas interacdes de hidrogénio: uma entre o grupamento amino e o
atomo de oxigénio da funcao éter(N4-H4A---O1) e outra nao classica bifurcada
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de H4A, para o carbono C11, vizinho de O1. Estas intera¢gdes formam um sinton
R12(3) e conduzem a uma cadeia de padrdo sanfonado também ao longo de b.
A juncéao dos dois padrées sanfonados, formados por C16-H16---N2 e o sinton
R12(3), vistos sob o eixo a, compdem um Unico padrao de losangos consecutivos;
compondo uma extensa rede ao longo dos eixos b e ¢ (Figura 2.25 e). Quando
se expande a rede, para incluir as moléculas que realizam o padrao sinténico
R2*(6), novas moléculas acabam por se situar dentro de cada intersticio,
aumentando a densidade da mesma e gerando intersticios menores.

Um ultimo padrao a ser observado é constituido por um par de interacoes
fracas entre C6-H6---C3 e C7-H7---F2, respectivamente. Estas ligagdes geram
um padrao também em ziguezague, visto do eixo a, s6 que se desenvolve ao
longo de c (Figura 2.25 f). Visto ao longo do eixo b, observa-se um empilhamento
uniforme (Figura 2.25 c). Somando esta cadeia com 0s outros dois padrdes
sanfonados identificados exibe-se automaticamente o padrao sintdnico R24(6).

Cumpre ressaltar que Netto e colaboradores (2008) descrevem que
Broder e co-autores (2002) definiram sintons supramoleculares “como uma
combinacdo de grupos doadores e aceitadores complementares que se
reconhecem entre si ao nivel molecular e sdo capazes de gerar interacdes

supramoleculares reprodutiveis e bem definidas no estado solido.”
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Figura 2.25 - Os empacotamentos sdo 2x2 com os motivos destacados em
amarelo. a) empacotamento na perspectiva de a; b) empacotamento na
perspectiva de c; c) empacotamento na perspectiva de b; d) a cada conjunto de
interacdes foi atribuido uma cor que serve para a avaliacdo das imagens

mostradas em e e em f.

Fonte: Elaborada pelo préprio autor.
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A Ultima etapa do plano sintético mostrado no Esquema 2.5, pg. 99
corresponde a formacao das amidas triazolicas 5a-5j. Estas foram preparadas
por meio do processo de acilagao entre as aminas 4a-4j e o cloridrato do cloreto
de isonicotinoila (BARRQOS, 2014).

Os compostos 5a-5j (Figura 2.26) foram obtidos com rendimentos que
variaram de 39 a 80%, mas com longos tempos de reagéo (Tabela 2.4, pg. 70).
No momento que este trabalho esta sendo redigido, ndo ha uma racionalizacao
para os longos tempos de reagao envolvidos na preparagao dos derivados 5a-
5j. Tentativas de elevar os rendimentos e diminuir os tempos de reacéo foram
infrutiferas e investigagdes futuras fazem-se necessarias para melhoria tanto do
tempo bem como dos rendimentos das reac¢des envolvidas na preparacao de 5a-
5j.

St g St St St
ﬂ%%%y%w%w/

0 (5a) (5b) (5¢) (5d)

51% 79% 80%
OCH;

0" q
@ @O @ @Nol]
w?w?%?w?ﬂ;

40% 46% 69% 67% 64%
OCH3 OCHs

Figura 2.26 — Estruturas das amidas triazélicas 5a-5j sintetizadas.

51%

Fonte: Elaborada pelo proprio autor.

Com respeito a estes compostos, escolheu-se como exemplo a
substancia 5a para uma descricdo pormenorizada de seu processo de
caracterizagdo. No espectro no infravermelho do composto 5a (Figura 2.27, pg.

135), as bandas referentes ao grupo amina apresentadas no espectro de 4a
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(Figura 2.21, pg. 126) ndo mais sdo observadas. Percebe-se uma banda em
3269 cm' referente ao estiramento da ligacdo N-H de amida N-substituida. Em
3158, 3120, 3061 e 3035 cm™! observam-se bandas de estiramento de ligacdo
C-H de carbono com hibridizagao sp? e em 2961 e 2931 cm! bandas referentes
ao estiramento da ligacdo C-H de carbono com hibridizagdo sp®. A banda
atribuida ao estiramento do grupo carbonila da fungdo amida aparece em 1668
cm'. A presenca desta banda no espectro, juntamente com a banda em 3269
cm™', confirma a formagdo do composto 5a. As bandas em 1601, 1545 e 1501
cm' se encontram sobrepostas e sdo referentes ao estiramento da ligagdo C=C
e deformacéo angular da ligacdo N-H. A banda em 1334 cm foi atribuida ao
estiramento da ligagcdo C-F (BARBOSA, 2008).

No espectro de RMN de 'H do composto 5a (Figura 2.28, pg. 136), o
simpleto observado em &+ 5,37 e integrado para dois atomos de hidrogénio, foi
atribuido aos hidrogénios H-7. Nao mais se observa o sinal referente ao grupo —
NHz2, conforme observado no espectro de 4a (Figura 2.22, pg. 127). O multipleto
observado em ¢4 7,02-7,07, integrado para trés atomos de hidrogénio, refere-se
aos hidrogénios H-2, H-6 e H-4. Mais dois multipletos aparecem em &4 7,32-7,38
e o4 7,58-7,64, integrados para dois atomos de hidrogénio cada um e
correspondem aos hidrogénios H-3/H-5, e H-2'/H-3’, respectivamente. Em
7,82 encontra-se um duplo dupleto integrado para dois atomos de hidrogénio (J1
= 4,5 Hz e J2= 1,7 Hz), referente aos hidrogénios H-2” e H-5”. O proximo sinal
em &n 8,18, integrado para um atomo de hidrogénio, € um simpleto e refere-se
ao hidrogénio H-9. O outro duplo dupleto que aparece em 61 8,88 é semelhante
ao que se observa em 617,82, apresentando os mesmos valores de constantes
de acoplamento e refere-se aos hidrogénios H-3"/H-4". Os dois ultimos simpletos
observados em 449,16 e 64 11,15, sdo integrados para um atomo de hidrogénio
cada e correspondem aos hidrogénios H-5" e NH, respectivamente.

No espectro de RMN de '3C do composto 5a (Figura 2.29, pg. 137),
observa-se que o numero de sinais estd compativel com a estrutura do
composto. O sinal em &c 61,7 foi atribuido ao carbono C-7 e aquele em & 114,7
foi relacionado aos carbonos C-2 e C-6. Em & 120,7 encontra-se o0 quarteto
atribuido ao carbono C-5 (3Jc.r = 3,6 Hz) e em & 120,9 o sinal do quarteto
referente ao carbono C-3’ (3Jc-r = 3,6 Hz). Os sinais desses quartetos nio estio

bem resolvidos, ainda assim foi possivel calcular os deslocamentos quimicos
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como também as constantes de acoplamento. Em & 120,8 estd o sinal do
carbono C-2'. Os sinais dos carbonos C-9 e C-4 aparecem em & 121,8 e &
122,6, respectivamente. Em &c 1283,4 aparece o sinal relativo aos carbonos C-2”
e C-5”, enquanto que em & 129,7 observa-se o sinal dos carbonos C-3 e C-5.
Os sinais dos carbonos C-1’, C-6’, C-1” e C-8 sdo observados em & 130,8, &
131,6, &c 140,6 e &c 145,6, nessa ordem. Ja os sinais dos outros carbonos
presentes no anel piridinico C-3” e C-4”, sdo observados em & 151,0. Os sinais
dos carbonos C-1 e C-6” aparecem em ¢&c 157,8 e & 163,6. Os sinais (quartetos)
do grupo CF3 e do carbono C-4' ndo foram observados. Os valores das
constantes de acoplamento 'F-3C calculadas a partir dos espectros de RMN

de '3C estdo proximos aos valores das constantes reportadas na literatura para
este tipo de acoplamento (Figura 2.9, pg. 105) (PRETSCH et. al., 1989).
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Fonte: Elaborada pelo préprio autor.
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Ainda sobre os dados de RMN de 'H do composto 5a, salienta-se que as
constantes de acoplamento observadas para os hidrogénios do anel piridinico
estdo em acordo com a literatura (Figura 2.29) (PRETSCH et. al., 1989; PAVIA
et. al., 2010).

J (Hz)

Ha—b = 5,5

Hoo N _Hy  Hao=19
| Ha—d = 0,9

He > H, Hae=04
He Hoo = 7,6

Hbd = 1,6

Figura 2.30 — Valores para constantes de acoplamento de atomos de hidrogénios

de anel piridinico.
Fonte: Reproduzida a partir de PRETSCH et al., 1989, p. H275.

Na Figura 2.31 encontra-se representado a unidade assimétrica do

composto 5a, cuja estrutura também foi confirmada por difracdo de raio X de

monocristal.
F2 \ Cl6 Cc15
[/
& c11 ; (W
F1 . ] > Cc14
i v %'2\("%13

Figura 2.31 - Unidade assimétrica do composto 5a. Atomos nao hidrogendides
sdo representados por elipséides a uma probabilidade de 50%. Atomos de
hidrogénio s@o representados por esferas de raio arbitrario. Os atomos de
carbono possuem cor cinza, os de hidrogénio branca, os de flior amarela, os de
nitrogénio azul e os de oxigénio cor vermelha. A numeragdo dos atomos da
unidade assimétrica do composto 3a é diferente daquela mostrada nas Figuras
2.28 € 2.29.
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Fonte: Elaborada pelo préprio autor.

O composto 5a foi resolvida no grupo espacial P2:/n. Na Figura 2.32 a,
pg. 140, € mostrado o empacotamento 2x2 na perspectiva do eixo cristalografico
a. Para esta substancia, sdo observados dois sintons adjacentes R22(8) e R2'(7)
(Figura 2.32 c), composto por ligagdes de hidrogénio nao classicas C22-
H22..-01 e C8-H8---N5 para o sinton R2?(8) e C6-H6---N5 e C8-H8---N5 para o
outro sinton. Estes dois sintons envolvem uma grande estrutura molecular ao
redor de um anel piridinico e gera uma cadeia plana ao longo do eixo
cristalografico b. Um grande sinton também pode ser observado, R22(14),
formado pela ligacdo C16-H16---N3, que gera um padrao dimérico (Figura 2.32
b). Este sinton contribui para conectar acima e abaixo, as camadas formadas
pelos sintonsR2%(8) e R2'(7) (Figura 2.32 d).

Observa-se também uma ligacao de hidrogénio classica entre a porcao
amida da molécula (N4-H4---02), que forma um sinton C1'(4) do tipo cadeia
(Figua 2.32 e). Uma caracteristica interessante deste sinton é que ele mantem
um aspecto bastante linear na cadeia de moléculas por ele formada e cria uma
torcdo acentuada da amida em relagdo aos planos aromaticos adjacentes. Esta
cadeia percorre no sentido do eixo a. Ademais, ela também mantém um aspecto
lamelar obliquo, abrindo espaco para outras interagdes tipicas, como a interacao
entre H10B e os elétrons n do grupo fenila (distancia entre H10B e o respectivo

centroide é 2.72 A) da porcéo éter de 5a (Figura 2.32 e).
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Figura 2.32 - a) empacotamento 2x2, com o motivo destacado em laranja.

Detalhe dos sintons (b) R2?(14) e (c) R2?(8) e R2'(7) formados no empacotamento
cristalino do composto 5a. d) Principais interacbes responsaveis pelo
empacotamento lamelar projetado em a). e€) Justaposicao entre as moléculas de

5a através de interacbes C-H...m e N-H...O.

Fonte: Elaborada pelo préprio autor.

Em trabalhos desenvolvidos no GSPCB com relacao a sintese e avaliacao
de bioatividades de derivados do SRPIN 340 (SIQUEIRA et. al., 2017; TEIXEIRA
et. al., 2017), observou-se que alteragdes promovidas na regido Il do SPRIN
340 (Figura 2.4 pg. 94) resultaram em compostos com diferentes perfis de
bioatividades. Dentro deste contexto, buscou-se a sintese de amidas com
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fragmentos triazolicos, mas apresentando um grupo fenila ligado ao grupo
carbonila da funcdo amida. Esta modificagédo foi planejada com o intuito de se
comparar as atividades dos derivados triazolicos do SRPIN 340 apresentando
um anel piridinico ligado a porcdo amida versus as bioatividades daqueles
contendo um grupo fenila ligado a esta por¢cao. Assim como as amidas triazélicas
5a-5j foram sintetizadas por meio da acilagdo das aminas 4a-4j utilizando o
cloridrato do cloreto de isonicotinoila, as amidas 5k-5t também poderiam, em
principio, serem sintetizadas utilizando a mesma metodologia, mas empregando
o cloreto de benzoila no processo de acilacdo. Utilizando a amina 4a como
material de partida para a reacdo com o cloreto de benzoila, notou-se que
mesmo apds sete dias de reacao ndao houve formacao do produto desejado. Em
uma tentativa de promover a reacao, foi adicionado a mistura de reacao o agente
de acoplamento DMAP, mas ainda assim nao houve mudanca na reacao e essa
metodologia foi abandonada para a sintese da nova série de amidas com
fragmentos triazélicos.

Outra metodologia que foi testada correspondeu ao processo de acilagao
entre acidos carboxilicos e aminas com a utilizacdo do agente de acoplamento
TBTU. A escolha dessa metodologia foi baseada nos bons resultados
alcancados para a sintese de derivados do SRPIN 340 em outro trabalho
desenvolvido no GSPCB intitulado Effect of the topical administration of N-(2-
(4-bromophenylamino)-5-(trifluoromethyl)phenyl)nicotinamide compound in a
murine subcutaneous melanoma model (vide anexo pg. 386) e publicado em
2020. Neste trabalho houve uma melhora consideravel no rendimento de
algumas reacgdes nas etapas de acilagdo de preparacao de analogos ao SRPIN
340, quando se utilizou o TBTU.

Empregando &cido benzoico, a amina 4a e TBTU, buscou-se encontrar
condicbes satisfatérias para o preparo da nova série de amidas triazélicas
derivadas do SRPIN 340. Inicialmente, conduziu-se a reagdo a temperatura
ambiente empregando-se quantidades equimolares &cido benzoico e TBTU
(0,675 mmol de cada um dos reagentes) e 0,450 mmol da amina 4a. Nestas
condi¢cbes, mesmo apos 8 dias de monitoramento da reacdo observou-se que
nao houve completo consumo dos reagentes e a amida N-(2-4-(fenoximetil)-1H-
1,2,3-triazol-1-il)-5-(trifluorometil)fenil)benzamida (5k) foi obtida com modestos
17% de rendimento apds purificagdo em coluna de silica gel. Uma nova tentativa
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foi realizada para elevar o rendimento; desta vez utilizou-se excesso de TBTU (8
equivalentes molares). Apds vinte e seis horas de reacdo a temperatura
ambiente e sem progresso consideravel da reagao, elevou-se a temperatura do
sistema para 60 °C, deixando a reagdo sob agitacdo magnética nesta
temperatura por 2 horas. Nao houve alteracdo significativa em termos de
progressdao da reagdo comparativamente a temperatura ambiente. O
aquecimento foi removido e deixou-se a reacdo sob agitacdo a temperatura
ambiente por 8 dias. ApGs purificacdo em coluna cromatografica de silica gel,
obteve-se a substancia 5k com somente 15% rendimento. Embora ndo tenha
sido um método satisfatdrio para obtencdo do composto 5k e considerando
limitacbes orcamentarias que inviabilizaram a aquisicdo de outros reagentes
para avaliacdo de outras metodologias de acilacao, decidiu-se prosseguir com o
preparo da nova série de amidas buscando-se acoplar as aminas 4b-4j ao acido
benzoido na presenca de TBTU. Na Figura 2.33 estdo apresentadas as
estruturas das amidas triazolicas obtidas e os correspondentes rendimentos.
Salienta-se, porém, que ndo se obteve sucesso na preparagdao das amidas 50,
5p e 5q a partir das aminas 4e, 4f e 4g (Tabela 2.3 pg. 59), respectivamente.

Sl Gl Gt Gl G
£YO g0 GO L0 fre

o] (5k) o) (51) o] (5m) 0 (5n) (sw

17% 36% 36% 51%
OCHj,

Oy G @ @ @
%m }N*%N*@}N*@ ?Ni@
Coon, X Qo b o2 b ™ Q o

Figura 2.33 — Estruturas das amidas triazdlicas 5k-5t derivadas do SRPIN 340.

Os compostos 50, 5p e 5q nao foram obtidos.

Fonte: Elaborada pelo préprio autor.
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Os compostos 5k-5n e 5r-5t sintetizados (Figura 2.33, pg. 142) ndo foram
submetidos aos ensaios de avaliagéo de bioatividades, como realizado para as
amidas 5a-5j (Tabela 2.4, pg. 70) e para os intermediarios 3a-3j (Tabela 2.2, pg.
48) e 4a-4j (Tabela 2.3, pg. 59). Além de quantidades reduzidas das amidas 5k-
5n e 5r-5t obtidas apds purificagdo por cromatografia em coluna de silica gel, as
substancias apresentaram contaminagées. Essas contaminagbes foram
observadas nos espectros de RMN de 'H e '3C (espectros apresentados nos
anexos a partir da pg. 296), e em alguns casos, prejudicaram (mas nao
impediram) a interpretacédo dos sinais nos espectros de RMN de '3C.

Uma proposta de mecanismo para a reagao envolvida na formacao de
amidas via acoplamento de um acido carboxilico e uma amina promovida por
TBTU esta apresentada no Esquema 2.12 (DIAS, 2014; VALEUR & BRADLEY,
2009).
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RTQ’\H EN EtsNH + TO = T * N
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(@] (@] PN N
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Esquema 2.12 — Mecanismo proposto para a formagdo de amidas por meio da
reagdo entre um &cido carboxilico (representado por R'-COOH) e uma amina
(representado por R2-NH2) promovida por TBTU.

Fonte: Elaborado pela préprio autor.

Inicialmente ocorre a desprotonacao do acido carboxilico pela base (EtsN)

e o ion carboxilato formado ataca o carbono ligado ao oxigénio do TBTU. O
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intermediario (a), por sua vez, reage com o 6xido de benzotriazol originando o
correspondente éster de benzotriazolila e tetrametiluréia como subprodutos.
Posteriormente, ocorre a reagdo de substituicdo nucleofilica acilica da amina
com o éster levando a formacao da amida.

O TBTU foi desenvolvido em 1989 por Knorr e colaboradores
(RAMASAMY & AVERETT, 1999) e desde entédo tem sido amplamente utilizado
em reagOes para a formacao de ligagcdes carbono-nitrogénio, principalmente na
sintese de peptideos (WOTCZANSKI & LISOWSKI, 2018; BALALAIE et. al.,
2007). Também tem sido utilizado em reagdes de esterificacdo (BALALAIE et.
al., 2008), na sintese e/ou em etapas de sinteses totais de diversas amidas
(GEETHA et. al., 2019; STEINMEYER & WAGENKNECHT, 2018; ANTONOPLIS
et. al., 2018, RADIX et. al., 2018; SALEH et. al., 2017), assim como também em
reagdes para a formacao de nucleos azdélicos (LUKIN et. al., 2018).

Mesmo com o baixo rendimento nas reagdes e com os problemas de
contaminacao, os compostos sintetizados nesta série foram caracterizados e no
que diz respeito a caracterizacdo do composto 5k, no seu espectro no
infravermelho (Figura 2.34, pg. 146), assim como no espectro do composto 5a
(Figura 2.27, pg. 135), ndo sao observadas as bandas referentes ao grupo amina
provenientes de 4a (Figura 2.21, pg. 126), e sim a banda referente ao
estiramento da ligagdo N-H de amida N-substituida em 3273 cm™'. Em 3150,
3109 e 3072 cm™', observam-se bandas de estiramento de ligacdo C-H de
carbono com hibridizacdo sp? e em 2964, 2924 e 2849 cm', bandas de
estiramento de ligacdo C-H de carbono com hibridizagdo sp®. A banda em 1660
cm™ foi atribuida ao estiramento da ligagdo C=O de amida, confirmando a
formagdo do composto. Em 1601, 1534, 1497 cm™ encontram-se bandas
sobrepostas referentes aos estiramentos de ligacdo dupla carbono-carbono e
deformacgdo angular da ligagdo N-H. A banda em 1330 cm™ foi atribuida ao
estiramento da ligacao C-F (BARBOSA, 2008).

No espectro de RMN de 'H do composto 5k (Figura 2.35, pg. 147), o
dupleto observado em 645,34, integrado para dois &tomos de hidrogénio (J= 0,8
Hz), refere-se aos hidrogénios H-7. Esse sinal (dupleto) indica o acoplamento
dos hidrogénios H-7 com o hidrogénio H-9 presente no anel triazélico. Em &
6,98-7,04, encontra-se um multipleto que integra para trés atomos de hidrogénio
e refere-se aos hidrogénios H-2, H-6 e H-4. Trés outros multipletos sao
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observados em & 7,29-7,35, &1 7,49-7,61 e &4 7,93-7,97, integrados para 2
atomos (H-3 e H-5), 5 atomos (H-2’, H-3’, H-3”, H-4” e H-5") e 2 4tomos (H-2" e
H-6"), respectivamente. Em &4 8,11 observa-se um tripleto integrado para um
atomo de hidrogénio (J = 0,8 Hz) que foi atribuido ao hidrogénio H-9. A presenca
desse tripleto com o mesmo valor de J confirma o acoplamento entre os
hidrogénios H-7 e o hidrogénio ligado ao anel triazélico H-9. Esse valor para a
constante acoplamento (J = 0,8 Hz) é caracteristico quando ocorre o
acoplamento alilico de longo alcance com o hidrogénio no carbono da ligacao
dupla distante (*J= 0-3 Hz) (PAVIA et. al., 2010). O dupleto aparente observado
em &4 9,14, integrado para um atomo de hidrogénio (J = 1,5 Hz), foi atribuido ao
hidrogénio H-5’. E por fim, o simpleto em ¢4 10,82 integrado para um atomo de
hidrogénio, foi atribuido ao hidrogénio NH, o que confirma a formagédo do
composto.

No espectro de RMN de '3C do composto 5k (Figura 2.36, pg. 148),
observa-se que o numero de sinais estd compativel com a estrutura do
composto. O sinal em ¢&c 61,7 foi atribuido ao carbono C-7 e o sinal observadm
em ¢c 114,7 foi atribuido aos carbonos C-2 e C-6. Em &c 120,9 encontra-se o
quarteto atribuido ao carbono C-5’ (3Jcr = 3,8 Hz) e em & 121,0 o sinal do
quarteto referente ao carbono C-3' (3Jc-F = 3,8 Hz). Os sinais desses quartetos
apresentam-se quase sobrepostos, mas ainda assim foi possivel calcular os
deslocamentos quimicos bem como os valores das constantes de acoplamento
13C-19F. Em & 121,7 encontra-se o sinal do carbono C-2’. Os sinais dos carbonos
C-9 e C-4 aparecem em & 122,8 e & 123,5, respectivamente. Em &c 125,0
encontra-se o quarteto (ndo completamente resolvido) referente ao carbono do
grupo CFs ("Jc.r= 271,5 Hz) e em & 127,2 aparece o sinal dos carbonos C-2” e
C-6”. Em o&c 128,1, observa-se o sinal do carbono C-1" e em &c 129,0 o sinal
referente aos carbonos C-3” e C-5". O sinal dos carbonos C-3 e C-5 é observado
em o&c 129,6. Em & 131,9 nota-se o quarteto referente ao carbono C-4’ (°Je-r =
33,0 Hz). Ja os sinais dos carbonos C-6’, C-4”, C-1”, C-8, C-1 e C-7” sao
observados, respectivamente, em & 132,4, 6c 132,5, & 133,5, 6c 145,4, &c 157,9
e o&c 165,5. os valores das constantes de acoplamento '°F-13C calculadas a
partir dos espectros de RMN de '3C estao proximos aos valores das constantes

reportadas na literatura para este tipo de acoplamento (Figura 2.9, pg. 105)
(PRETSCH et. al., 1989).
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2.6. CONCLUSOES

Neste capitulo foram descritas as sinteses uma azida organica, dez
alquinos terminais, dez nitrocompostos triazolicos, dez aminas triazdlicas e
dezessete amidas triazélicas derivadas do SRPIN 340. Salienta-se que os
nitrocompostos, as 10 aminas e as amidas sao substancias inéditas. As sinteses
dessas substancias foram, de modo geral, satisfatérias e apresentaram
rendimentos, em sua maioria, sinteticamente Uteis. Foi possivel caracterizar e
confirmar as estruturas de todos os compostos obtidos pelas técnicas
espectroscopicas no infravermelho e de RMN de 'H e '3C. Além disso, as
estruturas dos compostos 3a, 4a e 5a foram investigadas por meio da difragdo
de raios X de monocristal. Os compostos 3a-3j, 4a-4j e 5a-5j, foram submetidos
a testes antivirais e citotoxicos contra os virus Chikungunya, Zika e Oropouche
bem como contra a linhagem celular de cancer Glioblastoma U87. Os resultados
destes testes serdo apresentados em capitulos subsequentes. Os compostos
5k-5n e 5r-5t ndo foram submetidos a ensaios de avaliagao de bioatividades
devido a baixa quantidade de massa obtida e também devido a problemas de

contaminagao.
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CAPITULO 3

AVALIACAO DA ATIVIDADE ANTIVIRAL DAS AMIDAS
TRIAZOLICAS DERIVADAS DO SRPIN 340 (E DOS
INTERMEDIARIOS ENVOLVIDOS EM SUAS SINTESES)
CONTRA OS VIiRUS CHIKUNGUNYA, ZIKA E OROPOUCHE

3.1. INTRODUCAO

Os virus transmitidos por artrépodes sdao denominados arbovirus. Eles
representam um importante problema de saude publica mundial, principalmente
em paises tropicais. Varios surtos de doengas causadas por arbovirus foram
relatados na ultima década com milhdes de pessoas afetadas (SOUZA et. al.,
2021). Os arbovirus que recebem maior destaque sdo os que pertencem as
familias Flaviviridae (DENV (Dengue), ZIKV (Zika), YFV (Febre Amarela), SLEV
(virus da encefalite de Saint Louis), WNV (virus Oeste do Nilo), Rocio,
Cacipacore, llheus, Bussuquara e virus lguape), Togaviridae (MAYV (virus
Mayaro), CHIKV (Chikungunya) e virus da encefalite equina oriental) e
Peribunyaviridae (ORQOV (virus Oropouche) (ARGONDIZZO et. al., 2021).

Dentre os virus citados, o Zika virus (ZIKV) foi isolado em Uganda em
1947 e por muitos anos ficou restrito a paises africanos e asiaticos, tendo poucas
infecgcdes humanas relatadas (HASSAN et. al., 2019). Ele foi detectado no Brasil
pela primeira vez em abril de 2015 (FIOCRUZ, 2021) e desde entdo se tornou
um problema de saude publica. O ZIKV pertence ao género Flavivirus, familia
Flaviviridae, e embora sua infeccédo seja assintomatica na maioria dos casos, ela
pode resultar em disturbios neuroldgicos debilitantes, incluindo a sindrome de
Guillain-Barré em adultos e microcefalia (e até obitos) em recém-nascidos com
infeccéo pré-natal (CHOWDHURY et. al., 2020). A sindrome de Guillain-Barré
(GBS) & uma doenca autoimune que debilita fun¢gdes do sistema nervoso
periférico (HASSAN et. al., 2019). Além desses sintomas, dores de cabeca, febre
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leve, artralgia, mialgia e erupg¢des cutaneas também foram relatadas (HASSAN
et. al., 2019).

O Chikungunya virus (CHIKV) foi descoberto no continente africano ha
mais de 60 anos (LIU et. al., 2017) e foi identificado no Brasil pela primeira vez
em 2014 (FIOCRUZ, 2021). Ele pertence ao género Alphavirus, familia
Togaviridae, e causa febre moderada, podendo resultar em inflamacdes
musculoesqueléticas avangando para poliartralgia em longo prazo
(CHOWDHURY et. al., 2020). O diagnéstico dessas doencas é dificultado uma
vez que possuem semelhancas em algumas de suas manifestacdes e isso ainda
€ agravado pelo fato de compartiiharem as mesmas areas endémicas
(KUTSUNA et. al., 2016).

Esses virus possuem algumas caracteristicas semelhantes, como a
genética, possuindo RNA de fita simples de sentido positivo e tamanhos de
genomas aproximadamente equivalentes (HITAKARUN et. al., 2020). Também
sdo transmitidos pelos mesmos vetores através da picada de mosquitos
infectados Aedes ssp (LIU et. al., 2017). Outras vias de transmissao também ja
foram relatadas para o virus Zika, como a transmissao vertical e por vias sexuais,
no qual observou-se ZIKV persistindo nas secrecdes vaginais e sémen por
meses (HASSAN et. al., 2019).

Outro virus que tem despertado a atencdo nos ultimos anos € o
Oropouche orthobunyavirus (ORQV). Ele foi descrito em humanos pela primeira
vez em 1955, em Trinidad e Tobago, e no Brasil foi isolado pela primeira vez em
1960, em Belém, estado do Para, de um animal silvestre, a preguica-de-
garganta-palida (FONSECA et. al., 2020). Os estados mais afetados no Brasil
sao Para, Amapda, Rondbnia, Maranhao, Acre, Amazonas, Minas Gerais, Mato
Grosso e Tocantins (GUTIERREZ et. al., 2020).

OROV pertence a familia Peribunyaviridae, género Orthobunyavirus e faz
parte do sorogrupo Simbu (WISE et. al., 2020; AMORIM, et. al., 2020). Ele causa
a febre de Oropouche, doenga autolimitada e leve, mas em casos raros infecta
o sistema nervoso central e causa meningite (WISE et. al., 2020). Outros
sintomas foram relatados como vémito (FONSECA et. al., 2020), cefaleia,
mialgia, artralgia, fotofobia, exantema e polidria (AMORIM, et. al., 2020).
Diferentemente dos virus Zika e Chikungunya, OROV possui um genoma de
RNA de fita simples de sentido negativo (WISE et. al., 2020).
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Sugere-se que o virus Oropouche possui dois ciclos de transmisséo
distintos. Na transmissédo silvestre, mamiferos selvagens, como preguigas e
primatas, servem de hospedeiros para o virus que é transmitido por vetores
comumente encontrados em areas rurais (Aedes serratus e Coquillettidia
venezuelensis). Na transmissao urbana, OROV é transmitido entre pessoas por
meio da picada do mosquito Culicoides paraenses e pode ser agravada pela
intervencao humana desmedida em areas florestais (GUTIERREZ et. al., 2020).

O crescimento da populacdo humana, as mudancas climaticas, a
urbanizacao, as viagens internacionais e o comércio, contribuem para a ampla
disseminacgao dos virus (LIU et. al., 2017), e como ainda ndo existem vacinas ou
medicamentos capazes de combaté-los, a Unica medida de prevencao visa
acabar com o0s mosquitos vetores, mantendo as casas limpas e eliminando
possiveis criadouros (FIOCRUZ, 2021). Isso exige uma reeducacao sanitaria
mais acentuada e um trabalho em conjunto de toda a populagdo, o que muitas
vezes nao é facil de ser atingido.

Diante disso, a ciéncia tenta contribuir com a busca de medicamentos que
sejam capazes de combater esses virus e proporcionar melhor qualidade de vida
para o ser humano. Este capitulo, portanto, trata do ensaio de avaliacdo de
atividade antiviral dos compostos triazdlicos sintetizados neste trabalho, os
intermediarios 3a-3j e 4a-4j, bem como as amidas triazolicas derivados SRPIN
340 5a-5j, contra os virus Zika, Chikungunya e Oropouche.

3.2. MATERIAL E METODOS

O ensaio de avaliacao da atividade antiviral dos nitrocompostos 3a-3j, das
aminas 4a-4j e das amidas triazélicas 5a-5j foi realizado em colaboragédo com a
doutoranda Ariane Coelho Ferraz e com a professora Cintia Lopes de Brito
Magalhdes do Laboratério de Biologia e Tecnologia de Microrganismos (LBTM)
da Universidade Federal de Ouro Preto.

3.2.1. Células e Virus

Para os ensaios in vitro foram utilizadas células de linhagem continua de

rim de macaco verde africano, Vero (ATCC CCL-81). Estas células foram
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cultivadas em meio Minimo Essencial de Eagle Modificado por Dulbecco
(DMEM) suplementado com 5% de soro fetal bovino, 100 pyg/mL estreptomicina,
100 U/mL penicilina potassica e 2,5 ug/mL anfotericina B. As culturas foram
mantidas em estufa de atmosfera umidificada, a 5% de CO2 e 37 °C, sendo
repicadas trés vezes por semana. As amostras virais utilizadas nos experimentos
foram ZIKV cepa PE243/15 isolado de paciente com febre Zika sem
complicagdes, CHIKV cepa S27-african (protétipo africano) isolado de um
paciente febril e virus Oropouche cepa BeAn19991 isolado de preguica
(Bradypus tridactylus). Todos os virus ja se encontravam crescidos e titulados
previamente no LBTM/UFOP e foram mantidos em freezer -80 °C até o momento
de uso.

