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RESUMO

A demanda por novos agentes agroquimicos gera uma busca, cada vez maior,
pelo desenvolvimento ou aperfeicoamento de moléculas que possibilitem uma
reducdo no ndmero de doses aplicadas, sejam alternativas para os problemas de
resisténcia e que possam combater mais de uma praga para uma mesma lavoura.
Dessa maneira, 0 que se procura € o equilibrio entre a protecdo dos cultivos, o
aumento da produtividade e 0 menor impacto sobre o ambiente. Da relagdo estrutura
atividade, obtida por modelos qualitativos, sabe-se que certos grupos funcionais
estdo relacionados a determinadas propriedades bioldgicas mesmo que em espécies
quimicas diferentes. Frequentemente, moléculas semelhantes possuem propriedades
semelhantes, sendo essa analise importante na compreensdo da resposta biolégica
desencadeada a partir da presenca de determinado grupo quimico. Partindo-se dessa
premissa, elucidou-se, por meio da difracdo dos raios X, a estrutura molecular de dez
compostos sintetizados da classe das dihidroquinolinas. Em seguida, em busca do
entendimento da relagdo estrutura-atividade, foram empregados nesse conjunto
métodos de machine learning que predisseram essas moléculas como potenciais
agentes fungicidas. Foi possivel mapear as regides moleculares e discernir quais
caracteristicas eram determinantes para tal atividade. Além disso, um importante
metabdlito inédito, fruto da degradacdo dos herbicida ametrina e atrazina, foram
estruturalmente elucidados na forma de quatro sais, utilizando a mesma técnica
empregada para as dihidroquinolinas. Desse modo essa tese aponta as
dihidroquinolinas como uma classe promissora, e aberta a estudos futuros, para o
desenvolvimento de novos agentes agroquimicos, além de disponibilizar toda
elucidacao estrutural que permite ampliar o entendimento da cinética de degradacao

de herbicidas, com metodologia que pode ser replicada para demais agroquimicos.

Palavras-Chave: dihidroquinolinas, machine learning, herbicidas, cristalografia.



ABSTRACT

The demand for new agrochemicals has driven an increasing search for the
development or improvement of molecules that enable a reduction in the number of
doses applied, as alternatives to resistance problems and that can reduce more than
one pest for the same crop. In this way, what is sought is the balance between the
protection of crops, the increase in productivity, and the reduction of environmental
impacts. From the structure-activity relationship, obtained by qualitative models, it is
known that certain functional groups are related to specific biological properties even
in different chemical species. Similar molecules often have similar properties, and
this analysis is important in understanding the biological response caused by the
presence of a specific chemical group. Based on this perspective, the molecular
structure of ten synthesized dihydroquinolines was elucidated using X-ray diffraction.
Then, to understand the structure-activity relationship, machine learning methods
were used in this set that predicted these molecules as potentially fungicidal agents.
It was possible to map the molecular regions and discern which characteristics were
decisive for such activity. Also, an important new metabolic, resulting from the
degradation of the herbicides ametrine and atrazine, was structurally elucidated in the
form of four salts, using the same technique used for dihydroquinolines. In this way,
this thesis points to dihydroquinolines as a promising class, and open to future
studies, for the development of new agrochemical agents, in addition to providing
structural insights that allow broadening the understanding of herbicide degradation

kinetics, with a methodology that can be replicated for other agrochemicals.

Keywords: dihidroquinolines, machine learning, herbicides, crystallography
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1 INTRODUCAO

A investigagdo dos processos ambientais através da relacdo entre
biodiversidade e compostos quimicos, por meio da Modelagem Molecular?, é uma
metodologia capaz de ampliar o entendimento acerca das propriedades dos
compostos e direcionar a obtencdo de novos produtos (YURIEV; COOTE, 2011).
Dentro da biodiversidade, nota-se uma diversidade molecular, que consiste nas
diferencas estruturais observadas para moléculas distintas, embora da mesma classe
(SINGH; PELAEZ, 2008). Especificamente, a relacdo entre caracteristicas estruturais
e as atividades resultantes delas nos permite aprimorar ou desenvolver novos
produtos com aplicacdo ambiental.

O Cerrado? ¢ significativamente conhecido como uma fronteira agricola, isto
é, apresenta condi¢cBes adequadas para o uso agricola. Essas condigdes dizem
respeito a geografia fisica (solos, relevo, clima e precipitacdo) e a aspectos
econémicos (sistema de transporte e necessidade de financiamento) da regido. Esse
bioma conglomera Varios tipos de vegetacdo e apresenta duas estagdes bem definidas:
uma seca de inverno e outra Umida de verdo e com distribuicdo concentrada das
chuvas em toda a regido. Visto que o relevo é, em geral, plano ou de ondula¢cbes
suaves, a regido apresenta boas possibilidades para 0 emprego de praticas agricolas
mecanizadas (PEIXOTO et al., 2019; REIS et al., 1973)

Contudo, o Cerrado possuia caracteristicas que impossibilitavam seu
desenvolvimento agricola, tais como: baixa fertilidade natural dos solos, devido a sua
acidez, alto teor de aluminio, baixas concentrac6es de calcio e magnésio, além de ser

pobre em fosforo assimilavel. No entanto, estas caracteristicas foram superadas com

A modelagem molecular é uma cole¢do de técnicas baseadas em computador para representar e
manipular estruturas moleculares numericamente e simular seu comportamento utilizando para isso as
equacOes da fisica quantica e classica. Essas simulagGes podem ser bastante Gteis como guias para o
projeto e interpretagcdo de experimentos e para o entendimento das propriedades que dependem dessas
estruturas, levando a novos insights da dindmica e funcdo moleculares (GASPARI; PERCZEL, 2010;
GU; LI, 2011; PIMENTEL ; GUIMARAES; MILLER, 2013)

20 termo Cerrado é comumente utilizado para designar o conjunto de ecossistemas (savanas, matas,
campos e matas de galeria) que ocorrem no Brasil Central (KLINK et al., 2005). As culturas
consideradas adaptadas aos solos de Cerrado sdo: arroz de sequeiro, soja, mandioca e abacaxi; e em
areas com condicgBes climaticas favoraveis, trigo, amendoim, milho e feijdo. Avancos posteriores
permitiram aumentar a lista de culturas com ampliacdo da producdo de café, algoddo, sorgo, frutas,
hortalicas e legumes.
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a correcdo quimica do solo, que viabilizou a incorporagdo de insumos quimicos,
superando os problemas de fertilidade. Assim, o Cerrado tornou-se a &rea com as
melhores condicbes para a expansdo e diversificacdo da producdo agropecuaria
brasileira (REIS et al., 1973)

Assim, este uso demanda na busca de tecnologias que possam proteger,
favorecer ou incrementar a producdo agricola, principalmente envolvendo os fungos,
bactérias e plantas (NAPOLITANO et al., 2016). Uma das maneiras de incrementar
essa producio vém do uso de pesticidas®, que sdo substancias utilizadas para proteger
as plantas agricolas da competicdo de plantas daninhas e de destrui¢cGes causadas por
fungos, insetos, acaros e roedores (FREEDMAN, 1995). Porém, o uso prolongado,
intensivo e indiscriminado de agroquimicos afeta a biodiversidade do solo, a
sustentabilidade agricola e a seguranca alimentar, trazendo efeitos nocivos de longo
prazo a seguranca nutricional e a saide humana e animal (MEENA et al., 2020).

Recentemente, boa parte das publicagdes sobre o desenvolvimento de novas
tecnologias para protecao de cultivos aborda uma metodologia orientada a tecnologia
para a inovacdo (SCHUT et al., 2014). A descoberta de agroquimicos modernos
enfrenta desafios significativos em um mercado em répida evolucdo. Dentre esses
desafios destaca-se a resisténcia de agroquimicos e seu manejo, surgimento de novas
pragas, mudangas na percepcao publica da tecnologia agricola, o aumento do custo
da pesquisa e desenvolvimento, e requisitos regulatorios (ZHANG et al., 2018).
Dessa forma tem-se a problematica de propor inovac@es nas rotas de descoberta de
novas substancias (ingredientes ativos) que possam atuar como pesticidas, ou ainda o
aprimoramento daqueles que ja sdo utilizados, numa perspectiva sustentavel,
considerando sua utilizacdo para manutencdo da produtividade e ainda os riscos do
seu uso generalizado para a salde (CANTRELL; DAYAN; DUKE, 2012).

No intuito de propor solugdes a essas demandas, pesquisadores tém usado
diferentes tipos de abordagem. Uma delas, através da nanotecnologia, & melhorar as
estratégias para o controle de sistemas de entrega para liberagdo lenta e sustentada de
agroguimicos, através do desenvolvimento de novos agentes carreadores em
formulacGes de pesticidas (GRILLO; ABHILASH; FRACETO, 2016; SINHA,;
GHOSH; SIL, 2017; YUSOFF; KAMARI; ALJAFREE, 2016). O desenvolvimento

3 Uma discusséo mais aprofundada considerando a divergéncia em torno da nomenclatura agrotoxico
e pesticida pode ser encontrada em um artigo de Roberto Leiser Baronas (BARONAS, 2019)
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de pesticidas para a agricultura sustentavel € um foco importante na inddstria
agroquimica e no meio académico.

Outra abordagem envolve a selecdo de compostos quimicos de origem natural,
dado seu consideravel potencial para 0 manejo de vetores. Esses produtos tendem a
ser mais seguros do que os inseticidas convencionais devido a sua rapida
biodegradagcdo e baixa toxicidade para inimigos naturais, humanos e outros
mamiferos (MISHRA et al., 2020; S. MANN; E. KAUFMAN, 2012). No entanto, a
quantidade de compostos bioativos no material vegetal é pequena, 0 que torna a
extracdo e uso de compostos naturais para controle de insetos em larga escala algo
oneroso (SANTOS; VARDANEGA,; DE ALMEIDA, 2014).

H& também as pesquisas no campo do design auxiliado por computador
(computer-aided design), que buscam orientar o projeto e o desenvolvimento de
inseticidas mais seletivos e ambientalmente menos agressivos (JITONNOM, 2014).
A abordagem computacional foi utilizada, por exemplo, para discriminar as proteinas
resistentes a inseticidas de proteinas ndo resistentes. Essa resisténcia é conferida por
proteinas codificadas por certas classes de genes dos insetos. Uma maneira de
contornar essa situacdo foi o desenvolvimento de um servidor de predigéo online
(DIRProt*) para progndstico computacional de proteinas que causam resisténcia a
inseticidas (MEHER et al., 2017).

Ainda nessa perspectiva, foi desenvolvida uma proposta de aplicacdo de
triagem virtual para descoberta de inibidores para enzimas mediadoras de resisténcia.
Os compostos identificados reverteram a resisténcia a inseticidas em duas espécies
diferentes de pragas, representando uma estratégia sustentavel que permite uma
reducdo significativa do uso de inseticidas sem comprometer sua eficacia (CORREY
et al., 2019). Outra estratégia de sucesso é a obtencdo de novas formas solidas de
agroquimicos comerciais e o estudo de suas rotas de degradacdo. Um exemplo disso
foi o desenvolvimento de duas novas formas solidas do diclorodifeniltricloroetano
(DDT). Apesar do impacto ambiental desses compostos ndo terem sido avaliados,
eles devem ser considerados como um novo material, livres do estigma do DDT.

Além disso, as formas solidas dessas novas composicOes exibem diferentes

atividades em diferentes insetos, demonstrando que a manipulacdo da estrutura do

40 servidor de previsdo ¢é disponibilizado gratuitamente em http://cabgrid.res.in:8080/dirprot para
usudrios académicos.
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estado sOlido é uma estratégia viavel para o projeto de inseticidas mais eficazes
(ZHU et al., 2019). Também é possivel obter resultados em remediacdo, uma vez que
a remocao de residuos de pesticidas do meio ambiente € uma preocupacao séria. Ha
um grande interesse na pesquisa e desenvolvimento de tecnologias que possam
identificar produtos de degradacdo, a fim de diminuir seus efeitos prejudiciais ao
meio ambiente (PERGAL et al., 2020).

Considerando tal contexto, esta tese propOe duas abordagens para
desenvolver pesticidas, sendo a primeira, baseada na relacdo estrutura-atividade
(SAR), investigar o potencial pesticida de dihidroquinolinas, por meio de métodos in
silico. Esse conhecimento permite fazer modificagdes estruturais na molécula,
através da sintese planejada, o que pode potencializar suas atividades bioldgicas
(STOMPOR et al., 2015). Na segunda estratégia, a hidroxi-atrazina, um produto de
degradacdo da ametrina e atrazina, foi estruturalmente caracterizado por meio da
difracdo dos raios X. Por mais que esse ndo seja um desenvolvimento ab initio, a
compreensdo e identificacdo de metabolitos tem impactos na compreensdo dos
mecanismos e da cinética de degradacdo. Assim, novos compostos (derivados e
analogos que sejam mais seguros e efetivos), podem ser desenvolvidos considerando
esta vertente.

A primeira abordagem nos levou a requerer um registro de pedido de patente®
(BR 102021001396-6) uma vez que se alcancou o nivel 4 de maturidade de prontiddo
tecnoldgica, (Technology Readiness Level - TRL®). Os resultados obtidos contribuem
para o campo de estudo nos seguintes aspectos: no desenvolvimento de algoritmos de
machine learning que predizem corretamente, uma vez que h& validagdo
experimental, as dihidroquinolinas em estudo como compostos com acdo fungicida; a

detalhada caracterizacdo estrutural de dez moléculas e quatro produtos de degradacéo;

®> O acompanhamento do Processo pode ser feito utilizando o nimero de Registro: BR 102021001396-
6. Para isso, basta acessar o site do INPI e clicar no icone busca na WEB. Em seguida selecione a
opcao Patente. Clique em continuar sem identificagdo e, na proxima aba digite 0 niUmero do processo.

® A escala do sistema de prontiddo tecnoldgica varia de TRL1 até TRL9. A pesquisa basica ou prova
de conceito preliminar compreende a TRL de 1 a 3. A TRL1 refere-se a fase de ideias; a TRL2, a
pesquisa exploratéria baseada num conceito tecnolégico e/ou ideia de aplica¢do, podendo ser chamada
de demonstragdo preliminar; e a TRL3, a pesquisa sistematica baseada no minimo de resultados
favoraveis. O desenvolvimento tecnoldgico compreende a TRL4 e a TRL5. A TRL4 refere-se a
validacéo dos componentes da tecnologia em ambiente de laboratorio (QUINTELLA et al., 2019).


https://gru.inpi.gov.br/pePI/jsp/patentes/PatenteSearchBasico.jsp
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e, por fim, mostra que o entendimento estrutural € um poderoso instrumento de
partida no planejamento racional de compostos com atividade pesticida.

Referente a organizacao desta tese, o topico 2 apresenta o0s objetivos; o tépico
3 discute as partes centrais do referencial tedrico; o topico 4 apresenta os resultados
obtidos na forma de quatro artigos (na integra’) e uma primeira versio de um
manuscrito a ser submetido; o tépico 5 conclui este documento com as consideragdes

finais e perspectivas.

" Aos autores em periddicos da Elsevier [https:/bityli.com/pbO3V] e da Springer
[https://bityli.com/6EwTJ], é permitida a reproducdo de artigos autorais, na integra, em sua tese ou
dissertacdo.



https://bityli.com/pbO3V
https://bityli.com/6EwTJ
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2 OBJETIVOS

(i) estudar a potencial atividade pesticida das dihidroguinolinas através de
machine learning e da identificacdo dos aspectos estruturais do conjunto molecular,
por meio da caracterizacdo no estado solido (difracdo de raios X).

(ii) avaliar um metabdlito, produto de degradacdo dos herbicidas ametrina e
atrazina, caracterizando os compostos formados nesse processo, a fim de avaliar seu

Impacto no meio ambiente.
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3 NOVOS MATERIAIS EM AGROQUIMICA

3.1 Ingredientes agroquimicos e a demanda por moléculas bioativas

Ao investigar os desafios e tendéncias atuais na descoberta de agroquimicos,
Lamberth e colaboradores (2013) publicaram uma revisdo destacando a evolucgéo da
quimica de protecdo de culturas de uma ciéncia quase alquimica do século XIX para
uma ciéncia de alta tecnologia, que apoia a producéo sustentavel de alimentos, racdes
e fibras para uma populacdo em rapido crescimento. O desenvolvimento no campo
do design e sintese de agroquimicos sdo fundamentais para a superacdo dos desafios,
como: resisténcia a plantas daninhas e pragas, maiores margens de seguranca que
atendam marcos de regulamentacdo e maior custo das mercadorias. E isso s6 é
possivel com o desenvolvimento de ativos que sejam mais seletivos, ingredientes
ambientalmente benignos e de baixa taxa de uso, aliado a um baixo custo.

Dessa maneira, pode-se inferir que a busca por moléculas com aplicacGes
agricolas passa pelos mesmos aspectos relacionados ao desenvolvimento de novos
farmacos (BERTHON, 2020); logo, qualquer que seja a estratégia adotada, em algum
momento ela ird passar pelo estado s6lido, que demanda a caracterizacao estrutural e
fisico-quimica do composto. Nesta perspectiva existem algumas opcdes. Dentre elas,
a busca por novos compostos ativos e eficazes. Sendo este o caso das
dihidroquinolinas, uma vez ha evidéncias de suas propriedades agroquimicas,
conforme discutido na secdo 3.2. Além disso, deve-se ainda investigar a efetividade
dos compostos em consonancia com a sustentabilidade. Dai surge a proposta de
analisar e repensar® os herbicidas ametrina e atrazina. Para tal, a analise do estado

solido desses compostos e seus produtos € essencial.

8 Estratégia conhecida na area de farmacos, mas que também pode ser aplicada a agroquimicos, pelo
termo repurposing, que denota a descoberta de novas aplicagfes para drogas existentes ou candidatos
a drogas que sdo descobertas e refinadas (CHARLTON et al., 2018)
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3.2  Dihidroquinolinas e s-triazinas

A classe das quinolinas (1-aza-naftaleno ou benzo[f]piridina) sé&o
caracterizadas por moléculas que possuem um nucleo aromatico heterociclico,
contendo nitrogénio (Figura 1a), e ocorre em Vvarios compostos naturais (Cinchona
Alkaloids) estando presentes em substancias farmacologicamente ativas exibindo
uma ampla gama de atividades bioldgicas.

Dentre elas, podemos citar: atividade antimalérica, antibacteriana, antifingica,
anti-helmintica, cardiotdnica, anticonvulsivante, anti-inflamatéria e analgésica
(FELCZAK et al., 2016; MARELLA et al., 2013; ZENG; ZENG; LIU, 2016).
Atualmente, sdo recorrentes os artigos que relatam a sintese de quinolinas
funcionalizadas para diversas atividades bioldgicas (LIU et al., 2017a; NEFERTITI
et al., 2017; ROSADO-SOLANO et al., 2019; WEYESA; MULUGETA, 2020). Em
diversos estudos elas sdo reportadas com atividade inibitéria para a enzima HIV-1
integrase (SECHI et al., 2009), como agente antioxidante (FILALI BABA et al.,
2019), como agente antituberculose (KUMAR et al., 2018) e como transportadores
para entrega de compostos bioldgicos ativos ao cérebro (FOUCOUT et al., 2009)

Figura 1 - Estrutura quimica bidimensional de uma quinolina (a) e de uma dihidroquinolina
(b) com o nacleo 1,4-dihidroquinolina destacado em vermelho

(a) (b)

Fonte: Elaborada pelo autor.

Nosso grupo de pesquisa tinha a disposicdo um conjunto sintetizado de
dihidroquinolinas halogenadas e ja cristalizadas. A partir disso, utilizamos modelos
de machine learning na busca pelo potencial pesticida desses compostos. Os

resultados mostraram que estavamos de posse de moléculas promissora para a
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aplicacdo alvo, e de fato estes compostos tém sido objeto de estudo em diversos
processos ambientais (CANTRELL; DAYAN; DUKE, 2012).

Esses compostos sdo de facil obtencdo e a metodologia de sintese das
moléculas reportados nessa tese (Figura 2), bem como seu mecanismo de reacao, €
descrita em detalhes na literatura (CASTRO et al., 2015; D’OLIVEIRA et al., 2018)
e também em cada um dos respectivos artigos publicados. Em suma, as moléculas
foram sintetizadas via condensacdo de Claisen-Schmidt®, em que ao se reagir um
aldeido aromatico com uma cetona aromatica, via catalise basica em meio etanolico,
obtém-se uma chalcona. Em seguida, essa chalcona sofre uma ciclizagdo em meio
acido, gerando a dihidroguinolina que, entdo, reage em meio basico com um aldeido
aromatico produzindo os compostos em estudo. Os rendimentos para essa reacao

estdo reportados entre 45% e 94%.

Figura 2 - Estruturas moleculares bidimensionais das dihidroguinolinas estudadas nessa tese.

Fonte: Elaborada pelo autor.

® A condensacdo de um aldeido aromético com um aldeido ou cetona alifatico na presenca de uma
base ou um &cido para formar um aldeido ou cetona a, B-insaturado com alta quimiosseletividade é
geralmente conhecida como condensacdo de Claisen-Schmidt (WANG, 2010)
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Até 0 momento o banco de dados cristalograficos de pequenas moléculas
(CSD)¥® (GROOM et al., 2016) (CSD version 5.42 — November 2020) reporta 151
estruturas com o nucleo 1,4-dihidroquinolina, um baixo numero frente a outras
classes semelhantes, como as chalconas (3917 estruturas), por exemplo. Esse baixo
namero pode ser inerente a dificuldade de cristalizar esses compostos, bem como o
interesse em se pesquisar seu estado solido. Isso demonstra que, em termos de
conhecimento estrutural, hd muito ainda a ser estudado sobre essas moléculas. Cabe
salientar que ainda ndo se identificou nenhum pesticida comercial que tenha como
principio ativo uma dihidroquinolina. Sabe-se que o processo de desenvolvimento de
um novo pesticida, até chegar as prateleiras, € longo (requerendo de 8 a 12 anos, em
média) e dispendioso (aproximadamente US$ 250 milhdes) (SPARKS, 2013).