3.2.2. Ensaio de Avaliacao de Citotoxicidade

A fim de avaliar se os compostos sintetizados interferiam na viabiliadade
celular, inicialmente estes foram submetidos ao ensaio de avaliacdo de
citotoxicidade, no qual é possivel conhecer a concentracao citotdxica capaz de
inibir a viabilidade celular das células em 50% (CCso0). Células Vero foram
distribuidas em microplacas de 96 pogos (5x10* células/pogo) previamente. Em
seguida, 100 pL/pogo de meio DMEM completo com 2,5% de soro fetal bovino
(SFB) e 100 uL/pogo de diferentes concentragdes dos compostos (1000 — 15,6
umol/L) foram adicionados as células, em triplicata. As placas foram incubadas
a 37 °C por 48 horas e, apds a remogao do meio de cultura, foram adicionados
20 pL da solugao do brometo de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazol (MTT)
(1 mg/mL em PBS), seguido de nova incubacao a 37 °C por 90 minutos. Por fim,
100 pL/pogo do solvente dimetilsulféxido (DMSO) foram adicionados para que
os cristais de formazan formados pela metabolizacdo do MTT fossem
dissolvidos. A viabilidade celular foi medida de forma indireta, uma vez que
somente células viaveis sdo capazes de metabolizar o MTT (amarelo) a
formazan  (roxo). Dessa forma, a absorbancia foi medida
espectrofometricamente a A = 490 nm. A toxicidade celular foi expressa em
termos da CCso, em que a conversdo da absorbancia em porcentagem de células
viaveis foi calculada como descrito na equacao (1). A partir dos valores



162

encontrados, realizou-se analise de regressao usando o software Excel para

determinacao dos valores de CCso.

% células viaveis =

B x100

( N (1)

em que A e B sdo as absorbancias a 490 nm das cavidades com células ndo
tratadas (A) e células tratadas (B), respectivamente (FERRAZ, 2018).

3.2.3. Ensaio de avaliacao de atividade antiviral global

A partir dos valores da CCso, os diferentes compostos foram testados
quanto a atividade antiviral frente aos arbovirus ZIKV, CHIKV e OROQOV. Da
mesma forma que no ensaio de citotoxicidade, células Vero foram distribuidas
em microplacas de 96 pocos (5x10* células/pogo) previamente. O meio foi
removido e 100 pL das diluicdes dos compostos candidatos foram adicionados
as células, em ftriplicatas, juntamente com 100 pL de suspenséao viral, sendo
ZIKV, CHIKV ou OROV (moi 1). Células ndo tratadas e nao infectadas, assim
como células infectadas e nao tratadas foram mantidas como controles. Apds 48
horas da infecgao (hpi), o experimento foi revelado, utilizando a mesma técnica
do MTT. A concentracdo eficaz com 50% de efeito antiviral, ou seja,
concentragao efetiva/protetiva para 50% das células infectadas (CEso) foi
expressa como a concentracdo que gerou a protecdo de 50% das células
infectadas, também calculada por meio de analise de regresséo pelo software
Excel, no qual a porcentagem de células viaveis foi determinada como descrito
na equacao (2).

% células viaveis = (2_;5) x 100 (2)
onde A, B e C representam as absorbancias a 490 nm das cavidades nas quais
estdo presentes células tratadas e infectadas (A), ndo tratadas e infectadas (B)
e nao tratadas e nao infectadas (C), respectivamente (FERRAZ, 2018).

3.3. RESULTADOS E DISCUSSAO
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Os compostos avaliados foram diluidos (sem precipitado) em DMSO puro

a uma concentracédo de 50 mmol L' (solugdo estoque), em triplicata, duas vezes

independentes. A Tabela 3.1 (pg. 163) apresenta os valores da CCso obtidos no

ensaio de citotoxicidade em células Vero.

Tabela 3.1 — Valores de CCso para os compostos 3a-3j, 4a-4j e 5a-5j obtidos por

meio do ensaio de avaliagdo de citotoxicidade

CONCENTRACAO  CITOTOXICA

COMPOSTO’

50% (umol L) (CCso)
3a >500
3b 382,28 + 35,41
3c 70,83 + 31,78
3d 105,40 £ 5,09
3e 373,55 + 50,59
3f 459,72 + 190,81
39 959,63 + 9,87
3h 189,00 £ 16,39
3i 574,05 + 52,80
3j 840,38 +7,12
4a 733,58 + 11,81
4b 984,45 + 91,40
4c 45,22 + 225
4d 48,57 £ 9,30
de >250
4f 149,89 + 85,39
4g >125
4h 145,26 £ 2,79
4i 678,29 + 32,58
4j 230,70 + 96,86
5a 211,99 £+ 5,14
5b >500
5c 498,83 + 123,91
5d >500
5e >500
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5f >200
59 >500
5h >500
5i >500
5j 94,80 + 20,28

*Os compostos 3a, 4e, 449, 5b, 5d, 5e, 5f, 5g, 5h e 5i em concentragbes acima
da informada na tabela precipitaram e impediram a leitura da absorbancia real,
tendo o fundo dos pogos ficado branco/turvo. Além disso, a primeira
concentracao em que nao houve precipitado do composto, a viabilidade celular

foi maior que 50%.

A partir das concentracdes informadas na Tabela 3.1, pg. 163, foram realizados
0s ensaios de avaliagdo de atividade antiviral contra os virus Chikungunya, Zika
e Oropouche. Embora a classe de compostos triazélicos assim como o SRPIN
340 e anédlogos (Capitulo 1, pg. 20 e Capitulo 2, pg. 29), tenham um histérico de
apresentarem atividade antiviral, nenhum dos compostos sintetizados, 3a-3j, 4a-
4j e 5a-5j apresentou atividade contra os virus Zika e Chikungunya, sendo as
condigdes em que houve tratamento tendo ficado iguais ao controle de virus
(células infectadas e nao tratadas). O controle de células (células ndo infectadas
e nao tratadas) se encontrava viavel, o que validou o resultado dos ensaios. A
Figura 3.1, apresenta fotografias de algumas das condi¢des de tratamento para
demonstrar os resultados obtidos, sendo que para todos os outros compostos o

mesmo aspecto de morte celular foi observado.
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Controle células

Figura 3.1 - Controle de células: células néo infectadas e n&o tratadas. Controle
de virus: células infectadas com ZIKV ou CHIKV e nao tratadas. ZIKV -
tratamento com 3a: células infectadas com ZIKV e tratadas com o composto 3a.
ZIKV — tratamento com 4f: células infectadas com ZIKV e tratadas com o
composto 4f. CHIKV - tratamento com 3h: células infectadas com CHIKV e
tratadas com o composto 3h. CHIKV - tratamento com 4a: células infectadas
com CHIKV e tratadas com o composto 4a. Aumento: 200x.

Fonte: Elaborada pelo proprio autor. As fotografias foram gentilmente fornecidas pelo Laboratério
de Biologia e Tecnologia de Microrganismos (LBTM) da Universidade Federal de Ouro Preto.

Com respeito ao virus Oropouche (OROV), dois compostos, 3b e 3j,
aumentaram a viabilidade celular das células infectadas ap6s o tratamento.
Contudo, o composto 3j ndo ultrapassou 30% de viabilidade celular na maioria
dos ensaios, sendo muito baixa sua agdo e ndo considerada significativa pela
literatura. J& o composto 3b (Figura 3.2, pg. 166), apresentou atividade inibitoria
eficiente contra OROV, mas ndo houve uma concentracao testada em que a
viabilidade celular chegasse a 100%, isso pode ser devido ao valor da
concentracdo efetiva, CEso de 162,64 + 11,18 umol L' (Tabela 3.2, pg.) que esta
préximo ao valor da concentragao citotéxica, CCso (382,28 + 35,41 umol L), ou
seja, a concentracao inibitéria esta préxima da concentragao citotoxica.

Para os compostos que apresentam atividade antiviral € possivel calcular

o indice de seletividade (IS), que representa a janela entre a citotoxicidade e a
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atividade antiviral, e pode ser calculado pela razdo entre CCso e CEso (Tabela
3.2, pg. 166). De modo geral, valores altos de IS indicam uma baixa toxicidade
em relagdo as concentragbes que mostram uma boa atividade antiviral, além de
indicar um intervalo importante de concentra¢des que acentuam o efeito antiviral
com minima toxicidade. Valores baixos de IS, no entanto, indicam que ha uma
toxicidade importante para as concentragdes que refletem uma atividade antiviral
eficaz (PASQUEREAU et. al., 2021). O valor de IS de 2,35 para o composto 3b,
indica, portanto, que embora haja uma boa atividade antiviral contra o virus

Oropouche, a toxicidade para as células deve ser considerada.

Tabela 3.2 — Valores de Concentracao Efetiva para 50% das células (CEso) e

indice de Seletividade (IS) para o composto 3b

Concentracao Efetiva 50 % (CEso)

Composto Ensaio 1 Ensaio2 Ensaio 3 Média + SD
3b 179,62 159,91 148,99 162,64 + 11,18 uM
indice de Seletividade (IS)
3b 2,35

Figura 3.2 — Estrutura do composto triazélico 3b com atividade antiviral contra o
virus Oropouche.

Fonte: Elaborada pelo préprio autor.
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Considerando a estrutura do composto 3b, o que o difere dos demais
compostos da sua série 3a-3j, € a presencga de um grupo -CHz a mais (ligado a
um dos anéis aromaticos), em comparagao aos compostos 3a, 3e, 3f, 3g e 3j
gue nao possuem. Em relagcédo a substancia 3a, especificamente, essa é a Unica
diferenca entre eles, sugerindo que a presencga deste grupo foi fundamental para
a atividade observada. Quanto aos demais compostos da série, embora
contenham o grupo —CH2 em questdo, 3b nao apresenta nenhum grupo
substituinte ligado a esse mesmo anel citado, apontando para o fato de que
grupos doadores ou retiradores de elétrons e suas posi¢coes dentro da molécula,
nao interferiram na atividade contra o virus. Além desses fatores, quando se
compara 3b com os outros compostos avaliados, 4a-4j e 5a-5j, a principal
diferenca esta na presenca do grupo nitro (-NO2) na molécula. O grupo nitro
apresenta um grande espectro de acdo em compostos bioativos (anti-
hipertensivos, anticoagulantes, antiinflamatérios, antibacterianos, dentre outros),
sendo denominado parasitoforo (DE SOUZA, 2016; PETRI, 2015).
Provavelmente esse grupo, associado aos outros fatores ja& mencionados,
forneceu uma resposta positiva na atividade contra OROV, e isso se confirma
com a comparacao direta com os compostos 4b e 5b, derivados de 3b, que nao
possuem o grupo -NOz2 e ndo apresentaram a mesma atividade.

A Figura 3.3, apresenta fotografias das condigbes de tratamento para
demonstrar os resultados obtidos.

Controle células Controle virus OROV OROV - tratamento com 3B 150 uM

Figura 3.3 - Controle de células: células ndo infectadas e nao tratadas. Controle
de virus: células infectadas com OROV e néo tratadas. OROV — tratamento com
3B: células infectadas com OROV e tratadas com o composto 3B na

concentracdo de 150 pmol L. Aumento 200x.
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Fonte: Elaborada pelo proprio autor. As fotografias foram gentilmente fornecidas pelo Laboratério

de Biologia e Tecnologia de Microrganismos (LBTM) da Universidade Federal de Ouro Preto.

3.4. CONCLUSAO

Das séries de substancias sintetizadas neste trabalho (3a-3j, 4a-4j e 5a-
5j), apenas o nitrocomposto intermediario triazélico 3b apresentou atividade
antiviral contra o virus Oropouche (OROV) com uma concentracao efetiva (CEso)
de 162,64 + 11,18 umol L' e indice de seletividade (IS) de 2,35. E embora os
compostos sintetizados ndo tenham apresentado atividade contra os virus
Chikungunya e Zika, testes futuros contra outras espécies virais ainda poderao
apresentar atividades promissoras para os compostos. Mudancgas nas estruturas
das moléculas, como a presenga de outros grupos funcionais e em posicoes
diferentes, podem potencializar e/ou mudar significativamente os resultados e

fornecer novas perspectivas.
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CAPITULO 4

AVALIACAO DA ATIVIDADE CITOTOXICA CONTRA
CELULAS DE GLIOBLASTOMA U87 DAS AMIDAS
TRIAZOLICAS DERIVADAS SRPIN 340 E DOS
INTERMEDIARIOS ENVOLVIDOS EM SUAS SINTESES

4.1. INTRODUCAO

O cancer € um dos mais importantes problemas de saude publica mundial,
correspondendo a segunda maior causa de mortes no mundo, perdendo apenas
para as doencgas cardiovasculares, e é responsavel, anualmente, pela morte dez
milhées de pessoas, o que representa uma em cada seis mortes (OUR WORLD
IN DATA, 2021; FERLAY et. al., 2019).

A incidéncia e a mortalidade por cancer tém aumentado, em parte pelo
envelhecimento e pelo crescimento populacional, e também devido a fatores
socioeconémicos. Para cada ano do triénio 2020-2022 estima-se que, no Brasil,
ocorrerao 625 mil novos casos de cancer (ESTIMATIVA 2020, 2019). A Figura
4.1, pg. 172, indica a incidéncia dos principais tipos de cancer entre homens e
mulheres para este triénio. A maior incidéncia sera de cancer de prostata nos
homens, 29,2%, e de cancer de mama nas mulheres 29,7% (ONCOGUIA, 2021).
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Localizagdo Primaria  Casos %

Préstata 65840 29,2 I
Célon e reto 20520 9] I

Traqueia, brénquio e pulmaao 17760 79 I

Estérmago 13360 59 IS

Cavidade oral 180 50 I

Eséfago 8620 39 N

Bexiga 7590 34

Linforna nao Hodakin 6580 22

Laringe B.470 29 EE

Leucemias 5920 26 EE

Figura 4.1 — Estimativas de novos casos de cancer em homens e mulheres para
o triénio 2020-2022.

Fonte: http://www.oncoguia.org.br/conteudo/estimativas-no-brasil/1705/1/

A definicao geral de cancer esté relacionada a um conjunto de doencas
que tém em comum o crescimento desordenado de células que acometem
tecidos e 6rgdos (ABC DO CANCER, 2020). Ele pode se desenvolver em
qualquer parte do corpo e ainda espalhar-se para outras regides, causando a
formagédo de novos tumores em um processo denominado de metastase
(ONCOGUIA, 2021).

Varios tipos de cancer ja foram identificados e descritos na literatura. Os
gliomas sao definidos como tumores que se desenvolvem a partir de células glias
- astrocitos, olidendrocitos e ependimaria - que séo células de suporte do
cérebro, que protegem, nutrem e dao suporte aos neurdnios (LOUIS et. al,
2016). Os tumores podem ser distinguidos entre astrocitomas ou glioblastomas,
oligodendrogliomas e ependimonas, dependendo do tipo celular nos quais se
originaram (AMERICAN CANCER SOCIETY, 2021).

Dentre eles, o glioblastoma (GB) recebe uma atengéao maior por ser o mais
agressivo, letal e recorrente, sendo classificado como de grau IV pela
Organizacao Mundial da Saude - OMS (OROZCO et. al., 2020). Ele pode surgir
em pessoas de qualquer idade, mas a incidéncia maior € observada em
pacientes de 55 a 65 anos. O progndstico para as pessoas com esse tumor é


http://www.oncoguia.org.br/conteudo/estimativas-no-brasil/1705/1/

173

ruim, apresentando tempo médio de sobrevivéncia de apenas 12 a 15 meses
(SHAABANI, et. al., 2020). As estratégias terapéuticas normalmente utilizadas
envolvem cirurgia combinada com quimioterapia e radioterapia, e ainda assim as
taxas de sobrevida e cura sdo muito baixas devido aos fatores de recorréncia,
resisténcia aos medicamentos e aos efeitos colaterais relacionados as
medicacdes (SHEN et. al., 2021).

Além dos efeitos colaterais mais comuns (queda de cabelos, vomitos,
tonteiras etc) causados pelo tratamento quimioterapico, efeitos negativos na
medula 6ssea, no trato gastrointestinal, no musculo esquelético, no miocardio e
no sistema fisioldégico, foram observados em pacientes em tratamento do
glioblastoma (EMSEN et. al., 2019). O medicamento geralmente utilizado para
combater o glioblastoma é a temozolomida (TMZ), apresentada na Figura 4.2. A
TMZ funciona como um agente precursor, se transformando in vivo no principio
ativo 5-(3-metiltriazeno-1-il)imidazol-4-carboxamida (MTIC). O MTIC é que
apresenta a atividade antitumoral, funcionando como agente alquilante
(NAJMAN & GADELHA, 2002). Quando a TMZ comecou a ser utilizada, uma
melhora de sobrevida dos pacientes foi observada, mas ao longo do tempo a
resisténcia surgiu e ainda nao existe outro tratamento padrao para a reincidéncia
(BERNARDO et. al., 2020).

HoN

Temozolomida

Figura 4.2 — Estrutura da temozolomida (TMZ).

Fonte:Elaborada pelo préprio autor.

Conforme descrito no Capitulo 1, o SRPIN 340 é um inibidor eficiente de
SRPKs (SRPK 1 e SRPK 2), que séo proteinas cinases ricas em serina/arginina.
Elas estdo envolvidas em variadas atividades celulares e sua superexpressao e
desregulagdo demonstram efeitos inadequados que se relacionam com a

proliferacdo celular em diversos tipos de canceres. Chang e colaboradores
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(2015) relataram que a superexpressao da proteina SRPK 1 também esta ligada
a proliferacao dos gliomas, inclusive de glioblastomas.

Este fato demonstra o interesse do presente estudo em avaliar as
possiveis atividades das substancias derivadas do SRPIN 340 sintetizadas,
assim como também dos compostos intermediarios. Sempre sera necessario
aprofundar a busca por novos medicamentos que sejam mais eficientes e que
diminuam ou eliminem os efeitos colaterais no tratamento quimioterapico de
qualquer tipo de tumor. Em termos dos gliomas, a pesquisa por novos
quimioterapicos € de relevancia em funcao do limitado numero de terapias e
baixa eficiéncia terapéutica para o tratamento destes tipos de tumores. Diante
do exposto, neste capitulo descreve-se a avaliagdo dos compostos sintetizados,
os intermediarios 3a-3j e 4a-4j, assim como as amidas triazélicas derivadas do
SRPIN 340 5a-5j, contra células U87 de glioblastoma.

4.2. MATERIAL E METODOS

O ensaio de avaliacao da atividade antitumoral dos nitrocompostos 3a-3j,
das aminas 4a-4j e amidas triazélicas 5a-5j foi realizado em colaboracédo com a
doutoranda lara Mariana Lellis Ribeiro, com o professor Laser Antonio Machado
de Oliveira e com a professora Katiane de Oliveira Pinto Coelho Nogueira do
Laboratério de Neurobiologia e Biomateriais (LNBio) da Universidade Federal de
Ouro Preto.

4.2.1. Linhagem e cultivo celular

A linhagem celular de glioblastoma humano utilizada neste ensaio foi a
UB7MG, e as células foram mantidas em meio de manutengéo - DMEM (high
glucose) suplementado com 10% de soro fetal bovino e 1% de penicilina e
estreptomicina, a 37 °C em atmosfera com 5% de CO:. Para a realizacao dos
experimentos, as células foram plaqueadas a uma densidade de 1,5x10% células

por pogo, em placa de 96 pocos.

4.2.2. Solubilizacao dos compostos
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Os compostos 3a-3j, 4a-4j e 5a-5j foram solubilizados em dimetilsulféxido
(DMSO) 20% em agua estéril para o preparo de uma solugao estoque de 5000
umol L. A partir desta, foram preparadas solugdes nas concentragdes de 50,
100 e 150 umol L' em meio de manutengdo DMEM (LIMA et. al., 2018; RIBEIRO
et. al., 2020; TEIXEIRA et. al., 2020).

4.2.3. Avaliacao do metabolismo celular pelo método MTT

O metabolismo celular foi determinado com o MTT ((3- (4,5 dimetiltiazol-
2-il) -2,5 brometo de difeniltetrazélio; Sigma). As células U87MG foram
plagueadas a uma densidade de 1,5 x 10 células/pogo em placas de 96 pogos
e mantidas por 24 h em estufa a 37 °C, em atmosfera umidificada a 5% de COz:.
Posteriormente, o meio de cultura foi substituido por meio contendo os
compostos em diferentes concentragdes (50, 100 e 150 umol L™ ). Os compostos
3a-3j, 4a-4j e 5a-5j foram diluidos em DMEM com 10% de SFB em 0,4% v/v de
DMSO. Apds 24, 48 e 72 h de cultura (LIMA et. al., 2018), MTT (5 mg mL™~ ;) foi
adicionado a cada pog¢o e incubado overnight a 37 °C. A solugdo de MTT foi
entdo removida e 100 uL de DMSO foi adicionado por pog¢o para solubilizar os
cristais de formazan. Ap6s 1 h, a leitura da absorbancia foi medida no
comprimento de onda de 530 nm em leitor de microplacas (VICTOR™ X3 da
marca PerkinElmer). Os resultados foram normalizados considerando as
culturas tratadas com 0,4% v/v de DMSO (controle). O metabolismo foi
considerado 100% para o controle e os resultados submetidos as andlises
estatisticas pelo teste One-way ANOVA (p < 0.05) seguido pelo pds-teste de
Tukey utilizando-se o Software GraphPadPrism, versao 5.0.

4.3. RESULTADOS E DISCUSSAO

As células de glioblastoma U87 foram tratadas com as concentracdes
indicadas de cada composto (Tabela 4.1, pg. 176) por 24, 48 ou 72 h. Foi
considerado o metabolismo celular de 100% das células no tratamento controle.
A porcentagem de células vidveis € expressa como a media de seis

experimentos independentes.
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Tabela 4.1 — Efeito dos compostos sintetizados 3a-3j, 4a-4j e 5a-5j no

metabolismo celular de células de glioblastoma U87

Composto 24h 48h 72h

[ 1 pmol/L 50 100 150 50 100 150 50 100 150
3a 945 924 899 973 931 895 855 846 795
3b 939 938 948 893 871 885 _ 86.1
3¢ 100.8 975 903 881 842 846 893 1063 869
3d 946 956 921 875 834 790 @ 823

3e 933 918 1008 8.8 900 1013 915 89.8  95.1
3f 91.1 892 8.6 902 919 833 909 875 835
3g 90.1 895 969 832 804 80.1 888 877  86.6
3h 97.8 926 859 101.7 990 1015 910 89.1  90.7
3i 874 902 905 973 977 969 912 870 869
3j 91,5 931 90.1 8.7 8.1 814 | 8l1 877 1046
4a 967 930 896 803 835 814 1009 1090 111.1
4b 91.6 894 893 794 783 832 823 838
4c 938 969 968 912 947 882 952 - 89.3
4d 885 851 833 877 784 804 894 944 909

de 926 979 1009 108.1 | 150.5 146.0 - 145.5 -

4f 81.7  83.7 84.9 127.4 1155 1209 121.7
113.7 1385 141.7

4g 940 1152 1205

4h 983  96.9 83.5 1046 1042 = 859 84.4 _

4i 80.8 - 912 981 1035 883 87.8 85.3
4j 80.1 864 1015 924 992 1084 1165 1292

5a 835 893 810 1335 1250 1114 997
5b 84.1 855 875 896 823 850 _ 81.2
5c 101.1 117.1 1285 1004 = 1407 1384
5d 1079 1128 1146 1273 1404 1355
Se 914 1023 1121 895 1242 1304 1057 1107 1153
5f 103.0 101.5 116.0 126.6 _ 1145 1255 1227
5g 1123 1080 1149 1236 1299 1352 1188 131.6 1350
5h 980 96.1 867 83 89 914 950 8.0 820
5i 102.1 1169 1225

5j 108.8 1227 127.2 134.0

m Escala de Cores

50 100 200

Metabolismo celular (%)



177

A escala de cores utilizada na Tabela 4.1, pg. 176, indica como os
compostos atuaram no metabolismo celular. Quanto mais préximo da cor azul,
maior é o metabolismo celular e quanto mais préximo da cor vermelha, menor
0 metabolismo.

De maneira geral, observa-se (Tabela 4.1, pg. 176) que na série de
compostos 3a-3j, nenhuma das substancias foram téxicas para as células do
glioblastoma U87 em nenhuma das concentracbes testadas independente do
tempo em que houve o tratamento. No entanto, pode-se destacar, de acordo com
a escala de cores, que o composto 3b, apdés 72 h de tratamento, nas
concentragées de 50 e 100 umol.L"', teve um efeito mais pronunciado no
metabolismo celular em relacdo aos demais compostos. O mesmo efeito se
observa para o composto 3d, no mesmo tempo de tratamento, mas nas
concentragdes de 100 e 150 pmol.L"". Os dois compostos tem em comum o fato
de o efeito mais pronunciado ocorrer apds 72 h de tratamento e na concentracao
de 100 pmol.L" (cerca de 30% de reducdo do metabolismo celular). Também é
importante destacar que n&o houve aumento significativo no metabolismo celular
em relacao ao controle de nenhum dos compostos da série em questao.

Na série de compostos 4a-4j é possivel observar um comportamento
diferente em relacdo a série precursora 3a-3j. Imediatamente nota-se, pela
intensidade da cor mais vermelha, que o composto 4h (Figura 4.3) foi capaz de
reduzir o metabolismo celular de modo significativo, uma toxicidade bem
expressiva (aproximadamente 45%) contra as células U87, apds 72 h de

tratamento nas concentragdes de 100 e 150 umol.L".

CF;
~N
:—o =N NH,

F 4h

Figura 4.3 — Estrutura do composto 4h que mais significativamente reduziu o
metabolismo celular em células de glioblastoma U87.

Fonte: Elaborada pelo préprio autor.
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Analisando a estrutura quimica do composto triazélico 4h (Figura 4.3, pg.
177), observa-se que a unica diferenga entre ele e seu precursor 3h € a presenca
do grupo —NHz ao invés do grupo —NO2. O grupo amino provavelmente foi o que
mais influenciou nessa mudanca de comportamento das moléculas frente a sua
atividade contra as células do glioblastoma.

A presenca de atomos de halogénios nas moléculas também sao de
fundamental importancia quando se trata de compostos bioativos. Um estudo
feito por SOARES (2013), mostra o efeito citotdéxico de tiosemicarbazonas
(Figura 4.4) frente as células de tumores cerebrais T98-G e U87 e células MCF-
7 de cancer de mama. Segundo o estudo, os compostos mais potentes contra
todos os tipos celulares analisados (com ICso abaixo de 5,00 nmol.L") foram os

que apresentaram atomos de flior e cloro na molécula.

R=ClouF

Figura 4.4 — Estruturas das tiosemicarbazonas ativas contras células de tomores

cerebrais e de mama.

Fonte: Elaborada pelo préprio autor.

Embora s6 a presenca do atomo de fluor no composto 3h nao tenha
influenciado diretamente a mudanga de atividade em relacdo ao composto 4h,
acredita-se que essa mudanca possa ter sido potencializada devido a presenca
dos dois grupos, —NH2 e —F, na molécula. O efeito dessa juncao do grupo amino
com halogénios pode ser corroborada pela andlise das outras substancias da
série 4a-4j, uma vez que a maioria dos compostos que apresentaram um efeito
citotéxico mais pronunciado (embora menores do que 4h), com uma reducéo no
metabolismo celular ao redor de 25%, contém atomos de halogénio (Cl, Br e I)

em suas estruturas assim como também o grupo amino (compostos 4c, 4d e 4j).
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Outra caracteristica importante que pode ser extraida dessa série de
compostos 4a-4j e que a diferencia da sua série precursora 3a-3j, é o efeito mais
pronunciado do metabolismo celular que ultrapassa 100% do metabolismo das
células de controle, direcionados para a escala de cores em azul. De acordo com
BARROS (2019), um dos motivos que justificaria esse aumento superior a 100%,
pode ser devido a indugao de proliferagdo celular. O composto que mais se
destacou foi o 4g, seguido pelos compostos 4f e 4e (Figura 4.5), com um
metabolismo celular em torno de 195% nas concentragdes de 100 e 150 pmol.L-
' apds 48 h de tratamento. O composto 4f indicou um metabolismo em torno de
185% também nas contragdes de 100 e 150 pmol.L-" apds 48h de tratamento e
o0 composto 4e indicou um metabolismo maior, de 178,2%, na concentragéo de
150 umol.L" apds 72 h de tratamento. Estes compostos citados anteriormente,
assim como também os compostos 4a e 4j, de maneira geral, foram capazes de
aumentar o metabolismo celular em relagdo ao controle também em outras
concentragdes e tempos de tratamentos diferentes, mas foram efeitos menos

expressivos.

N=N NH; OHC 0 N°N NH,

7 "N i N/©/ J N/©/
:/‘QO/\(N;\/‘ NH, HQ—O/\(\ N —~ 0

OCHj3 ‘e OCHj 4 OCHj,

Figura 4.5 — Compostos da série 4a-4j que mais induziram o metabolismo celular

do glioblastoma U87.

Fonte: Elaborada pelo préprio autor.

Embora ndo tenha havido um padrdo de comportamento no metabolismo
celular com respeito a natureza quimica das moléculas, curiosamente, 0s
compostos 4e, 4f e 4g, sao derivados do eugenol, guaiacol e vanilina
respectivamente, que séo todas substancias que podem ser extraidas de fontes
naturais. A Unicas diferencas entre eles sdo as porgcdes coloridas, um grupo
alquila, hidrogénio e aldeido, destacadas em suas estruturas na Figura 4.5,
sugerindo que, além do grupo amino, o grupo metoxila, pode ter influenciado no
aumento do metabolismo celular em relagdo aos compostos que néao

apresentam o grupo —OCHs.
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A principio, esse aumento no metabolismo celular ndo € bem-vindo
quando o interesse esta voltado para a toxicidade que os compostos podem ter
contra as células tumorais. No entanto, indicar o crescimento das células, pode
ser vantajoso quando se considera processos benéficos como, por exemplo, 0
de cicatrizacéo de feridas.

A cicatrizagao de feridas consiste em uma sucessao de eventos celulares,
moleculares e bioquimicos que interagem para que se concretize o processo de
reconstituicdo dos tecidos. O mecanismo de cicatrizacao pode ser dividido em
trés estagios. No primeiro, denominado estagio inflamatério, ocorre a lesdo do
tecido, no segundo estagio, o proliferativo, de forma simplificada, € onde ocorre
0s processos de proliferacdo celular e o terceiro estagio, chamado de
remodelacao, trata da tentativa de recuperacao da estrutura normal do tecido
lesionado (CAMPQOS et. al., 2007; GONZALEZ et. al., 2016).

Sugere-se que a participagao de substancias que induzem o metabolismo
celular estejam envolvidas no segundo estagio do processo de cicatrizacéo,
promovendo o crescimento celular para acelerar a reconstituicado dos tecidos
danificados. Salienta-se que o fato dos compostos aumentarem o metabolismo
de células malignas, nao significa que apresentardo o mesmo efeito com células
normais, no entanto, estudos mais aprofundados orientados nesse sentido,
podem ser promissores no desenvolvimento de formulagcdes farmacéuticas para
acelerar o processo de cicatrizacao de feridas.

Analisando a ultima série de compostos apresentada na Tabela 4.1, pg.
176 , 5a-5j, que corresponde as amidas triazdlicas derivadas do SRPIN 340,
observa-se que apenas o composto 5b, apresentou uma toxicidade mais
pronunciada se comparada aos demais compostos, levando a redugdo no
metabolismo celular de aproximadamente 25%, nas concentragdes de 50 e 100
umol.L" apds 72 h de tratamento. Um comportamento semelhante foi observado
para o composto 3b, que também é seu precursor.

Considerando o aumento no metabolismo celular causado pelos
compostos dessa série 5a-5j, destaca-se o composto 5d, seguido pelos
compostos 5¢, 5a, 5i e 5j (Figura 4.6, pg. 181). Para todos estes compostos, as
alteragbes mais significativas ocorreram apos 48 h de tratamento. O composto
5d foi o mais expressivo, com o metabolismo superior a 190% para todas as
concentracdes testadas. J4 o composto 5¢, apresentou um metabolismo maior
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do que 190% apenas na concentragdo de 150 umol.L'. Nas demais
concentragdes o metabolismo foi de 173,4% para 50 umol.L " e 189,4 % para
100 umol.L', que também devem ser consideradas. As substancias 5a, 5i e 5j,
embora menos expressivas que 5d e 5c¢, foram capazes de aumentar o
metabolismo em mais de 175% nas concentragdes de 50 e 100 umol.L" para

5a, de 100 e 150 pmol.L-! para 5i e de 50 umol.L! para 5j.

@@@ 3,
}%}%}%®©!©

@ (5a) 2:} (5¢) %:} (5d) %:} (5i) @ (5i)

Figura 4.6 — Amidas triazélicas que mais induziram o metabolismo celular do

glioblastoma U87.

Fonte: Elaborada pelo préprio autor.

Mais uma vez ndo se observa um padrao relacionando as estruturas
quimicas das moléculas apresentadas na Figura 4.6, entre si, nem entre seus
precursores, no que tange ao aumento no metabolismo. Entretanto, nota-se que
os compostos 5d e 5¢, que mais aumentaram o metabolismo celular, apresentam
atomos de halogénio, Cl e Br respectivamente, em suas estruturas.

No trabalho realizado por DE SOUZA (2020), no qual foi reportada a
sintese de outros derivados inspirados no SRPIN 340 e também contendo o
nucleo 1,2,3-triazol, um resultado semelhante foi obtido em relagdo ao aumento
do metabolismo celular que alguns compostos apresentaram frente as células
de glioblastoma U87. As substancias em questao (Figura 4.7, pg. 182) foram
capazes de aumentar o metabolismo celular em quase 200% na concentracao
de 150 pmol.L™.
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CF, CF,

Figura 4.7 — Substancias sintetizadas por DE SOUSA (2020) que aumentaram o
metabolismo celular contra células de glioblastoma U87.

Fonte: Elaborada pelo préprio autor.