A ametrina e a atrazina, Figura 3, sdo herbicidas pertencentes ao grupo das s-
triazinas utilizados largamente nas areas de solo no Cerrado, pois sdo recomendados
para o controle de plantas daninhas na cultura do milho e da cana-de-agucar,
respectivamente (PRATA et al.,, 2001). A atrazina, banida nos paises da unido
europeia em 2004 por causar disturbios enddcrinos, afetando o sistema hormonal
(BETHSASS; COLANGELO, 2006), é o segundo herbicida mais utilizado no Brasil,
possuindo, segundo a plataforma AGROFIT!!, 28 formulacdes disponiveis no
mercado, enquanto a ametrina possui 66 formulagdes. O monitoramento do solo e da
agua nas areas em que houve uso desses herbicidas e o conhecimento da sua
mobilidade em solos no Cerrado € de extrema importancia, pois pode evidenciar uma
possivel contaminacdo das aguas subterraneas da regido (MARCHI, 2011).

Essa preocupacao néo fica restrita apenas ao bioma Cerrado, uma vez que a
degradacdo das s-triazinas no solo, agua e sedimentos, com énfase particular nas
substancias formadas ao longo das vias degradativas e aos aspectos de biodegradacéo,
tém recebido consideravel atencdo ha pelo menos trés décadas (ERICKSON; LEE;
SUMNER, 1989). A estrutura cristalografica da ametrina (CARVALHO et al., 2019)

10°0 Cambridge Structural Database (CSD) contém um registro completo de todas as estruturas
cristalinas de pequenas moléculas organicas e metal-organicas ja publicadas. O banco de dados esta
em operacdo ha mais de 50 anos e continua a ser o principal meio de compartilhamento de dados de
quimica estrutural (GROOM et al., 2016).

1O AGROFIT WEB online é uma ferramenta de consulta ao pablico, composta por um banco de
dados de todos os produtos agrotoxicos e afins registrados no Ministério da Agricultura, Pecuaria e
Abastecimento (MAPA), com informagdes do Ministério da Saide (ANVISA) e informagdes do
Ministério do Meio Ambiente (IBAMA).


http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons
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e atrazina (LE et al., 2016) ja estdo reportadas na literatura, porém ainda ndo ha

nenhum registro de estruturas cristalograficas de algum de seus intermediarios.

Figura 3 — Estrutura bidimensional da ametrina (a), da atrazina (b) e do produto de degradagdo em
estudo (c).

Fonte: Elaborada pelo autor.

3.3  Conhecimento estrutural a partir da difracéo dos raios X por
pequenas moléculas

Os cristais sdo solidos homogéneos que possuem ordem de longo alcance, ou
seja: simetria e periodicidade. Em um cristal o arranjo dos 4&tomos em torno de
qualquer ponto é idéntico ao arranjo em outro ponto qualquer equivalente no mesmo
cristal. Nessa definicdo desconsidera-se os possiveis defeitos locais. Uma vez que
muitas propriedades fisico-quimicas e bioquimicas estdo diretamente relacionadas a
estrutura cristalina, torna-se essencial a sua elucidacdo, sendo a cristalografia uma
das metodologias mais completas para descricdo de compostos que se encontram no
estado cristalino (TILLEY, 2006). Um cristal pode ser compreendido como
constituido por um nimero extremamente grande de paralelepipedos tridimensionais
imaginarios chamados de cela unitaria. Ela é definida por trés vetores (0s eixos de
cristal) ndo-planares: a, b e ¢, que possuem entre si angulos «a (entre b e ¢), g (entre a
e c) ey (entre a e b) (GLUSKER; TRUEBLOOD, 2010). A comutacao entre essas
dimens@es, por simetria, geram sete métricas, ou sistemas cristalinos diferentes:
triclinico, monoclinico, ortorrébmbico, tetragonal, trigonal, hexagonal e cubico
(CULLITY, 1978) (Figura 4). Esses sete sistemas cristalinos combinados com 0s
quatro tipos de centragem de rede (primitiva, face centrada em A, B ou C, face
centrada e corpo centrado) geram entdo as 14 redes de Bravais (GLUSKER;
TRUEBLOOD, 2010).
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Figura 4 — Representacdo de uma cela unitaria (genérica) e de seus diagramas quando aplicadas as
restricdes de simetria; assim sdo gerados os sete sistemas cristalinos.

l’

Cela unitaria Triclinico Monoclinico Ortorrombico

a#zb#c a#zb#c azb#c

aFB#Ey a=y=90%f>90° a=p=y=90°

Teftiak%OITal Hexagonal Trigonal Cubico
—ds—~_—L90'> a=b#c a=b#c a=b=c
a=b=y a=p=90%y=120° a=p=y#120° a=p=y=90°

Fonte: Elaborada pelo autor.

Os elementos de simetria (centro de simetria, planos de espelho, planos de
deslizamento, eixos de rotacéo e eixos de parafuso) combinados com as 14 redes de
Bravais geram as 230 combinac@es unicas dos elementos de simetria (0s 230 grupos
espaciais), ou seja, no estado cristalino, a matéria pode se arranjar de 230 formas
distintas (MULLER; WONDRATSCHEK, 2005). Dadas essas caracteristicas, é
natural que surja a pergunta sobre qual o tipo de técnica fisica é util ao estudo dos
compostos cristalinos. Essa analise € comumente baseada no fendmeno de difracédo

causado pela interacdo da matéria com os raios X (GIACOVAZZO et al., 2011).

O trabalho de identificacdo dos aspectos estruturais através da cristalografia
de raios X envolve as seguintes etapas: (1) coleta e processamento dos dados, etapa
em que uma amostra cristalina é levada ao difratdmetro e submetido a um feixe
monocromatico de raios X, registrando o padrdo de difracdo; (2) resolucdo da
estrutura, onde tem-se a obtencdo da fase de cada reflexdo medida, de forma que seja
possivel a constru¢do de mapas de densidade eletrénica. (3) refinamento, etapa em
que se faz um trabalho interativo de interpretacdo desses mapas de densidade
eletrbnica até que se tenha uma estrutura preliminar; (4) validacdo e analise do

modelo cristalografico, onde se avalia a coeréncia quimica da estrutura e (5) depdsito



25

da estrutura, por meio de um arquivo digital no banco de dados apropriado
(GIACOVAZZO et al., 2011).

Os raios X sdo uma radiacao eletromagnética (A = aproximadamente 0,1-100
A; para a pratica cristalografica: 0,6-3,0 A) que podem ser produzidos, entre outras,
pela desaceleracdo repentina de elétrons que se movem em um material alvo através
do impacto desses elétrons em um alvo metélico (anodo). Dentre os muitos fatores
que afetam a intensidade dos raios X no padrdo de difracdo, aquele que depende
apenas da estrutura do cristal é chamado de fator de estrutura e pode ser expresso em

termos do contetido de uma Unica célula unitaria como:

F(hi) = ) fyexp|2mi(hay + ky; + 12)] @

j=1

onde o j-ésimo atomo é dado pelas coordenadas fracionérias(xj,yj,zj), possuindo um
fator de espalhamento f; havendo N atomos na cela unitaria. Cada fator de estrutura

representa um feixe difratado que tem uma amplitude, |F(hkl)|, e uma fase
relativa ¢ (hkl). As medidas experimentais consistem na intensidade de cada feixe e
sua posicdo no padrdo de difracdo. ApoOs a aplicacdo de fatores de correcdo
adequados, as quantidades registradas sdo h, k, 1, |F(hkl)| ou h, k, 1, |F (hkl)|?

Uma imagem da estrutura cristalina pode ser calculada a partir do padréo de
difracdo de raios X. Como sdo os elétrons que espalham os raios X, sdo os elétrons
gue vemos na imagem, dando o valor da densidade eletrdnica (p) em cada ponto de

uma Unica célula unitaria do cristal:

p(xyz) = %Z F(hkl) exp[—2mi(hx + ky + [2)] 2)
hkl

onde V é o volume da célula unitaria. Observe que os fatores de estrutura incluem as
fases ¢(hkl) e ndo apenas as amplitudes medidas experimentalmente |F(hkl)]|.

Deste modo, se a amplitude do fator de estrutura, |F(hkl)|, e a fase relativa dos
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angulos, ¢(hkl) , (para cada h, k, 1) fossem conhecidas, poderiamos calcular p(xyz)
para todos os valores de X, y e z e plotar os valores obtidos para fornecer um mapa
tridimensional de densidade eletronica. Entretanto, geralmente podemos obter apenas
0 |F(hkl)| e ndo as ¢(hkl) diretamente de medicdes experimentais. Esse € o
problema da fase. Uma vez que os raios X sdo difratados de todo o cristal, o célculo
produz o conteudo meédio da célula unitaria sobre todo o cristal e ndo o conteudo de
qualquer célula individual. (GLUSKER; TRUEBLOOD, 2010).

Matematicamente, existe uma relagédo entre as equagdes (1) e (2). A Eq. (1)

transforma a densidade eletronica (na forma de fatores de espalhamento atomico, f;)

nos fatores de estrutura F (hkl), enquanto a Eq. (2) transforma os fatores de estrutura
de volta na densidade eletrénica. Em outras palavras, o fator de estrutura é a
transformada de Fourier da densidade eletronica e a densidade eletrénica é a
transformada de Fourier inversa do fator de estrutura, evidenciado pelo sinal
negativo da exponencial. Esta € uma descricdo matematica da formacéo da imagem
por uma lente. A luz espalhada por um objeto (transformada de Fourier) € coletada
por uma lente e focada em uma imagem (transformada inversa). No caso Gtico, a
imagem (real) é invertida e isso € visto matematicamente pelo aparecimento do sinal
negativo no expoente da Eqg. (2).

Esse fendmeno de difracdo de raios X por cristais pode ser considerado em
termos de uma teoria andloga a da difracdo por grades (experimento da fenda dupla).
Em 1912 W. L. Bragg descreveu as condi¢bes geométricas sob as quais um feixe
difratado pode ser observado. Na Figura 5 estdo representados raios difratados de
planos de rede e, para obter interferéncia construtiva, a diferenga de caminho deve
ser um namero inteiro de comprimentos de onda (BLAKE; CLEGG, 2009).

Figura 5 — Representacédo para as condi¢des de difracdo dos raios X para dois planos da rede cristalina

pertencentes a mesma familia de planos (h,k,l). d é a distancia interplanar.
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oS
un

Fonte: Elaborada pelo autor.

© ¢ o angulo entre o feixe primario e a familia de planos de indices hkl. A diferenga
no caminho entre as ondas em D e B é igual a AB + BC = 2dsen@®. Isso leva a lei de

Bragg, Eg. (3), que é expressa como:

2dp,5en® = na (3)

Onde n é um numero inteiro; A é o comprimento de onda dos raios X, elétrons,
prétons e néutrons em movimento; d é o espacamento entre os planos na rede

atomica, e 0 ¢ o angulo entre o raio incidente e os planos de espalhamento.

3.4  Relacéo entre conhecimento estrutural e propriedades fisico-
guimicas e biologicas

O estudo das relacBes quantitativas entre a estrutura quimica e a atividade
bioldgica (QSAR) ou alguma propriedade fisico-quimica nos permite entender e
explicar o mecanismo de acdo de compostos em nivel molecular, auxiliando no
desenvolvimento de novos materiais com propriedades biol6gicas desejaveis
(MARTINS; FERREIRA, 2013). Assim, o uso de modelos in silico para prever o
potencial bioativo de compostos diminui 0 tempo e a necessidade de testes
experimentais e, consequentemente, o custo relacionado a pesquisa (BANERJEE et
al., 2018). Nesse contexto, a construcdo de modelos matematicos que abordem uma
relacdo qualitativa entre a estrutura molecular e a presenca ou auséncia de uma

determinada atividade bioldgica, ou a capacidade de modelar tal atividade, com base
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na estrutura molecular de um composto, apoiada por meio de técnicas estatisticas
multivariadas se mostra muito util (CONSONNI; TODESCHINI, 2010)

Recentemente, os modelos de machine learning provaram ser bem-sucedidos
no progndstico de doencas humanas (KOUROU et al., 2015; LIBBRECHT; NOBLE,
2015), na predicéo de propriedades eletronicas de compostos (MONTAVON et al.,
2013) e na modelagem de novos materiais e moléculas (BARTOK et al., 2017).
Além disso esses métodos também séo capazes de encontrar solucdes para questdes
ambientais, como gerenciamento de residuos sélidos municipais (ABBASI; EL
HANANDEH, 2016), propriedades do solo/composto com biodisponibilidade e
avaliacdo de risco (WU et al., 2013) e para modelar a biodisponibilidade de
contaminantes (CIPULLO et al., 2019).

A toxicidade de uma substancia € governada por suas propriedades, que sao
determinadas pela sua estrutura quimica, este é cerne da modelagem estrutura-
toxicidade (CONSONNI; TODESCHINI, 2010). Entretanto, as estruturas quimicas,
geralmente, ndo contém de forma explicita as informac6es relacionadas a atividade.
Vérios descritores moleculares *2, projetados racionalmente, acentuam diferentes
propriedades quimicas implicitas na estrutura molecular. Somente essas propriedades
podem se correlacionar diretamente com a atividade, variando desde aspectos fisico-
quimico e quanticos a caracteristicas geométricas e topolégicas (DUDEK; ARODZ;
GALVEZ, 2006).

Um descritor molecular é o resultado de um procedimento ldgico e
matematico que transforma informacdes quimicas codificadas em um namero Util ou
o0 resultado de algum experimento padronizado. Em geral, ndo se sabe qual descritor
sera melhor, entdo a tendéncia é usar um grande nimero deles, esperando que dentre
eles existam as varidveis apropriadas e, posteriormente aplicar uma técnica de
selecdo de variaveis. Atualmente hd mais de 3000 descritores que podem ser

utilizados. Como exemplos de descritores tem-se: contagem de grupos funcionais e

12 Os descritores moleculares sdo divididos em duas classes principais: medidas experimentais, como
log P, refratividade molar, momento dipolar, polarizabilidade; propriedades fisico-quimicas e
descritores moleculares teéricos, que sdo derivados de uma representagdo simbélica da molécula e
podem ser classificados de acordo com os diferentes tipos de representacdo molecular. A diferenca
fundamental entre os descritores tedricos e os medidos experimentalmente é que os descritores
tedricos ndo contém nenhum erro estatistico devido ao ruido experimental, ao contrario das medicoes
experimentais (CONSONNI; TODESCHINI, 2010).
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fragmentos de subestruturas, caracteristicas estruturais e parametros geométricos da
molécula, energias de interacdes etc. (ZANNI et al., 2019).

Um fator importante no processo de modelagem é a escolha do conjunto
molecular a ser utilizado, observando-se sempre a finalidade a qual se destina o
modelo e a disponibilidade de dados experimentais. Durante muito tempo, esses
modelos foram desenvolvidos para conjuntos de moléculas com uma estrutura basica
comum e diferentes grupos de substituintes, logo apo6s o interesse se estende para
moléculas pertencentes a diferentes classes quimicas devido a necessidade de obter
relag0es mais gerais e explorar o enorme potencial dos grandes conjuntos de dados
disponiveis (BOSC et al., 2019).

A literatura é repleta de estudos sobre a SAR, a seguir serdo apresentados
alguns exemplos desses estudos, com destaque para as caracteristicas estruturais que
desencadeiam atividade pesticida. Sabe-se que a introducdo de halogénios em um
ingrediente ativo é uma ferramenta importante para modular as propriedades de
novos compostos para protecdo de culturas. Uma pesquisa mostra que desde 2010,
cerca de 96% dos pesticidas lancados no mercado contém algum atomo do grupo dos
halogénios. Dentre estes, 0os nematicidas contém o maior nimero de halogénios,
seguidos por inseticidas/acaricidas, herbicidas e fungicidas. Nesse contexto,
fungicidas e herbicidas contém, na maioria dos casos, atomos de fluor, enquanto
nematicidas e inseticidas contém, na maioria dos casos, atomos de halogénio
"mistos", por exemplo, cloro e flior (JESCHKE, 2017).

Em um outro exemplo, em relagio a um conjunto de compostos
organofosforados, foram estudadas caracteristicas estruturais e quanticas que
influenciam o efeito toxico. O resultado mostrou que a toxicidade desses compostos
depende fortemente da sua estabilidade e das forcas de ligacdo entre o atomo de
fésforo e seus substituintes. Quanto mais forte for a ligagdo do grupo de saida ao
atomo de fosforo mais favoravel é ao efeito toxico, pois sua reatividade depende da
carga positiva no atomo de fosforo do grupo fosforil polarizado (PAUKKU; HILL,
2012).

Por fim, EI-Gamal e colaboradores (2018) relatam o desenvolvimento de um
modelo QSAR para explorar 0s requisitos estruturais que controlam as atividades
antimicrobianas de derivados de quinolinas. Os estudos de docagem molecular foram

realizados usando o complexo bacteriano de DNA girase e a ciprofloxacina como
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ligante cocristalizado. De modo geral, notou-se que nos derivados estudados o anel
quinolinico estd envolvido tanto em interagdes do tipo z-stacking® quanto em
interacdes hidrofdbicas, enquanto atomos de fldor, grupo carbonil, grupo amino e
grupo hidroxil formam ligacbes de hidrogénio em diferentes partes da enzima.
Finalmente, a necessidade de dar respostas eficazes aos problemas ecolégicos e de
salde impulsionam a busca em dire¢cdo a novas fronteiras, onde matematica,
estatistica, quimica, biologia e suas inter-relacdes possam produzir novos
conhecimentos (CONSONNI; TODESCHINI, 2010).

3.5 Impactos da modificacdo do estado sélido para o uso sustentavel de
agroquimicos

As descobertas e novos desenvolvimentos na &rea do estado solido
proporcionaram uma melhoria para esse campo do conhecimento que se deve, em
grande parte pela busca por novos e melhores materiais e para que iSSo possa ser
feito, € necessario possuir a compreensdo a respeito da estrutura cristalina e das
forcas que mantem os cristais unidos (SMART; MOORE, 2012). Essa compreensao
leva a sintese de cristais moleculares funcionais; area do conhecimento referida como
engenharia de propriedade de cristais. Nas Ultimas trés décadas, ela progrediu da
analise de estruturas cristalinas, em termos de interacdes intermoleculares, para a
otimizacdo e construgdo de cristais com topologias e propriedades desejadas
(DESIRAJU, 2017).

Esse conhecimento foi utilizado por pesquisadores que ao empregarem essa
técnica como ferramenta de design obtiveram cinco novos cocristais do ativo etil-
tiofanato, demonstrando que moléculas que contém grupos tioamidas sdo
promissoras na obtencdo desses compostos (NAUHA; NISSINEN, 2011). Outra
abordagem que exemplifica a aplicacdo dos conhecimentos do estado sélido é o
reportado acerca das investigacdes dos mecanismos de transformacgédo fotoquimica
indireta, persisténcia ambiental e ecotoxicidade do fenpiclonil usando métodos de
quimica quéantica e toxicologia computacional. Esse fungicida deixa residuos no solo
e pode contaminar as aguas subterrneas, aumentado a preocupagdo sobre 0s

potenciais efeitos adversos desses contaminantes a salde humana e ao ecossistema.

18 Termo que designa interagdes entre elétrons &t de anéis aromaticos em diferentes moléculas (DENG
et al., 2020).
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Os célculos da cinética de degradacdo mostram que as altas temperaturas sao mais
favoréveis para a degradacgdo inicial do fenpiclonil. Alem disso, percebeu-se que 0s
produtos de transformacdo sdo formados durante a reacdo subsequente do
intermediario aduto-OH IM10. A toxicidade aquética desses produtos diminui, mas
n&o se extingue, com o processo de degradacdo (YANG et al., 2020)

Outra abordagem € a tentativa de melhorar a eficicia de agroquimicos ja
comercializados, como a do herbicida ametrina. Foram desenvolvidos trés novos sais
a partir da diversificacdo de sua forma solida. Através do entendimento da estrutura
cristalina desses sais percebeu-se que o sinton formado entre a s-triazina e grupos
carboxila leva ao surgimento de regides hidrofilicas no arranjo supramolecular e que
isso melhora a solubilidade do herbicida de 10 a 20 vezes, quando comparado a
ametrina pura. Outra vantagem que advém desses sais € sua alta estabilidade térmica
0 que sugere uma reducdo no impacto ambiental deste herbicida (CARVALHO et al.,
2019). Além disso, os chamados liquidos iénicos (HIL) também tem sido bastante
explorado. Nos HIL é possivel combinar a atividade herbicida de um anion com a
atividade fungicida, antibacteriana e/ou herbicida do cation. Dessa maneira, por
exemplo, foram obtidos HIL com base no herbicida dicamba (Acido 3,6-dicloro-2-
metoxibenzoico). Esses novos compostos demonstram estabilidade térmica
aumentada, volatilidade reduzida e eficacia substancialmente melhorada em relacao
ao acido livre de dicamba, além de diminuirem ou eliminarem o0s impactos negativos,
causados por escoamento, deriva de vapor e a necessidade de usar concentracfes
mais altas, do acido livre de dicamba no meio ambiente, (COJOCARU et al., 2013)

Por fim, destaca-se que quando um agroquimico vai ser aplicado é preciso
garantir uma dosagem eficiente, reduzida que traga menor impacto possivel pela
permanéncia do composto aplicado ou dos seus produtos de degradacdo, em sua
maioria desconhecidos. Novos pesticidas, com aspectos sustentaveis, podem advir do
repensar da formulacdo de compostos ja disponiveis no mercado; o que na pratica
refere-se @ modificacdo e selecdo de forma solida apropriada para o ingrediente ativo
(JESCHKE, 2018).
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4 RESULTADOS

Essa tese ¢ composta por quatro artigos'* e um manuscrito, resultantes da
perspectiva abordada no topico 3.1 (pag. 19). O primeiro deles, intitulado Structural
comparison of five new halogenated dihydroquinoline- 4(1H)-ones (VAZ et al.,
2020c), publicado no periodico Journal of Molecular Structure, apresenta a
elucidacéo estrutural de cinco dihidroquinolinas halogenadas, bem como a discusséo
sobre o efeito na conformacdo molecular do tipo e posicdo do atomo de halogénio
substituintes nos anéis aromaticos. O empacotamento cristalino das cinco moléculas
é regido principalmente pelas interac6es do tipo C—H---O e C—H---halogénio que
formam dimeros e cadeias. A mudanca de posicdo e o tipo de halogénio no anel C
influenciam na conformacédo dos compostos estudados, sendo que 0 empacotamento
deles é mais suscetivel a variagcbes quando a posi¢do do halogénio muda. Dado que
quinolinas foram anteriormente apontadas com atividade antifungica, a
caracterizacdo estrutural de novas quinolinas e seus analogas € imperativo para 0s
ensaios futuros que confirmem sua efetividade como agentes pesticidas. Este artigo
resulta da minha estadia de 6 meses no grupo da Prof. Allen Grayson Olliver
(University of Notre Dame). Dessa maneira, experimentei os beneficios e os efeitos
de sinergia de uma colaboracéo internacional e recebi um treinamento intensivo em
medicdes de difracdo de raios X em pequenas moléculas. Minha contribuicdo para
este trabalho foi a proposta e estruturacdo do mesmo e o estudo cristalografico.