Uma comparacéo poder feita entre as estruturas dos compostos A e B
(Figura 4.7) sintetizados por DE SOUSA (2020) e os compostos obtidos na
presente investigacao. Inicialmente observa-se que o composto 5¢ (Figura 4.6,
pg. 181), contém o atomo de bromo em sua estrutura assim como o composto
A, além de ter aumentado o metabolismo em quase 200% (195,6%) na mesma
concentracdo de 150 pmol.L"' que o composto A. O composto 5i por sua vez,
apresentado também na Figura 4.6, pg. 181, contém o grupo metila da mesma
forma que o composto B e embora ndo tenha aumentado o metabolismo celular
na mesma magnitude que B, suas semelhancas estruturais devem ser
ressaltadas.

Da mesma forma que os compostos 4e, 4f e 49, pertencentes a série 4a-
4j, foram sugeridos para testes futuros para analisar um possivel efeito
cicatrizante devido as suas capacidades de aumentarem o metabolismo celular,
0s compostos 5a, 5¢, 5d, 5i e 5j também podem ser testados para a mesma

finalidade e se tornarem futuros agentes de cicatrizacao.

4.4. CONCLUSAO

A partir da andlise dos resultados apresentados, observou-se que das
séries de compostos sintetizadas, 3a-3j, 4a-4j e 5a-5j, apenas o composto 4h,
foi capaz de reduzir mais significativamente (cerca de 45%) o metabolismo
celular das células U87 de glioblastoma. Ja os compostos 4e, 4f, 49, 5a, 5¢, 5d,

5i e 5j foram capazes de aumentar o metabolismo destas células, com efeitos



183

variando entre 170 e 196%, sugerindo estudos mais aprofundados a respeito do
potencial que podem apresentar frente a testes sobre cicatrizacao de feridas.
Embora os resultados para células de glioblastoma ndo tenham sido muito
promissores em relacdo a citotoxicidade, estudos com outros tipos de células
tumorais podem ser mais eficientes, além de que mudancas estruturais nas
moléculas podem fornecer resultados diferentes e apresentar novas
perspectivas.
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CONSIDERACOES FINAIS E PERSPECTIVAS

No presente trabalho foram sintetizados no total quarenta e oito
compostos, sendo uma azida, dez alquinos terminais, dez nitrocompostos
triazélicos, dez aminas triazélicas e dezessete derivados do SRPIN 340
contendo o fragmento 1,2,3-triazol. Dentre eles, trinta e sete sdo substancias
inéditas e tiveram suas estruturas confirmadas por meio das espectroscopias no
IV e de RMN de 'H e de '3C. No preparo dos compostos foram empregadas
reacdes substituicdo nucleofilica aromatica, reacées de alquilacao via catalise
de transferéncia de fases, reacoes CuAAC, reacdes de reducao e reagdes de
acilacéo, fornecendo rendimentos sinteticamente Uteis. Os testes para avaliacdo
antiviral dos compostos mostrou que nenhuma das substancias testadas foram
ativas contra os virus Zika e Chikungunya e que apenas o composto 3b foi mais
ativo contra o virus Oropouche, apresentando uma concentracao efetiva (ECso)
de 162,64 + 11,18 umol L' e indice de seletividade de 2,35. Com respeito a
avaliacao citotoxica contra células de tumor cerebral glioblastoma U87, dos
compostos testados, o composto 4h foi 0 que mais induziu uma toxicidade
expressiva de cerca de 55%. Ja4 os compostos 5a, 5¢, 5d, 5i e 5j, foram os que
mais aumentaram o metabolismo celular em quase 200%. Como perspectivas,
sugere-se que os todos compostos sejam avaliados contra outros tipos de virus
e células cancerigenas, e que os compostos que promoveram o aumento no
metabolismo celular no teste contra células de glioblastoma U87 sejam testados
para avaliacdo de seus potenciais como agentes cicatrizantes. A mudanca nas
estruturas quimicas das moléculas, com adicdo e/ou substituicdo de novos
grupos e em posicoes diferentes, pode ser uma estratégia para melhorar os
resultados obtidos. Além disso, necessita-se encontrar melhores condicoes para
conducéo dos processos de acilagao.
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Figura 1 - Espectro no infravermelho (ATR) do composto 2b.

Fonte: Elaborada pelo préprio autor.
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Figura 15 — Espectro de RMN de '3C (100 MHz, CDCI3) do composto 2f.

Fonte: Elaborada pelo proprio autor.
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Abstract: Dengue virus (DENV) and chikungunya virus (CHIKV) are reemergent arboviruses that are
transmitted by mosquitoes of the Aedes genus. During the last several decades, these viruses have been
responsible for millions of cases of infection and thousands of deaths worldwide. Therefore, several
investigations were conducted over the past few years to find antiviral compounds for the treatment
of DENV and CHIKV infections. One attractive strategy is the screening of compounds that target
enzymes involved in the replication of both DENV and CHIKV. In this review, we describe advances in
the evaluation of natural products targeting the enzymes involved in the replication of these viruses.

Keywords: dengue; chikungunya; virus enzymes; antiviral; natural products

1. Introduction

Neglected tropical diseases (NTDs) compose a group of infections that primarily affects the
world's poorest populations; they continue to be the leading cause of morbidity and mortality among
the poorest people in developing countries [1-4]. NTDs affect more than one billion individuals who
have inadequate access to safe water, sanitation and appropriate housing. The NTDs are caused by
helminths, protozoa and tropical bacteria. Because of their link to poverty in developing countries,
diseases caused by several arboviruses, including dengue virus (DENV) and chikungunya virus
(CHIKV), should be considered NTDs [3].

CHIKYV is a mosquito-transmitted alphavirus that belongs to the Togaviridae family [5]. Itis a
reemergent arbovirus that is responsible for chikungunya fever (CHIKF), severe joint pain and
rash [6]. CHIKF was first described in 1952 after an outbreak along the borders of Tanzania (former
Tanganyika) and Mozambique. This alphavirus is transmitted by mosquitoes of the Aedes genus,
including A. acgypti, A. furcifer and A. albopictus [6,7]. In 2006, CHIKV was responsible for an epidemic
of unprecedented magnitude in the Indian Ocean, stressing the need for new therapeutic approaches.
Since that time, researchers have acquired a better understanding of CHIKV biology, which should
lead to the identification of new, active molecules against this reemergent pathogen [8].

DENV, like CHIKY, is a reemergent arbovirus, Within the last two decades, it has become the
most important and frequently transmitted arbovirus worldwide [9]. The incddence of DENV has
increased approximately 30-fold over the past 50 years. Approximately 50-100 million new infections
are estimated to occur annually in more than 100 endemic countries, and further spread has been
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documented to areas that were previously unaffected. Each year, hundreds of thousands of serious cases
of infection arise, which result in approximately 20,000 deaths; additionally, 264 disability-adjusted life
years per million inhabitants per year are lost, with an estimated cost for outpatient cases and
hospitalizations ranging from US$514-1394. The actual numbers are probably much worse, since the
underreporting of DENV cases has been documented [9-13]. This disease comprises four viral
serotypes (DENV 1-4), and its spectrum ranges from asymptomatic infection to dengue fever, dengue
hemorrhagic fever and dengue shock syndrome. Moreover, DENV infection may lead to death. All
four serotypes of DENV are transmitted to humans by A. aegypii and A albopictus mosquitoes [14-16].

Considering the severity of these diseases, several investigations have been conducted during
the past few years to identify antiviral compounds with which to treat them. The development of
antiviral therapies remains a high priority for the World Health Organization (WHO).

2. Natural Products as a Source of Pharmaceuticals

Several approaches have been used for drug discovery [17], including the use of natural products,
which can be explored for the research and development of new pharmaceuticals. Several drugs for
treating a variety of diseases have been discovered via the screening of natural compounds obtained
from animals, microorganisms, marine organisms and plants. Such drugs include natural products,
semi-synthetic analogs derived from active natural products and entirely synthetic compounds designed
using natural products as models. Since the early days of drug discovery, chemical constituents isolated
from natural sources have been explored as a source of novel therapeutics. Statistically, about 50% of
new chemical entities are obtained from either natural products or natural product analogs [18-21].

Several plants have been shown to possess anti-DENV and anti-CHIKV activities. According to
a WHO facisheet, 80% of the population of certain Asian and African countries depends on traditional
medicines for primary healthcare due to economic and geographic constraints [16,22-25]. Because of
their few (or unknown) adverse effects, the global use of medicinal plants or herbal-based medicines
is steadily growing. Even though a number of plants is known for their anti-DENV and anti-CHIKV
activities, few investigations have been published on the isolation (identification) and evaluation of
compounds from plants with anti-DENV and anti-CHIKV activities [16].

I this review, we describe advances in the evaluation of natural products targeting the enzymes
involved in the replication of DENV and CHIKV. Most of the compounds described below are natural
products isolated from plant species. However, examples of substances isolated from other natural
sources are also presented. Investigations of plant extracts that possess antiviral activities are also
discussed. In addition, the results of in silico studies are also highlighted.

3. Structural Biology of DENV

DENV particles are about 50 nm in diameter. The DENV RNA genome of 10,723 nucleotides
encodes an uninterrupted open reading frame, which directs the synthesis of the polyprotein precursor
NH2-C-prM-E-NSI-NS2ZA-NS2B-NS3-NS4A-NSB-NS5-COOH, where C is the capsid protein, M is a
membrane-associated protein, E is the envelope protein and N51-N5S5 are nonstructural proteins [25-27].

Proteins N53 and NS5 are integral components of the viral replication complex and are involved
in viral RNA genome synthesis, methylation of the 5 cap of the viral genome and polyprotein
processing, among other activities [19].

3.1.NS3

NS3 is a multifunctional enzyme, which acts as a protease for polyprotein processing, an RNA
triphosphatase for capping nascent viral RN A and a helicase, along with cofactor NS2B, for unwinding
the double-stranded, replicative form of RN A [28]. N53 is sufficiently conserved within the four DENV
serotypes [28]. Dissecting its structural and functional domains is thus critical to improving the
understanding of the flavivirus life cycle and assisting in the design of effective antiviral drugs.
Furthermore, the conservation of domain structures across the Flaviviridae family suggests conservation
of functions [22,26].
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The NS3 protease is required for the production of mature viruses and plays a key role in
maintaining infectivity. This enzyme mediates the cleavage of polyproteins into functional proteins
that are required for viral propagation. The dimeric protease N52B-NS3 is responsible for protein
processing at the junctions of NS2ZA/NS2B, NS2B/NS3, NS3/NS4A and NS4B/NSS5, as well as internal
DENV sites within C, 2A, NS3 and NS4A, thus making the nonstructural NS2B-NS3 protease an ideal
target for drug design against DENV infection [29-31].

The helicase domain of N53 has seven structural motifs that are reminiscent of superfamily 2
helicases. It has three subdomains with significant sequence identity and structural similarity to other
flavivirus helicases. Subdomains I and Il are also structurally similar to the corresponding domains
in the hepatitis C virus, suggesting a common mechanism of action [26,32-34].

The combined activities of the polynucleotide-stimulated helicase and nucleoside triphosphatase
(NTPase) regions in the C-terminal domain are required for both melting secondary structures prior to
the initiation of RN A synthesis and unwinding RN A duplexes; these actions occur by either separating
double-stranded RNA intermediates that are formed during viral RNA synthesis or removing
proteins bound to viral RNA using a translocase function. DENV with impaired helicase activity loses
its ability to replicate, demonstrating the importance of the N53 helicase domain in the viral life cycle.
For this reason, inhibitors or modulators of these enzymes are of great interest as therapeutic
agents [26,35-37].

3.2.NS5

NS5 is the largest (104 kDa) and most conserved protein in DENV. Specifically, residues
320-368 are strictly conserved among the flaviviruses. These residues have also been implicated in
the interaction between NS5 and NS53 [38,39]. The important role of NS5 in DENV replication makes
these proteins interesting targets for virus inhibition [26]. Similar to NS3, NS5 possesses two major
activities, an RNA-dependent RNA polymerase (RARp; residues 320-900) at its C-terminal end and
a methyltransferase (MTase; residues 1-296) at its N-terminal end [26,40]. The NS5 MTase is a surface
polyprotein that is essential for the attachment of the virus to the host cell. Thus, the ligand-bound
crystal structure of the N-terminal domain of the N55 MTase has become a crudial tool for current drug
discovery efforts. The crystal structure of the RdRp shows an active site with two zinc ion-binding
motifs, which are ideal targets for designing novel RdRp inhibitors [4,41,42].

The NS5 RdRp plays a vital role in the replication of viral RNA. Following viral entry and translation
of the viral genome, the N55 RdRp performs de novo RN A synthesis, generating negative-sense RNA
from the positive-sense viral RNA template. The latter then serves as a template for the synthesis of
more positive-sense RNA strands, which are either used for protein translation or packaged into
infectious virions [43—45].

The flavivirus MTase catalyzes two very distinct methylation reactions, but there is only a single
binding site for the methyl donor. It is likely that the RNA substrate repositions itself after the first
reaction so that the second reaction can proceed [45,46].

Natural compounds that display inhibitory effects against DENV enzymes are described below.
The evaluation of a compound’s activity against viral enzymes can be investigated in two ways. First,
the effect of a substance can be assessed directly on the enzyme (enzymatic assay). Second, the
evaluation can be carried out in replicon cell lines (which are unable to produce infectious particles,
but are capable of RN A replication) using a virus strain (post-treatment assay). For the post-treatment
assay, host cells are initially infected with viruses, which can attach to and enter the cell. Then, the
viruses that did not attach to the host cells are removed. Finally, the compound under investigation
is added. An observation of virus inhibition indicates that the compound acts on the virus replication
process, which involves several enzymes. The compound is thus assumed to act on one or more viral
enzymes. Molecular docking is another important approach that has been used to investigate
inhibitors of viral enzymes. The results from molecular docking experiments and in vitro analyses
help streamline the screening processes.
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3.3. Direct Inhibitory Activities of Natural Compounds against DENV Enzymes

Boesenbergia rotunda (L.) Mansf. Kulturpfl (Br) is a member of the ginger family. A phytochemical
investigation of yellow rhizomes of this species from Thailand led to the isolation of six compounds,
which are shown in Figure 1.

o OhMe
R O v -2
J
Cardamonin (4)
R = OMe, R' = OH: Pinostrobin (1)

R = OH, R = OH: Pinocembrin (2)
R =0H, R = OMe: Alpinetin (3)

R = One: Panduratin A (5)
R =0H: 4-hydroxypanduratin A (6)

Figure 1. Natural products isolated from the rhizomes of B. rotunda (L.).

These compounds were assayed against the DENV-2 NS3 protease [47]. The enzymatic assays
were carried out using the fluorogenic peptide Boc-Gly-Arg-Arg-MCA, which is an active substrate
of the DENV-2 NS3 protease. Initially, the activities of the six compounds against N53 were evaluated
at three different concentrations (120, 240 and 400 ppm); all compounds inhibited N53 protease activity
in a concentration-dependent manner. The most active compounds were 5 and 6. The activities of these
compounds were further evaluated at 40, 80 and 160 ppm. The inhibitory activity of Compound 5
ranged from 27.1% (40 ppm}-99.8% (400 ppm), whereas the inhibitory activity of Compound 6 ranged
from 52.0% (40 ppm)}-99.8% (400 ppm). Individually, Compounds 2 and 4 were found to have low
inhibitory activity. However, when these flavones were combined, an increase in inhibitory activity
was noticed (synergistic effect). Kinetic studies carried out with Compounds 1, 4, 5 and 6 resulted in
the determination of their Ki values (345 for 1; 377 for 4; 25 for 5; and 21 for 6). Compounds 1 and 4
appeared to function via a noncompetitive mechanism, whereas Compounds 5 and 6 displayed
competitive inhibition [47].

Litaudon and co-workers biologically screened 1350 ethyl acetate extracts obtained from various
parts of 650 New Caledonian plants. The extracts were screened at a concentration of 50 ug/mlL in a
DENV polymerase assay using the RdRp domain of DENV-2 NS5. A second screen of 320 active extracts
at a concentration of 10 pg/ml was then performed, which resulted in the selection of 49 extracts
exhibiting enzymatic inhibition of at least 80%. An extract from the bark of Crypfocarya chartacea
displayed significant enzymatic inhibitory activity (0% at 10 pg/mL) and was subsequently selected
for fractonation. Flavonoids 7-17 (Figure 2) were isolated from this extract [48].
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7 \ o
: . S P
Pinocembrin Ry=R>=H (7) A= e . 51 OH
Chartaceone A R{=A, Rx=H (8)
Chartaceone A1 2R, 5R (9) | [e]
Chartaceone A2 2R, 5S (10) T
Chartaceone A3 2S, 5R (11) B= 7 OH
Chartaceone A4 2S, 5S (12)
Chartaceone B R1=B, Ro=H (13)
Chartaceone C R1=R>=B (14)
Chartaceone D R1=B, R~=A (15)
Chartaceone E R{=A, R,=B (16)
Chartaceone E R1=Rz=A (17)
Compound  Polymerase Activity Inhibition*  Cytotoxicity ®

7 Not active 0

8 148+24 32

9 153+14 0

10 9.0+35 11

11 270+6.5 0

12 74+22 6

13 725+15.3 0

14 42+0.1 0

15 1812 0

16 29+03 0

17 24+03 0

4 1Cso (uM) values are the mean values + SD (1 = 3); * % of inhibition at 10 pg/mL.

Figure 2. Chemical constituents isolated from the bark of Cryptocarya chartacea.

As can be seen in Figure 2, flavonoids 8-17 inhibited the DENV NS5 RdRp, with ICw values
ranging from 1.8 uM (Compound 15)-72.5 uM (Compound 13). Pinocembrin (7) was found to be
inactive against the DENV-2 NS5 RdRp, suggesting that the aliphatic portion of the chartaceone
structure plays an important role in the inhibition of the polymerase. In this investigation, the authors
also evaluated the effects of the isolated compounds on nasopharyngeal carcinoma cells. No
compounds were found to be toxic to this cell line at a concentration of 10 ug/mL [48].

The investigation of the ethyl acetate extracts of the bark and wood of Trigonostemon cherrieri, a
rare endemic plant from New Caledonia, resulted in the isolation of a series of very complex,
oxygenated diterpenoids, which included Compounds 18-20. These compounds were screened
against the DENV NS5 RdRp (Figure 3).
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OH
O
Trigochermin A (18)
Trigocherriolide A (19)

Trigocherriolide B (20)
Compound DENYV RdRp Inhibitory Activity (ICs in uM)
18 12702
19 31202
20 16013
3"-deoxy-GTP 0.02

Figure 3. Diterpenoids from T. cherrieri and their antiviral effects against the dengue virus (DENV)
NS5 RdRp.

Compounds 18-20 were capable of inhibiting the DENV NS5 RdRp. Compound 19 was the most
potent (ICso=3.1 uM), with an inhibitory activity more than 150-times lower than 3-deoxy-Guanosine
Triphosphate (3-deoxy-GTP) (0.02 uM), which was used as the reference compound [49].

To identify new inhibitors of the DENV-2 NS5 RdRp, Litaudon and co-workers screened 820 ethyl
acetate extracts from different parts of 400 plants collected in Madagascar. The bark extract of
Flacourtia ramontchi was selected for fractionation, because of its pronounced effect on the DENV-2
NS5 RdRp. The compounds shown in Figure 4 were isolated from this extract and fully characterized [50].
The data displayed in Figure 4 reveal that among the isolated phenolic glycosides 21-31, Compounds
22, 27 and 30 were the most active. The cinnamic acid derivative Compound 31 showed significant
inhibitory activity, although its activity is about four-times lower than the positive control. However,
no structure-activity relationships could be established for any of these compounds.

Anacolosa pervilleana is a Madagascan plant whose leaves, bark and young shoots are used in
traditional medicines for the treatment of schistosomiasis, syphilis and general weakness. Four
acetylenic carboxylic acids (Compounds 32-35), two triterpenes (Compounds 36 and 37) and one
aromatic compound (Compound 38) were isolated from the leaf ethyl acetate extract of this species
(Figure 5) [51].

The acetylenic acids were found to be the most active compounds, inhibiting the DENV NS5
RdRp with approximately the same efficacy. The observed ICs values (<3 uM) were about 100-times
lower than the reference compound, 3'-deoxy-GTP [51].
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Figure 4. Natural compounds isolated from the ethyl acetate bark extract of F. ramontchi and their

inhibitory effects an the DENV-2 NS5 RdRp.
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O
Z
(35) S-Eambunigrin (38)
Compound ICz0 (in uM) DENV RdRp
a2 25+0.1
a3 2704
34 22+05
35 27+04
36 =10
37 =10
38 =10
3'-deoxy-GTP 0.02

Figure 5. Structures of Compounds 32-38 and their antiviral activities.

3.4. Direct Inhibitory Activities of Plant Extracts against DENV Enzymes

The medicinal plants Vernonin cinerea, Hemigraphis reptans, Hedyotis auricularia, Laurentia longiflora,
Tridax procumbens and Senna angustifolia were used to evaluate their abilities to inhibit the DENV NS3
protease. The highest inhibitory effects were observed for the ethanolic extract of 5. angustifolia leaves,
the methanolic extract of V. cinerea leaves and the ethanolic extract of T. procumibens stems (ICs values:
30.1+£3.4, 237 £ 4.1 and 25.6 + 3.8 pg/mL, respectively). The most active extracts were also tested in vitro
against DENV-2-infected Vero cells, which were able to maintain a normal morphology without
cytopathic effects. The percent viral inhibition of the extracts of V. cineren (80.6% + 6.1%) and T. procumbens
(64.0% = 9.4%) was significantly higher than that of 5. angustifoliz extract (26.3% % 3.8%), as measured
by a plaque-forming assay and RT-gPCR [52]. The authors of this investigation did not analyze which
compounds were responsible for the observed activities.

3.5. Indirect Inhibitory Activities of Compounds and Extracts against DENV Enzymes

The plant Houttiyma cordata is a popular vegetable consumed in the northern and eastern regions
of Thailand. [ts aqueous extract was evaluated for inhibitory activity against DENV-2 within the
10-100-mg/mL concentration range. Both pre- and post-incubation of HepG2 cells with H. cordata
extract resulted in a significant reduction in intracellular DENV-2 RNA production, correlating with
a decrease in DENV-2 protein expression. The extract directly inhibited intracellular viral RNA
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replication, with an effective concentration (ECw) of 0.8 mg/mL. Within the 10-40-mg/mL concentration
range, the H. cordata extract also exhibited a protective effect on virion release from infected LLC-MK2
cells (Rhesus Monkey Kidney Epithelial Cells). The reduction in RNA production and decrease in
DENV-2 protein expression suggest the inhibition of viral enzymatic activity by the aqueous extract.
High-performance liquid chromatography of the aqueous extract revealed that hyperoside (Compound
39) (Figure 6) is the major component of the extract, suggesting that this flavonoid plays an important
role in DENV-2 inhibition. The aqueous extract had no toxic effects on human blood cells [53].

OH

OH
O O
|
OH O HO
"o
(39)

Figure 6. Structure of hyperoside (Compound 39), the major component of the H. cordata extract.

The fractionation of the ethanolic extract of Zoanthus spp. (sea anemone) collected in Taiwan
resulted in the isolation of 14 ecdysones; the inhibitory activities of these compounds against DENV-2
were evaluated. Among the isolated ecdysonoids, Compounds 40-43 were the most potent. The results
shown in Figure 7 suggest that ajugasterone C (Compound 42) is equipotent to 2-C-methylcytidine
(positive control), with a better Seletive Index (SI). In addition, the most active ecdysone, Compound
42, was also tested against other DENV serotypes. Ecdysone 42 was found to be active against all
DENV serotypes, with the following ECx values: DENV-1 (15.70 £ 2.36 uM), DENV-3 (9.48 £ 0.24 uM)
and DENV-4 (12.15 + 1.22 uM) with a high CCs (the 50% cytotoxic concentration). After analyses of
both the structure-activity relationship and molecular docking, the authors proposed that ecdysone
42 impairs DENV RNA replication by blocking the viral polymerase channel [54].

(40) Zoanthone A: R=Rz=Rs=R,=OH, Rs=OAc
(41) Viticosterone E: Ry=R,=OH, Ry=H, Ry=OH, Rs=OAc
(42) Ajugasterone C: R{=Ry=Rs=R,=OH, Rs=H

(43) Turkestone: Ry=R,=Ry=R,=OH, Rs=OH

Compound ECso (uM) CCso (uM)  SI (CCs/ECs0)
40 19.61 £2.46 >700 >36.7
41 3976 £2.14 >700 >17.6
42 10.05+2.37 >700 >69.7
43 38.15£2.40 >700 >18.3
2'-C-methylcytidine 11.20£0.3 94.75+4.15 >8.5

Figure 7. Structures of ecdysones 40-43.
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p-Carbolines are widespread plant and animal alkaloids that possess important biological
activities [55]. Quintana and co-workers evaluated the effects of natural and synthetic f-carbolines; they
found that the natural product harmol (Compound 44) and its synthetic derivative 9-N-methylharmine
(Compound 45) were the most potent alkaloids, with inhibitory activities against DENV-2 and SI
values of 56.2 and 61.3, respectively (Figure 8). Vero cells were infected with DENV at a multiplicity of
infection (MOI) of 1 or 0.1 PFU/cell. At 48 h post-infection, the cells were lysed; and the supernatants
were harvested; virus yields were quantified by plaque assay. The results indicate that the
compounds likely act via viral enzyme inhibition. Harmol (Compound 44) and 9-N-methylharmine
(Compound 45) were also found to possess inhibitory effects against DENV-1, DENV-3 and DENV-4,
albeit with lower efficiencies than against DENV-2 [56].

— —

N
\_/ \ 7
HO N CH o N  CHs
H , \
CHs CHs
(44) (45)
Compound  CCso (uM)  ECs (uM)  SI

44 2033+12 33+04 613
45 178.6+11.5 32+06 56.2

Figure 8. p-Carbolines harmol (Compound 44) and its synthetic derivative 9-N-methylharmine
(Compound 45).

3.6. In Silico Investigations of DENV Enzyme Inhibitors

Galiano and co-authors conducted an in silico study to identify new inhibitors of the NS5 RdRp
in the four DENV serotypes. They used a chemical library of 372,792 non-nucleotide compounds to
perform molecular docking experiments at the binding site of the RNA template tunnel of the
polymerase. After the screening process was completed, 39 compounds were identified as leading
DENV RdRp inhibitor candidates. The selected compounds had a highly negative free energy variation
(AG) when docked to the binding site of the RNA template tunnel in the four DENV serotypes. In
addition, the majority of the selected compounds had favorable druggability and optimal ADMET
(absorption, distribution, metabolism, excretion, and toxicity) properties [57]. Among the 39 selected
compounds, 10 (Compounds 46-55 in Figure 9) were natural products.

Recently, Power and Setzer reported an in silico investigation of natural products as potential
antiviral agents against DENV protease (NS2B-NS3pro), helicase (NS3 helicase), MTase, RdRp and
the virus envelope. A total of 2194 plant-derived natural products were docked. The compound set
was composed of 290 alkaloids (68 indole alkaloids, 153 isoquinoline alkaloids, 5 quinoline alkaloids,
13 piperidine alkaloids, 14 steroidal alkaloids and 37 miscellaneous alkaloids), 678 terpenoids (47
monoterpenoids, 169 sesquiterpenoids, 265 diterpenoids, 81 steroids and 96 triterpenoids), 20
aurones, 81 chalcones, 349 flavonoids, 120 isoflavonoids, 74 lignans, 58 stilbenoids, 169 miscellaneous
polyphenolic compounds, 100 coumarins, 28 xanthones, 67 quinones and 160 miscellaneous natural
compounds. Polyphenolic compounds, flavonoids, chalcones and other phenolics were identified as
the most strongly docking ligands for DENV protein targets [58], as shown in Figure 10 for selected
ligands 56-59 for DENV NS2B-NS3.
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48

(46) (47)

(55)

Figure 9. Structures of natural products 46=55 selected as leading candidate DENV RdRp inhibitors
by Galiano and co-authors [57].

334,

Licobenzofuran (59)

Figure 10. Identified compounds by Power and Setzer |58] as strongly docking ligands for DENV
protein targets.
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4. Structural Biology of CHIKV

The genome of CHIKV is a positive-sense, single-stranded RNA (ssRNA) genome, consisting of
two open reading frames: The 5' end encodes nonstructural proteases necessary for the formation of
viral replicase complexes, and the 3’ end encodes structural proteins necessary for receptor binding and
cell membrane fusion [4]. Alphaviruses have a positive-sense ssRNA genome that is approximately 11
kb in length and encodes nine proteins. Four nonstructural proteins (nsP1-nsP4) are encoded by the
5" end of the genome. The 3" end of the genome encodes a polyprotein precursor containing three
structural proteins: PE2 (the precursor of E3 and E2), E1 and the capsid protein (C) [59].

The nonstructural proteins nsP1, nsP2 and nsP4 possess enzymatic activities. They are involved
in viral RNA genome synthesis, methylation of the 5' cap of the viral genome and protein processing,
among other activities [59].

4.1. nsP1

CHIKV nsP1 is a palmitoylated protein, consisting of 535 amino acids. The N-terminal region of
nsP1 is responsible for the MTase and guanylyltransferase activities involved in capping and
methylation of the newly-formed viral genomic and subgenomic RNAs. Recently, this protein was
reported to play a crudal role in the downregulation of bone marrow stromal antigen-2 (BST-2),
suggesting that nsP’1 would be a potential target of BST-2-mediated therapeutics targeting CHIKV [7,59].
Elimination of nsP1 abolishes CHIKV replication. nsP1 genes are highly conserved in CHIKV strains
and are important for virus proliferation in host cells. Therefore, nsP1 represents a rational target for
antiviral therapies [60].

4.2 nsP2

The nonstructural protein nsP2 possesses numerous enzymatic activities and functional roles.
This viral protein consists of an N-terminal domain with RNase and NTPase activities and a protease
domain and an MTase-like region of unknown function at its C-terminus. In addition to its role as a
cofactor of the viral polymerase complex, nsP2 is a virulence factor [4].

Similar to DENV N53, CHIKV nsP2 deaves viral polyproteins into four nonstructural proteins
via the thiol protease complex at its C-terminus. The proteolytic activity of nsP2 plays an important
role in the cleavage of nonstructural polyproteins, which are critical for viral replication. On the other
hand, the RNA triphosphatase activity essential for RN A capping is found in the N-terminus of nsP2.
The recently-solved crystal structure of CHIKV nsP2 might function as a crucial starting point for the
development of novel antivirals targeting CHIKV [4,7,61,62]. The complete nucleotide sequence of
the CHIKV genome revealed that nsP2 is the largest nonstructural protein: 798 amino acids long with
a large, net positive charge [63].

4.3. nsP4

CHIKYV nsP4 is an RdRp that is believed to participate in protein unfolding in the host cell, which
helps replicate genomic RNA via a negative-strand RNA. CHIKV nsP4 also helps transcribe the 265
subgenomic mRNA, which encodes structural proteins [64,65].

Mature CHIKV nsP2 has been found to interact with both nsP1 and nsP4. Newly-synthesized
simple strand RNAs may then be capped by nsP2 (RNA triphosphatase activity) and nsP1 (MTase
and guanylyltransferase activities), suggesting that the interactions between nsP1, nsP2 and nsP4 are
mdispensable, as observed in a study of CHIKV nsPs [66,67]. Based on the crucial role of the CHIKY
enzymes in viral replication, nsP1, nsP2 and nsP4 are important antiviral drug targets.

4.4. Direct Inlibitory Activities of Compounds against CHIKV Enzymes

Lucas-Hourani and collaborators [8] conducted a phenotypic assay to identify CHIKV inhibitors
that target nsP2 [8]. In their investigation, the inhibitory activities of 3040 compounds, at a final
concentration of 10 pgfmL (average concentration of 30 + 13 pM), were tested; the natural compound
derivative 60, shown in Figure 11, partially blocks nsP2 activity. This compound was then tested for
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its potential impact on CHIKV replication in vitro: HEK-293T cells were infected with CHIKV-Luc
(MOI = (.2) in the presence of the compound at 7.75, 15.5 or 31 uM (5, 10 or 20 pg/ml, respectively).
A 50% reduction in Renilla luciferase activity was observed in the presence of Compound 60 at 31 uM

(the 1Cw value), thus demonstrating a weak, but statistically-significant inhibition of viral replication [8].

E6SIO O  osiEt

Figure 11. Structure of Compound 60.

4.5. Indirect Inhibitory Activities of Compounds and Extracts against CHICKV Enzymes

The diterpenocids shown in Figure 3 were not evaluated against a specific CHIKV enzyme;
however, all of them inhibited virus replication in the post-treatment assay of Vero cells, as seen in
Table 1. Even though a specific target was not identified, the inhibitory effects suggest that enzymes
involved in replication were affected. From the data presented in Table 1, the selective indices for
Compounds 18, 19 and 20 correspond to 23, 2.4 and 2.7, respectively. Compounds 18-20 were found
to be more potent than chloroquine, which was used as a positive control [49].

Table 1. Antiviral activities of Compounds 18=20 against chikungunya virus (CHIKV) replication.

Compound EC: (in pM) CHIKV CCse (in uM) Vero Cells
18 1.5+0.6 358
19 19+0.6 46+08
20 39+1.0 105+0.1
Chloroguine 11.0+£21 10025

Using a cell-based bioassay, the natural products shown in Figure 5 were also evaluated for
inhibitory activities against CHIKV. Although Compounds 33-35 had antiviral effects (Table 2), no
selectivity was observed. On the contrary, terpenes 36 (ECso =77 uM) and 37 (ECao = 86 uM) presented
lower, but selective activity against CHIKV (an 51 of about three) [51).

Table 2. Effects of Compounds 32-38 on CHIKV and Vero cells.

Compound ECa (in uM) CHIKV CCsa (in uM) Vero Cells

32 =420 >4

33 >30 30

34 >23 23

35 =30 30

36 77 +26 >235

37 B6+9 >235

38 >426 =426
Chloroguine 11+7 ND

The flavonoids shown in Figure 12 were investigated for their inhibitory activities against
CHIKV. gRT-PCR, immunofluorescence assay and western blot analyses all indicated that baicalein
(Compound 61), fisetin (Compound 62) and quercetagetin (Compound 63) affect CHIKV RNA
production and viral protein expression, with 1Cs values of 1.89 pg/mL (6.99 uM), 8.44 pg/mL
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(29.5 uM) and 13.85 pg/mL (43.52 uM), respectively, and minimal cytotoxicity. These data provide
the first evidence of the intracellular anti-CHIKV activities of these compounds [68].

OH
HO
L o~ on
e
HO

OH O (8]
Baicalein (61) Fisetin (62)

Figure 12, Structures of flavonoids 61-63.

The CHIKV replicon cell line, BHK-CHIKV-NCT, was validated and used for screenming
336 compounds, including 123 natural compounds and 233 clinically-approved drugs and other
pharmaceutical compounds. After a 48-h exposure of the cell line to the compounds at a concentration
of 50 mM, cellular EGFP appeared red, as the endpoint of the primary screen. The limit of the screen
was set at a greater than 75% reduction of the EGFP signal, and the antiviral activities of all active
compounds were confirmed in a second experiment that examined both EGFP and Rluc marker
levels. The dose-dependent suppression of marker genes in the replicon vector after the 48-h exposure
was observed for natural compounds apigenin (Compound 64), chryvsin (Compound 65), naringenin
{Compound 66) and silybin {Compound 67). The ICw values for EGFP and Rluc are shown in Figure 13.
All compounds showed low cytotoxicity with CCs values greater than 200 uM, except for naringenin
(Compound 85), which had a CCsa value of 122.1 uM [69].

Harringtonine (Compound 68) (Figure 14), a cephalotaxine alkaloid, potently inhibited CHIKV
infection (ECs = 0.24 uM), with minimal cytotoxicity (cell viability >30%). Harringtonine treatment
resulted in a significant dose-dependent reduction in both negative- and positive-sense RNAs in both
CHIKYV strains, suggesting that it inhibited a phase in the CHIKV replication cycle that occurs before
RNA production. Additionally, results also suggest that this alkaloid may inhibit CHIKV protein
production, leading to a decrease in infectious virus titers [70].

0. .CHOH
HO. o .--*@fo i =, -OCHs
ZoH

oH O

Silybin (67)
Compound EGPF (in pM)  Rluc (in uM)
64 225 283
65 468 502
bb 258 300
67 71.1 598

Figure 13. Structures of flavonoids 64 and 67.
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Harringtonine (68)
Figure 14. The alkaloid harringtonine (Compound 68).

Inhibitory activities of the aqueous, agueous-ethanolic and ethanolic extracts of the roots of
Decalepis hamiltonii and the leaves of Vitex negundo and Hyptis suaveolens were assessed against two
strains (Asian and East Central South African lineages) of CHIKV in a post-treatment assay. Both the
V. negundo ethanolic extract and the H. suaveolens aqueous-ethanolic extract were found to effectively
inhibit the Asian strain, with both exhibiting 50% virus inhibition at a concentration of 15.62 pug/mL.
The selectivity index of H. suaveolens (16) was higher than that of V. negundo (2) against the Asian CHIKV
strain. No extracts were able to inhibit the East Central South African CHIKV strain, presumably
because of the higher virulence and replicative features of the East Central South African strain
compared to the Asian strain [71).

4.6. In Silico hrvestigations of CHIKV Enzyme Inhibitors

Setzer and collaborators conducted a molecular docking investigation to identify alphavirus
protease inhibitors from natural compounds [72]. The inhibitory activities of 2174 natural substances
were screened against several proteases, induding nsP2 CHIKV. Several compounds presented
notable docking energies and selectivities when screened against CHIKV nsP2, including the alkaloids
2,3-dehydrosarsalignone (Compound 69) and sarachine (Compound 70) (Figure 15). Both compounds
occupy the same position in their lowest-energy docked position with the CHIKV protease.

Drodrenin (71)

Figure 15. Structures of Compounds §9-71, which were selective for the CHIKV nsP2 protease [72].
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The amide glucoside drodrenin (Compound 71) was also selective for the CHIKV nsP2 protease;
the glucose moiety of drodrenin occupies a position near the active site (close to amino acids Cys'3
and His!o83),

5. Concluding Remarks

The exploitation of the natural product pool has afforded compounds and extracts that present
important inhibitory effects on enzymes involved in DENV and CHIKV replication and protein
expression. This is an important approach since inhibition of these enzymes can disrupt the virus life cycle.
Most of the studies herein described were conducted in vitro using enzymatic assays [847-52] or viral
strainfreplicon on cells evaluating replication, inhibition and/or protein expression [49,51-54,56,68-71).
Three studies were conducted utilizing the in silico docking approach [57,58,72]. In vivo investigations
of the described compounds and extracts were not reported. Most of the described enzymatic assays
were carried out on DENV enzymes, and just one used CHIKV enzyme [8]. For CHIKV, assays performed
on cells with a viral strain are one important option. Further investigations with heterologous
expression of CHIKV enzymes for antiviral analyses are necessary so that a more profound
evaluation of compounds against viral enzymes could be accomplished. In order to obtain a deeper
understanding of the potential of the described natural products and extracts as antivirals for DENV
and CHIKYV, it is essential to carry out detailed in vitro and in vivo studies. It is important to mention
that subsequent clinical trials are necessary, since efficiency in vitro is indicative, but it does not
represent a guarantee of a good clinical trial. Considering the natural compounds described in this
review, it is noticed that flavonoids are the ones that have been more extensively investigated.

Most of the investigations described in this review were performed with natural products from
plant extracts. However, other sources of natural products, such as animals, microorganisms and
marine organisms, should be explored towards the discovery of antivirals against DENV and CHIKV.
It is also important to mention the fact that structures of natural compounds can be optimized, in
terms of biological activities, via synthetic transformations. Thus, the compounds described in this
review might be useful as starting points for synthetic endeavors towards the synthesis of more
potent compounds against DENV and CHIKV. Finally, it is noticed from this review that, to date,
there are few reports on the effect of natural products on dengue and chikungunya viral enzymes. In
other words, the natural product pool is relatively unexplored in this regard. Considering the vast
array of compounds available from nature, it is possible to anticipate that more investigations in this
field will be described in the near future.
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A simple and efficient Knoevenagel procedure for the synthests of 2-arylidene indan-1.3-diones is herein
reported. These compounds were prepared via Zr0C12- BH20 catalyzed reactions of indan-13-dione with
several aromatic aldehydes and using water as the solvent. The 2-arylidene indan-1,3-diones were ob-
tamed with 53%-95% yvicld within 10—45 min. The synthesized compounds were evaluated as inhibitors
of the NS2B-N53 protease of West Nile Virus (WNV). It was found that hydroxylated derivatives impaired

enzyme activity with varying degrees of effectiveness. The mast active hydrosylated dervatives, namely

Keywards:

Antiviral agents

Wiest Nile Virus
Indan-13-dione
Knoevenagel condensation

2-{4-hydroxybenzylidene)-1 H-indene-1,3(2H )-dione (14) and 2-(3.4-dihydroxybenzylidenc - 1 H-indene-
13(2H)-dione (17). were characterized as noncompetitive enzymes inhibitors, with 1Csy values of
11 pmol L' and 3 pmaol LY, respectively. Docking and electrostatic potential surfaces investigations
provided insight on the possible binding mode of the most active compounds within an allosteric site,

€ 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

The formation of carbon-carbon bonds (single, double and tri-
ple) is one of the most important aspects in organic chemistry.
Several methodologies have been developed to achieve the for-
mation of these bonds, and the Knoevenagel condensation is a
synthetically useful carbon-carbon forming transformation [1—3).
This reaction involves condensation between activated methylene-
and carbonyl-containing compounds. The Knoevenagel reaction
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has been explored in organic synthesis for the preparation of
several classes of compounds, such as coumarines which are
important intermediates in the synthesis of pharmaceuticals, cos-
metics, and perfumes [4,5]. In addition, this reaction has been used
in the total synthesis of natural compounds such as the illudalane
sesquiterpene illudinine |G]. Typically, the Knoevenagel conden-
sation is carried out in the presence of weak bases such as ethyl-
enediaming, piperidine or ammonium salts. Over the years, several
modifications of this reaction have been reported, including the use
of Lewis acids | 7].

Zirconyl chloride is a Lewis acid that has drawn much attention
of organic chemists because of its water stability, low toxicity, and
commercial availability. As a consequence, this oxysalt has been
applied in several organic transformations such as oxidation of
alcohols [8], esterification of carboxylic acids [9]. synthesis of 2-
aryloxazolines and bis-oxazolines | 10). preparation of enaminones
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and enamino esters | 11}, among others | 11-22]. As can be noticed,
Zirconyl chloride is a useful catalyst that can be utilized in a variety
of transformations, such as the Knoevenagel methodology pre-
sented in this investigation which resulted in the discovery of
indan-13-dione derivatives endowed with Flavivirus protease
inhibitory activity.

The Flavivirus genus encompasses a group of enveloped RNA
arthropod-borne viruses (arboviruses) responsible for important
human and animal diseases caused by virus like Yellow Fever Virus
(YFV), Zika Virus (ZIKV), Dengue Virus (DENV), West Nile Virus
(WNV), lapanese Encephalitis Virus (JEV). Tick-Borne Encephalitis
Virus (TBEV), and Kyasanur Forest Disease Virus (KFDV) |23].

'WNV infection represents a serious burden to human and ani-
mal health because of the virus capability to cause unforeseen and
large epidemics. Cases of WNV infection were limited to European,
Asian and African countries until 1999, when the virus reached the
Western Hemisphere [24,25]. Within three years, the virus spread
to Canada and Mexico, followed by animal and human cases in
Central and South America |26—28].

WNV is an enveloped virus whose genome consists of a single=
stranded RNA with positive polarity and approximately 11 kb. It
contains a single open reading frame encoding a precursor poly-
protein, which is processed by viral and host proteases, giving rise
to three structural proteins, namely capsidial protein (C), envelope
glycoprotein (E) and pre-membranefmembrane protein {privif).
The RMA also encodes seven non-structural proteins, NS1, NS2A,
N52B, N53, N54A, N54B and NS5, which are involved in the repli-
cative cycle of the virus [29].

Viral protease is responsible for the cleavage of some sites,
including NS2A-NS2B, NS2B-N53, NS3-NS4A, NS4B-MS5. It also
cleaves the signal sequences at the C-prM position and the NS4A-
NS4B, within N52A, and within the N53 itself [30,31).

Viral enzymes are important targets for therapeutic interven-
tion and they have been explored towards the development of
antiflavivirals [31-33]. As a conseguence, research groups have
identified reversible and irreversible inhibitors for Flavivirus pro-
teases [ 34—38].

‘Within this context, we report herein a simple and efficient
zirconium catalyzed Knovenagel procedure for the synthesis of 2-
arylidene-indan-1.3-diones. The synthesized compounds were
evaluated as inhibitors of the NS2B-NS3 protease of West Nile Virus
(WNV) and the results are discussed. This investigation was con-
ducted in order to assess the possibility of using these derivatives as
antiviral for the treatment of diseases caused by Flaviridae viruses.
It was found that the hydroxylated derivatives impaired enzyme

Tabile 1

activity with varying degrees of effectiveness. Docking and elec-
trostatic potential surfaces investigations provided insights about
the way the most active compounds act by inhibiting the activity of
this enzyme.

2. Results and discussion
2.1. Synthesis of 2-arylidene-indan- 1, 3-diones

The reaction of indan-1.3-dione and 4-chlorobenzaldehyde was
chosen as the model reaction for optimization of the catalytic
system and reaction conditions. All the reactions were performed
in air and the results are shown in Table 1.

We started the optimization process running a solvent free re-
action at 85°C, using 1mmol of each reagent, 4mol% of
Zr0Cl; - 8H,0, and oil bath conventional heating. After 70 min, the
4-chiorobenzylidene indan-1,3-dione (1) was obtained with 33%
yield after recrystallization (Entry 1). Increasing the amount of 4-
chlorobenzaldehyde (1.2 mmol, Entry 2} did not improve the
yield. Compound 1 was obtained with 36% yield when the reaction
was conducted under microwave irradiation and in the absence of
solvent (Entry 3). When water was used as solvent, the yield of the
reaction was substantially increased (Entries 4 and 5) compared to
the reactions performed in the absence of solvents. For the sack of
simplicity, we decided to continue the optimization process
employing conventional heating. despite the shorier reaction time
under microwave irradiation. Decreasing reaction temperature
(Entries 6 and 7} resulted in longer reaction times albeit with better
yields compared to the reaction condition of Entry 4. By reducing
the catalyst loading to 2 mol%, compound 1 was obtained in 84%
yield after 110 min (Entry 8). Doubling the amount of catalyst 1o
8 mol% (Entry 9), the reaction time was reduced and the yield was
about the same compared to reaction of Eniry 4; however, the re-
action work up was troublesome. To verify the impact of the zir-
conium catalyst, we also run the reaction in its absence (Entry 10).
As expected, the reaction time was substantially increased and the
product was obtained only with 27% yield. reinforcing the impor-
tance of the catalytic effect of ZrOClz - 8Hz0.

Since reaction conditions of entry 4 afforded compound 1 with
synthetically useful yield, simple workup and shorter period of
time (compared to other reactions herein conducted with con-
ventional heating), they were after applied in order to investigate
the scope of the zirconium catalyzed Knoevenagel reaction to
prepare 2-arvlidene indan-13-diones. Fifteen compounds were
synthesized (Scheme 1) and obtained in synthetically useful yields

Knoevenagel oondensation reactions of 4-chlorobenzaldehyde and indan-1,3-dione under different conditions.

b

Entry Heating source Reagent ratso (in mmol) Catalyst boading (molE) Solvent Temperature (°C) Reaction time {min} Wield ()
1 0l bath 11 L] free 85 T0 i3
2 0ill bath 1:12 4 free 85 90 3
3 MW i1 4 free BS 30 3B
L il bath 11 a4 water BS 65 B8
5 MW 11 @ water 85 30 70
& il bath 1:1 4 water 40 120 BE
7 il bath 11 a water rL A50 B3
] il bath 11 2 water 85 110 Bd
9 il bath 1:1 ] wiater 85 30 BB
10 Oil bath i — ‘water BS 420 27

MW = microwave irradiation; r.L = room [emperature.
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(53%—95%) within 10—45 min (see Table 1S in the Supporting In-
formation). These indan-1,3-dione derivatives comprised com-
p ing and electron withdrawing
groups attached to the aromatic ring of arylidene portion. A het-
erocyclic derivative (compound 9) was also prepared. It should be
mentioned that interesting heterocycle scaffolds can be accessed
from compounds containing active methylene moieties via
condensation of them with aromatic aldehydes as described, for

ds cc ining elect

o]

@ +  ACHO

ZrOCly* 8H30 (4 mol%%)

instance, by Elmuradov and co-workers [39].

The derivative 2+34-dihydroxyb jlidene)-1H-ind
1.3(2H)-dione (17) was prepared, in 58% yield, via dimethylation of
compound 13 using BBr3 (Scheme 2).

The identities of substances 1-17 were confirmed by IR and
NMR spectroscopy as well as mass spectrometry. In the IR spec-
trum, two bands, one observed within 1709—1731 cm=! and the
other within 1655—1688 cm=' range, were attributed to the

H,0, 85°C

o
(16)

Scheme 1. Structures of indan-1,3-diones 2-16.
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1) BBry CHyCly O G ==L

2)H 0

Scheme 2. Preparation of compound 17

carbonyl groups. Two signals at approximately 190 ppm in the '3C
NMR spectra confirmed the presence of the carbonyl groups in the
structures of compounds 1-17. The substitution patterns of the
aromatic rings in the arylidene portions were compatible with the
'H NMR spectra.

‘We were able to obtain a moenocrystal of compound 15.
Considering that X-ray information can be useful in terms of
structure activity-relationship, we have also determined its crystal
structure. A summary of crystal data collect and processing is
presented in the Supporting Information (Table 2s). Compound 15
has crystallized in the centrosymmetric monoclinic space group
P2, /c with just one molecule in the asymmetric unit (Fig. 1), which
is almost planar (root mean square deviation of all non-hydrogen
atoms is 00532 A, with the largest atom deviation from the least-
square plane of 0.202(5) A for C18).

Flg. 1. 30% ellipsoid plot for non-hydrogen atoms of compound 15 in s crystal
structure, Hydrogens were drawn as arbirrary radius spheres. Atom labeling scheme is
arbitrany.

The crystal packing of 15 is mainly stabilized through the for-
mation of one-dimensional chains assembled with 2y-axis sym-
metry related molecules along the crystallographic axis b. In these
chains, there is one classical intermolecular hydrogen bond be-
tween the hydroxyl group (donor) and one carbonyl oxygen
{acceptor), besides one non-classical hydrogen bond involving a CH
aromatic moiety (donor) and one methoxy oxygen (acceptor)
(Fig. 2).

22, Biological activity assays and computational analyses

The evaluation of the inhibitory effect of compounds 1-17 on
M52B-NS3 WNV enzyme was carried out vig a fluorogenic substrate
assay. Initially, the enzyme was incubated for 30min with the
compounds under evaluation. Subsequently, reactions were initi=
ated with the addition of the substrate pERTKRAMC. Among the
evaluated indan-13-dione derivatives, compounds 14 and 17
showed inhibitory behavior, with reduction of 41% and 100% of the
enzymatic activity, respectively, at the concentration of 16 pmol gt
(Fig. 3). These compounds present, as a common structural feature,
a hydroxyl group at the para position of the aromatic ring of the
arylidene moiety. Moreover, compound 17, which displayed the
best inhibitory response, possesses an additional hydroxyl group at
the meta position. Previous investigations conducted with HIV
protease have demonstrated that hydroxyl groups would be
important for inhibiting the replication of this virus. Effective HIV
protease inhibitors had a hydroxyl group that replaced the water
molecule from the catalytic active-center. In this case, the hydroxyl

120+

inhibition (%)
g 8 8

[*]
-]

=

I I R
Compound

T

B

Fig 3. Antiviral screening for WY protease: seventeen indan-13-dione derivatives
were evaluated in at the concentration of 16 pmol L™ against WNW NS2-NB3 protease,
pvalue < 00001 ** indicates statistical significance, The assays were conducted in
wiplicated on three solated experiments.

Fig. 2. One-dimensional chain found in the crystal packing of compound 15 Just the hydrogen bonding (Mack lines) donor and acceptor atoms were labeled only once.
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group established hydrogen bonding with catalytically active as-
partates [40]. Tomlinson and Watowich demonstrated the
involvement of the hydroxyl group in DENV protease inhibition.
Significant interactions occurred between hydroxyl groups of in-
hibitors with preserved residues that constitute the catalytic triad
(His®!, Asp™_ Ser'3%) of the protease [41].

In order to obtain the inhibitory concentration of the com-
pounds that reduces activity by 50% (1Csg). enzymatic inhibition of
the N52-NB3 WNV protease was evaluated under varying concen-
trations of the most active compounds 14 and 17. Both these indan-
1,3-dione derivatives showed dose-response inhibition with 1Csp
values of 11 ymol L=" and 3 gmol L=, respectively.

‘With the aim of verifying the possible mechanism of inhibition
by these compounds, enzyme kinetic assays were conducted under
varying substrate concentrations and three concentrations of each
compound (2, 4 and 8 umol g ). Compounds 14 and 17 promoted a
significant decrease in the maximum enzymatic velocity without
changes in Ky values as depicted in Fiz. 4. The Lineweaver-Burk plot
presented lines intersecting on the x-axis for both compounds. K;
values were 1231 gmolL™" and 1.25umolL=' for 14 and 17,
respectively. This inhibition profile suggests a noncompetitive in-
hibition mode of action, in which the inhibitor and the substrate
can bind simultaneously to an enzyme molecule.

To propose likely binding modes for compounds 14 and 17, we
turned to molecular docking calculations. Other investigations have
already identified noncompetitive inhibitors for the Flavivirus
proteases, with inhibitor binding to allosteric sites with low K; and
1Csp values [47—46). Taking into account the noncompetitive mode
of inhibition, the possible binding site region was defined by

A
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.
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Sus N o 4 pmal LT
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Flg 4 Enzymatic kinetics of WNV N52-M83 protease in the presence of compounds 14 and 17. In A and € are shown the Michaefis-#

analogy with an allosteric site previously characterized for the
homologous Dengue virus type 2 protease [45,47]. Docking studies
were performed with the Induced Fit methodology of Glide [48.49].
therefore accounting for protein flexibility in the presence of i
gands. A consistent binding mode was proposed for both com-
pounds, in which ligand orientation and complex stability seem to
be guided by several hydrogen bond interactions (Fig. 5, Table 2).
The paro-hydroxyl group is predicted to interact with residues
Trp89 and lle147, while one of the carbonyl groups interacts with
Cin167. The meta-hydroxyl group, present only in 17, hydrogen
bonds to Gly124. These results provide a possible explanation for
the importance of meta and para phenyl hydroxyl groups for
effective inhibition of N52-NB3 WNV protease, in agreement with
the SAR data here reported.

Considering that only two compounds (14 and 17) showed ac-
tivity against WNV N52-NS3 protease and based on the hypothesis
that this activity could be due, in part, to the presence of the hy-
droxyl groups (acting as, for example, H-bond forming groups), we
decided to investigate the role of such groups through some
computational calculations. These two compounds are not the only
ones with H-bond forming groups artached to the phenyl ring of
arylidene portion. Compounds 4, 5, 8. 10, 15 and 16, for example,
also contain small H-bond forming groups attached to the phenyl
ring (nitro-, fluoro-, hidroxi-, cyano-, hidroxi- and hidroxi-groups,
respectively). Besides that, compounds 6, 12 and 13 are only
methoxy-substituted, while compound 11 is a dimethylamino-
compound. Therefore, all of these groups could be H-bond form-
ing. However, the bulky substituents in 6 and 11 to 13 could hinder
these compounds from interacting with the active site of WNV

8 pmal L

b0z

Bumal L

B o085

plots for c ds 14 and 17,

respectively. In B and D are presenied the Lineweaver-Burk plots for compounds 14 and 17, respectively.
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Fig. 5. Docking predicted binding modes for compounds: 14 (A) and 17 (B) to WNV protzase. The promase i shown as cartoon, with residues invobved in hydrogen bonds {Trpgo,
Clyi24, Hel47 and Gln169) and the ceniral residue in the grid (Je123) highlighted as stecks and cofored by stom. Hydrogen bonds are highlighred as yellow dashes. {For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Predicted hydrogen bond interactions between WNV protease and compounds 14 and 17
Ligand atom Compound Interacting residue and atom Distance{A)"
p-OH 14 12147, backbone carbonyl 28
17 3z
p-OH 14 Trp&9, backbone NH 28
17 29
Indandione carbonyl 14 Gin167, backbone NH 32
17 3
m-0H 17 Gly124, backbone NH 31

4 Distances between donor and acceptor atoms.

N52-M53 protease. Since compounds 8, 15 and 16 were consider-
ably less active than 14 and 17 (probably due to steric effects of the
methyl groups) and all the remaining compounds showed no ac-
tivity, we decided to treat the compounds 2 (unsubstituted;
included only for comparison), 4, 5, 8. 10 and 14 to 17 with
computational methods.

Considering that the crystal structure of compound 15 exhibits a
periplanar relation between the indan-13-dione and arylidene
maoieties, we performed a conformational analysis around the tor-
sion between these ring systems (the (2-C10-C11-C12 dihedral
angle in Fig. 1). Calculations were performed based on two
methods: gas phase and water implicit solvation. For both methods,
we used DFT functional B3LYP and basis set 6-31G{d,p) for com-
pounds 14, 15 and 17. The resulting calculations showed the same
periplanar relation between the indan-13-dione and arylidene
groups as the most stable conformations (torsions very close to zero
or 180*). For computational simplicity reasons, the remaining cal-
culations were performed exclusively in gas phase.

Compounds 2,4, 5, 8,10 and 14 to 17 were fully optimized in gas
phase from periplanar conformations at the B3LYP/6-31G(d.p)
level. Molecular electrostatic potential (MEP) surfaces were
generated for all the resulting optimized geometries, as shown in
Fig. 6. We can see from these calculations that, for all compounds,
bath carbonyl groups show local negative electrostatic potentials.
However, important differences are observed regarding positive
electrostatic potentials. For compounds 2, 5 and 10, weal: positive
potentials are well spread over the surfaces. For the nitrocompound
4. the positive potentials are mainly over the indan-13-dione sys-
tem. Compounds 4, 5 and 10 show also negative potentials over the
nitro, fluore and cyano functional groups. Finally, active com-
pounds 8 and 14 to 17 show positive potentials over the hydrogens
of hydroxyl groups. In compounds 8, 15 and 16, steric effects of
methoxy groups could hinder better interactions with target
macromolecules. Thus, compounds 14 and 17, the most bioactives
of the tested set. are the only ones to exhibit positive potentials and

with no hindrance. The values of the potentials for these two
molecules, higher than the other ones, indicates that the electro-
static interactions between each of them and target macromole-
cules would be more efficient than the other compounds [49,50].

In the present investigation, the most bioactive compounds 14
and 17, along with compounds 8, 15 and 16 (which showed negli-
gible inhibitory effect), are the only phenolic ones. This observation
strengthens the hypothesis that this functional group represents an
important structural feature for protease inhibition by indan-13-
diones.

It should be mentioned that derivatives of indan-1,3-diones
presenting antiviral activity for Human Papillomavirus [(HPV)
[50-52], Human Immunodeficiency Virus (HIV) [53] and Hepatitis
C Virus (HCV) |54| have been described. Concerning HIV and HCV,
the effects of the indan-1,3-dione derivatives occurred in viral
replication, against HIV integrase and HCV protease. HCV is also a
member of the Flaviviridae family.

The effect of compounds 14 and 17 was also assessed against
Vero cell line. It was noticed that Vero cells morphology and
viability were unaffected by treatment with compounds. The
cytotaxicity concentration of the compounds that reduces cell
viability by 50% (CCsp) corresponded to 89,72 ymol L=' and
267,60 umol L™ for 14 and 17 respectively, demonstrating the high
inhibitory potential of these derivatives. Lyu, Rhim and Park eval-
vated the cytotoxicity of flavonecids on Vero cells and they
considered as low cytotoxic compounds those presenting
CCsp > 50 umol L~". which indicates that the compounds did not
affect the growth of Vero cells [55].

To prove the potential antiviral efficacy of compounds 14 and 17,
we tested these active indan-1,3-diones in cellular assays againstall
serotypes of dengue virus, which are members of Flaviviridae
family. The virucidal assay was conducted by prior incubation of the
virus with the evaluated compounds. After incubation, the mixture
containing the virus and thecompound under evaluation was
added to the VERO cell line for a period to allow viral adsorption
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and internalization. Subsequently, the mixture was replaced by a
semi solid medium and the develop of lysis plates on VERO
cells was verified. This assay was conducted using different con-
centrations of compounds against DENV-1-4 viruses. The concen-
tration of test compounds that mhnbnted 50% of viral infection
(ECso) was obtained by li leading to the calcu-
lation of the Selectivity Index (SI). These values are summarized in
Table 3S. Compound 14, despite having antiviral activity, did not

rel Sl values, for comp d 17 high Sl values
were observed, 34, 13, 147 and 9 DENV-1, DENV-2, DENV-3 and
DENV- viruses, respectively. The results indicate that the com-
pounds have significant antiviral efficacy and are promissing anti-
viral canditates.

3. Conclusions

It was herein described the preparation of a series of 2-arylidene
indan-1,3-diones via zirconium catalyzed Kno | condensa
tion. From our point of view, the reported methodology presents
the following advantages: i) it does not require the use of toxic
solvents; ii) the catalyst is easy to handle, is commercially available,
and presents low cost; iii) the reactions are simple to run, affords
compounds in synthetically useful yields, and can be conducted in
an open-air flask. Biological assays revealed that among the pre-
pared compounds, two of them (compounds 14 and 17) display
inhibitory activity against the NS2B-NS3 WNV protease, without
any cytotoxic effect on Vero cells. The viral protease utilized in the
biological assays is a very important enzyme for Flaviviral replica-
tion. Based on data herein described, it is clear that the compounds
are non-competitive inhibitors with low ICsg and K; values. To the
best of our knowledge, this is the first report describing anti-WNV

activity of 2-arylidene indan-1,3-dione derivatives. The potential
antiviral efficacy of these compounds was dem d by viru-
cidal assay against the four serotypes of dengue virus, a Flaviviridae
family member like WNV.

4. Experimental section
4.1. Reagents

All reagents were purchased from commercial sources (Sigma
Aldrich - St. Louis, MO, US and Vetec - Rio de Janeiro, Brazil) and
were employed as received. Solvents were procured from Vetec
(Rio de Janeiro, Brazil) and were used as received. The 1H
(300 MHz) and 13C NMR (75 MHz) spectra were recorded on a
Varian Mercury 300 instrument ((Varian, Palo Alto, California, US)
300), using CDCl; and DMSO-d6 as solvents. Hydrogen nuclear
magnetic resonance (NMR) data are presented as follows: chemical
shift (8) in ppm, number of hydrogen atoms, multiplicity,  values in
Hertz (Hz). Multiplicities are shown as the following abbreviations:
s (singlet), d (d ). dap (app doublet). tap (app.
triplet), ddap (apparent double of a doublet) m (multiplet). Infrared
spectra (IR) were obtained employing the equipment Agilent 660-
IR (Santa Clara, California) with accessory GladiATR. High resolu-
tion mass spectra were recorded on a Q-Exactive (Thermo Scien-
tific, Bremen, Germany). The spectra were acquired using the
following conditions. lonization source: Electron spray (+) and (-);
Spray voltage: 3.5 kV; Capillary temperature: 275 °C; Sheath gas: 5
(arbitrary units); Auxiliary gas: 0 (arbitrary umts) For the mass
spectrometry analy the ples were prep d as follows: a
mass of 1 mg of the d to be analyzed was dissolved in 1 mL
of acetonitrile. Then, the solution was diluted with 1 mL of
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methanol so that the final concentration corresponded to 1 ppm.
The resulting solution was directly injected in the Q-Exactive
equipment at 5 yumL min-1. The spectra were recorded in full M5
mode. Melting points are uncorrected and were determined using
MOQAPF-301 melting point apparatus {Microquimica, Rio de Janeiro,
Brazil). Low resolution mass specira were obtained on a SHIMADZU
GOMS-0QP50504 instrument {Kyota, Japan) by direct injection using
the following temperature program: 40 °C min-1 until temperature
reaches 60 *C, and then 80 *C min=1 until temperature reaches
300 *C; the detector temperature was 280 °C, Analytical thin layer
chromatography analyses were carried out on TLC plates recovered
with B0GF254 silica gel Single-crystal X-ray diffraction data for
compound 15 were acquired using a Bruker-AXS Kappa Duo
diffractometer with an APEX Il CCD detector. MoKz radiation from
an IS micro-source with multilayer optics was employed. After
diffraction images collect and teatment, the crystaliographic
softwares were used as follows: SHELXS-97 [56] for structure
solving, SHELXL-97 | 56] for structure refinement, ORTEP-3 [57] and
MERCURY |58] for structure analysis and preparation of artworks.
Hydroxyl hydrogen followed a riding model for its coordinates and
isotropic atomic displacement parameter, as well as all other CH
hydrogens, even though it was firstly identified from the difference
Fourier electron density map. Crystal structure of compound 15 was
deposited with the Cambridge Crystallographic Data Center (see
Tabie 28 for deposit number).

4.2, Synthesis

4.2.1. Synthesis of 2-(4-chlorobenzylidene }- 1 H-indene-1,3(2H)-
dione (1)

In a typical procedure, a round-bottomed flask {10 mL) was
charged with indan-13-dione ({150mg 1 mmol), 4-
chlorobenzaldehyde (143mg. 1 mmol), Zr0Ch-8H,0 (12 mg,
4 mol%) and 3.00 mL of distilled water. The reaction mixture was
heated to 85 °C and kept under magnetic stirring for 65 min. The
progress of reaction was monitored by TLC analysis. After the
completion of the reaction, the mixture was vacuum filtered and
the residue washed with ice-cold ethanol Compound 1 was ob-
rained as a yellow solid in 68% yield (182 mg, 0.677 mmol) after
recrystallization from dichloromethane-ethanol (1:1 vfv). Structure
of 1 is supported by the following data

Mp 1763—177.8°C. IR (ATR): 3092, 3061, 1725, 1685, 1573, 1072,
733, 427 cm~'. 'H NMR (300 MHz, CDCl3) 8: 747 (2H, d, J=8.4Hz),
7.81-7.83 (3H, m), 7.99—-8.01 (2H, m), 8.41 (2H, d. J=8.4Hz). *C
NMR (75 MHz, CDCl3) 4: 123.39, 123.41, 129.1, 1294, 1315, 1353,
1355, 1395, 1401, 1425, 1451, 1889, 185.9. HRMS (M + H*):
Calculated for CygHpCI0,, 260.03693; found: 26903619,

4232 Synthesis of derivatives 2-16

A similar procedure to that described for the preparation of 1
was utilized to synthesize compounds 2-16. The structures of them
are supported by the following data.

423 2-Benzylidene-1H-indene-1,3(2H)-dione (2)

Yellow solid, Mp 150.6—150.8°C. IR (ATR): 3066, 3026, 1726,
1681, 1609, 1584, 1564, 732, 683 cm™". "H NMR (300 MHz, CDCl3) &:
7.48-758 (3H, m), 7.78—7.84 (2H, m}, 7.80 (1H, s), 798—8.04 (2H,
m), 8.44—8.46 (2H, m). >C NMR (75 MHz, CDCl3) &: 1233, 1234,
1288, 1292, 1331, 1332, 1341, 1351, 1353, 1400, 1425, 1469,
188.9, 190.2. HRMS (M + H*): Calculated for CygH 05, 235.07590;
found: 235.07530.