O segundo artigo, intitulado Dihydroquinoline derivative as a potential
anticancer agent: synthesis, crystal structure, and molecular modeling studies (VAZ
et al., 2020a), publicado no periédico Molecular Diverstiy, apresenta 0 composto
(E)-2-(4-clorofenil)-3-(3-nitrobenzilideno)-1-(fenilsulfonil)-2,3-dihidroquinolin-
4(1H)-ona, referenciado pelo acrdnimo M-CNP, como um potencial agente
anticancer. Essa identificacdo foi obtida através de metodologia in silico onde os
resultados de docagem molecular mostraram uma alta afinidade dos grupos NO: e 4-
clorofenil, bem como dos anéis benzénicos a residuos na enzima aldeido

desidrogenase (ALDH 1A1). Finalmente, testes in vitro foram conduzidos para trés

14 Optou-se por ndo incorporar 0s materiais suplementares nesta tese, no intuito de apresentar um
texto mais enxuto. Entretanto, os mesmos podem ser obtidos na web page dos respectivos artigos.
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linhagens de cancer: VERO (normal human skin keratinocytes), B16F10 (mouse
melanoma), e MDA-MB-231 (metastatic breast adenocarcinoma), confirmando o
M-CNP como um candidato a agente anticancer. Esse estudo indica: o potencial
biolégico da dihidroquinolina; apresenta a qualidade da modelagem envolvida; a
desenvoltura na discussdo do estudo estrutural em pequenas moléculas e, embora o
composto ndo tenha sido estudado para uma aplicacdo agroquimica, esta perspectiva
sera explorada posteriormente em um outro artigo. Nesse trabalho minha
contribuicdo direta foi a sua proposta e estruturacdo, a descricdo cristalografica e o
calculo tedrico das propriedades moleculares.

O terceiro artigo, intitulado Machine learning prediction of the potential
pesticide applicability of three dihydroquinoline derivatives: syntheses, crystal
structures, and physical properties (VAZ et al., 2020b) publicado no periddico
Journal of Molecular Structure, apresenta um modelo de machine learning aplicado
na busca de novos agentes agroquimicos e que levou a sintese de trés
dihidroquinolinas com potencial atividade antiviral (Virus do mosaico do tabaco) e
antifangica (Fusarium oxysporum). Além dos testes in silico sdo apresentados o
estudo estrutural, a caracterizacdo espectroscopica e os célculos de propriedades
eletrbnicas da  (E)-3-(4-clorobenzilideno)-2-(4-etoxifenil)-1-(fenilsulfonil)-2,3-
dihidroquinolin-4(1H)-ona, (E)-2-(4-clorofenil)-3-(3-nitrobenzilideno)-1-
(fenilsulfonil)-2,3-dihidroquinolin-4(1H)-ona e da (E)-3-(4-chlorobenzylidene)-2-(2-
chlorophenyl)-1-(phenylsulfonyl)-2,3-dihydroquinolin-4(1H)-one.  Neste  artigo
intensifiquei minhas experiéncias em anélise estrutural de pequenas moléculas, além
de aplicar os conhecimentos em quimica teérica no entendimento de propriedades
eletronicas dos compostos. Nesse estudo fui responsavel pela proposta e estruturacéo,
pelo estudo cristalografico e pelos célculos tedricos de propriedades eletrénicas.

No quarto artigo, intitulado In silico-driven identification and structural
analysis of nitrodihydroquinolinone pesticide candidates with antifungal activity,
publicado no Journal of Molecular Structure (VAZ et al., 2021), duas moléculas
(isbmeras) apresentaram, através da relacdo quantitativa estrutura/atividade e de
escaneamento virtual, potencial atividade antifingica (Aspergillus niger e Sclerotinia
sclerotiorum). Um desses isdbmeros é a molecula estudada no segundo artigo (pag.
44). A anélise dos mapas de probabilidades gerados para Aspergillus niger mostram

que todos os atomos, com exce¢do do grupo NO: contribuem para a atividade
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antifungica, enquanto para Sclerotinia sclerotiorum os grupos NO2 e carbonil,
juntamente de um anel aromatico sdo os responsaveis pela maior contribuicdo a
atividade. Os testes in vitro (Aspergillus niger) confirmam a predi¢cdo do modelo in
silico, de que os isbmeros apresentam atividade antifingica. Nesse artigo pode-se ver
0 amadurecimento cientifico da proposta dessa tese. Comecou-se com o
entendimento estrutural das dihidroquinolinas, e em seguida seu potencial biolégico
foi testado. Posteriormente os modelos in silico foram aplicados para predicdo de
potencial pesticida e, por fim, nesse artigo, todo esse entendimento foi aplicado e
validado pelos testes in vitro que corroboram a predi¢do teérica. Outro diferencial é
que esse artigo representa uma colaboracdo interna no PPG-RENAC com a
professora Solange Xavier dos Santos e o doutorando Lucas Leonardo da Silva que
foram os responsaveis pelos ensaios citotoxicos. Neste artigo fui responsavel pela
proposta, estruturacdo e pelo estudo cristalografico.

Por fim, numa abordagem estratégica, é realizado a caracterizacao estrutural
do metabolito, produto de degradacdo dos herbicidas ametrina e atrazina. Apesar de
serem estruturalmente diferentes daqueles apresentados, a investigacdo da hidroxi-
atrazina demonstra aspectos importantes para aplicacao sustentavel destes compostos.
Estruturalmente eles se apresentam na forma zwitteriénica'® de sua configuragéo
tautomérica'® (ceto-enol). Isso permite inferir uma alta mobilidade quando presente
no solo, além de uma alta estabilidade, o que pode explicar a persisténcia destes

herbicidas no ambiente.

15 Um zwitterion é um composto quimicamente neutro, embora seja composto por um par de fons,
onde o cation e o anion estdo covalentemente ligados, é conhecido por ser um tipo de sal (OHNO;
YOSHIZAWA-FUJITA; KOHNO, 2018).

16 Tautomeria é um fendmeno que ocorre quando duas moléculas sdo diretamente interconvertiveis
por causa da mobilidade de um atomo de hidrogénio, que pode se mover de uma posi¢do para outra na
molécula com o rearranjo de uma ligacdo dupla. Um exemplo comum disso é o tautomerismo ceto-
enol, pelo qual um atomo de hidrogénio ligado ao &tomo de carbono de um composto de carbonila se
move para 0 atomo de oxigénio carbonila. Os tautdmeros existem em equilibrio no estado liquido ou
em solugdo, mas ndo no estado sélido, e a posicdo de equilibrio para o tautomerismo depende da
estrutura molecular (BENFENATI et al., 2007).
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Fluorine position and the kind of the halogen in ring C shows a starring role in the conformation of the studied

Crystal structure compounds, and the packaging of these compounds is more susceptible to variations when the halogen

position changes.
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1. Introduction

Quinolines are a class of N-heterocyclic compounds, also known
as benzopyridines, obtained both from natural and synthetic
sources. They have attracted great attention in the scientific com-
munity being used in several industrial processes, becoming
increasingly important in the development of medicines, pesticides
and also due to their notable biological activities [1—3]. Among the
compounds of this class, we are interested in those with the
dihydroquinoline-4(1H)-one moiety; in this way, the recent studies
conducted by our research group involve structural elucidation
[4—6], anti-cancer properties [7,8] and their potential application as
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pesticides [9]. Also, other groups have explored the cytotoxic
properties of this class [10—13] and as potential Middle East res-
piratory syndrome coronavirus (MERS-CoV) inhibitors [14].

The biological activity of a substance is dominated by its prop-
erties, which are determined by its chemical structure. Structural
elucidation is essential since it allows understanding and proposing
explanations for the mechanisms of action at the molecular level,
helping to design and develop new materials with desirable bio-
logical properties [15,16]. A search in the CSD version 5.41
(November 2019) database showed 132 reported structures with
the dihydroquinoline-4(1H)-one nucleus. Furthermore, given the
biological potential of these molecules, a need to enlarge elucidated
structures of this class will contribute to the applications of dihy-
droquinoline-4(1H)-ones.

Thus, in this paper, we investigate and report a comprehensive
single-crystal analysis of five halogenated dihydroquinoline-4(1H)-
ones, namely (E)-3-(2-chlorobenzylidene)-2-(2-chlorophenyl)-1-
(phenylsulfonyl)-2,3-dihydroquinolin-4(1H)-one  (I), (E)-3-(2-
chlorobenzylidene)-2-(4-chlorophenyl)-1-(phenylsulfonyl)-2,3-
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dihydroquinolin-4(1H)-one  (Il), (E)-2-(2-bromophenyl)-3-(2-
chlorobenzylidene)-1-(phenylsulfonyl)-2,3-dihydroquinolin-
4(1H)-one (IIl), (E)-2-(2-chlorophenyl)-3-(2-fluorobenzylidene)-1-
(phenylsulfonyl)-2,3-dihydroquinolin-4(1H)-one (IV) and (E)-2-(2-
bromophenyl)-3-(2-fluorobenzylidene)-1-(phenylsulfonyl)-2,3-
dihydroquinolin-4(1H)-one (V). The title compounds were divided
into two groups: chlorinated and fluorinated; and their molecular
geometry, intermolecular interactions and crystal packing were all
analyzed and discussed in terms of the effect of halogen substitu-
tion in their scaffold.

2. Experimental
2.1. Synthesis and crystallization

Compounds I to V were obtained from sulfonamide chalcones
reacted with benzaldehydes in an alkaline reaction environment
for 24 h (Scheme 1). The subsequent precipitates were purified by
slow recrystallization from dichloromethane and ethanol (4:1),
after drying at room temperature.

Nuclear magnetic resonance (NMR) spectra were acquired on a
Bruker Avance III 500 spectrometer (Rheinstetten, Germany)
operating at 11.75 T with a 5 mm inverse detection three-channel
('H, ?H and X-nucleus) BBI probe. The samples (ca. 10 mg) were
dissolved in 600 pL of deuterated dimethylsulfoxide (DMSO-dg),
containing tetramethylsilane (TMS) as the internal standard. The
unambiguous signal assignment was achieved by correlation
spectroscopy (COSY), heteronuclear multiple bond correlation
(HMBC), heteronuclear single quantum correlation (HSQC), and
DEPT-135 experiments, in addition to 'H and '3C analyses (Table 1).