424 2-{4-bromobenzylidene)- 1H-indene-1,3(2H)-dione {3)
Yellow solid, Mp 169.7—-1703°C. IR (ATR): 3088, 3055, 1725,
1685, 1574, 1069, 504 cm™". "H NMR (300 MHz, CDCl3) &: 7.63 (2H,d,

J=87Hz), 779 (1H, 5), 7.81=7.83 (2H, m), 7.99—8.02 (2H, m), 8.32
(2H.d.J=8.7 Hz). Be NMR (75 MHz, CDCl3) 4: 123.41,123.43, 1283,
1296, 1319, 132.1, 1354, 1355, 1401, 1425, 1452, 1889, 1899,
HRMS (M + H*): Calculated for CigHiwBrOz, 312.98642; found:
31208538,

425 D-(4-nitrobenzylidene)-1H-indene-13(2H)-dione (4)

Yellow saolid. Mp 233.1-233.6°C. IR (ATR): 3109, 3076, 1732.
1688, 1566, 1514, 1345, 857 cm™". "H NMR (300 MHz, DMSO-d6) 4:
793 (1H, 5), 7.06—8.04 (4H, m), 8.33 (2H, d, /= 9.0 Hz). 8,58 (2H. d.
J=90Hz). BC NMR (75 MHz, DMSO-d6) ¢: 123.79, 123.86, 132.9,
134,6,136.7,136.8, 138.0, 1402, 142.0, 142.5, 149.3, 188.6, 189.2. MS
myz (%): 279 ([M*], 43), 262 (76), 249 (7) 232 (100, 221 (), 205
(17). 193 (6). 176 (63), 165 (19). 151 (24). 126 (5). 104 (41). 88 (22). 76
(56). 63 (12), 50 (55).

426 2-(4-fluorobenzylidene)- 1 H-indene-1,3(2H )-dione (5)

Yellow solid. Mp 181.7 °C. IR (ATR): 3073, 30391729, 1689, 1578,
1199, 834cm™". 'H NMR (300MHz, CDCly) d: 718 (2H, ty
J=8.7Hz), 7.79 (1H, ), 7.80—7.83 (2H, m), 7.06—8.03 (2H, m), 8.52
(2H, dday. [y =8.7 Hz, [; = 5.6 Hz). 3¢ NMR (75 MHz, CDClz) é: 1161
(d. 2}:.;:21_3 Hz), 12332, 12334, 1286, 1296 (d, "Jc..p=3_l]Hz}.
1353, 135.4, 136.9 (d,YJop = 0.0 Hz), 140.0, 142.4, 1454, 1656 (d, 'J
F = 2558 Hz). 189.1, 190.1. HRMS (M + H*): Calculated for
CisHioFOz, 253.06648; found: 253.06578.

437 2-(4-methoxybenzylidene)-1H-indene-13(2H)-dione (6}

Yellow solid, Mp 155.3—156.8°C. IR (ATR): 3093, 3043, 2981,
1718, 1681, 1247, 1268, 1177, 1020. 1511, 833, 730cm™". 'H NMR
{300 MHz, CDCly) &: 3.90 (3H, 5),7.00 (2H, d, J=9.0 Hz). 7.76—7.80
(2H, m), 7.83 (1H, 5), 793—8.00 (2H, m), 8.53 (2H, d, J = 9.0 Hz). ’C
NMR (75 MHz, CDCl3) 6: 5.6, 114.4,123.0, 126.4, 126.5, 1348, 135.0,
1371, 1399, 1423, 1468, 164.0, 189.4, 190.7. HRMS (M + H*):
Calculated for Cy7H 305, 265.08647; found: 265.08572.

428 2-(benzofd]{1.3 [dioxol-5-yimethylene)- | H-indene- 1,3(2H)-
dione (7)

Yellow solid, Mp 207.1—-207.8°C. IR (ATR): 3099, 3075, 2908,
1715, 1673, 1562, 1276, 929, 724 cm=L '"H NMR (300 MHz, CDCl3) &
6.09 (2H, 5)6.93 (1H, d. =84 Hz), 777-782 (4H, m), 7.94—8.00
(2H, m), 851 (1H, d, [= 1.5 Hz). °C NMR (75 MHz, CDCl3) & 102.1,
108.6, 112.8, 12313, 123.10, 1268, 1281, 132.9, 134.9, 1351, 139.9,
142.4, 1469, 1481, 152.4, 189.3, 190.,6. HRMS (M + H*): Calculated
for Ci7Hy04, 279.06573; found: 279.1590.

429, 2-(4-Hydroxy-3-methoxybenzylidene )- 1 H-indene-1.3{2H)-
dione (8)

Yellow solid, Mp 215.6-2164C. IR (ATR): 3535-3316 (broad
band), 3085, 2974, 1719, 1679, 1572, 1278, 1255, 1154, 1017,
731 em='. '"H NMR (300 MHz, DMS0-d6) é: 3.90 (3H, 5), 693 (1H, d,
J=84Hz), 772 (1H, 5). 7.86—794 (5H, m), 868 (1H. d, ] = 1.8 Hz).
¢ NMR (75 MHz, DMS0-d6) &: 56.1, 116.1, 117.2, 123.1,123.2, 1254,
1255, 132.1, 135.5. 1359, 139.6142.1, 1473, 147.8. 153.7, 189.6, 190.4.
HRMS (M 4+ H*): Calculated for CpHj;30s 281.08138; found:
281.08072.

4210 2«Furan-2-yimethylene )- | H-indene- 1. 3{2H)-dione (9)

Yellow solid, Mp 202.1-203.4°C. IR (ATR): 3138, 3099, 1725,
1681, 1585, 1462, 1346, 1158, 733 cm=. 'H NMR (300 MHz, CDCly) &:
6.68—6.80(1H, m), 7.75—7.81 (4H, m), 7.95—7.98 (2H, m), 8 54—8.61
{1H, m). C NMR (75 MHz, CDClg) : 114.6,122.9, 123.1,124.8,129.3,
134.9,1351, 1404, 1423, 1450, 151.4, 188.9, 190.1. HRMS (M + H*}:
Calculated for CyyHa0s, 225.05517; found: 22505455,
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4211 4-{(1.3-Dioxo-1H-inden=2{3H )-ylidene methyl jbenzonitrile
(10)

Yellow solid, Mp 233.6—235.2°C. IR (ATR): 3099, 3053, 2226,
1726, 1684, 1586_ 842, 730 cm™". "H NMR (300 MHz, DMSO-d6) §:
7.88 (1H, s}, 795—8.06 (6H, m), 853 (2H, d, J=8.4Hz) “CNMR
(75 MHz, DMSO-d6) 6: 114.4, 118.8,123.7, 1238, 1324, 1327, 1338,
136.6. 136.7, 137.2, 140.1, 142.5, 142.7, 188.6, 189.2. HRMS (M + H*):
Calculated for CzHgNDO;. 260.07115; found: 260.07053.

4212, 2-(4-(dimethylamino) benzylidene )- 1 H-indene-1,3(2H)-
dione (11)

Red solid. Mp 180:1-1815 °C. IR (ATR): 3080, 3032, 2927, 1709,
1665, 1613, 1555, 1518, 1330, 1186, 815, 722em~Y. 'H NMR
(300 MHz, CDCl;) d: 3.11 (6H, s). 6.71 (2H, d, =91 Hz), 767-7.71
(2H, m), 7.75 (1H, 5), 787—7.94 (2H. m), 850 (2H, d. ] =9.1 Hz). °C
NMR (75 MHz, CDCl) &: 40.0, 1113, 1218, 122.4, 1329, 134.0, 1343,
1379, 139.8, 1422, 1475, 153.9, 1899, 191.7. HRMS (M + H*):
Calculated for CigHgNO;. 278.11810; found: 278.11746.

4213 2-{3,4 5-rimethoxybenzylidene )- 1 H-indene-1,3(2H)-dione
(12)

Orange solid, Mp 185.4—185.6°C. IR (ATR): 3099, 3002, 2972,
2936, 1715, 1678, 1561, 1499, 1307, 1240, 1223, 1128, 732cm™. 'H
NMR (300 MHz, CDCl3) 4; 3.98 (3H, 5),3.99 (6H, 5), 7.78—7.81 (3H,
m), 7.95(2H, s), 7.97—7.99 (2H, m). '*C NMR (75 MHz, CDCl3) §: 56.3,
610, 112.0,123.1,123.2,127.7, 128.4,135.0, 135.2, 139.8, 142.4, 1430,
147.3, 152.8, 189.4, 150.4. HRMS (M + H*): Calculated for CjgH70s.
325.10760; found: 325.10675.

4214 2+(34-dimethoxybenzylidene )- 1 H-indene- 1.3(2H }-dione
(13)

Yellow solid, Mp 205.0-2054°C. IR (ATR): 3088, 3010, 2972,
1712, 1671, 1565, 1505, 1271, 1247, 1141, 1019, 736 cm™". 'H NMR
(300 MHz. CDCL3) &: 3.97 (3H. 5).4.07 (3H, 5). 6.95 (1H. d, ] = 8.4 Hz),
7.71—783 (4H, m), 7.95-7.99 (2H, m), 883 (1H, d,p, /=15 Hz). °C
NME (75 MHz, CDCl5) &: 56.1, 110.6, 115.5,122.9, 1230, 126.4, 1269,
1313, 134.8, 1350, 1398, 1423, 1474, 148.8, 153.9, 189.7, 190.7.
HRMS (M + H*): Calculated for CigHisOa, 295,09703; found:
295.09650.

4215 2.(d-hydroxybenzylidene }-1H-indene-13{2H)-dione {14)

Yellow solid, Mp 2358-236.0°C. IR (ATR): 3059, 1715, 1655,
1547, 1505, 1204, 737 cm~". '"H NMR (300 MHz, DMS0-d6) 4: 692
(2H, d. J=8.7Hz), 7.72 (1H, s), 7.86—7.92 (4H, m), 850 (2H, d,
J=87Hz), 10.86 (1H, s). '*C NMR (75 MHz, DMS0-d6) d: 1164,
1231, 1232, 1250, 1256, 1358, 1359, 138.0, 139.6, 142.0, 1467,
1637, 1894, 1904, HRMS (M-H): Calculated for CigHgOs.
249.05517; found: 249.05568.

4.2.16. 2-{4-Hydroxy-35-dimethoxybezylidene - 1 H-indene-
1.3{2H)-dione ( 15)

Orange solid, Mp 222.4-2231°C. IR (ATR): 3545-3197 (broad
band), 3093, 3010, 2941, 1712, 1667, 1565, 1503, 1318, 1227, 1083,
732 cm™", "H NMR (300 MHz, DMSO-d6) 5: 3.88 (6H, s}, 7.74 (1H,s),
7.85—793 (4H, m), 8.13 (2H, 5). ¥ CNMR (75 MHz, DMSO-d6) é: 565,
113.2,123.1,1232,124.2,125.7,1358.135.9, 1396, 142 2, 143.1. 1478,
1479, 180.7, 1504 HRMS (M + H'Y): Calculated for CigHisOs,
311.09195; found: 311.09131

4217, 2-(3-Hydroxy-4-methoxybenzylidene }- 1H-indene-1.3(2H)-
dione {16}

Yellow solid, Mp 219.0-219.2°C. IR (ATR): 3546-3288, 3072,
2989, 1718, 1681, 1574, 1498, 1276, 1219, 1137, 734 cm~). 'H NMR
(300 MHz. DMSO-d6) 6: 3.89 (3H, s). 7.09 (1H, d, | =86 Hz), 767
(1H, s). 7.87-7.95 (5H, m), 828 (1H, d,. J=13Hz). °C NMR

(75 MHz, DMS0-d6) 4: 56.3. 112.2, 120.3, 123.2, 126.4, 126.6, 130.0;
135.9, 1361, 1397, 1422, 146.7, 1469, 153.7, 1893, 190:3. HRMS
(M + H*): Calculated for Ci7His0a, 281.08138; found: 28108052,

42 18 Synthesis of 23 d-dihydroxybenzylidene )- 1 H=indene-
1,3(2H)-dione (17)

To a bitubulated round bottomed flask (150 mL), under a ni-
trogen atmosphere, it was added compound 13 (200mg.
0.679 mmeol) along with 5.0 mL of anhydrous dichloromethane. The
resulting mixture was kept under magnetic stirring and cooled in
an ice bath for 40 min. Then, 2.7 mL of 1.00 mol L~ solution of BBrs
in dichloromethane was added dropwise. After the addition, the
reaction mixture was kept under stirring for 24 h at room tem-
perature, Subsequently, 10.0 mL of distilled water were added and a
brown precipitate formed. The resulting mixture was transferred to
a separatory funnel and the agueous phase was extracted with
ethyl acetate (3 = 30.0mL). The organic extracts were combined,
and the resulting organic phase was dried over anhydrous sodium
sulfate, filtered and concentrated under reduced pressure. Com-
pound 17 was obtained as a yellow solid after washing with
dichloromethane and acetone in 58% yield (105 mg, 0.394 mmol).

Mp 238.0-2394°C IR (ATR): 3492-3109, 3093, 3039, 1720,
1666, 1555, 1384, 1182, 730 cm™ . '"H NMR (300 MHz, CDCls) 4: 6.89
(1H, d, J = 8.1 Hz),764 {1H, s), 7.83 (1H, dd, J; =8.1 Hz, J= 1.8 Hz),
786—7.94 (4H, m), 8.32 (1H, dyp /=18 Hz). *C NMR (75 MHz,
OCk) & 1162, 121.0, 1231, 1252, 125.5, 130.7, 135.7. 135.9, 1396,
1421, 1457, 1473, 153.0, 189.4, 190.5. HRMS (M-H"): Calculated for
CigHg0y, 265.05008; found: 26505060,

4.3. Biological assays

431 Evaluation of the activity of compounds 1—17 against WNV
NSZB-NS3 protease

Recombinant WNV NS2B-NS3 protease (catalog number SE-
2907, already purified and acrivated) and fluorescent substrate
PERTKR-AMC (catalog number ES013) were purchased from (R & D
Systems, Minneapolis, MN, USA). Compounds 117 were dissolved
in pure DMS0; solutions were then diluted in buffer to obtain
working solutions with a final concentration of DMSO0 of 1% vjv. A
volume of 50 ul of the purified protease (final concentration of
1 ng xL™") diluted in buffer {50 mmol L™ Tris, 30% [vfv) glycerol. pH
9.5) was incubated with 50 gL of DMSO solution of each indan-13-
dione derivative (final concentration of 16 umol L~') in a 96-well
black plate for 30 minat 21-22 °C. After this time, the assay was
initiated by addition of 50 uL of the substrate (40 mmol L=" - initial
concentration). A solution containing buffer and DMS0 was used as
negative control on the same plate. The blank contained 50 ul
buffer and 100 uL of the substrate. The fluorescence intensity was
continuously recorded on a wavelength of excitation of 360 nm and
an emission wavelength of 460 nm using SpectraMax"’ M5 reader
(Mofecular Devices). Compounds, which effectively inhibit the
enzyme were selected for further biological assays. Analyses were
performed using Microsoft Excel (Microsoft Office Software) and
CraphPad Prism 6 (GraphPad Software Inc.). The assays were con-
ducted in triplicated on three isolated experiments and the staris-
tical analyses were conducted by ufilizing the multiple
comparisons of one-way ANOVA.

432 Determination of [Cso valties

The inhibitory enzymatic activity of compounds 14 and 17, the
most active ones against the WNV N52-NB3 protease. were evalu-
ated at eight different concentrations (66 gmol L=!—0.5 ymol L=1)
using the protease assay as described abowve. Fluorescence was
measured in triplicate wells at intervals of 30s for 5 min in three
independent experiments. ICsy values were calculated using
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CraphPad Prism 6 GraphPad Software Inc), using the four-
parameter nonfinear regression analysis (Hill slope method).

433 Determination of Ki values

Three different concentrations (2, 4 and 8 ymol L™} of inhibitors
14 and 17 and five different concentrations of substrate pERTKR=
AMC (20, 40, 60, 80, 100 mmol L=} were tested in the in vitro
against WNV protease (37.04 nmol L=! protein, 1 ngul="). Fluo-
rescence was measured in triplicate wells at an interval of 30 s. The
velocity values (RFUJminute) were then calculated for each sub-
stratefinhibitor pair. K; values were calculated with GraphPad Prism
software 6 (GraphPad Software Inc.) with non-linear regression at
competitive inhibition mode of enzyme-kinetics.

434 Cytotoxicity assay

The cytotoxicity of compounds 14 and 17 was assessed using
MTT assay [59). VERO cells (5 = 10* cells) were seeded in 96-well
plates. Each well contained 100 pL of each compound solution at
different concentrations (1000, 250, 125, 63, 32, 17. 8 and
4 umol L™"). The compounds were diluted in MEM medium with 2%
FES and 1% DMSO. After 24 h of incubation at 37 °C, 100 yL of a MTT
solution (5%) was added to the wells. After 4 hat 37°C, the MTT
solution was removed and 100 plfwell of DMSO was added to
solubilize the farmazan. Absorbance was measure at 550 nm was
measured in a microplate reader (Multiskan™ GO Microplate
Spectrophotometer — ThermoFisher®). The data were analyzed and
CCsp was determined using GraphPad Prism 6 {GraphPad Software
Inc.).

435 Virucidal assay

VERO cells (8 = 107 cells per well) were seeded in 24-well plates.
100 pL of viral suspension (50-100 PFU} were incubated with 100 pL
of varying concentrations of the tested compounds (3, 6, 12, 25, 50
and 100 pmol L=") and incubated at 37°C for 1 h. The medium was
aspirated from the plates and 100yl of the mixture contaning the
virus and the compound mixture was added to the cell monolayer.
The plates were incubated for 1 h under shaking for a better viral
distribution. After this time, the viral suspension mixed at the
various concentrations of the evaluated compound was aspirated
and 1500 uL of a 3% CMC solution in DMEM (twice concentrated)
medium supplemented with 2% FBS and 1% P5A was added to each
well. Plates were incubated for 5-6 days. After this period, the
medium was removed and the cells fixed by adding formaldehyde
20% for 30 min at 37 °C and stained by adding 2 to 3 drops of 5%
violet crystal dye for 40 min at room temperature on a mechanical
stirrer. After this time, the dye was aspirated and the plates were
placed to dry at room temperature and quantified by visualization
of lysis plates. The data were analyzed and ECsp was determined
using GraphPad Prism 6 {GraphPad Software Inc.). With the value of
CCsp and ECsy in hands, it was possible to calculate the value of the
selectivity index (SI), which corresponds to the ratio CCsgfECsg.

44 Computational analyses

441 Conformational analyzes, optimizations and electrostatic
potential calculations

Molecules were prepared in the program GaussView 5.0.8 [60].
Conformational analyses and geometries optimizations were per-
formed with the software Gaussian 09'W [61]. Implicit solvation
calculations were run using the IEF-PCM model. Total electron
density and molecular electrostatic potential surfaces were gener-
ated from Gaussian outputs with GaussView.

4.42. Docking studies
Ligands were prepared in the program Ligprep |62] employing

the OPLS_2005 force field, with protonation states predicted with
Epik at pH 9.5+ 2.0. The West Nile virus protease N52B-M53 PDB
code 2FP7 [63]. chosen as the receptor, was prepared with the
Protein Preparation Wizard (Schrodinger Release 2015-3:
Schrodinger Suite 2015-3 Protein Preparation Wizard; Epik version
3.3, Schridinger, version 6.8) |64], with removal of all waters and
addition of hydrogens based on PROPKA calculations at pH 9.5.
Docking calculations were performed with the software Glide
{Small-Molecule Drug Discovery Suite 2015-4: Clide, version 6.8)
[48], employing the Induced Fit docking methodology |49] and
Glide SP. The grid was centered in the amino acid Isoleucine 123,
and had 12 A dimensions. All residues within 5 A from lle123 were
considered as flexible. Docking results were ranked based on their
docking score and the top ranking poses for each compound were
analyzed with the software PyMOL [65].
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ABSTRACT

Organic arides are an important and wversatile class of chemical
compounds. They present industrial, academic, and biological applications.
In addition, they can be obtained from a vanety of synthetic methods. The

present book chapter will focus specifically on bis-azides, i.e., organic
compounds presenting two azido (-Ni) groups in their souctures. The
utility of them is going to be covered in synthetic group transformation,
polymer chemistry, in the preparation of bicactive compounds, in click
chemistry, and in the synthesis of cross-linked DNA.

Keywords: Azides, Organic Azides, Bis-Azides

INTRODUCTION

Organic azides are an important and wversatile class of chemical
compounds [1]. They present indusirial applications [2], are biologically
active substances [3]. and have great synthetic utility in conjunction with
their easy accessibility via several synthetic routes [3-3].

The history of organic azides goes back to |864 when the German
chemist Peter Griss, who first prepared the diazonium salts [6, 7], obtained
aryl azides from the reaction of arenediazonium perbromides with ammonia
[8]. Later on, Theodor Curtius found that the treatment of benzoyl hydrazine
with nitrous acid afforded benzoyl azide. Alkaline hydrolysis of benzoyl
azide gave sodium azide which, in turn. by acidification resulted in the
formation of hydrazoic acid (HN;). In Curtius™ laboratory, a procedure was
also developed for the preparation of alkyl azides via the treatment of alkyl
iodides with AgNs. He also discovered that the reaction of benzoyl azide
with hot ethanol gave rise to N-phenylcarbamate [8]. The coversion of acyl
azides to the corresponding carbamates 15 known as The Curtius
Rearrangement and it is one step involved in the general method that
converts carboxylic acids to amines [9]. Since these initial studies, azides
have attracted the attention of several researchers.
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The present book chapter will focus specifically on bis-azides, ie.,
organic compounds presenting two azido (-Nz1) groups in their structures. 1t
is going to be covered the uiility of them in polymer chemistry, synthetic
group transformation, in the preparation of bioactive compounds, in click
chemistry, and in the synthesis of cross-linked DNA. It is not our intention
to make an exhaustive description of all aspects related to bis-azides,

FUNCTIONAL INTERCONVERSION EMPLOYING
B1s-AZIDES

The estenfication is an imporiant process in organic chemisiry. Esters
can be prepared using mineral acids, a variety of activating agents, and
several catalysis [10]. Poonuswam and co-authors found that the
combination of bis-azides with trialkyl phosphites or triphenyl phosphine is
an alternative method for the preparation of esters [11]. Thus, treatment of
carboxylic acids with 1,3-diazidopropane (1) in the presence of triethyl
phosphite or trimethyl phosphite afforded methyl or ethyl] esters (2-23) in
good yields (Scheme 1). Reactions were carried out at room temperature and
under solvent free condition.

The proposed mechanism for this reaction is depicted in Scheme 2 [11].

The inconvenience of the aforementioned method is that the phosphites
must be prepared before running the esterification. Considering this, it was
hypothesized that the trialkyphosphites could be replaced by
triphenylphospine. In fact, the reaction of bis-azide ( 1 ) with carboxylic acids
in the presence of triphenylphospine and an alcohol afforded esters with
good yields, as shown in Scheme 3.

The proposed mechanism for the formation of esters (24)-(36) is
presented in Scheme 4 [11].

The chemistry of 3 3-diazidoenones (38) has been recently investigated
[12]. These compounds can be prepared from the corresponding 3.3-
dichlorovinyl ketones (37) which, in turn, can be made from [,1-
dichloroethene and acyl chlorides (Scheme 5).
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Scheme 1. Preparation of esters from bis-azide (1) and trimethyl or triethyl phosphites.
Reaction conditions: 1.3-diazidopropane (1) (0.5 mmol), trimethyl phospite/triethyl
phosphite (1.0 mmol) and carboxylic acid (1.0 mmol) were stirred at room temperature

for 20 min.
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Scheme 3. Preparation of esters (24)-436). Reaction conditions: To a mixture of
triphenylphosphine (1.0 mmol), 2-phenylethanol/cinnamyl alcohol (1.0 mmol) and
carboxylic acid (1.0 mmeol), 1.3-diazidopropane (1) (0.5 mmol) was added slowly ina
drop wise manner (to avoid accumulation of azide} and the mixture was stirred at room
temperature for 10 min.
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The formation of 3, 3-diazidoenones (38) was evidencied by NMR
spectroscopy. It was found that these compounds can undergo cyclization to
afford azido isoxazoles (39). This process can be understood considering the
nucleophilic attack of carbonyl oxygen on the nitrogen atom accompanied
by N: release. For dichlorovinyl ketonmes with aromatic portions, the
azidoisoxazoles were obtained in yields ranging from 52%-62%. (Table 1).
The reactions were carried out at room temperature in acetonitrile. The
fastest conversion of (37d) was associated with the presence of the electron
withdrawing group (-NO-) in the aromatic ring [12].

The conversion of 3, 3-diazidovinyl ketones in azidoisoxazoles were also
performed in ionic liguids. This was done in order to find more
environmentally friendly alternatives to the traditional organic solvents. As
can be seen in Table 2, the azidoisoxazoles were obtained in good yields and
the best ones were prepared running the reactions in [emin]*[OT{]".

The formation of azidoixosazoles from dichlorovinyl ketones with

aliphatic portions was also investigated and the results are depicted in Table
3.

Table 1. Formation of azidoisoxazoles (39a-d)

cl Mah Na CHsCN
M e -MECT A:j\yl\ Ny | B ":3_"‘ rL /\)_ "
3
(37a-d) (38a-d) (N2) (39a-d)

Time for the ;

Starting ketone Ar conversion of (37a-d) :;;Id il
to (38a-d), h

37a 4-Br-CzH, 2.5 (38a) 62 (39a)

37b 4-CI-C¢H, 3.0 (38b) 36 (39b)

3Tc Ph 4.0(38c) 52{39%)

37d J-NOL-CiHy 1.5 (38d) 61 (39d)
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Table 2. Formation of azideoisoxazoles in ionic liquids

o H!-c'rql'.'ﬁtl —_— !I- 5 I'.!
L L b DH Mo L OH
St Sy L LR e gl il
Hae M N, FEsmd  egy, ¥ g iy '3
BFy [} {CoFulhPFy [C3F s Py
[bmin] |BF.] tamin{ F2TI] [mnf IPF S CoF el [benpyr} [FF oGP 20l
p— Yield of compounds { 3%a-c)
[bmin]'TBF4]" | [emin] [TOTE" [hmin[ [PFUCzF:h] | [bopyrr] [PFACeFsh]
39a T T4 62 57
b a7 T4 63 58
EL e 65 75 MiA MNIA

Table 3. Preparation of azidoisoxazoles (41e-h)

[a] al Purali L+ My -
R'u"-"j-"n Mati T H'I;Lf".“u, | M .h,-,-..?a? H
{37e-hj [A0e-) {41-h]
Starting ketoos R Time for the conversion Yield of
of (40 to (41, h (A1) (%)
3Te CH:CH-CH2 36.0 (40e) 30 (4le)
37f CH:CH2CH=CH> | 40.0 (40£) 36416
38 {CH3):CBr 1.5 (40g) 36(41g)
39h CF: 1.0 (40h) 40 (41h)

The yields of the azidoisoxazoles (41e-h) were lower compared to the
compounds (39a-d). This fact was ascribed to side reaction to form
oligomeric products. It is likely that enolization of the ketones is responsible
for this behavior. Another possibility is the high volatily of compounds (41 e-
h) that have low molecular weight. This fact made the isolation of
azidoisoxales (41e-h) in pure form a difficulty task. In fact, it was not
possible to isolate compound (41h) with good purity. lis formation was
confirmed by trapping the azidoisoxazole, via strain promoted alkyne-azide
cicloaddition (SPAAC) [13, 14]. with cyclooctyne resulting in the formation
of adduct (42) (Scheme 6).
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{39h) - eomy FiC o) 2

Scheme 6. Trapping reaction of compound (4 Lh) with cyclooctyne.

The 3,3-diazidoenones can also react with cyclooctyne to afford 1,2.3-
triazoles as exemplified in Scheme 7 for the reaction of divinyl ketone (38a)
resulting in the bis-1,2,3-triazole (43) in 88% yield. When the reaction was
warmed to promote the converstion of (38a) in azidoisoxazole (39a),
subsequent addition of cycloocting resulted in the formation of (44) in 93%
yield [12].

-N @l N ;_N
L}‘Na —— R 93%
R (39a)

‘ (44) 93%

r.t

[ & ¢ @1@

P N

R Ny 0°C,2h j\__,/,J\ N
R e

M
R = p-Br-CgH. (38a) =

(43) 88%
Scheme 7. Preparation of 1.2 3-triazoles from 3. 3-diazidoenone (38a).

The azidoisoxazoles are synthetically useful compounds. They can be
converted in 1.2, 3-riazoles via CuAAC reactions {(vide infra for a more
detailed discussion regarding this reaction) as exemplified in Scheme B for
the conversion of (39b) in compound (45), Compound (39b) was also
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converted in 1.4 5-tribustituted-1,2,3-triazole (46) by reacting it with
malodinitrile and sodium etoxide.

N:N
L ALY _ CHa(CN) Ny —— D
& N}gj\ EtONa
HN 81%
c
(46)

(39b)

Scheme 8. Conversion of isoxazole (39b) into compounds (45) and (46).

To further demonstrate their synthetic utility, azidoisoxazoles (39a-c)
were converted in the phosphorous and nitrogen derivatives shown in
Scheme 9.

P W

R (47a<) sl TR NO,

PPhs T WE(OH (49b) 81%
a: R = p-Br-CgH, D‘
b: R = p-Cl-CgH N3 oy
P 814 == QNH’
R

c: Ph R (39a-c)
(48b) 75%
P(OEt)gl
J g g,oa
QN—P(OEI);; j:}fNH OEt
R R
(51b) 94%

(50b) 96% by NMR

Scheme 9. Conversion of azidoisoxazoles in nitrogen and phosphorus derivatives.
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Bi1S-AZIDES AND CUAAC REACTION

Azides have been widely used in the Copper(I)-catalyzed Alkyne-Azide
Cycloaddition (CuAAC), also known as click reaction [15-18]. In this
transformation, an alkyne and an azide react to afford 1 4-disubstituted-
1.2, 3-triazole derivatives. The process is catalyzed by copper(l) species
(Scheme 10).

R1
_ N
RI — + RE_ N3 ﬂ}_.. | ,N
N
R
1,4-disubstituted-1,2 3-triazole

alkyne azide

Scheme 10. General scheme of the CuAAC reaction.

This important transformation has found applications in the preparation
of pharmaceuticals, agrochemicals, in material science, in carbohydrate
chemistry, among others [19-28].

As expected. bis-azides can be engaged in CuAAC chemistry. The
review by Abu-Orabi [29] shows several examples of the use of bis-azides
in click chemisiry,

More recently, Freitas and co-workers [30] synthesized a series of novel
symmetric 1 4-disubstituted-1,2 3-triazoles via double CuAAC from
aliphatic bis-azides (52a-d) and a tetracthylene glycol bis-azide derivative
(52e). The eighteen derivatives (53a-53r) were obtained with good to
excellent yields (Scheme 11} and had their cyiotoxicity evaluated in vitro
against human breast adenocarcinoma (MDA-MB 231) and ovarian
adenocarcinoma ( TOV-2 1G).
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CuS0,"6H;0 Ney ™ N (530) ned, RaCHN  (B0%)

NN, o« =R __sodumascobele 'S_-a' b '~=-=(" (83b) n=4, R=CoHO  (32%)
n THF/H;0 of CHClLYH0 R R {83c) n=4, R=CHO  (40%)

(53} n=7, R=CyH,0  (60%)

(528) 7 {0 o, ReCAN (T
n=8, - 1yl '

(32¢) r=8 (3g) n=8, R=CiH,0  (50%)
(52d) a=10 (83h) n=8, R=CeHNO; {BO%)

(83) n=8, R= CHO, (B0%)
(53)) w10, ReCHN  {T7%)
(53K) 010, ReCHAO  (B0%)

CuS0, 840 4 5
a o : Sodum ascortate NSO g™ O™ N
NN \/\N, =R THENMO or N u‘_’_(N
152e) GO0 R R

(530 R=CaeD (%)
{33m) R CyH.0; (89%)
153n) R=C M0, (88%)
(530} R=CyHy (90%)
(53p) R= CyHMNOy (100%)
(53q) R«CHAO  (87%)
530 R-Cy4S  @8%)

ReCHAN ReCiH0  RGHAC  ReCoMs  ReGeHNG;  R=CiHS  ReCiHC R=C4.0;  ReCH)0;

L{odd &T% S

Scheme 11. Synthesis of symmetrical 1.4-dissubstituted-1,2.3-triazoles (53a-53r).

The MTT cytotoxic assay revealed that the most active compounds were
(53)) and (53q). The latter was more active against MDA-MB 231 cell line
compared to the standard drug doxorubicin (used as positive control). It is
important to mention that both compounds exhibited better selectivity index
than the positive control (Table 4). The Selectivity Index (SI) of cytotoxicity
was calculated based on the ICso values obtained for each compound as
follows:

SI=1Cs Y/ ICs X,

where ICso X is the ICsq value obtained for the MDA-MB 231 and TOV-21G
cell lines and ICs, Y is the 1Cs, value obtained for WI-26VA4, the human
non-tumor cell line used as a reference.
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Table 4. Results of the cytotoxicity evaluation of compounds (53j) and
{53q) against MDA-MB231 (human breast adenocarcinomaj,
TOV-21G (ovarian adenocarcinoma), and WI-26VA
{(non-tumor human cell line)

Selective Index (S
ICs (pmol L) £ SD e nome )
MDA- I
TOV-21G
Compound | MDA-MB 231 | TOV-21G | WI-26VA | MB 231
729+ 6936+
' 28.83 & 14, 2 5
53j 88341420 | s 41 9.5]
364+
53 5.0741.75 24034678 | 474 0.76
9.40
— 368+
Doxorrubicine | 7.22 +0.77 e 167173 | 023 045

ICsa= the compound concentration that reduced cell viability by 30%.
5D = standard deviation.