2.2. Crystallographic characterization

Appropriate single crystals of compounds I, II, III, IV and V were
carefully chosen. They were mounted in a Bruker APEX II CCD
diffractometer with graphite-monochromated Mo-Ko radiation
(A=0.71073 A), and data were measured at 120 K. Using Olex2 [17],
the structure solutions were determined by Direct Methods with
SHELXS [18] and refined by full-matrix least-squares on F* with
SHELXL [19]. All the hydrogen atoms were placed in calculated
positions and refined with fixed individual displacement parame-
ters [Uiso(H) = 1.2Ueq (C) or 1.5Ueq (C)] according to the riding
model (C—H bonds equal 0.93 A for aromatic). Ring D in IlIb was
found to be disordered and modeled over two equal occupancy
positions. Lastly, the validation of chemical parameters were made
using PARST [20] and PLATON [21]. Data collection and structure
refinement details are summarized in Table 2. The structures I to V
were deposited in the Cambridge Crystallographic Data Centre

F
\_R' + w |
F

NH

S0,

I:R;=0-CL; R, =0-Cl
IV :R, =0-C; R, =0-F

II':R, = p-CL; R, = 0-Cl
V:Ry;=0-Br;R,=0-F

(CCDC) with the code number 1994320, 1994319, 1994318, 1994317,
and 1994316, respectively.

3. Results and discussion
3.1. Spectroscopy characterization

Complete assignment of the signals of 'H and 13C NMR spectra
are presented in Table 1 and the infrared spectra are available in the
Support Information. The most deshielded carbon signal, near ¢ 181
and assigned to carbonyl carbon (C3), was a good starting point to
confirm the proposed structure and NMR signal assignments. The
strong correlations with C3 in the HMBC experiment (3Jcy) allowed
the identification of hydrogens H8, H5, H10 and H1 (Fig. S1). Also,
the correlations of these hydrogens with their respective carbons,
by HSQC experiment (!Jcy), enabled the assignment of the carbons
C10 and C1 (Fig. S2). H10 signal is a broad singlet (Fig. S3) since it
presented long-range scalar coupling with the other hydrogens of
the benzylidene group. Cross peaks with C1 and H1 in the HMBC
spectrum provided information for C22 and C18 assignments
(Fig. S1). C9 was identified by its strong correlations with H1, H5,
and H7, and weak correlation with H8 (Fig. S1). H16 (and H12 when
present) was assigned based on 3Jcy with C10 in HMBC.

The multiplet signal near to 6 7.1 in the 'H NMR spectrum was
assigned to H24/28, since it had an integration of 2 in all the
structures and presented Jcy and 3Jcy correlations only with the
carbons C24/28 and C26, respectively. H25/27 was assigned by a
cross peak with H24/28 signal in the COSY experiment (Fig. S4), and
their HSQC correlation allowed C25/27 assignment as the carbon
signal near to 6 129. H26 and C26 correlation were observed in
HSQC and this correlation was supported by correlation with H25/
27 in the COSY experiment (Fig. S4). H25/27 shared a strong HMBC
cross peak with a carbon signal close to ¢ 135, assigned as C23. C4
and C23 were differentiated by DEPT-135, in the same way as other
quaternary carbons close to tertiary carbons. Thus, all the atoms of
the phenyl ring attached to the sulfonamide group were assigned.

The 3Jcy correlations of H10 and H1 were good entry points for
the assignments of the rings B and C signals (C11 to C22). In
structures IV and V, the presence of fluorine made the assignments
of ring C easier because the neighboring fluorine carbons
(Yer ~ 250 Hz; %Jc ~ 22 Hz; 3Jcp ~ 9 Hz; %Jcr ~ 4 Hz) were observed as
doublets, due to coupling between C and F. The hydrogen H16 was
assigned by cross peaks observed in HMBC experiment, especially
the correlation with C10. The signal for C22 was observed near to
6 123.6 for compounds III and V, which was markedly shielded
when compared to I and IV (near to ¢ 143.3). This shielding was due
to the attached bromine on the former two compounds and chlo-
rine on the latter two compounds. This kind of strategy allowed a

II:R; =0-Br; R, =0-Cl

Scheme 1. Synthesis of compounds I to V.
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No. of measured, independent and observed
[I > 2a(I)] reflections

Rint
(sin 0/Mmax (A1)

R[F? > 20(F?)], wR(F?), S

No. of reflections
No. of parameters
Apmaxs APmin (€ A73)

35818, 9758, 6875

0.045

0.627

0.038, 0.089, 1.00
9758

631

0.36, —0.42

36054, 5954, 5242

0.019

0.668

0.031, 0.085, 1.04
5954

316

0.39, —0.38

54875, 11976, 9107

0.037

0.668

0.043, 0.101, 1.04
11976

661

1.13, -2.61

68765, 16965, 12459

0.046

0.644

0.040, 0.096, 1.03
16965

946

0.33, -0.36

Table 1
'H NMR spectral data assignments for the compounds I, IL, III, IV and V in DMSO-ds.
Compound [ Il I v \%
Atom 1y 13¢ 1y 13¢ 1y 13¢ 1y 13¢ 1y 13¢
C1 6.81 (m) 58.4 6.52 (m) 58.9 6.81 (s) 60.6 6.79 (m) 58.6 6.73 (s) 60.7
C2 - 132.1 - 1313 - 1323 - 132.1 - 130.0
c3 — 181.2 - 181.1 - 181.2 - 181.2 — 181.1
c4 - 129.3 - 1274 - 129.6 - 129.3 - 129.2
C5 7.80 (ddd, 7.6; 127.7 7.80 (ddd, 7.6; 127.8 7.78 (ddd, 7.6; 127.6 7.82 (ddd, 7.7; 127.6 7.80 (dd, 7.6; 1273
1.6; 0.5) 1.6; 0.5) 1.6; 0.5) 1.7; 04) 1.4)
C6 7.45 (ddd, 7.6; 128.5 7.42 (m) 127.8 7.39 (ddd, 7.6; 128.2 7.46 (m) 128.5 7.45 (ddd, 7.6; 128.5
7.6; 1.1) 7.6; 1.1) 7.6; 1.0)
Cc7 7.65 (ddd, 7.6; 1353 7.70 (m) 1354 7.65 (ddd, 7.6; 1353 7.65 (m) 135.2 7.65 (m) 135.2
7.6; 1.6) 7.6; 1.6)
c8 7.41 (m) 128.1 7.65 (m) 1274 7.37 (ddd, 7.6; 127.7 7.39 (m) 1284 7.37 (dd, 8.2; 128.6
1.1; 0.5) 1.0)
c9 — 138.1 — 138.1 — 138.1 — 138.1 — 138.0
C10 7.88 (m) 136.2 7.88 (m) 136.1 7.88 (m) 136.2 7.67 (m) 1324 7.68 (m) 1324
C11 - 131.1 - 130.8 - 131.2 - 121.0 - 121.0
C12 — 1345 — 1349 — 1345 — 160.7 — 160.5
C13 7.73 (dd, 8.0; 130.5 7.72 (dd, 8.0; 130.6 7.73 (dd, 8.0; 130.5 7.45 (m) 116.5 7.46 (dd, 7.6; 116.5
1.2) 1.4) 1.1) 1.1)
C14 7.54 (m) 132.1 7.56 (ddd, 8.0; 132.2 7.54 (ddd, 8.0; 132.1 6.85 (td, 7.7; 129.1 6.85 (dd, 7.6; 129.2
7.70; 1.6) 7.6; 1.1) 1.7) 7.6; 1.5)
C15 7.35 (m) 127.6 7.40 (m) 127.8 7.44 (ddd, 7.8; 128.5 7.28 (td, 7.7; 125.0 7.28 (ddd, 7.6; 125.1
7.6; 1.1) 1.2) 7.6; 1.1)
C16 6.72 (dd, 7.9; 1289 7.00 (dd, 7.9; 128.8 6.72 (dd, 7.8; 1289 7.60 (m) 133.1 7.60 (m) 133.1
1.5) 1.6) 1.7)
C17 - 135.0 - 136.3 - 136.3 - 134.7 - 135.8
C18 6.79 (dd, 7.9; 129.8 7.35 (m) 1289 6.77 (dd, 7.7; 130.1 6.76 (dd, 7.7; 129.7 6.75 (dd, 7.7; 130.1
1.5) 1.5) 1.6) 1.5)
C19 7.14 (m) 127.5 7.42 (m) 129.5 7.17 (td, 7.7; 128.0 7.12 (td, 7.7; 127.4 7.15 (td, 7.7; 127.9
1.5) 1.4) 1.5)
C20 7.35(m) 130.8 - 1334 7.25(ddd, 7.9; 131.0 7.33(td, 7.7; 130.8 7.23 (ddd, 7.9; 1309
7.7, 1.5) 1.6) 7.7; 1.5)
C21 7.60 (dd, 7.9; 131.0 7.42 (m) 129.5 7.77 (dd, 7.9; 134.5 7.60 (m) 131.0 7.76 (dd, 7.9; 134.6
1.2) 1.2) 1.2)
C22 - 1333 7.35 (m) 128.9 - 123.6 - 1334 - 123.7
C23 - 135.6 - 136.0 - 1354 - 135.6 - 135.5
C24 7.13 (m) 127.4 7.16 (m) 126.6 7.13 (m) 127.6 7.05 (m) 127.7 7.04 (m) 127.5
C25 7.41 (m) 129.2 7.42 (m) 129.3 7.40 (m) 129.1 7.39 (m) 129.0 7.38 (m) 129.0
C26 7.64 (m) 134.0 7.66 (m) 1341 7.63 (m) 134.0 7.66 (m) 134.1 7.65 (m) 1341
27 7.41 (m) 129.2 7.42 (m) 129.3 7.40 (m) 129.1 7.39 (m) 129.0 7.38 (m) 129.0
C28 7.13 (m) 1274 7.16 (m) 126.6 7.13 (m) 127.6 7.05 (m) 127.7 7.04 (m) 127.5
Table 2
Crystallographic and refinement details for I, II, IIL, IV and V.
I I 11§ 1\Y A"
Chemical formula C28H19C12N035 C28H19C12N03S ngH]gBl‘ClNO3S ngH]gClFNO3S C23H19BFFNO3S
M; 520.40 520.40 564.86 503.95 548.41
Crystal system, space group Triclinic, P-1 Monoclinic, P24/n Triclinic, P-1 Triclinic, P-1 Monoclinic, P24/c
Temperature (K) 120 120 120 120 120
a, b, c(A) 8.0771 (2), 16.4324 (5), 9.8048 (4), 14.2198 (6), 8.0141 (3), 16.6545 (7), 7.9709 (11), 21.980 (3), 29.026 (5), 16.304 (3),
19.2435 (6) 17.2824 (7) 19.3781 (8) 24.471 (3) 15.322 (2)
a, B,y (°) 109.114 (2), 94.537 (1), 90, 108.605 (1), 95.549 (1), 63.784 (2), 81.456 (2), 90,
97.435 (1) 95.552 (1), 97.078 (1) 82.227 (2) 95.775 (3),
920 90
v (A%) 2372.81(12) 2398.25 (17) 2407.00 (17) 3791.9 (9) 7214 (2)
z 4 4 4 6 12
u (mm™1) 0.39 0.39 1.94 0.27 1.84
Crystal size (mm) 0.17 x 0.17 x 0.09 0.37 x 0.30 x 0.27 0.19 x 0.18 x 0.14 0.19 x 0.14 x 0.08 0.17 x 0.17 x 0.16
Tmin» Tmax 0.675, 0.745 0.683, 0.712 0.594, 0.641 0.951, 0.978 0.940, 0.984

194960, 18117, 13854

0.064

0.670

0.043, 0.100, 1.04
18117

946

1.90, —0.84
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5C7

(b)

Fig. 1. The two independent molecules of I showing the atom-labeling scheme: (a) molecule Ia, (b) molecule Ib. To clarify, in (b) the labeling scheme shows only non-carbon atoms.
The labeling scheme for C atoms in (b) follows the same way as presented in (a). Displacement ellipsoids are drawn at the 50% probability level and H atoms have been omitted.