These compounds induced apoptosis in both tested cell lines, as assessed
by BrdlUl assay. The findings suggested that these structurally simple
compounds may be promising prototypes for antitumoral agents,

The synthetic strategy used for the preparation of compounds (53a-33r)
has also been recently utilized by other researchers [31].

The synthesis of unsymmetrical bis-triazoles wvia organoclick- click
sequence was examined by Bressy and co-workers [32]. The
organoclick step combined a ketone and an unsymmetrical bis-azide in
the presence of proline as the organocatalyst as shown in Scheme
12. This approach afforded the monotriazoles in moderate to good
yields. It was noticed the formation of azidoanilines resulting from a
selective reduction of the aromatic azide function and the obtained yields
for them are shown between parentheses in Scheme 12.
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Scheme 12. Organoclick step of the organoclick-click sequence reported by Bressy and

co-workers [32].
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With the compounds (56a-1) in hands, they were submitted to CuAAC
reaction (click chemistry) with different alkynes giving rise to the bis-

triazoles (Scheme 13).

o
| [
|’Em Moy LID;HE
(I Il |l
{57a} 5Ty (8t s7a) (5T
J . e
i R CUlTACH {5 mos) H N
Ryl » ||| T wm
- (&1 et m
(5Ba-1) {5Ta-}
0.2 rmmol) 1023 mmal) a0y

o
.-] W=N

L‘_
"\é B = CHA0H - (S8 8%

FT = Ph - (38b) 08%
' = CH; MR Ts - {880} 99%
R = {CHolOH - {58d) B5%
' = COyMe - (580} 30%

155} 0%

we
I\_,.-’ Hﬂw

[581) BE

Wl
O

£ = P - (5B G,
o = [CHgOH - (S8g) T,

Kla

(=B a1

e <) W

A'= CHLOH - (88m) 854
R = GH:NMaTs - {S8n} T8%

R,

Ny

[S8h} 67%
| N S-Ph
B NN

%
K
%

{58%) oot

ST “n;:’jk
2

Me M
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Scheme 13. Click step of the organoclick-click sequence reported by Bressy and co-

workers [32].
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A one-pot procedure was also developed. In this case, the monoazide
intermediate was not isolated (Scheme 14).

™ o]
/ﬁ i} Proine (20 mars), CHA, /U\N/\»NJ
N 0 °C, W e NN
U q remonat of the volaties \j\‘
) GAOAC), (5 mars), -BuOH 5 ¥ (s3K)
N e 5%
(48) I;SI) . —:—/_ > \-) (8%% n 2 pots)

1570)

Scheme 14. One pot procedure for the preparation of bis-1.2-3-triazoles.

SYNTHESIS OF FUNCTIONALIZED MACROCYCLES

Macrocycles bis-iminophosphoranes can be efficiently synthesized via
Staundinger reaction between bis-azides and bis-phosphines as shown in
Scheme 15 [33]. Thus, the bis-azide (59a) was converted in cyclic compound
(60a) in 79% yield. The incorporation of heteroatoms in the chain connecting
the aromatic rings did not decrease the yield of the cyclic products
(preparation of compounds 60b-60d).

Ph~n p-Ph
Ph’v‘m
(53a) (60a)
=
OO0 meesem . GO0
Ny Ny -~ N N o
P\ en
(59b) X =0 {60b) X = O (85%)
(59¢) X = NH (B0c) X = NH (21%)
CLIE e Oy
Ny Ny % NN
h.! P
ph P
(39¢c) (60d)

Scheme 15. Synthesis of functionalized macrocyles by means of reaction of bis-azides
and bis-phosphines [33].
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Variations of this reaction were developed (Scheme 16). Starting from

aldehydes (61a-b), the imines (62a-b) were obtained and treated with
bisphosphines affording the macrocyles (63a-c) with moderate yields.

5 " m Hy
— = - R

3 /—~cHo * HN-{CHae-NH, “S/\J(‘ ko
Ph” NN N5 N

Ph Ph

Ny
(61a) (62a)
Ph2P(CH2).,-PPh2 ~ ﬁ\/( NT
o Ph‘P P_ph Ph
(63a)

CHO N\

&Y o=
NSy, HaN{CHaZNH, N.N| | N
o N3 N

Ph Ph— 3 \\
(61b) (62b)

_RaP-CHg)zPR; _ f j:“
Ph R~R /;

(63b) R = CH; (41%)
(63c) R = Ph (39%)

Scheme 16. Synthesis of macrocycles (63a-c) via imine formation followed by
Staundinger reaction [33].
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USE OF BIS-AZIDES IN POLYMER CHEMISTRY

Poly(1-trimethylsilyl-1-propyne) [PTMSP] is a high free volume glassy
polymer and presents extraordinary gas permeability. Cross-linkable films
of PTMSP were obtained from toluene solutions composed of PTMSP and
either 4 4-diazidobenzophenone (64) or 4.4°-
{hexafluoroisopropylidene)diphenyl azide (65). The preparation of these bis-
azides was accomplished via diazotization followed by treatment of the
diazonium salt with sodium azide as shown in Scheme 17.

| i i i 1} NalO; H;50, | i @
o el e MY _
- P =
HaN NH;  Z)NaNs N g4 = M
Wbk 1) NaND; Ho50, y; GFa
e = oL L TR e O
CFa 2) Mah, = OBy
{65)

Scheme 17. Synthesis of bis-azides (64) and (63).

The films were cross-linked via UV-irradiation at room temperature or
thermal annealing at 180 °C. The formation of the films can be understood
considering that photoirradiation or thermal treatment of azides leads to the
loss of nitrogen and the formation of nitrene. This, in turn, can add to double
bonds of PTMSP (66) do give aziridines or insert into C-H bonds to give
amines (Scheme 18).

The cross-linked films were tested for the N: and O; gas permeability. It
was found that the cross-linked polymers were less permeable than PTMSP
(66) [34].

PREPARATION OF CROSS-LINKED DNA

In this last section, it is pointed out that heterodimeric interstrand cross-
linked DNA was obtained by Xiong and Seella [35]. Their approache
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involved a double-click reaction between preformed oligonucleotide
duplexes and the bis azide (67) (Scheme 19).

DO OO

g
T
(66}

Amﬂ»omw’{
woorton nlo C-H bonds

s—% S ?

Scheme 18. Formation of the cross-linked PTMSP films.

—— SN

CuS0,-TBA TCEP,
Tmaot 1" NaCl HO0mMS00 BulH

g B Wt
correspands 1o I:N N"Nl

Scheme 19. Construction of heterodimeric interstrand cross-linked DNA via double-
click reaction.
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Scheme 20. Alkynylated nucleotides utilized in the preparation of oligonucleotide
duplexes.

The structures of alkynylated nucleotides (68-73), used in the
preparation of oligonucleotide duplexes, which were utilized in the double
click-reaction, are shown in Scheme 20.

It was found that the stability of cross-linked DNA depends on the linker
length and the site of modification. It was worth to mention that cross-linked
DNA may be helpful in cancer therapy [36].

CONCLUDING REMARKS

This book chapter covered several reports showing the utility of bis-
azides. The usefulness of this class of compounds was demonsirated in
functional group interconversion, in polymer chemistry, in the preparation
of macrocycles, and in the formation of biomolecules. So far, the bis-azides
have been mainly applied in the CuAAC reaction (also known as click
chemistry). There are other reports in the literature related to the use of bis-
azides. However, as previously mentioned, it was not our intention to make
an exhaustive discussion concerning bis-azides. Finally, it is possible to
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antecipate that many other applications of this class of versatile compounds
will be described in the future.
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ARTICLEINFO ABSTRACT

Keywords The serine/arginine protein kinases respand to the EGFR-PISK-AKT signaling module in the context of pre-mRNA
Lymphoblastic lewkemia alternative splicing regulation. These enzymes (notably SRPE1 and SRPK2) have been found dysregulated ina
SRPE inhibitar wariety of cancers, which suggesis them as promising drug targets in oncology. SRPK2 has been related o
SRETHRAD leukemia cells proliferation and found preferentially overexpressed in T-cell acute lymphoblastic leukemia (T-
;‘T *“"“"‘;" ALL). Previously, synergistic combination between vincristine and SRPK inhibitors has been observed in leu-
Turkat kemia cells in vitro. Herein we sought to evaluate the i vitro combinatory effects of inhibiting SRPK and multiple

other kinase targets from the EGFR pathway in T-ALL, a hematclogical malignancy with a still poor prognosis.
We found that the bined SRPK and AKT ph logical inhibiticn is synergistic in Jurkat, CCRF-CEM, and
TALL-1 {all T-ALL) but not in HLA0, an acute ], ous leukemia cell lineage. Combined treatments also
impaired SR proteins phosphorylation in accordance with an improved suppression of SRPK activity.
Furthermore, the synergism of treatments seemed associated with apoptosis triggering, as revealed by flow
cytometry analyses. Taken together, these results suggest the therapeutic potential of the combined SRPE and
AKT pharmacological inhibition against T-ALL

1. Intreduction subtypes (Banerjee et al, 2016; Kern ot al, 2015; Wee and Wang,

2017). Signals mediated by EGFR can activate downstream pro-onco-

Acute lymphoblastic leukemia (ALL) is a hematological cancer fre-
quently associated with poor prognosis and survival rate in adults
(Terwilliger and Abdul-Hay, 2017; Xiao et al., 2018). In children, ALL
treatment failure is mostly due to relapse, which occurs in approxi-
mately 15% - 20% of patients (Locatelli et al., 2012). Therefore, ALL
treatment options remain limited, which justifies the search for novel
strategies aiming at an improved cure rate and the prevention of disease
relapse.

Abnormal activation of the epidermal growth factor receptor
(EGFR) signaling contributes to the pathogenesiz of several cancers,
including the develop and progression of different leukemia

= Corresponding authors.

genic signaling pathways, such as RAS-RAF-MEK-ERK and PI3K-AKT-
mTOR (Wee and Wang, 2017). Thus, EGFR signaling has proved to be
an attractive target for inhibiting leukemia cell spread.
Serine/arginine protein kinases (SRPK) are involved in pre-mRNA
altermative splicing regulation in the comtext of the EGFR-PI3K-AKT
signaling pathway (“hou et al, 2012). Upon AKT activation, SRPK
translocate to the nucleus, where they can regulate splicing by phos-
phorylating SR proteins (Jang ct al, 2009 Zhou et al., 2012). SRPK
have been frequently found overexpressed in a number of cancers, in-
cluding leukemia (Hishizaws et al., 2005; Jang et al., 2008; Salesse
et al, 2004; Sigueira et al,, 2015), suggesting these kinases as emerging
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targets in oncology (Lee and Abdel-Wahab, 2016; Lin, 2018). Although
the mechanisms of overexpression in tumors are unknown, the onco-
genic role of SRPK has been related to their capabilities to change the
splicing pattern of genes such as VEGF, Raclb, and MEK2 (MAP2K2) in
favor of the tumorigenic process (Gammons et al, 2014; Goncalves
et al., 2014; Hayes et al., 2007). in leukemia cells, the overexpression of
SRPK2 has been correlated to increased cell proliferation through en-
hanced cyclin Al transcription (Jang et zl., 2Z008). More recently, a
study based on CRISPR dropout screen identified SRPK1 as an epige-
netic regulator of BRD4, a gene involved in the expression of Myc and
other o related to hem logic cancers (Tzelepis et al, 2016),

Taxicology in Vitra 65 (2020) 104777

2. Materials and methods
21. Cell lines and colture

The human leukemic cell lines Jurkat, CCRF-CEM, TALL-T (T-cell
acute lymphoblastic leukemia— T-ALL) and HL60 (acute myelogenous
leucemia - AML), murine fibroblast NIH3T3, rat cardiomyoblasts H9¢2,
and African green monkey kidney VERO cells were used in this study.
Jurkat, CCRF-CEM, TALL-1, and HL50 were kindly provided by Dr. José
Andrés Yunes (Centro Infantil Boldrini, Campinas, Sao Paulo, Brazil).
NIH3T3 was kindly provided by Dr. Anésia Aparecida dos Santos

Significant efforts have been made to identify small lecul
capable of ichibiting SRPK cellular activity (Batson et al, 2017;
Fukuhara et al, 2006; Gammons et al., 2013; Hatcher et al, 2018;
Moreira et al,, 2018; Morooka et al., 2015; Sigueira et al., 2017). The N-
(2-(piperidin-1-y1)-  5-(trifluor iyl yphenyl)isonicoti id also
known as SRPIN340, was the first compound identified to target both
SRPK1/SRRKZ. Since then, its activity has been extensively demon-
strated i a number of in vitro and in vive disease models, such as retinal
angiogenesis (Amin et al, 2011; Dong et al, 2013), melanoma
{Gammons et al., 2014; Moreira et al, 2018) and levkemia (Siqueira
ot al, 2015, 2017).

Previous studies have reporied that SRPK1 siRNA targeting en-
hanees the sensitivity of tumor cells to gemcitabine and/or cisplatin
(Hayes et al, 2007). Similarly, we have demonstrated the synergism of
SRPK pharmacological inhibitors and the chemotherapeutic agent vin-
cristine in leukemia cells (Siqueira et al., 2017). Then, considering the
intricate role of EGFR and its downstream signaling elements in leu-
kemia, which include SRPK, the present work investigates the potential
synergistic action of SRPIN340 and other inhibitors targeting EGFR
downstream kinases in T-ALL cells in vitro (Fig. 1),

E.mm\

¥
GSK-2118436/Dabrafenib — — pikz9a
+ +

(IRAF) (iPI3K}

+ +
SDC-0994/ Ravexertinib —— |— Gskse0ae3

(IERK] l l (iakt)

— sAPIN340

(i5RPEK)
+

SR protein 2

v

Cancer cell proliferation

Fig. 1. Schematic view of downsiream EGFR signaling elements and the in-
hibitors used in this study. EGFR, epidermal growth factor recepior; RAF, a
sering/threonine-specific protein kinase (rapidly accelerated fibrosarcoma);
GSK-2118436 (Dabeafenib, BRAF inhibitor), ERK, extracellular signal-regulated
kinzges; GDC-0994 (Ravoxertinib, ERK1/2 inhibitor], CDK, cyclin-dependent
kinase; PD-0332091 (Palbociclibe, CDE4/6 inhibitor); PI3K, phosphoinositide-3
kingge; PIK294 (PI3K inhibitor); AKT, a serinefthreonine protein kinmse;
GSK690693 (pan-AKT inhibicor); SRPK, serine/arginine-rich protein kinase:
(SRPIN340, SRPK1/2 inhibitor). In order to make the fext more under-

dable, the i ware dated as iRAF, IERK, iCDK, iPI3K, iAKT,
and ISRPE.

PD-0332991/Palbociciibe ——
fico)

(Depar de Biologia Geral, Universidade Federal de Vigosa
Minas Gerais, Brazil). H9¢2 and VERO were kindly provided by Dr.
Vanessa Carla Furtado Mosqueira (Escola de Farmacia, Universidade
Federal de Ouro Preto, Minas Gerais, Brazil). The cells were cultured in
RPMI-1640 or DMEM medium (Sigma) supplemented with 10% fetal
bovine serum (FBS, LGC Biotecnologia) and 3 mM 1-ghutamine (Sigma},
100 U/mL penicillin, and 100 pg/mL streptomyein (Sigma), at 37 °C,
under humidified and 5% CO. atmosphere.

GDC-0994 (Ravoxertinib/IERK) and GSK-2118436 (Dabrafeniby/
iRAF) were purchased from Express.  PD-0332991
(Palbociclibe/ICDK), GSK-690693 (1AKT), and PIK-294 (iPI3K) were
purchased from Sigma-Aldrich. Compound N-(2-(piperidin-1-yI)-5-tri-
fluoromethyl)phenyljisonicotinamide (SRPIN340/15RPK) was synthe-
sized as previously published (Fukuhars et al, 2006; Siqueira et al,
2015). All compounds for in vitro use were reconstituted in DMS0, at
10 miL

2.3. Cell viability by MTT assay

Jurkat, CCRF-CEM, TALL-1 and HL&0 cells were seeded in a 96-well
plate (7 x 10* cells/well, 100 pl/well) containing complete RPMI
medium and NIH3T3, H9c2, and VERO cells were seeded in a 96-well
plate (10° cells/well, 100 plywell) containing complete DMEM
medium. The cells were incubated at 37 °C for 24 h prior to treatments.
Different concentrations of iSRPK, (ERK, iRAF, iCDK, iAKT, and iPI3K
were added alone or in concomitant combinations {iSRPK + inhibitor)
for 48 h. Then, the cells were incubated with 5 mg/mL of MTT (Sigma)
for 3 h, the plates were centrifuged and the medium was replaced by
100 pL DMSO (Sigma). Absorbance was recorded at 545 nm using a
microplate reader (SpectraMax M5, Molecular Devices).

2.4. The combination index (CT)

Dose-effect analysis of the combined treatments were carried out
using the Chou-Talalay methed (Chou, 2010). Cells were seeded in a
96-well plate 24 h prior to treatment. In the following day, cells were
treated with iSRPK, iERK, iRAF, iCDK, iAKT, and iPI3K alone or in
concomitant combinations iSRPK + inhibitor in a combination rate of
1:1 at concentrations ranging from 2.5 to 80 pM. After 48 h of in-
cubation, MTT assay was performed as described in the previously
section (2.3 Cell viability by MTT assay). The type of interaction be-
tween the compounds was d ined by combination index (CI}, using
the CompuSyn software. The synergistic effect is characterized by
Cl < 0.9; the additive effect, by 0.9 < CI < 1.0; and the antagonistic
effect, by CI > 1.0

25, Western blotting

2 % 10° Jurkat cells were treated with iSRPK in combination with
cach one of these inhibitors: iRAF, iEBK, and iAKT [10 pM], for 24 h.
After treatment, cell lysates were prepared in PBS containing 1% (w/v)
NP40, 1 mM EDTA, 150 mM NaCl, protease and phosphatase inhibitors
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(Sigma), and 10 mM Trs (pH 7.4) at a concentration of 2 x 107 cellsy
ml in lysis buffer, as described in our previous works (Sigueira et sl
2015, 2017). Briefly, the samples were incubated on ice for 10 min,
sonicated, and centrifuged for 10 min at 15000 ¥ g. The proteins were
resolved by 5D5 polyacrylamide gel electrophoresis, transferred to a
polyvinylidene difluoride (PVDF) membrane (GE Healthcare), blocked
for 2 h in PBS containing 3% bovine serum albumin, incubated with
primary antibody, and then incubated for 2 h with secondary antibody.
The following primary antibodies were used: mouse ant-SRPK1 (BD
Biosciences), mouse anti-SRPK2 (BD Biosciences), rabbit anti-phospho
AKT/rabbit anti-AKT (Cell signaling), mouse anti-phospho ERK/mouse
ant-ERK (Santa Cruz Biotechnology), rabbit anti-phospho GSK3p/
mouse anti-GIK3f, mouse anti-GAPDH (Invirogen), and mouse anti-
phospho SR proteins mAbl1H4 (Invitrogen). The secondary antibodies
used were anti-mouse and anti-rabbit peroxidase-vonjugated (Sigma).
Then, the proteins were visualized, using Amersham ECL Prime Wes-
tern blotting detection reagent (GE Healthcare), under a digital scanner
ChemiDoc Image System (Bio-Rad).

2.:6. Apoprosis and cell cycle analysis by flow cytometry

Jurkat cells were seeded on 96-well plate at density of 7 » 10° cells
per well and treated with only iSRPK or in combination, with iAKT
[10 pM] for 24 h. DMSO (0.4% w/v) was used as vehicle control. For
apoptosis analysis, the cells were labeled by wsing Annexin V/FITC
apoptosis detection kit [ (BD Biosciences), according to the manufac-
turer’s protocol. For cell cycle analysis, the cells were fixed in 70%
cthanol, washed in PBS and incubated for 30 min in PES containing
propidium iodide (50 pg/ml, Sigma) and RNase A {0.2 mg/ml,
Invitrogen). The samples were analyzed by fow cytometry (FACS
Verse, BD Bioscience).

2.7, Statistical analysis

All numeric data were derived from at least three independent ex-
periments and are presented as means * standard deviation. The ana-
lyses were performed using Microsoft Excel (Microsoft Office Software),
GraphPad Prism (GraphPad Software Inc.) and Image) software sys-
tems. The statistical analyses were done by paired Student's t-tests.
*P o= .05 or **P < .01 was considered significant.

3. Results
3.1. Cytowoxic effece of drug combinations

We began by testing the effect of iSRPK individually or in combi-
nation with several other kinase inhibivors (Fiz. 1) on the viability of
the non-tumor cells NIH3T3, H9c2, and VERO. These lineages were
only sensitive to the iCDK compound individually or in combination at
20 pM (Supplementary Fig. 1). Moreover, only higher concentrations
(B0 pM) of iSRPE/IRAF, iSRPE/IPI3K, and iSRPK/IAKT combinations
were synergistic over these non-tumor cells. Therefore, as the con-
centrations of 10 pM and 20 (M selectively affected the tumor by most
of inhibitors (except {CDK at 20 pM), they were chosen to interrogate
the leukemia lineages Jurkat, CCRF-CEM, TALL-1, and HL60.

The results showed that SRPIN240 alone was barcly active at both
concentrations used (Fig. 2), in accordance to what has been previously
described (Moreirs et al | 2008), In Jurkat, the combinations iSRPK/
iRAF, ISRPK/ERK, and iSRPEAAKT decreased cell viability if com-
pared with the individual treatments and controls (Fiz. 2A). Among
these combinations, the most notable effect was observed for ISRPK/
iAKT treatments, which decreased Jurkat viability by approximately
45% and 63%, at 10 and 20 pM respectively (Fig. ZA). [SRPK/AKT
treatments also decreased CCRF-CEM and TALL-1 viability considerably
{Fig. 2B and C). iSRPK/RAF and iSRPK/IiERK treatments in CCRF-CEM
(Fiz. 2B) and iSRPE/iCDK and iSRPE/iERK treatments in TALL-1

Taxicology in Vitra 65 (2020) 104777

(Fig. 2C) also indicated synergism in at least one concentration eval-
wated. Instead, none of the combinations resulted in an evident de-
crease in HL6O viability compared to the individual treatments
{Fig. 2D).

To further determine if the combination treatments had synergistic
effects, we calculated the combination index (CI) by using the
CompuSyn software according to the Chou-Talalay eguation (Chou,
2010). For Jurkat cells, the Cl values were < 0.9 for the treatment with
ISRPK/AERK and iSRPK/AAKT, which indicates synergistic action
(Table 1). Cl values also indicated synergism of iSRPK/RAF and iSRPES
IAKT combinations over CCRF-CEM and iSRPE/IRAF, iSRPK/iERE,
ISRPK/iCDE, and 1SRPE/IAKT combinations over TALL-1. The calcu-
lated €1 values for all combinations over HL60 were = 1.0, which in-
dicates antagonism. Thus, we have selected iISRPK/IRAF, iSRPE/ERK,
and iSRPKAAKT for further analysis, since these combinations were
synergistic in at least one T-ALL cell line.

3.2, Activity of EGFR pathway downstream elements

To analyze the effects of the inhibitors used individually or in
combination, we carried out western blotting analysis of treated cell
lysates with specific antibodies to targeis of EGFR-RAF-ERK and EGFR-
PI3K-AKT signaling pathways (Fig. 3A). The iRAF and iERK inhibitors
increased ERK phosphorylation in individual treatments (¥ig. 3, lanes 3
and 4), whereas iSRPKARAF and iSRPK/iERK combined treatments
reversed this phenomena by reducing the phospho-ERK signal in com-
parison to the individual ones (Fig. 3, lanes 1 and 2). In turn, AKT
phosphorylation was increased in both IAKT or IAKT/iSRPK treatments
(Fig. 3, lanes 3 and 4). Instead, GSK3f phosphorylation was decreased
in iAKT and iAKT/iSRPK treatments, as expected (Fig. 3, lanes 5 and 6).
A concentration-dependent feedback resulting in increased AKT phos-
phorylation has been usually observed for GSK690693 and other AKT
inhibitors (Dumble ef al, 2014; Levy et al., 2009 Therefore, these
ohservations are consistent with the expected response of downstream
effectors upon the inhibition of the upstream targets.

We also examined whether the combinations affect the phosphor-
ylation status of SR proteins and SRPK1/2 expression in Jurkat cells. As
shown in Fig. 3B and C, the combination iSRPKAAKT dearly decreased
the phospho-signal of SRSF4, SRSFS, and SRPF6 splicing factors. SRSFS
phospho-signal was also decreased by ISRPE/IRAF treatments. In ad-
dition, treatments containing the AKT inhibitor seem to decrease the
expression level of SRPK1 and SRPKZ These data indicate that the
treatments impaired SRPK activity in Jurkat cells; as expected.

3.3, Flow cytometry analyses

In subsequent assays, propidium iodide (PI} and annexin-V staining,
followed by flow cytometry analyses, were performed to better in-
vestigate the effects of iSRPE/AKT combined treatments in Jurkat
cells. At the concentration used, the ds alone or in combina-
tion wene ineffective in significantly altering GO/G1, §, and G2/M cell
populations (Fig. 4A). On the other hand a clear increase in sub-GO/G1
population was observed (from 5.45% in control group to 24.8% in
1SRPKAAKT group), which is consistent with an increment of cell
apoptosis. As this analysis is not robust enough to explain all apoptosis
events in a cell population, Annexin-V staining was approached. The
percentage of Annexin-V positive cells (apoptosis) was not altered
(4.0%) when iSRPK was used alone at the evaluated concentration but
was significantly increased by the combined iSRPEAAKT treatment
(50.6%) (Fiz. 4B). Considering that iAKT treatment increased the per-
centage of Anexxin-V positive cell to 30.6%, these data clearly de-
monstrate the synergistic action of the combined compounds in in-
creasing Jurkat cell apoptosis in vitro.
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Fig. 2. Combined effect of © ts ing the SRPK and EGFR pathway in leukemia cells. Jurkat (A), CCRF-CEM (B), TALL-1 (C), and HL&0 (D) were treated

with the indicated combination of inhibitors for 48 h. Cell vishility was determined by MTT assay. It was congidered 100% the viability of the cells in the eontrol
treatment (vehicle-DMS0) and the percentage of visble cells in each treamment was calculated relative to the vehicle. The values are expressed as the means +
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4. Discussion
Table 1
€l values of combination reatments. The combination index {CI) values were Th " al % I e 8
calcwlated using the CompuSyn software according to the Chou-Talalay equa- m whark il chscnlsus i un.Fu clg?' t anti-cancer drug
tion (Chou, 2010), cocktails are more successful in contralling disease progress and pre-
— - venting relapse in comparison to treatments with single agents {Lu
KCosbina o Ol S et al., 2017; Mokhtari et al., 2017). Thus, the establishment of effica-
Tk CCRE-CEM TALL1 HLED cious combined therapies are potentially interesting for obtaining
better clinical outcomes. Since previous studies have shown that small
iSRPK + iRAF 0.96 0.75 085 =10 molecules or siRNA suppression of SRPK could increase the sensitivity
ERPK + ERK 0,82 0.96 072 =10 f 3 ey T
B 7 of tumor cells to chemotherapeutic agents (Hayes et al., 2007; Siqueira
SRPK + iCDK =10 0.50 063 > 10 e . T .
SEPK + P =10 a.90 nos =1 ct al, 2017), we wandered whether the inhibition of SRPK in combi-
ERPE + GAKT 0.46 0.50 0.65 =10 nation with other targets downstream in the EGFR signaling could

impact leukemic cells. We then selected the SRPK1/2 dual inhibitor
Synergistic (C1 < 0.9); Additve (09 < C < 1.0); Antagonistie (C1 > 1.00. SRPIN340 (Fukuhara ot al, 2006) and five other kinase inhibitors
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were re-probed with anti-GAPDH, used as an endogenous control. (C) Band intensities were normalized to the GAPDH signal, used to control the amount of protein in
each analysis. Densitometry was performed using the ImageJ software. The values are expressed as the means = standard deviation (t-tests, *P < _.05). One
representative experiment of three is shown for each analysis.

already approved for clinical use or under clinical investigation (Fig. 1). pharmacologically inhibiting SRPK in bination with AKT in T-ALL
In previous studies, SRPIN340 presented cytotoxic effect on leu- and possibly other cancer types.

kemic cell lines with differential expression levels of SRPK1 and SRPK2 The selected treatments were able to inhibit the intended targets in

(Siqueira et al., 2015). In the present investigation, Jurkat, CCRF-CEM, EGFR sugnahng, as revealed by western blotting cxpcnmcns (h}, 3A<

and TALL-1 cells (high SRPK expression) were synergistically affected C). Additi , these results may g some ic

by the iSRPK/iAKT combination, while HL60 cells (low SRPK expres- for the |SRPK/|AKT synergistic effect. For instance, the combined
sion) remained unaffected (Fig. 2 and Table 1). Although the difference treatments decreased the phospho-signal of SRSF5 (Fig. 3), a SR protein
in SRPK expression is obviously insufficient to explain the observed known to be activated by PI3K-Akt-mTOR to favor the expression of
t this app correlation is at least intriguing and cancer-related spliced isoforms (Siegfried et al., 2013). Considering that
deserves consideration in other studies. Despite the well-known low SRSF5 can be also activated by SRPK in the context of PI3K-AKT acti-
potency and poor bioavailability of SRPIN340 (Gammons et al., 2014), vation (Zhou et al., 2012), the inhibition of AKT and SRPK can impair
the data obtained here collectively highlights the relevance of SRSF5 activation from AKT-activated mTOR and SRPK. Another
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Fig. 4. The effect treatments on Jurkat cell death and cell cycle. Jurkar cells were treated with 10 pM of the indicated inhibitors isolated or in combinaton, for 24 b
Cell cycle (A) was evaluated using propidium iodide (P} labels, and cell death (B) was evaluated using annexin-V/FITC and propidium iodide (P1) labels, followed by
flow cytometry analysis. One representative experiment is shown. Numerieal data represent the means = siandard deviation from triplicare experiments. t-tests,

*Po< 05 and **P < 0L

potential mechanism might rely on the unexpected suppressive effect of
iAKT on SRPK expression, which may contribute to potentializing the
pharmacological inhibition of SRPK (Fig. 3). This finding seems to be in
accordance with the well-known role of increased FISK-AKT activity in
T-ALL due to PTEN mutation (Guticrrez ot al., 200% Zuurbier et al.,
201 2). Certainly, all these speculations make sense in the context of the
obtained data but also surely deserve further functional clarification in
future studies.

1t was herein demonstrated that apoptosis were greatly increased in
Jurkat cells when SRPK and AKT were inhibited in combination at
10 pM (Fig. 4). Cn:lsldﬂ‘lng that SRPK2 knock down renders G1 arrest
in K562 leukemia cells (Jang et al., 2008), we could not discard this
effect if a higher dose of SRPIN340 were used or a more potent SRPK
inhibitor were approached. In fact, further studies should be performed
to obtain a more detailed view of the ISRPEK/AKT synergistic action.

In summary, we evaluated the effects of combined treatments be-
tween pharmacological inhibitors of SRPK and other kinases down-
stream from EGFR activation on leukemia cells. Cytotoxicity assays
showed that some combinations were synergistic against the lymphoid
leukemia cell lines, and the iISRPKAAKT combination was found to be
the most relevant. The iSRPK/AAKT also decreased the hyperpho-
sphorylation of SR proteins and other expected targets downstream
from the EGFR pathway. Furthermore, synergism was associated to
apoptosis triggering. Considered together, our data suggest that a
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combination of SRPK-AKT inhibition can be sy istic and idered

&

in further studies involving T-ALL and potentially other cancer types.

pp entary data to this article can be found online at hiips: /s
doi.org /10,101 6/4.tv. 2020104777,
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Effect of the topical administration of N-(2-(4-
bromophenylamino)-5-(trifluoromethyl)phenyl)nicotinamide
compound in a murine subcutaneous melanoma model

Juliana Alves do Vale® Ana Paula Martins de Souza”,

b

Graziela Domingues Almeida Lima?, Victor Hugo Sousa Gongalves®,
Gabriela Alves Moreira®, Marcus Vinicius de Andrade Barros®,
Wagner Luiz Pereira®, Nara Clara Lazaroni e Merchid?,

Juliana Lopes Rangel Fietto®, Gustavo Costa Bressan®,
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Conventional treatments for metastatic melanomas are
still ineffective and generate numerous side effects,
justifying the search for new therapies. The antimetastatic
effect of the named N-{2-(4-bromophenylamino)-
5-(trifluoromethyl)phenyi)nicotinamide (SRVIC30)
compound has been previously d 1 in murine
melanoma. Herein, we aimed to evaluate its effect

when topically administrated in a murine subcutaneous
melanoma model. For that, mice C57BL/6 were injected
subcutaneously with 2 x 10® B16-F10 cells. Topical
treatment began when tumors became visible on animal's

consequent deposit of collagen fibers in the tumors. In
addition, the skin of treated animals showed the presence
of inflammatory infilirate. Finally, SRVIC30 did not show
signs of toxicity. Thus, we concluded that the topic
administration of SRVIC30 was able to influence crucial
anticancer processes such as tumor cells apoptosis and
surrounding microenvironment. Anti-Cancer Drugs 31:
T18-727 Copyright © 2020 Wolters Kluwer Health, Inc. All
rights reserved.

Anti-Cancer Drugs 2020, 31:718-727

back Therefore, tumor volume was measured three times
& week until it reaches 12 mm® approximately. At this
point, 40mg oil-in-water cream (Lanette) without (control
mice; n=10) or with SRVIC30 compound (SRVIC30 group;
n=10 animals) were spread daily over the tumor external
surface using a small brush for 14 days. The treatments
increased the percentage of peroxidase antioxidant
enzyme and dead cells via caspase-3 activation, with a

Introduction

Cumancous mclanoma is considered the most aggres-
sive form of skin cancer. Besides its grear potenual of
metastasis, melanoma cell lines are usually refractory w
commonly used anticancer drugs, which dramarically
increases the number of paticnt deaths [1=3]. Over the
past decades, surgical resection of early tumors repre-
sented rhe unique therapeude oprion. Chemotherapy, in
turn, has been used in the treatment of advanced-stage
melanoma [3,4]. Notwithswnding, both oeatments may
not be effective on mimor stem cells thar tgger an impor-
rant mechanism of resistance and, in the end, act as a
major barrier to complete cure of patients [2,3,5]. Besides
classical chemotherapy, immuno and argeted therapies
are currently available and rhese new treatments have
improved the clinical outcome of a significant proportion
of patients. Still, there are patients that do not respond, as
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well as those that relapse [3]. Therefore, there would still
be an important gap to be studied with the use of these
new compounds. For that reason, it is imperative for the
development of alternative strategics with enhanced
safery and efficacy to overcome this challenge [6].

In this sense, antitumor treatments acring directly on spe-
cific targer molecules are very promising [7]. Particularly,
members of the sennefarginine protein kinases fam-
ily (SRPK) may be considered important targets due to
their overexpression in vanous types of cancers, includ-
ing cuancous mclanoma [8=10]. The enzymes SRPK1
and SRPK2 regulate the acuvity of the splicing factors
from the serincfarginine-rich proteins (SR proteins) fam-
ily via phosphorylation of their RS domains [11]. Once
SRPKs arc part of the cellular splicing machinery, the
dysregulation of this process contributes to the develop-
ment of cancer and other discases [8.9,11,12]. Therefore,

DOA: 10.1087/CAD0000000000000844

)
-]




pharmacological inhibition of SRPK has been considered
an important strategy in terms of cancer therapy [8,13).

Specifically, the compound Ne(2-(piperidin-1-yi)-3-
(trifluoromethyl)phenylhisonicotinamide  (SRPIN340)
has been sclected as a specific inhibitor of SRPK1 and
2 [14,15]. Although SRPIN340 has poor pharmacologi-
cal properties, its activiry against different tumor types
reinforces the therapeutic potendal of the pharmaco-
logic inhibition of SRPK [8,13,16,17]. In this light, our
group recently has sclected the compound Ne{2-(4-
bromophenylamino)=3-{trifluoromethyl)phenylnicotina-
mide (SRVIC30). an analog from SRPIN340. as able w
impair SRPK intracellular activity and to possess antileu-
kemia and anrimetastatic melanoma activity in-vitro and
in-vivo assays [13,17]. fr vroe, the SRVIC30 showed no
toxicity to mice inoculated with B16-F10 cclls in the cau-
dal vein and no alteration in their clinical signs and body
conditions. Morcover, the inmraperitoncal administration
of the compound was able to reduce the number of tumor
nodules in lung tissues in a murine model of metastadic
melanoma [13].

In this framework, the present study aimed to evaluate
the effect of the topical administracion of SRVIC30 in a
murnine cutancous melanoma model o vree focusing on
maorphological and immunofluorescence approaches. Our
findings suggest that SRVIC30 can affect the tumer cells
and their surrounding microenvironment when topically
administrated. This can shed new light on its potential
for cradicating remaining cells in combination with tumor
excision and chemotherapy and for the topical reatment
on primary melanomas

Material and methods

Compound

The compound Ne{ 2-{4-bromophenylamino}-3-
(triffuoromethyl)phenylinicotnamide  (SRVIC30)  was
synthesized and characrerized as deseribed in our pre-
vious study [17]. It was added in 1g cil-in-water cream
(Lanetre, BASF, Ludwigshafen, Germany), a commer-
cial ointment ideal for preparation of creams, at the con-
centraton of 30mg. This concentraton was determined
according to the amount of imiquimod present in creams
(53%) widely used to trear superficial basal cell carcinoma.

Tumor cell line and cell culture

B16-F10 melanoma cell line was kindly provided by Prof.
Anésia Aparccida dos Santos (Department of General
Biology, UFV, Vigosa, MG, Brazil). Those cells were grown
in RPMI1-1640 medium (Sigma) supplemented with 10%
(vfv) fetal bovine serum (FBS) (LGC Biotecnologia),
100g/mL strepromycin, and 100 unitsfml. penicillin at
pH 7.2 at 37°C under 5% CO, atmosphere.

Animals
Twenty male C37BL/H mice (7=8wecks old) were pro-
vided by the Central Animal Facility of the Center of the

Caopyright
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Biological and Health Sciences of UFV. The animals were
housed individually in prolypropylene cages, under con-
wrolled remperature (21°C) and 12:12h light/dark cyeles.
All animals received free access to rat chow (Nuvilab) and
drinking water ad fibitum. The experimental procedures
were conducted in agreement with the ethical principles
in animal rescarch adopred by the Ethics Commitiee of
Animal use of UFV (ECALT protocol 41/2016).

Experimental design

After Zweeks of acclimarization, mice had a small arca
of their back depilated, and 2x 10 B16-F10 cells were
injecred subeutancously 24 h later. The cell number used
herein was determined in previous experiments from
our rescarch group (unpublished daga). Topical teat-
ment began when tumors became visible on animal’s
back. For that, tumor volume was measurcd three nimes
a week undl it reaches 12mm® approximatcly [18, mod-
ificd]. At this point, 40mg oil-in=watcr crcam {Lanette)
without {(control mice; n= 1)) or with SRVIC30 com-
pound (SRVIC30 group; #=10 animals) were spread
daily over the tumor external surface using a small brush
for 14days. The amount of eream used was based on the
IC_ of SRVIC30 [13] and the methodology deseribed by
Rodrigues #f af. [18] with modifications. Accordingly, 2 mg
of SRVIC30 was used daily in tumor treatment. Body
weight and twmor volumes (1) were measured three
tmes a week duning the experimental treatment. The
mmor volume was obmined using the formula 1" (vol-
umc)= .52 x D1¥x D2, where D1 and D2 are short and
long rumor diameters, respectively [19]. Clinical signs
were also analyzed,

Euthanasia, tissue collection, and biometric analysis
On the 15th day of the experiment, mice were weighed
and ecuthanized by deep anesthesia using ketamine
hydrochloride (150mgfkgfip) and xylzine hydrochloride
(10mgfkgfip). The lung, liver, spleen, and kidney were
removed and weighed. Particularly, fragments of liver
were collected and fixed for histological analysis in order
to cvaluated hepatic nssue damages. Morcover, a fragment
of peritumoral skin was removed along with the tumor.
First, the peritumoral skin was sectioned and fixed for his-
tological analysis, and then the tumor was weighted. The
relative weight of organs/tumor was calculated by the ratio
berween their absolute weight/body weighe x 100, Finally,
two fragments per tumor were assessed under light and
epifluorescence microscopy. One fragment was fixed in
4% paraformaldehyde in (.1 M phosphate buffer, pH 7.2,
at room temperature during 24 h for histological and stere-
ological analyses. The other fragment, in turn, was fixed in
4% paratormaldehyde in 0.1 M phosphate buffer, pH 7.2
during 2 h for immunofluorescence analysis.

Determination of serum hepatic biomarkers
Blood samples collected during cuthanasia by cardiac
puncrure were centrifuged ar 2000g for 15min, and the
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serum was stored at =20°C, Quandfication of aspartate
aminomransferase (AST) and alanine aminotransferase
(ALT) was assessed using colorimetric kits (Bioclin
Laboratories, Belo Horizonte, MG, Brazil) suitable for
the BS-200E equipment (Bioclin Laboratories) in accord-
ance with the manufacturer’s instructions,

Histological processing and stereclogical analysis
Fragments from the peritumoral skin and tumor were
dehvydrated in crescent ethanol series for embedding in
paraffin. Sections with a thickness of 4 pm were obtained
using a rotary microtome (RM 2255, Leica Biosystems,
Nussloch, Germany). While some histological scctions
were stained with hematoxylinfeosin and toluidine blue
for evaluating tissue architecture and its organization,
other sections were stained with PicroSirius Red to eval-
wate the presence of collagen fibers. Tissues were then
analyzed qualitanvely under light microscope (Olympus
BX-50, lokvo, Japan).

For stercological analvsis, digital images from tumor
tssue sections were obtined using a light microscope
(Olympus BX-33) connected to a digital camera (Olympus
DP73) and analyzed with the Image-Pro Plus® 4.5 (Media
Cybemetices, Silver Spring, Maryland, USA) software. The
volumetric proportion was obtained by counting 5000
points, per animal, projected onto 10 histological fields
of umar tissuc at 200x magnification. Coincident points
over the tumor components were recorded: mmor cells,
dead cells, mitotic figures (it means mitotic cells showing
visible chromosomes under light microscopy), blood ves-
sels, inflammartory infiltrate, melanin, and connecove ts-
sue. The volume of cach component was calculated using
the following formula: Ve PP/« 100, where PP is the
number of points located on the interest structure and P11
15 the total number of points in the histological arca [20]).

Assessment of cell viability

Other histological sections of tumor and peritumoral skin
were used for staining with 0.02% acridine orange (green)
and 1% propidium iodide (red) for evaluaring cell viahil-
iry. Acridine orange is a dve thar stains both viable and
nonviable cells, whereas propidium iodide stains only
cells that lost their membrane integrity [21]. Viable cells
display a green nucleus with round intact structurc. In
contrast, nonviable cells exhibit yellow to orange colora-
non depending on the degree of loss of membrane integ-
riry due o co-staining with propidium iodide. Slides were
mounted with glycerin and analyzed gualitatively under
epifiuorescence microscope (EVOS) (Life Technologies,
Carlsbad, Canada) using the GFP LED CUBE and RFP
LED CUBE fileers [17.22].

Analysis of apoptosis and antioxidant enzyme by
immunofiuorescence

After Z2h of fixadon, umor fragments were washed
in 0.1M sodium phosphate buffer, pH 7.2, plus 1%
Tween-20 (PBST) for 2h. Thereafier, the samples were

incubated with primary antbodics diluted in PBSL: (1)
anticleaved caspase-3 (1:500; Cell Signaling Technology,
Inc., Beverly, Massachuseres, UUSA) and (2) antperoxi-
dase (1:800; Cell Signaling “Technology, Inc.) for 24h at
4°C. The samples were then washed in PBS (for 10 min
cach) and incubated with andrabbit 1gG-TRI'TC con-
jugated (1:500; Invitrogen. Eugene, Oregon, LUSA)
for 24h ar 4°C. Finally, samples were washed in PBS,
dehydrated in crescent ethanol senies, and embedding
in  2-hydroxyethyl methacrylate (Historesin, Leica,
Nussloch, Germany). Sections with a thickness of 10um
were obmined as previously described, and stained with
4" 6-diamidine-2"-phenylindole dihydrochlonde (DAPL;
1:300; Biotium, Inc., Hayward, California, USA) for
30min. The samples were washed, mounted on Mowiol
{Sigma), and analyzed under epifluorescence microscope
(EVOS) using GFP LED CUBE and RFP LED CUBE
filters. Ten histological fields of tumor sections per animal
were used for counting cells labeled with both primary
antibodics previously described. Likewise, negative con-
trols in which the poimary antibody was omitted were
included in immunofluorescence sodics.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
6.0 statistical software (GraphPad Software Inc., San
Diego, California, USA). All data were tested for normal-
ity with the D'Agostino—Pearson Test, and accordingly
submitted to unpaired t-test (parametric data) or Mann-
Whitney (nonparametric data). Differences were consid-
ered significant when f <0.05. Results were expressed as
mean £ SEM.

Results

Evaluation of toxicological parameters

During the experimental period, no altered clinical signs
were observed in all mice, excepring the presence of
tumor on their back. Topical administration of SRVIC30
did not affect negavvely the body weight of animals
after 14 days of treatment, as well as the weights of the
lung, liver, spleen, and kidney compared to control mice
(P> 1.05; Table 1). In the case of the liver, is funcoonal
biochemical markers and histology were assessed in
order to verify possible damages w liver functions and
tissuc. respectively (Fig. 1a and b). Based on thar. no
difference was obscrved between groups for serum AST
and ALT (Fig. la; P> (.03). Furthermore, the liver histol=
ogy showed normal ossue architecture in animals from
both groups. Ovenall, the dssue presented hepatocyre
cords composed of mono and binucleated cells inter-
spersed with sinusoid capillaries, besides lobular center
vein (Fig. 1h).

SRVIC30 increased inflammatory infiltrate in the
peritumoral skin

In SRVIC30-trcated mice skin, inflammarory infiltrate
was obscrved in the epidermis and dermis, including
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arcas with pyknotic cells (dead cells) that, in the end,
altered the normal structure of the skin dssue (Fig. 2).
On the other hand, the skin of control animals presented
normal tissue architecture, exhibiting a stratified squa-
mous keratinized cpithelium (epidermis) supported by
connective tissuc with hair follicles (dermis).

Table 1 Mmmdwaus micolmuhhdwml
2x10° B16-F10 muril cells ly into

the back, and topically treated with a SRVIC30-containing cream
(SRVIC30) and cream without SRVIC30 (control) daily for 14 days

Control (n=10) SRVIC30 (n=10)

Initial body wesght (g) 20474049 21.7440.47
Final body weight (g) 21.63£050 23.1740.30
Lung (g) 0184001 0.19£0.01
Lung (g/100g) 0;88+0.04 081£0.04
Liver (g) 1.08£0.04 1.14£0.03
Liver (g/100g) 4.98£0.11 4914014

@ 0.06£0.00 0.0740.00
Spleen (g/100g) 0.25£0.01 0.30£0.02
Kidneys (g) 0.28+0.01 0.11£0.01
Kidneys (g/100g) 1.30£0.02 0.46+0.03

VdmmwdumtSEM»ooSbympnhdl-m
SRVIC30, N-(2-(4-b

Fig.1
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SRVIC30 increased the percentage of dead cell via
caspase-3 and peroxidase positive cells in the tumor
from treated animals

Overall, B16-F10 cells at 2x 10° cells/mice were able to
develop melanoma in all animals. Although we observed a
reduction of tumor size in animals treated with SRVIC30
in relation to control mice, the tumor’s weight and vol-
ume did not differ between groups (data not shown).
Specifically, we observed a slight reduction in their vol-
ume in SRVIC30-treated animals from day 7.

Tumors from control and SRVIC30-treated mice exhib-
ited ncoplastic cells interspersed by blood vessels, large
amounts of melanin (Fig. 3a), and cells in mitosis (data
not shown). In addition, collagen fibers were observed
surrounding blood vessels in its tissue from animals of
both groups. Differently to control animals, tumors from
SRVIC30-treated mice presented collagen fibers also
bypassing ncoplastic cells (Fig. 3a). Nevertheless, the
proportion of connective tissue, as well as blood vessel,
mitotic cells, melanin, and inflammatory infiltrate did not
differ between groups (P>0.05; Fig. 3b). Furthermore,
SRVIC30-treated tumors had an increase in  the

—
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Fig.2
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percentage of dead cells compared to tumors in their
controls (P<0.05; Fig. 3b). This fact was confirmed when
we assessed the cell viability by acridine orange staining
(Fig. 4). In this case, the intensity of red labeling in neo-
plastic cells was greater in SRVIC30-treated animals than
control animals. Morcover, the number of caspase-3-la-
beled cells in SRVIC30-treated animals increased com-
pared to control mice (P<0.05; Fig. 5a). Additionally,
tumors treated with SRVIC30 presented an increased
number of peroxidase-positive cells in relation to tumors
treated with Lanctte cream only (P<0.05; Fig. 5b).

Discussion

The present study was undertaken to evaluate the effect
of SRVIC30 compound uscd topically in the treatment
of melanoma in C57BL/6 mice. Our findings showed
that this compound was able to increase the cell death of
ncoplastic cells in treated animals, with a redistribution
of collagen fibers inside the tumor. Those alterations, in
turn, were not reflected in the tumor weight and volume,
as well as in the stercology of other tissuc components.
Uldmarely, SRVIC30-treated mice did not present clin-
ical alterations evidencing systematic toxicity as hepatic
disorders.

The SRVIC30 compound has previously shown promis-
ing activity against metastatic behavior of B16-F10 cells
in vitro, based on migration, invasion, adhesion, and col-
ony formation assays. It was also efficient in reducing the

occurrence of lung nodules in induced-lung metastasis
[13]. Based on the findings, authors concluded that this
SRPIN340 analogue presented greater cytotoxicity than
the original molecule [13], being capable to inhibit cellu-
lar activities of melanoma and leukemia cell lines [13.17].
In the current in-vivo study, the compound increased
the cell death event in B16-F10 melanoma cells, which
are considered onc of the most aggressive cell lines [23].
The cell death event was primarily identified herein by
the great percentual of pyknotic cells in tumor tissues
of SRVIC30-treated animals. Indeed, these cells exhib-
ited chromatin condensation that is the most character-
istic feature of apoprtosis [24]. Additionally, they were
positively labeled by propidium iodide, which indicates
a loss of membranc integrity in neoplastic cells [21]. In
accordance with our findings, cell death involved apop-
tosis through caspase-3 activation. This enzyme is an
important effector protein of the cellular apoptosis path-
way [24]. Likewise, the apoptotic process has been also
observed in lcukemic cells after exposure of them to
SRPIN340 and its analogues [16,17].

One of the most striking features observed in the pres-
ent investigation was the great production of peroxidase
in tumors treated with SRVIC30 compound. Peroxidase
is an enzyme that catalyzes the breakdown of hydrogen
peroxide and is part of the antioxidant enzyme defense
system of the cell. These antioxidants molecules act
against free radicals to prevent their damaging cffects
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to macromolecules and finally in body tssues [25,26].
The free radicals overproduction disrupts the tissuc
homcostasis leading to apoptosis [27]. This mechanism
is exactly caused by some antitumor compounds during
melanoma treatment [28=31]. It is known thart reactive
oxygen species (ROS) increase can directly cause dam-
age to nuclear and mitochondrial DNA activating the
cell death program. Basically, the intrinsic pathways
of cell death rely on the increase of the mitochondrial
outer membrane permeability that causes mitochon-
dria-to-cytosol release of apoprogenic proteins such
as Cytochrome-c. This, in turn, triggers cell death in
cither a caspase-dependent or independent manner

[32]. Herein, we observed increased caspase-3-immu-
nolabeled cells, corroborating with the idea that apop-
tosis occurred by the caspasc-dependent pathway.
Therefore, we suggest that apoptosis was caused by
topical treatment with SRVIC30 compound through the
induction of oxidative stress. How cxactly this finding
is related to inhibited SRPK pathways or due to immu-
nological system activity are unknown and should be
better investigated in future studies. Nevertheless, the
privation of tumor promoters cvents in order to equal-
ize the balance for apoprotic signaling induced by free
radicals can be new therapeutic strategies for cancer
treatment [33].
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Fig. 4

Histological sections of tumor from control and SRVIC30-treated C57BL/6 mice using topically oil-in-water cream (Lanette). Tumor cells were
stained with fluorochrome dyes acridine orange (green) and propidium iodide (red). In these figures is possible to observe viable cells labeled in
green, and nonviable cells labeled in orange/red. Insertion represents a zoom of the nonviable cells area. Scale bars: 400 pm.

SRVIC30-treated
inflammatory infiltrate in their skin and high proportion
of inflammatory infiltrate in their tumor, although the lat-

Furthermore, animals  presented

ter was not significant when compared to control animals.
However, this finding may have an important biologi-
cal context, because ROS gencration has been recently
linked to inflammatory processes [33=35]. Itis known that
free radicals are commonly produced by cells involved in
the host defense response, such as polymorphonuclear
ncutrophils, besides melanoma cells [33). The recruit-
ment, priming, and activation of those leukocytes are
apparently related to ROS production, culminating with
an increase of vascular permeability and dysfuncrion [34].
Therefore, we suggest that ROS overproduction in ani-
mals treated with SRVIC30 was intensified by the local
immunc response, and the increased peroxidase produc-
tion was a response to this imbalance [27].

In light of the foregoing, the opening of interendothe-
lial junctions and the promotion of inflammatory cells
migration across the endothelial barrier may lead to tissue
injury [32]. This injury is often associated with remode-
ling tissue that includes the production of collagen fibers.
In this study, collagen fibers were found in great amount
surrounding blood vesscls, as observed in control and

SRVIC30-treated mice. Nonctheless, in the latter group,
those fibers were observed surrounding tumor cells in
SRVIC30-treated animals. ‘This component of the con-
ncctive tissuc is produced by fibroblast cells present
cither in the skin tissue or in the tumor microenviron-
ment under physiological conditions and in response
to injurics [36]. Taken it to account, our findings may
indicate that the presence of collagen fibers, especially
bypassing tumor cells, may be a response of the SRVIC30
treatment associating necrosis with apoptosis occurrence.
Indeed, the alternative to apoptoric cell death is necrosis,
which is a degradative process that occurs after cell death
and involves an inflammatory process with tissue remod-
cling [24]. Necrosis can be induced and proceeded in a
regular manner like apoptosis, although in a caspase-in-
dependent fashion [37].

Nevertheless, no significant effect on tumor growth
was observed, which suggests that cither the topical
trcatment is cffective on primary melanomas or that
treatment administration could be better oprimized to
achicve the aimed clinical goals. However, some factors
may have influenced these findings, such as the treat-
ment duration and the SRVIC30 concentration. The
fourtcen-day treatment was also used by Figuciredo
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et al. [19] tesung the efficacy of C36L1 and SC36 pep-
tides in a merastaric and subcutaneous melanoma model.
Similarly to those authors [19], this time was enough
avoid mumor uleeration and prevent that the mumor vol-
ume reached 3000 mm?®, when the health of the animals
deteniorate. Therefore, a longer experiment is impossible
due o cthical reason. Furthermore, the concentration of
SRVIC3) used herein was esmblished according 1o the
I 'ﬂ_n of SRVIC30 [13]. Onee there was no toxicity effect
abserved, it would be recommended thar other concen-
rrations are tested. MNonetheless, SRVIC30 showed low
solubility, which made it difficult its solubilization n
higher concentrations. Therefore, preparations must be
developed 1o increase the solubility of the compound.
Srill, even at low doses and less mearment time, SRVIC30
showed anticanecer effects.

The future of melanoma therapy is either o develop
new drugs or to improve the use of those readily avail-
able | Addidonally;
surgerics and chemotherapies is the mmor resecton, as

remaining cells may proliferate and form a new tumor
after those therapeunc methods [2,3,5]. In this study,

our results describe an important use for SRVIC30 as a

topical drug against murine melanoma model. Besides
the absence of toxicity signs after treatment with
SRVIC3, its wopical application displayed anttumor
activity /a oroe, modifying the tumor microenvironment
and promoting proapoptotic events, Finally, SRVIC30
may be considered a promising antitumer compound for
the melanoma treatment, mostly when used for eradi-
cating remaining cells in combination with tumor exci-
sion and chemotherapy.

one of the grear challenges of

393



726 Anti-Cancer Drugs 2020, Vol 31 No 7

Acknowledgements

We thank the Dr. Gustavo Ferreira Martins and Dr
Kenner Fernandes Morais for the provision of antibodies
and support with immunofluorescence rechniques. The
authors alse thank CNPg, FAPEMIG, and CAPES for
the fellowships provided for the students and researchers
involved in this work.

This work was supported by the Coordenagio de
Aperfeignamento de Pessoal de Nivel Superior (CAPES)
[master fellowship to JAV], Consclho Nacional de
Desenvolvimento  Cientifico ¢ “Tecnolagico  (CNPq;
Grant number 485011/2012-3 and 420648/2016-0 o
GUC.B., 431330/2018-2 o GUDALL., and 420077/2018-9
o M.ML-N.), and Fundagio de Amparo i Pesquisa do
Estado de Minas Gerais (FAPEMIG; Grant number
APQ-01637-13, APQ-02556-15, and RED-00140-16 o
GLC.B. and APQ-02514-16 o MAMN), The funders had
no involvement in the study design, collection, analysis
or interpretation of data, writing of the reporg, or in the
decision to submit the article for publication.

All applicable international, natonal, and institutional
guidelines for the care and use of animals were followed.
All procedures performed in studies involving animals
were in accordance with the ethical standards of the insti-
tution or practice at which the studies were conducted
(Ethic Committee in Animal Use = ECAUSUFY, regiscra-
ton number 41/2016). This aricle does not contain any
studies with human participants performed by any of the
aurhars.

Conflicts of interest
T'here are no conflicts of intercsts,

Raferenoes
Karimkhani C, Grean AC, Mijsten T, Weainstock MA, Dellavalls RP,
M, Fitrmiawrice C. The global burden of melanoma: lemlsﬂ'nrnmeﬁlnhal
Burden of Disease Study 2015. B J Dermarol 2017; 177:134~140.

9 Shafler SM, Dunagin MC, Terborg SR, Tome EA, Ement B, Krapler C, of ai,
Rare cell variabdity and drugrinduced reprogrameming as a mode of cancer
drug resistance. Nalive 2017; S46:431-4385.

3 Mattia G, Puglisi R, Ascione B, Malami W, Caré A, Matamese P, Cell
death-based beatments of melanoma comventional reabmenls and new
therapeutic sirateges Cell Death Dis 2018; 3112

& Wilsan MA, Schuchter L. Chemothesapy for malanoma. Cancer Treat Rec
2016; 167:200-229,

5§ Dwean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rey
Cancer 2008, 5:275-284,

6 Bahasara ), Amini £, Mikdel N, Salek-Abdaliahi F. The of
dacarbarine polentated by sea cucumber saponin in resistant B16F10
I calls through in induction. Avk 4 Med Biatechnal

06 8:112-118.
7 Grosgens AR, Marting 5, Carmo-Fornseca M. The emerging role of aplicing

factors i cancer. EMBO Rep 2008; 9:1087-10083,
B Gammons MV, Lucas R, Dean R, Coupland SE, Oftean 5, Bates DO,
Targeting SRPK1 Lo control VEGF-madiated lumour angiogenssis n
metastatic melanoma. Br § Cancer 2014; 111:477-485.
thusﬁM,ChningEWl&LLSﬂmﬂwepmmmm1

k= iated with i imbal o mitogen-

activated protein knase pathways in breast, colonie, and pancreatic
carcinomag. Canesr Reg 2007 67:2072-2080,

o

10

1

13

15

17

20

23

24

25

27

29

a

Gout 5, Brambila E, Boudra A, Drissi R, Laniuejoul 5, Gazzen S, Eyman B.
Abnormal expression of the pre-mRNA splicing regulaters SRSF1, SRSF2,
SRPK1 and SRPK2 in non small cell lung carcinoma. PloS Ons 2012;
Ted65309.

Farak Y, M, I ¥, N M, Tasaka-Fujita M, Nighimurs-
Sakural Y, ef al Intsbition of hepatitis C virus replication by & specific inhibites
of serine-arginine-rich protem kinass. Antimicrob Agenls Chemother 2010;
54:3170-3186.

Hong ¥, Chan CB, Kwon IS, U X, Song M. Lee HP. ef al SRPK2
phospharglates tau and medates the cognitive defects in Altheimer's
disease. | Neurosei 2012; 3211 7262-17T272.
HmmG&LmGDhqunmRPBamMVkamALM Santos
VC, af al A affect of the sl of serine/
argimne-rich protesn kinases (SRPK] in murine melanoma Taoesl Appl
Pharmacsal 2018; 356:214-223.

Fukuhara T, Hosoya T, Stemizu S, Sumi K, Oshire T, Yoshinaka ¥, of al
Lhilization of host SR proflen kinases and RNA-splicing machinery dusng
wiral replication. Proe Natl Acad Sei U S A 2006; 103:11329-11333.
Hagiwara M, Fulashara T, Suzwki M, Hosoya T. Methed for controlling protein
phospharfation, and antiviral apenis whose active ingredients compeise
agents that control SR protein activily. Unifed Stafes Patent. UST560536
B2 US 2009; 7569536 B2,

Siqueira RP, Barbosa Ede &, Poléto MD, Righette GL. Sesaphim TV, Salgada
RL, & sl Potential antilsukemia effect and structural analyses of SRPK
inhibition by N-{2-{Piperidin-1-yl-5-Tidl till Pherryllsonaotinamed
{SRPINIA0). PleS One 2015, 10:e01 34882

Siqueira RP, Barros MVA, Barbosa EAA, Onale TS, Gangalves VHE, Persira
HS, ef al Trifluoromethyl arylamides with antileukemia effect and infracelular
inhibitary Bctivily aver serinsfarginine-nch protein kinases (SRPKa). Eur J
Med Chem 2017; 134:87-109.

Rodrigues EG, Dobeoff AS. Cavargan GF, Paschoalin T, Mimrchter L Mortars
RA, ef al Effeciive fopical reatment of subcutanesous murine B16F10-
Mex2 melanoma by the snirserobial peptide gomesin. Meoplreiz 2008;
10:61-68.

Figusireda CR, Mmmm_,ﬁzamdom\, M.mhaMH, GlnhM.Fhlmuﬂl
L, Travassos LR A novel mi bilizi

determimng region C36L1 peplide displays anblumor activity agasmst
relanofma i wilra and 0 vivo. Ser Rep 2015; 514310,
Mandarim-te-Lacerda CA. Stereologscal tools in biomedical research. Ann
Acad Bras Clene 2003; 75:4 69-486_

Giri BR. Roy B. Cysticercus fasciolaris infection induced oxidative siress and
apoptosss i rat e 2 strategy for host-parasite cross talk Parasiol Res
2018; 115:2617-0624_

Lima GDA, Sertorio MN, Souza ACF, Menezes TP, Mouro VG5, Goncalves
MM, et al Fertility in male rats; disentangling adverse sffects of arssnic
compounds, Reprod Tascal 2018, T8:130-140.

Arvekar RA. Asciofia 1), Lopes-Rivera E, Flores KV, lzadmehr S, Elkholi R,
& al. Sensitization 1o the milochondrial pathway of apoplosis sgments
ralanoma turnos cell responses o corvenional chematherapeutic regimens.
Cell Death Dis 2012; 32420,

Blmore 5 A js: a2 review ol p d call death. Towleologic
Fathology 2017, 35:495-516.

Lesi XG5, Zhu IH, Cheng WH, Ban ¥, Ho Y5, Reddi AR, & af, Paradexical roles
of antimadant srzymes: basie tama and health implheati Pysiol
Rev 2016; 86:307-364.

Pigkounova E, Apgathockeous M, Munghy MM, He Z, Huddlestun SE, Zhao 7,
&f al. Oodative stress inhibis distan metastases by human melanoma cells.
Nafure 2015; 527:186-191.

Redza-Dutordeir M, Averill-Bates DA, Activation of spoplosiz signaling
pathways by reactive crypen species. Blochimics ef Biophysica Acta 2016;
1863:9977-2082.

Kiong B, Chen 5, Zhu P, Huang M, Gao W. Zhu R, ef al. Design, synthesis,
and biological evaluation of novel Ihamlyi substituted big-pyrazole ocime
derivatives with potent by salectvaly inducing

and ROS in cancer cells. Mad Chem 2019; 17:743-754.

Zheng A, Li H, Wang X, Ferg Z, Xu J, Cao K, af &l Anticancer effect of 2
curcumin dedvative B63: ROS production and mitochondral dysfunction.
Curr Cancer Drug Targeds 2018; 14:156-166.

Woiniak A, Drewa G, Wiadniak B, Sehachtschabed DO, Mia-WGarrerkowska
G, Drewa T ef al. The effect of antitumor drugs on oxdative stress i B16 and
591 melanoma calle in wirn, Med Sei Mondt 2005; 11:BR22-BR2E.

Ling YH, Lisbes L, Zou ¥, Perer-Sober R. Reactive arpgen species genesation
and mitochandrial dysfurction in the s response to B ib, &
novel protessome inhibiter, in human H460 non-emall cell lung cancer calle
4 Bial Cham 2003; 3T8:33714-33723.

2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

394



32 Mitial M, Siddiqul MR, Tran K, Reddy SP, Makk AB. Reaciive crygen

species in inflammation and tissue injury. Antiaxid Redox Signal 2014;
20:1126-1167.

Liou GY, Storz P: Reaciive arygen species in cancer. Free Radic Res 2010;
44:470-406.

Kar §, Kavdia M. Local asidative and T i the
PLoS One

i ive stress b

2012; e38912.

35

36

ar

Melanoma treatment Vale ef al. 727

Leick M, Azcuita V, Newion G, Luscinskas PW. Leukoeyte recruliment
nflammation: basic concapts and new mechanistic insights based on new
models and microscopic imaging technologes. Call Tiesue Res 2014;
355647-656.

Herata E, Sharal E Turner mecrosndronment and differential responzes 1o
theragy. Cold Spring Harb Perspect Med 2017, T:a026781.

SuZ Yang Z Xu Y, Chen Y, Yu (L A ig, aulophagy, optesis, and
cancer metastass. Mol Cancer 2015, 14:48.