Table 3
Torsion angles and least-square planes of aromatic rings of I, II, and IIL
Molecule b1 b2 b3 Z/AB
la —146.9(3) 145.9(2) 87.46(16) 54.40(7)
Ib —147.4(2) 168.88(19) 77.35(16) 62.55(7)
1l 137.5(2) 167.77(12) —84.58(13) 60.12(4)
Illa —148.9(3) 164.83(2) —104.43(2) 61.00(9)
1Ib -147.7(3) 147.28(2) —87.85(4) 55.62(9)

¢ = (2—C10-C11-C12; ¢, = C2—C1-C17-C22; ¢p3 = N1-S1-C23-C28.

complete assignment of the 'H and '3C nuclei (see S.1.), and agrees
with our previous report [22].

3.2. Crystallographic characterization

3.2.1. Chlorine dihydroquinolinones

Compound I belongs to the class of dihydroquinolinones having
three substituents groups in its motif. A sulfonylbenzene group
attached to N atom; an ortho-chlorobenzene attached to C1 atom
and a chloro-2-vinylbenze attached to C2 atom (Scheme 1). Com-
pound I crystallizes in the triclinic system (P1) with two indepen-
dent molecules in the asymmetric unit (ASU), labeled as Ia and Ib
(Fig. 1). To clarify, in this paper we chose arbitrarily all the mole-
cules within the ASU have R configuration about the stereogenic
center. To understand the geometrical differences between these
molecules their structures have been overlaid using the atoms C1,
C3, and C5 as anchor points (Fig. S48). The primary variances noted
within these structures are related to the orientations of rings B, C
and D with respect to the A ring (defined on Table 3). These vari-
ances were measured using the following parameters: the torsion
angles: C2—C10—C11-C12 (¢1), C2—C1-C17-C22 (¢2) and
N1-S1-C23—C28 (¢$3), and the dihedral angle between the planes
formed by ring A and ring B ( £ AB) (Table 3).

The «AB dihedral angle is ca 8° larger in Ib than in Ia,
evidencing that the rings in these two molecules have different
orientation. This characteristic is also observed in other crystal
structures of dihydroquinolinones derivatives [23—25]. Except for
compound II, these characteristics are the same for all compounds
studied here. The orientation of ring B (¢ 1), could be considered the
same in la and Ib, it assumes an anti-clinal orientation. Further-
more, the values of ¢$2 show that ring C assumes an anti-clinal and
an anti-periplanar orientation in Ia and Ib, respectively, with a dif-
ference of 23°. Finally, ¢$3 shows a syn-clinal orientation of ring D

Fig. 2. The molecular structure of Il showing the atom-labeling scheme. Displacement
ellipsoids are drawn at the 50% probability level and H atoms have been omitted.

with a difference of ca 10° between the two molecules.
Compound II, (Fig. 2), is a positional isomer of I, having a chloro-
4-vinylbenzene attached to C2 atom (Scheme 1). It is the structure
with 2 AB angle smaller than Ib and larger than Ia. In its molecular
structure, unlike Ia, ¢; shows that ring B assumes an anti-clinal
orientation. The change of position of the chlorine atom causes a
significant geometric change concerning compounds I and III. In II
the rings C and D are oppositely oriented compared with the same
rings in the other compounds studied here. The values of ¢2 indi-
cate similarity in the molecular set and can be divided into two
groups, one containing the molecules Ib, II and IlIla and the other
containing the molecules Ia and IllIb. In compound II, $2 and ¢3
assume anti-periplanar and a syn-clinal orientations, respectively.
Compound III differs from I only in the presence of the bromo-
2-vinylbenzene bonded to the C2 atom (Scheme 1). The two in-
dependent molecules in the ASU were labeled as Illa and IIlb
(Fig. 3). The overlay of these structures indicates a difference of 14°
in £ AB angle for Illa and IIb (Fig. S49). When compounds I, II and
III are compared ( £ AB angle), it is possible to distinguish two sets
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()

(b)

Fig. 3. The two independent molecules of compound III, showing the atom-labeling scheme: (a) molecule Illa, (b) molecule Illb. To clarify, in (b) the labeling scheme shows only
non-carbon atoms. The labeling scheme for C atoms in (b) follows the same way as presented in (a). Displacement ellipsoids are drawn at the 50% probability level and H atoms have

been omitted.

Table 4
Hydrogen-bond geometry (A, °) of I, Il and IIL
D—H---A D—H H---A D---A D—H---A
_ I
C14-H14---02A" 0.95 246 3.374 (3) 162
C8A—HBA---03" 0.95 236 3.138 (3) 138
C13A—H13A---02' 0.95 238 3.326 (3) 175
C27A—H27A- --03A1 0.95 250 3.175 (3) 128
n
C6—H6---02ii 0.95 2.44 3.3531 (16) 160
m
(8—H8:--03A" 0.95 240 3.161 (3) 137
C13—H13---02A" 0.95 2.31 3.245 (3) 169
C21-H21---01A" 0.95 255 3.458 (4) 159
C25-H25---03' 0.95 2.50 3.305 (3) 142
C14A—H144---02V 0.95 246 3.385(3) 165
C19-H19---Br1it 0.95 2.82 3.626 (3) 143

Symmetry codes: (i) —x+1, —y+1, —z+1; (ii) —x+1, -y, —z+1; (iii) x+1, y, z;
(iv) =x+1, =y+2, —z+1; (V) X, y, z+1.

IlIa molecules. The decreasing of ~AB angle value regarding
chlorine dihydroquinolinones is Ia, IlIb, II, IlIa, and Ib (Table 3).
There is no significant difference between ¢1 in the molecules of
compounds I and III, but this torsion in Il is, ca 10° less twisted. The
values of ¢$2 show that ring C assumes an anti-periplanar orienta-
tion in Illa while in IlIb it is anti-clinal with a difference of ca 17°. $2
values are similar for Ib, II and Illa and being ca 20° smaller for Ia
and IlIb. The orientation of ring D (¢3) in Illa is anti-clinal while in
IIIb is syn-clinal with a difference ca 17°.

The crystal structure of these chlorine dihydroquinolinones is
stabilized by C—H---O and C—H- - - halogen hydrogen bonds listed in
Table 4. Although these interactions are weak, we are interested in
how they affect the packing and if the different substituents on ring
C lead to different arrangements. In the molecular packing in the
unit cell of compound I, two Ib molecules are involved in
C27A—H27A---03A interactions leading to the formation of a
R3(12) dimer along the b axis. Meanwhile, one Ia molecule links to

Fig. 4. A partial packing view of I showing the dimer formed by C27A—H27A---03A interaction (1), and the discrete contacts CSA—H8A---03 (2), C13A—H13A---02 (3), and

C14—H14---02A (4). For clarity, H atoms not involved in the motif have been omitted.

with similar values: first with IlIb and Ia, and second with Ib, II, and

these dimer, along the c axis, through three D}(2) discrete contacts
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Fig. 5. A partial packing view of II showing the chains formed by C6—H6---02 interaction. For clarity, H atoms not involved in the motif have been omitted.

(b)

Fig. 6. A partial packing view of IIl, showing the dimer and the chain formed by C25—H25---03 and C19—H19---Br1 interactions, respectively (a). The discrete contacts
C13—H13:--02A (1), C14A—H14A---02 (2), C8—H8---03A (3), and C21—H21---0O1A (4) join molecules of Illa and IIb in the packing (b); the motif in (a) is presented in (b) in light
grey to better visualization. For clarity, H atoms not involved in interactions have been omitted.

(b) ©

Fig. 7. The three independent molecules of IV showing the atom-labeling scheme: (a) molecule IVa, (b) molecule IVb, and (c) molecule IVc. To clarify, in (b) and (c) the labeling
scheme shows only non-carbon atoms. The labeling scheme for C atoms in (b) and (c) follow the same way as presented in (a). Displacement ellipsoids are drawn at the 50%

probability level and H atoms have been omitted.

[26],: CBA—HBA---03, C13A—H13A---02, C14—H14---02A (Fig. 4).

Because this is a discrete, localized contact, there is no propa-
gation to an extended structure through this contact. The molecular
packing of compound II is not as varied as that of compound I. This
arrangement can be described as C} (8) chains that extend along the
a axis by molecules that are associated through a C6—H6---02
interaction (Fig. 5). The molecular packing of compound III seems

remarkably similar to compound I. The differences indicate the
carbonyl groups are not related to interactions in the packing of
compound I. Two molecules of Illa are arranged by C25—H25---03
interaction as a R%(IZ) dimer along the b axis, and by
C19—H19---Br1 interaction as a Cll (6) chain along the a axis. The
molecules of IIIb are connected to this arrangement by discrete
contacts: C13—H13:--02A, C14—H14A - - -02, and C—H8:--03A along
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Table 5
Torsion angles and least-square planes of aromatic rings of IV and V.
Molecule ol 0P b3 £/ AB
IVa ~141.7(2) 169.45(17) 91.06(19) 58.77
Vb ~153.9(2) 150.24(17) 72.24(16) 4930
Ve ~150.1(2) ~178.22(16) 75.28(16) 59.71
Va ~157.7(3) 175.3(2) 78.1(2) 4453
Vb ~144.4(3) 173.7(2) 72.1(2) 62.80
Ve -149.7(3) 161.1(2) 82.7(2) 52.79

The molecular packing in the unit cell of compound IV and V is
stabilized by C—H---O and C—H---halogen hydrogen bonds
(Table 6). In compound IV, the contacts C5B—H5B---O3B,
C18A—H18A---02A, and C19A —H19A- - -C11A form C} (7) and C} (6)
chains along the a axis. Molecules of IVa are linked through
C26B—H26B---03 and C15—H15---O3A interactions, leading to
crystal packing along the b axis (Fig. 9a). These motifs (molecules of
IVb and 1IVc) are attached by the discrete contacts:
C14A—H14A---02B, C14B—H14B---02A, C27A—H27A---01, and

Fig. 8. The three independent molecules of compound V, showing the atom-labeling scheme: (a) molecule Va, (b) molecule Vb, and (c) molecule Vc. To clarify, in (b) and (c) the
labeling scheme shows only non-carbon atoms. The labeling scheme for C atoms in (b) and (c) follow the same way as presented in (a). Displacement ellipsoids are drawn at the 50%

probability level and H atoms have been omitted.

to the b axis, while the C21—H21---O1A interaction grows the
packing along to the c axis. (Fig. 6).