Capyright @ 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

395



396

—— @ Ta\lr)r&franr‘.
= S SAR and QSAR in Environmental Research

IS5N: (Print) (Online) Journal homepage: https://www.tandfonline.com/loifgsar20

Synthesis, biological activity, and four-dimensional
guantitative structure-activity analysis of 2-
arylidene indan-1,3-dione derivatives tested
against Daphnia magna

M.C. Andreazza Costa, M. Miguel Castro Ferreira, R.R. Teixeira, A.P. Martins
de Souza, A. Ramos de Aguiar, D. R. da Silva, C.M. Jonsson & 5.C.N. Queiroz

To cite this article: M.C. Andreazza Costa , M. Miguel Castro Ferreira , R.R. Teixeira , A.P.
Martins de Souza , A. Ramos de Aguiar , D. R. da Silva , C.M. Jonsson & 5.C.N. Queiroz (2021)
Synthesis, biological activity, and four-dimensional quantitative structure—activity analysis of
2-arylidene indan-1,3-dione derivatives tested against Daphnia magna , SAR and QSAR in
Environmental Research, 32:2, 133-150, DOI: 10.1080/1062936X.2020.1866070

To link to this article: https://doi.org/10.1080/1062936X.2020.1866070

b
h View supplementary material (4

% Published online: 19 Feb 2021.

@ Submit your article to this journal '

e
h View related articles [

View Crossmark data [

Coblak

Full Terms & Conditions of access and use can be found at
https://www tandfonline.com/actionfjournalinformation?journalCode=gsar20



Taylor & Francis

2021, VOL. 32, ND. 2, 133-150 Taylcr & Franca Croun

SAR AND QSAR IN ENVIRONMENTAL RESEARCH e
https:!/dol.orgd 10,1080/ 0629362 2020.1366070

| '._I Chinch & upcates

Synthesis, biological activity, and four-dimensional quantitative
structure-activity analysis of 2-arylidene indan-1,3-dione
derivatives tested against Daphnia magna

M.C. Andreazza Costa ([ *, M. Miguel Castro Ferreira: %, RR. Teixeira 5%, AP. Martins de Souza®,
A. Ramos de Aguiar®, D. R. da Silva®, CM. Jonsson 5 and S.CN. Queiroz [

“Theoretical and Applied Chemometrics Laboratory (LQTA), Institute of Chemistry, University of Campinas-
Unicamp, Campinas, Brazil; "Department of Chemistry, Universidade Federal de Vicosa, Vigosa, Brazil;
“Department of Chemistry Engineering, ESAMC Campinas - Engenharia Quimica, Campinas, Brazil;
“Laboratory of Ecotoxicology and Biosafety, Embrapa Meio Ambiente, Jaguaritina, Brazil

ABSTRACT ARTICLE HISTORY

A series of 18 2-arylidene indan-1,3-dione derivatives was synthe-  Received 2 November 2020
sized and tested against Daphnia magna to assess the environmen-  Accepted 15 December 2020
tal toxicity of these compounds. Aiming to investigate the toxicity ORI
mechanism for this series of compounds, a four-dimensional quan- a1 3-dicce; 2-aridene:
titative structure-activity analysis (4D-QSAR) was performed 1,3-dione; 40-05AR; PLS;
through the partial least square regression (PLS). The best PLS malecular dynamics; Daphnia
model was built with two factors and the selected field descriptors, magna

of Coulomb (C) and Lennard-Jones (L) nature, describing 77.43% of

variance and presenting the following statisticss r~ = 0.89;

SEC = 0.30; @° = 0.B1; SEV = 0.36. According to the |iterature, the
bioactivity of a,f-unsaturated ketones, a functionality present in the

series of compounds under investigation, is related to the conju-

gated double bond with the carbonyl group. The presence of a

positive Coulomb descriptor nearby the carbonyl moieties,

obtained as a result of the regression model, indicates that these

polar groups are also related to the toxicity on D. magna. From the

PLS regression model, the toxicity ECp-48 h values increases with

the positive Coulomb descriptor and diminishes with the negative

Lennard-Jones descriptors. It could be concluded that the presence

of small polar groups in the aromatic ring of the arylidene moiety

tends to increase the toxicity, while bulkier apolar substituents lead

to a decrease of the toxicity.

Introduction

The bicyclic aromatic f-diketone indan-1,3-dione and its derivatives are widely applied for
the production of dyes, semiconductors, heterocycles, and pharmaceuticals [1]. Among
the indan-1,3-dione derivatives, several of them present important biological activities,
such as anticancer, anticoagulant, anti-inflammatory, and antimicrobial [2]. Our research
group has been interested in the biological activities of indan-1,3-dione derivatives.
Within this context, we synthesized a series of indan-1,3-dione derivatives bearing
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arylidene functionalities and evaluated them as inhibitors of the N52B-N53 protease of
West Nile Virus (WNV). The compounds 2-{4-hydroxybenzylidene}-1H-indene-1,3(2H}-
dione (ICsp = 11 pmol L™ and 2-(3.4-dihydroxybenzylidene)-1H-indene-1,3(2H)-dione
{IC5q = 3 pmol L™") were the most active and characterized as non-competitive enzymes
inhibitors [3].

Daphnia magna is commonly used as a test organism in ecotoxicology and it is accepted in
several countries to establish quality criteria to determine permissible concentrations of
pollutants, limits of impurity in water from natural effluents, and the efficacy of a goed
sanitation method [4]. Aquatic organisms are important targets, as they are exposed via
wastewater residues owver their whole life. Once inside the organism, the pollutant may
promote a variety of effects, ranging from cellular impairment to lethality [5].

Therefore, toxicity tests with D. magna and other micracrustaceans have been used
as important tools in the prediction of adverse effects in quantitative structure—-activity
analysis (QSAR) studies. For instance, Ha et al. [6] built a QSAR model for polycyclic
aromatic hydrocarbons (PAHs) using the acute toxicity data from D. magna and the
amphipoda Hyalella azteca. Ferreira [7] modelled the photo-induced toxicity of fresh-
water organism 0. magna using electronic descriptors calculated for PAHs. Khan et al.
[8] concluded that, in general, the models indicate that the toxicity of biocides
increases with lipophilicity and decreases with polarity, branching, and unsaturation.
According to Perales et al. [9] there is a correlation between the lipophilicity of
glycerol ethers and the increase of the toxic effect in a D. magna biomodel. Also,
the length and the number of the alkyl substituents are highly related with the
toxicity. Considering the premises and aim to contribute to the knowledge about
the toxicity profile of indan-1,3-dione derivatives [10-15], in the present investigation
a series of 18 2-arylidene indan-1,3-dione derivatives was tested against D. magna to
assess the environmental toxicity of these compounds. A four-dimensional quantita-
tive structure—activity analysis (4D-Q5AR) was performed through partial least square
regression (PLS), principal components analysis (PCA), and hierarchical cluster analy-
sis (HCA)

Methodology
Synthesis of indan-1,3-dione derivatives

The compounds #1, #3-16 (Table 1) herein investigated were synthesized as previously
reported [3]. Briefly, a round-bottomed flask {10 mL) was charged with indan-1,3-dicne
{1 mmol), aldehyde {1 mmeol), ZrOCl;-8H;0 (4 mol%) and 3.00 mL of distilled water. The
reaction mixture was heated to 85°C and kept under magnetic stirfing. The progress of
reaction was monitored by thin layer chromatography (TLC) analysis. After the completion
of the reaction, the mixture was vacuum filtered and the residue washed with ice-cold
ethanol.

Besides, compounds #18 and 19 (Table 1) were prepared, to be used in the present
investigation, via the same procedure described above. Spectroscopic data that confirm
the structure of compounds #18 and 19 are available in the Supplementary Information
{Figures 51-58). It should be noted that compound #17 was prepared via reaction of
compound #13 with BBr; as previously described [3].
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Table 1. Structures and biological effects of 2-arylidene indan-1,3-dione derivatives on Daphnia magna.

Beg paeh (umal L)/

*Compound Structure “PECen

1. Z-(4-chlorobenzylidene)- 1H-indene-1,3{2H)-diona d 1.4 f 467
2. 2-{4-bromobenzylidens)- 1H-indene-1,3(2H)-dicne 158 / 480
3. 2-{4-nitrobenrylidene)- 1H-indene-1,3{2H)-dione 219/ 466
8. 2-{4-fuorohenzylidene)-TH-indene-1,3{2H)-dione 63.1 /420
5. 2-{4-mathaxybenzylidene}1H-indene-1,3(2H)-dione 1096 / 396
6. 2-(benzold][1,3}dioxol- 5-ilmethylene)- TH-indene-1,3 [2H)-dione 2455 f 161
7. 2-{4-hidroxy-3-methoxybenzylidens)- IH-indene-1,3{2H)-dione 1175/ 393
8. 2-{furan-2-ilmetilena)-1H-indene-1,3{2H)-dione 1349/ 387
9. 4-{{1 3-diowg-1H-inden-2{ IH}-yidenejmethyllbenzonitrile 1023/ 399
10. 24{4-{dimethylamineibenzylidens)- TH-indene-1 3{2H)-dione 0421369
11. 23,4 5-trimethoxybenzylidens)- TH-indene-1,3{2H)-dione 715/ 343
12 243,4-dimethaxybenzylidene)- 1H-indene-1,3(2H)-dione 174/576
13. 24{4-hydraxybenzylidene)-TH-indene-1,3{2H)-dione 331448
14. 2-{#-hydrouy-3,5-dimethoxybenzylidens)-1H-indene-1,3{2H)- 087 / 6.06

dione

(Continued)
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Table 1. (Continued).

BEL 4B (urmal 171
“Compound Structure “DECsq
15. 2-{3-hydroxy-4-methoxybenzylidene)- 1H-indene-1,3{2H)-dione 204 /569
16. 23 4-dihydrosybenzylidenal- 14-indene-1,302H)-dione 182 /574
17. 2«{2-hydroxybenzylidenel- | Heindene-1,3{2H}-dione 363 /544
18, 2-(3-hydroxybenzyfidenel- 1H-indene-1,2{2H)-dione p ¢ Yo 933 /503

*Numbers of the compounds #1, 3-17 are the same ones as previously reported (3); compounds #18 and 19 were
synthesized to be wsed in the present investigation. “The average effective concentration causing effect (immability}
evaluated in 50% of the organisms during the test pariod of 48 h (EC-48 h); “pECs, means — log ECg,.

Bioassays with D. magna

A stock solution of each compound (#1, 3-19, Table 1) in dichloromethane at the concen-
tration of 1000 pg mL™" was prepared. Then, an appropriate volume of this solution was
taken and the solvent was evaporated to dryness. The residue was dissolved in 100 pl of
dimethyl sulphoxide (DMSO]) solution that was prepared by the addition of 1 mL of DMSO in
20 mL of reconstituted water prepared according with Dantzger et al. [16]. The volume was
made up to 18 mL with reconstituted culture water to generate the test solutions present-
ing the following concentrations: 1.0, 3.2, 10.0, 32.0 and 100.0 mg L. Newborn D. magna
was separated from a colony cultivated in reconstituted water, maintained at controlled
room temperature (20 + 2°C; ~1.000 lux), and fed with the microalga Raphidocelis subcapi-
tata in suspension. Neonates were exposed to the test solutions placed on multiwell
polystyrene plates containing eight organisms per well (5 mL), in triplicate. The organisms
were also exposed to a control solution free from the test material and containing the same
concentration of DMSO. At the end of the assay, the percentage of mortality was calculated
for each concentration after 48 h and the data were submitted for statistical analysis using
the module ‘Probit Analysis’ of the Statgraphics Plus software, 5.1 (Manugistics Group Inc.
2011) [17]. In this way, it was calculated the effective concentration causing effect (immao-
bility) in 50% of the organisms (ECs;-48 h).

Geometry optimization of indan-1,3-dione derivatives

The three-dimensional geometries of the 2-arylidene indan-1,3-diones (Table 1) were
prepared based on the crystallographic data from compounds #1 (2-{d-chlorobenzyli-
denel-1H-indene-1,3{2H)-dione) and #15 (2-{4-hydroxy-3,5-dimethoxybezylidene)-1H-
indene-1,3(2H)-dione) found in the Cambridge Structural Database (CSD) [18], entries
XICLIH [19] and XICLED [20], respectively. The geometries of these two compounds
were, subsequently, optimized by DFT/B3LYP method, with the def2-TZVPP basis set
[21], using Gaussian 9.0 [22]. This triple zeta valence basis set is a high-guality Gaussian
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basis set optimized for atoms from H to Rn and it was chosen mainly due to the presence
of bromine in one of the studied compounds (Table 1).

Starting from the optimized geometries of compounds #1 and 15, the three-dimen-
sional geometries of all other derivatives were built with GaussView 3.0 software [23], by
changing or adding the substituents R', R%, R® and R*® (Figure 1 and Table 1). The
conformational search of each substituent was performed with the PM3 semiempirical
method using the keyword scan from Gaussian 9.0 [22] (Figure 1). To determine the local
minima, the axes a, b, ¢ and d depicted in Figure 1 were rotated with 15 degrees
increment. The most stable conformation (global minimum) is not necessarily the biolo-
gically active conformation. Sometimes, the global minimum is stabilized by intramole-
cular interactions that can be not favourable to an interaction binder-receptor. Based on
this argument, stable conformations visually presenting few intramolecular interactions
were chosen. Then, the selected local minimum of each compound was optimized by
DFT/B3LYP method as described above.

4D-QSAR analysis

The LOTA-QSAR approach [24] was chosen for the 4D-QSAR analysis. It is based on the
generation of a conformational ensemble profile (CEP) of each compound, abtained from
molecular dynamics simulation, instead of considering a single conformation. In this way,
conformational freedom is incorporated into the 3D-Q5AR models. This conformational
freedom would be the fourth dimension.

As the first step on 4D descriptors caleulations by this methodology, the optimized
molecular geometries were submitted to melecular dynamics (MD) simulations with
GROMACS4.6.5 [25] computational package through the LOTA-QSAR software [24]. An
explicit aqueous medium was considered. Each compound was placed in a cubic box with
a minimum distance of 10 A from the molecule to the edge of the box, which was then filled
with water molecules. Atomic positions were optimized using the steepest descent and

Figure 1. Basic structure of 2-arylidene indan-1,3-dione derivatives. The numbering of atoms indicated
in this figure is the same as that from GaussView program.
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conjugate gradient algorithm with 50 N of maximum force applied to the atoms, as conver-
gence criterion. The system was heated following the scheme: 50, 100, 200, and 350 K for 10
ps simulation time performed in 2 fs step size. Then, the system was cooled to 300 K and
simulated for 500 ps. The conformations obtained from each compound were recorded every
10 ps for 500 ps and then, they were organized in *.gro files for construction of the CEP.

In the second step, the resulting conformations from MD simulations were aligned by
the atoms 10, 11, 16 and 18 {Figure 1) in order to build the CEP with all conformations of
all compounds (Supplementary Information, Figure 59). After that, a virtual cubic grid was
built, large enough to contain the CEP of all molecules, whose dimensions were
17 % 14 x 13 A Mext, in the third and last step, LOTAgrid module from LQTA-QSAR
program [24] was used to calculate the field descriptors, selecting the fragment NH; ¥ that
mimics the amino-terminal portion of peptides, as probe. Atomic charges from electro-
static potentials using a grid-based method (ChelpG) were obtained with Gaussian 9.0
during the optimization of the geometries to be used in the calculation of interaction
energies. Each point of the grid, with 1 A resolution, was explored by the probe and 7560
descriptors were generated. The field descriptors are the contributions of electrostatic
and van der Waals energies (Coulomb and Lennard-Jones potentials) obtained by the
interaction between the probe NH;" in each point of the virtual grid and the atoms in CEP,
according to Equations (1) and (2), respectively.

_ =i g g
fe= nE'=14n£ur,; M

1
[11 ar = (2 {_—123 2
—] i (21

__El—'l_r]z_ _{ngcﬁQ

In Equations (1) and (2), g; is the charge of the jth atom from CEP, g; is the charge of the
probe, £; is vacuum permittivity; G, G, " and G are parameters adapted from
the fiG43a1 Gromos force field [24] for atoms in CEP and probe, respectively; n indicates
the number of conformations aligned in CEP, and ry is the distance between the j probe
and the ith atomn of CEP. In both equations the energies are divided by n in order to take
an average of the energies calculated for all conformations of the ligands (CEP) in each
grid point [24].

Descriptors extraction

Descriptors related to probe positions far from molecular conformations were eliminated
by the variance cut-off in which descriptors with variance below 0.02 were excluded, as
indicated by Kubinyi [26]. The resulting descriptors were then filtered by the use of a
correlation coefficient cut-off, where those presenting Pearson correlation coefficient with
y (biological activity) lower than 0.3 were eliminated. The next step was to eliminate
descriptors with poor distribution profiles with respect to y using the digital filter,
Comparative Distribution Detection Algorithm (CDDA). According to Barbosa and
Ferreira [27], CDDA provides a way to quantify how similarly distributed is y and a
given descriptor, aiding the removal of those not well distributed. At the end of these
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procedures, the field descriptors were drastically reduced from 7560 to 24, from which 16
were Coulomb (C) and 8 were Lennard-Jones (LJ) descriptors.

PLS regression

The remaining descriptors were organized in a matrix X and correlated with the corre-
sponding —log ECsg values (ECsg in mol L™") arranged in a column vector y, through the
QSAR modelling software [28].

After autoscaling the data, the Ordered Predictors Selection Algorithm [29] was applied
for further selection of descriptors. The idea of this method is to obtain a vector that
cantains information about the location of the best variables for prediction. The columns
of matrix X are reordered so that the most important descriptors are placed in the first
columns. Then, PLS regressions are built successively in order to find the best model. The
number of factors is determined by leave-one-out cross-validation method (LOO). At the
end, only four descriptors were selected.

In this work, the applicability domain is defined by the leverage and the studentized
residuals. By analysing the plot of leverage vs. studentized residuals (Supplementary
Infarmation, Figure 510}, the presence of outliers was not observed. All compounds
presented studentized residuals between the critical values [30,31] of 20 and —2.0.
Although compounds #13 and 15 presented the values of leverage somewhat large,
they are the most active derivatives and were not removed from the data set.

The final regression models guality were assessed by analysing the coefficient of
multiple determination (r), standard error of calibration (SEC), cross-validated correlation
coefficient (Q%), and standard error of cross-validation [SEV).

y-Randomization test [31,32] was applied to investigate the presence of chance
correlation between the dependent variable and descriptors, i.e. descriptors which are
statistically well correlated to y although in reality not related to the problem under
investigation. For this test, only the vector y is randomized, ¥;anqa While the matrix X is
left untouched. New parallel models were developed with the values of the original
descriptors kept untouched and the values of the dependent varlable, y, permuted
between the compounds. In this work, 60 randomization runs were carried out. It is
expected that the statistical parameters from the randomized models ( Q:md and ."’,,,,,d:
should be significantly lower than those obtained for non-randomized data (r* and
@ 5q). Another approach to judge whether the real model is characterized by chance
carrelation, is based on the absolute value of Pearson's correlation coefficient, riy,¥ranal,
between the original vector y and randomized vector ¥,sna. TWo y-randomization plots, r
(¥, Yoana) ¥5. Q7 and riy,Y,.nq) vs. r°, were drawn for all randomized and real models. Two
linear equations of ry,¥eand vs. @ and rY,¥,ana) versus * were obtained. It has been
recommended that for a model free of chance correlation, the intercepts are ag< 0.05
and ag< 0.3 [32].

To test the robustness of the model, leave-N-out (LNO) cross-validation was performed.
In this test, X and y are simultaneously randomized and divided into blocks of N samples.
Then, each block is excluded once and a new model is built on the reduced data set. LNO
was repeated 60 times, for N varying from 1 to 5; the average of Q7 yq, with its standard
deviation, were calculated to each value of M. The critical N is the maximum value for
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which Q7 Lyg is still stable and high. For a good model, the average of o should stay
close to Q7o with small variations at all values for N up to the critical N. By our
experience, two standard deviations should not be greater than 0.1 {Q% o = 0.05) for
N =2, 3, etc, including the critical value of N.

PCA and HCA

In order to evaluate the descriptors capability to discriminate the compounds into
different activity classes, PCA and HCA were applied to the autoscaled selected field
descriptors using the Pirouette® 4.5 software.

Results and discussion
Preparation of derivatives

As previously reparted [3], the 2-arylidene indan-1,3-dione derivatives #1, 3-16, 18, and 19
herein investigated were prepared via the zirconium catalysed condensation reactions
between indan-1,3-dione and different aldehydes [Scheme 1).

The structures of the obtained compounds #1, 3-16, 18, and 19 are shown in Table 1
and they were prepared with yields ranging from 64% to 95%. It should be mentioned
that compound #17 was obtained via demethylation of compound #13 with BBrs. Most of
the compounds shown in Table 1 were reported in our previous work [3]. The compounds
#18 and 19 were prepared to be used in the present study.

QSAR model discussion

The best PLS regression model for 2-arylidene indan-1,3-dione derivatives tested against
D. magna was built with two factors and the selected descriptors (Figure 2} describing
77.43% of variance. The model presented statistics (Table 2) that satisfies the minimal
requirements for QSAR studies ( > 0.6 and Q° LOO > 0.5) [31,32]. The selected molecular
field descriptors are of both Coulomb (C} and Lennard-Jones (L) nature.

The y-randomization graphs A-C (Figure 3) obtained from 60 randomizations show
that the model is free of chance correlation. According to Eriksson et al. [33], the intercepts
for r vs. fYrana, ¥) and QF vs. r{¥,ana¥) y-randomization plots in graphs A and B of Figure 3,
must be lower than 0.3 and 0.05, respectively. The values found were 0.10 and —0.77,
respectively. Besides that, @° and 7 for randomized y (ghaph C in Figure 3) were below

0 O
Ar
ZrOCl, - 8H,0 i
+ ArCHO — =
B5°C, HyO
0 Aldahyde s
Indan-1,3-dione Ar = different aromatic groups

Scheme 1. Reaction involved in the preparation of the compounds &1, 3-16, 18, and 19 herein
investigated.
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0.25 and 0.45, respectively, confirming that the randomized models were of poor quality,
as expected.

LNO cross-validation (graph D in Figure 3) was repeated 60 times leaving one to five
compounds out from the training sets once at a time for PLS models of the derivatives
tested against D. magna. The average Q7 values are close to the value of Q7 o and the
standard deviations for each N values are small, indicating that the QSAR model is robust.

The total set of the studied compounds is small encugh (18 compounds) to select an
external test set, in order to assess the predictive ability of the model. Nevertheless, the
external perfformance of the madel can be described by the result obtained for the five-fold
cross-validation (Figure 3{d)). The residues and calculated relative error (Supplementary
Infarmation, Table S1), the respective mean relative error (RE) and the sz (N = 5) value in
Table 2, indicated that the final model can be used for an approximate prediction of new
compounds.

Descriptor discussion for regression model

From the autoscaled regression coefficients signals in Equation (3), the biclogical toxicity
on D. Magna is positively correlated to the Coulomb descriptor C1324, so that pECs,
increases when this electrostatic interaction increases. At the same time, pECs, diminishes
with the increasing of van der Waals interactions, since pECs is negatively correlated to
the Lennard-Jones descriptors L1290, L1764, and L3690.
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Figure 2. Plot of reference versus predicted values for 2-arylidene indan-13-dione derivatives tested
against D. magna.

Table 2. Parameters for evaluation and validation of the best PLS model obtained.
I “Descriptors Nariance (%) 7 '@ SEC Msev REM)  'TapiN=5
18 2 (1324, L1290, L1764, L3690 7743 089 081 030 036 495 07%

“Number of compounds; *number of factors “molecular field descriptors of Coulomb (C) and Lennard-Jones (L) nature;
%total variance percent; “coefficient of multipke determination; 'cross=validated correlation coefficient; %standard error of
calibration; "standard error of crass-validation: ‘mean relative error ivefold cross-validated correlation coefficient.

405



142 (%) M.C ANDREAZZA COSTA ETAL

(@) (b)

1.0+

- L
0.8 0.5+
08 5 0.0 wiy . "
- - "
' o o5 SE AL
R B = o I Fa
.‘ 'l"!..--" ) 101 - '1. v
0.2 'q_'.."!p"'ll"._" -
SRR 1.5
00 - . 1 -
2.0 T u T
0.0 0.2 0 il L) 14 (1] 0.2 O 06 D.8 10
Riy,_¥ Riy_.¥
y=0.502x = 0. 1] y=1.126x +-0.765
(c) {d)
10
L] 0850
0.5
D828
0 . g
. “‘Wl . 0.80 . 4 !
® - o
D 05 ..,;E... “ars
-
el o T 6750
15
i 0TS
20 T T 0,700 .
oo 02 04 of 28 14 1 2 ?d 4 ]
"

Figure 3. Plots of y-randomization test (60 repetitions) for PLS model of 2-arylidene indan-1,3-dione
derivatives tested against D. magna, where fyyanay) means r (pECsgrandomizeds PECso). (a)  versus r
(¥ranay}; (b) 0 versus A canas¥)i (€ @ versus r*, where Q° is the coefficient of determination for LOO
cross-validation. (d) LNO cross-validation (N = 1 to 5) for 60 repetitions.

pPECsy = 0.30 = C1324 — 0.27 = L1290 — 0.28 x L1764 — 0.52 x L3690 (3

The signals of the coefficients for the correlation between pECsg and the descriptors were
also investigated, in order to evaluate the consistency of the model [34]. From the
coincidence of the signals for the regression coefficients in the model (Equation (3)) and
the signals of correlation coefficients between each respective descriptor and pECsy
{+0.68 x C1324; —0.64 % L1290; —0.64 x L1764; —0.62 x L3690), this model proved to be
self-consistent.

The location of the field descriptors used to build the PLS model can be visualized in
Figure 4{a), where — and + are the signals of the regression coefficients in the model. To
represent the relative positions of the descriptors to the 2-arylidene indan-1,3-dione
derivatives, the most active compound #15 was chosen. The negative Lennard-Jones (L)
descriptor —L3690 is located close to the ring where substitutions were made, at approxi-
mately 8.0, 5.0 and 6.0 A away from R', R* and R? substituents, respectively. Nearby the
aromatic ring of indan-1,3-dione moiety, there are two other negative Lennard-Jones
descriptors, namely —L1290 and —L1764. The negative signals mean that great van der
Waals interactions on these positions are unfavourable for toxicity on 0. magna. On the
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other hand, the positive Coulomb descriptor +C1324 is located close to R' and the
indandione carbonyl groups (espedially, one of them at approximately 3.0 A of distance),
indicating that the toxicdty is favoured by electrostatic interactions in the vicinities of
these positions.

According to the literature [15,35,36], the bioactivity of a S-unsaturated ketones is
related to the conjugated double bond with the carbonyl group (-CO-CH=CH-), as
removal of the enone group in chalcones renders them inactive [15,35]. The conjugated
double bond with the carbonyl group is a well-known toxicophore for aguatic organ-
isms with an established mechanism of toxic action [37-39]. This af-unsaturated
ketone functionality is also present in the series of 2-arylidene indan-1,3-diones under
investigation. The presence of the positive Coulomb descriptor +C1324 nearby the
carbonyl moleties, obtained as a result of the regression model, indicates that these
polar groups are also related to the toxicity effects on D. magna, confirming previous
studies [37-39].

Besides that, comparing the structures and pECs, of compounds #18, 19 and 14
(Table 1), one can observe the decrease in the value of toxicity with the increase in the
distance from hydroxyl group to the positive Coulomb descriptor. Even though the
€1324 descriptor is close to R' (Figure 4(a)) and the hydroxyl group is substituted in
the R® position meta) for compaound #19, a rotation of the aromatic ring brought the
substituent in R® closer to the descriptor, as can be seen in Figure 4({b). The
same idea can be applied to the ortho positions. Compound #18, which presents a
hydroxyl group at ortho position, is the most toxic among the three structures, with
EC., = 3.63 pmol L™, whereas #14 with hydroxyl at para position presents the least
value of toxicity (ECsg = 33.1 umol L™"). The experimental results show that the deriva-
tives' toxicity on D. magna increases when the hydroxyl substituent changes from para
to meta or ortho positions. This observation can be explained by the PLS regression
model (Equation {3)), once these ortho/meta positions are closer to the pasitive
Coulomb descriptor +C1324 than the para position (Figure 4(b})). The same reasoning
could be used to explain the variation in toxicity of compounds #8 (low toxicity,
hydroxyl group in a para-like positon with respect to the exocyclic double bond) and
#16 (high toxicity, hydroxyl group in a meta-like position). Nevertheless, noticing the
figures of compounds after the MD calculations (Figure 4{c)), one can see that the
hydroxyl group in #16 stayed away from the Coulomb descriptor, as well as the methoxy
group (—OCHs) in #8. Despite the rotation of aromatic ring, observed in some conforma-
tions of CEP for these compounds, it was not sufficient to approximate the polar groups
in meta-like positions (R®) to the descriptor. Instead, it was observed that the polar
methoxy group in para-like position {compound #16) is approximately 6.0 A away from
the positive Coulomb descriptor, while for compound 8, the polar hydroxyl group, also
in a para-like position, is about 8.0 A away. The same occurs with the compound #13 of
high toxicity (6.4 A), despite the presence of the two methoxy groups at meta-like (R*)
and para-like (R?) positions. Although in this series of compounds methoxy was con-
sidered to be a bulky substituent compared with hydroxyl, its polarity and proximity to
the Coulomb descriptor seems to confer activity to compounds when they are displaced
from initial position of R? nearby the Lennard-Jones descriptor, -3690, to closer of
Coulomb descriptor.
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Figure 4. (a) Compound #15 and 4D descriptors used to build the PLS models for 2-arylidene indan-
1,3-dione derivatives tested against Daphnia magna. C and L are the Coulomb and Lennard-Jones
descriptors, and — and + are the signals of the regression coefficients in the model. (b) Compounds
#18, 19 and 14, with —OH in ortho, meta and para positions, respectively, and the 4D descriptors. It is
observed that pECg, decreases as the distance from - OH to descriptor +C1324 increases. (c)
Compounds #13 and 16 (high toxicities), with polar groups nearby Coulomb descriptor, and #8 (low
toxicity) with polar group away from the Coulomb descriptor.
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Considering other compounds from this series, for example #12 and 15, or the pair
#16 and 17 (Table 1), it is observed that the toxicity of these derivatives on D. magna is
favoured by the substitution of the methoxy by hydroxyl group at R® (Figure 4{a)).
According to the PLS regression model (Equation (3)), bulky apolar groups at R?
are unfavourable to the toxicity, since the value of toxicity diminishes with the
Lennard-lones descriptor —L3690, located close to R%. Small polar groups like hydroxyl
tend to increase the toxicity. A bulkier substituent, like methoxy, decreases the toxicity
probably due to steric hindrance.

This regression model is coherent with the literature and gives some direction
about the action mode of these derivatives on 0. magna. Based on these observa-
tions and in the results of the PLS regression model, it can be concluded that in
general, for this series, additional small polar groups in the orthe position of the
aromatic ring of the arylidene maoiety favour the toxicity, whereas bulky apolar
moieties in the para position, that could cause steric hindrance, are unfavourable.
In addition, the closer the polar groups are to the positive Coulomb descriptor, the
greater the toxicity.

PCA and HCA

In order to investigate the capabillity of the selected field descriptors to discriminate the
compounds in high or low toxicity, PCA and HCA were applied to the autoscaled selected
descriptors. The PCA scores plot shows a tendency to discriminate the compounds into two
groups in PC1 (Figure 5(a) and Supplementary Information, Figure 511). The five most active
{high toxicity) compounds, #13, 15, 16, 17 and 18, with the values of ECs, ranging between
0.87 and 363 pmol L™, are displayed on the left side of the graph and present negative
scores in PC1. The seven least active (low toxicity), #6, 7, 8, 9, 10, 11 and 12 with values of
ECsp higher than 100.00 pmol L™, are on the right side of the graph and present pasitive
scores, or close to zerg, in PC1. Compounds #1, 3, 4, 5, 14 and 19 are moderately active and
are located on the bottom (negative scores in PC2) and centre of the graph, with respect
to PC1.

The three descriptors located close to the indan-1,3-dione moiety (C1324, L1290 and
L1764) present similar values for the loadings in PC1 (Equation (4)), indicating that all of
them contribute equally to discriminate the compounds with higher from those with
lower toxicities (Figure 5(b)). The Coulomb descriptor C1324, with high negative loading
in PC1, is related to the electrostatic interactions nearby the carbonyl group and the
ortho position of the aromatic ring where substitutions are made, highlighting the
importance of the polar groups in this region of the derivatives. The Lennard-Jones
descriptor L3690 is located close to the R2 substituent and it is the most important
descriptor in PC2, accounting for the discrimination of the moderately active
compounds.

PCl=—059xC1324 4-0.59 = L1290 +0.52 = L1764 4 0.17 = L3690 (4)

PC2=0.18 x C1324 — 0.27 » L1290 + 0.20 = L1764 + 0.92 = L3690 (5)
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Figure 5. PC1 versus PC2 (a) scores including the 95% confidence ellipse for each cluster and (b)
loadings plots of the 2-arylinene indan-1,3-dione derivatives tested against Daphnio magna. The most

toxic compounds are represented by the symbols &; the molecules presenting low and moderate

toxicity are represented by the symbols m and o, respectively.

The HCA was able to discriminate the compounds into three classes of toxicity, with only
one mistake (Figure 6). Group C is formed by all of the five most toxic compounds,
whereas groups B are composed by six among the seven least toxic ones. Although
compound #9 presented low toxicity, it was grouped with the six compounds presenting

moderate toxicity, in group A.
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Figure 6. Hierarchical cluster analysis, where the group A is mainly composed by the moderately toxic
compounds, B by the least toxic and C by all the most towxic.

Conclusions

The field descriptors generated and selected by the 4D-QSAR analysis were efficient to
extract Information about the local and type of substituents that can increase toxicity,
through the analysis of PLS regression model, besides being useful to discriminate the
compounds between more toxic and less toxic, using the PCA and HCA methods.

The 4D-Q5AR analysis performed also provided some insight about the action mode of
2-arylidene indan-1,3-dione derivatives on D. magna receptors and it is in accordance with
the literature regarding the importance of carbonyl groups of indan-1,3-dione structure
for biclogical activity.
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