3.2.2. Fluorine dihydroquinolinones

Compound IV has an ortho-chlorobenzene attached to C1 atom
and a fluoro-2-vinylbenzene attached to the C2 atom (Scheme 1).
The three independent molecules in ASU were labeled as IVa, IVb
and IVc (Fig. 7). As listed in Table 5, these three structures present a
variation of 10° in their ~AB angle being the descending order
equal to IVb, IVa, and IVc (Fig. S50). The torsion related to ring B
(¢1) is syn-clinal oriented for IVb and IVc, and anti-clinal oriented
for IVa, with a variation of ca 12° between them. The values for ¢»
show that ring C has more mobility than ring B, with a ca 28° of
variation in this torsion. The orientation of ring D (¢$3) varies ca 19°,
in IVa it is almost perpendicular to SO, group while in IVb and IVc it
is almost parallel to 02a and O2b atoms, respectively.

Compound V is like compound IV but has an ortho-bromo-
benzene attached to C1 atom. The three independent molecules in
the ASU were labeled as Va, Vb and Vc (Fig. 8). These molecules
present a variation of 18° in their « AB angle being the descending
order equal to Va, Vc and Vb (Fig. S51). When £ AB angle values for
all fluorine dihydroquinolinones are compared, it is observed a
decreasing order Va, IVb, V¢, IVa, IVc, and Vb (Table 5). Just like for
chlorine dihydroquinolinones, it is not possible to figure out a clear
correlation between the substitution of halogens and the AB ring
orientation of these fluorine dihydroquinolinones. The torsion ¢1 is
anti-periplanar oriented in Va while in Vb and Vc it is anti-clinal.
The values of ¢, show that ring C assumes an anti-periplanar
orientation in all molecules of compound V with a difference of ca
14°. The torsion ¢3 shows ring D in syn-clinal orientation in all
molecules of compound V, with a change of ca 10°. These values,
when compared with compound IV, shows it having more mobility
in the molecule of IVa, being ca 9° larger than in Vc.

Table 6
Hydrogen-bond geometry (A, °) for compounds IV and V.
D—H---A D—H H---A D---A D—H---A
v
C5B—H5B:--03B! 0.95 2.48 3.104 (2) 123
C14A—H14A. - -02B" 0.95 2.47 3.378 (3) 161
C14B—H14B---02Af 0.95 2.58 3.518 (3) 168
C15—H15---03A" 0.95 2.57 3.463 (3) 156
C18A—H18A- --02AY 0.95 2.57 3.289 (2) 133
C26B—H26B---03 0.95 2.60 3.326 (2) 134
C27A—H27A---01Y 0.95 256 3238 (2) 129
C19A—H19A- - -Cl1AY 0.95 2.71 3437 (3) 155
\'
C7A—H7A---0O1B 0.95 2.59 3.474 (3) 155
C8A—HS8A- - -F1B 0.95 2.54 3.381(3) 147
C18A—H18A- --02A" 0.95 256 3.283 (3) 133
C18—H18---02"ii 095 2.60 3256 (2) 131
C26A—H26A- --01BV 0.95 2.39 3.335 (3) 171
C14B—H14B---02 0.95 238 3.257 (3) 154
C18B—H18B---02B8™* 0.95 244 3.261(3) 145
C24A—H24A. - -01A%F 0.95 2.62 3.346 (4) 133
C26—H26---01* 0.95 247 3.256 (4) 140
C27B—H27B---01A" 0.95 249 3.357 (3) 152
C27-H27---F1% 0.95 252 3342 (3) 144

Symmetry codes: (i) x+1, y, z; (ii) x+1, y—1, z; (iii) x-1, y+1, z; (iv) x-1, y, z;
(V) =x+1, =y+1, —z; (Vi) x,-y+3/2,+z+1/2; (vii) x,-y+3/2,+2-1/2; (viii) -x+1,-y+1,-
z+2; (iX) X,-y+1/2,42+1/2; (X) -X,-y+2,-z+1.

C14B—H14B---02A leading the packing to grow along to c axis
(Fig. 9b).

In the crystal packing of compound V, two molecule of Va are
arranged as dimers through C26-H26---01, R%(22), and
C27—H27---F1, R3(24), interactions. C14B—H14B---02 interaction
attaches those dimers. Along to a axis there is a molecular pair
formed by the following interactions: C8A—HS8A---F1B and
C7A—H7A---01B (Fig. 10). The interaction C18—H18---02, and
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Fig. 9. A partial packing view of IV showing (a) the two chains formed by C18A—H18A ---02A (1) and C19A —H19A. - -Cl1A (2), and C5—H5B---03B (3) interactions. In addition, the
interactions C15—H15---O3A (4) and C26B—H26B---03 (5) responsible to connect molecules of IVa to the chains. In (b) are shown the discrete contacts C14A—H14A---02B (6),
C14B—H14B---02A (7), C27A—H27A- - -01 (8), C14B—H14B---02A (9), responsible for grow the packing along the c axis. The motif represented in (a), is presented in light grey. For

clarity, H atoms not involved in the motif have been omitted.

Fig.10. A partial packing view of V showing the dimer and molecular pair in light grey,
interactions C26—H26---01 (1), C27-H27---F1 (2), C14B—H14B---02 (3),
C8A—HB8A- - -F1B (4), nC7A—H7A- - -01B (5). The chains formed by C18—H18---02 (6)
(grey); C18A—HI18A---02A (7) and C24A—H24A.---O1A (8) (dark grey); and
C18B—H18B---02B (11) (light blue). The interactions C27B—H27B---O1A (9) and
C26A—H26A- - -01b (10) are discrete and connect two chains. For clarity, H atoms not
involved in the motif have been omitted.

C18A—H18A---02A create two independent C](7) chains while
C24A—H24A- - -O1A create a C] (9) chain, along to ¢ axis. In the
same orientation to these chains there is one more C] (7) arrange-
ment formed by C18B—H18B---02B interaction. This chain connects
to others along to a axis, via C26A—H26A---01B and
C27B—H27B---01A interactions (Fig. 10).

4. Final remarks

In this paper we briefly presented a comparison between
chlorine and fluorine dihydroquinolinones. Due to the molecular
similarities, we discuss the comparison of compounds I and IV, and
compounds III and V. Concerning I and IV, the difference is in the
halogen at the ortho position of ring B, chlorine, and fluorine,
respectively. The decreasing order of ~ AB angle is IVb, Ia, IVa, IVc
and Ib. The torsion ¢; in I shows a smaller variation when
compared to compound IV, ca. 0.3° and 12°, respectively. Regarding

torsion ¢, both compounds present similar values (23° for I and 19°
for IV). The torsion angle ¢3 in IV is larger than I (10° and 19°,
respectively). Regarding molecular packing, the chlorine compound
forms C} (7) and C} (6) chains, while the fluorine compound forms
C} (7) chains. All those chains grow along the a axis. Finally, discrete
contacts join these chains along the b and c axis.

In contrast, compounds III and V differ in the halogen in the
ortho position of ring B, chlorine, and fluorine, respectively. In terms
of « AB values, the decreasing order is Va, Vc, IllIb, Illa, and Vb. The
torsion ¢1 in III is smaller than V (1° and 13°, respectively).
Regarding the torsion ¢, both compounds present similar values
(17° in Il and 14° in V). Moreover, the torsion ¢3 to Il is larger than
V (17° and 10°, respectively). These small alterations occur likely
due to the change in radius of the halogen atoms. In terms of mo-
lecular packing both compounds have R3(12) dimers but in Il it is
related to SO, group while in the compound V it is related to the
carbonyl group. In compound III these dimers are arranged along
the c axis while in compound V they are along the b axis. Also, the
molecular packing in V present two Cl(7) and one C}(9) chain
along the c axis. All those observations show that the change in
position and kind of halogen atom attached in ring C play a sig-
nificant role in the conformation of the studied compounds. On the
other hand, the packing of these compounds is more susceptible to
variations when the substituent position changes.
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Abstract

Cancer is one of the leading causes of death worldwide and requires intense and growing research investments from the
public and private sectors. This is expected to lead to the development of new medicines. A determining factor in this pro-
cess is the structural understanding of molecules with potential anticancer properties. Since the major compounds used in
cancer therapies fail to encompass every spectrum of this disease, there is a clear need to research new molecules for this
purpose. As it follows, we have studied the class of quinolinones that seem effective for such therapy. This paper describes
the structural elucidation of a novel dihydroquinoline by single-crystal X-ray diffraction and spectroscopy characterization.
Topology studies were carried through Hirshfeld surfaces analysis and molecular electrostatic potential map; electronic
stability was evaluated from the calculated energy of frontier molecular orbitals. Additionally, in silico studies by molecular
docking indicated that this dihydroquinoline could act as an anticancer agent due to their higher binding affinity with human
aldehyde dehydrogenase 1A1 (ALDH 1A1). Tests in vitro were performed for VERO (normal human skin keratinocytes),
B16F10 (mouse melanoma), and MDA-MB-231 (metastatic breast adenocarcinoma), and the results certified that compound
as a potential anticancer agent.

Graphic abstract
A Dihydroquinoline derivative was tested against three cancer cell lines and the results attest that compound as potential
anticancer agent.

Keywords X-ray diffraction - Molecular docking - ADMET properties - Hirshfeld surface - Anticancer activity
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Compounds derived from the fusion of two molecules act-
ing independently can increase the pharmacological effec-
tiveness, comparing to the sum of each individual moiety’s
potencies. These compounds can involve various functional
parts, including small molecules or biomolecules, acting
either simultaneously or sequentially [1]. In this paper, our
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purpose was to study a novel hybrid compound composed
by chalcone, sulfonamide, and quinolinone moieties. Chemi-
cally, chalcones provide a backbone with two aromatic
rings linked by both carbonyl and olefin portions, being this
molecular structure responsible by their biological poten-
tial [2-5]. In contrast, benzene sulfonamides (here called
merely by sulfonamides) are compounds that contain the
functional group -SO,NH,. The biological activities of these
compounds are determined by changes in the aromatic ring
[6-8]. In addition, the quinolines represent a leading class
of alkaloids which contain a heteroatom in an aromatic ring,
present in natural biologically active products [9].

It is well known that these compound classes play an
important role in the field of pharmacological science. For
example, a wide range of applications is assigned to chal-
cones, like inhibitors of glutathione S-transferase, potential
as photo-luminescent material, besides being useful in the
treatment of some cancer cells and hyperglycemia [9-14].
Not so far, sulfonamides have been available in many clini-
cally used drugs, like diuretics (furosemide, indapamide,
chlorthalidone, thiazides); carbonic anhydrase (CA) inhibi-
tors (CAls)—such as acetazolamide, dichlorphenamide, dor-
zolamide, and brinzolamide and antiepileptics (zonisamide
and sulthiame) [12—14]. Quinolines also are very important
heterocyclic compounds for they display interesting physio-
logical and pharmacological activities. They are highlighted
as cytotoxic agents as well as doxorubicin, against tumor and
leukemic cells [14]. Regarding the latter, myeloid leukemia,
the quinolinones have specific action inhibiting the tyrosine
kinase 3 (FLT3) [15].

Although the chemistry of chalcones, sulfonamides,
and quinolinones is well discussed in the literature, not so
many data are found when these classes are fused to hybrid
compounds. Recently, a series of compounds containing
sulfonamide and chalcone derivatives were synthesized and
tested in vitro against human liver cancer [16]. Based on this
perspective, molecules that contain sulfonamide, quinoline,

and chalcone moieties could lead to the new hybrid archi-
tectures with improved biological profiles. Therefore, this
study aimed the synthesis of the hybrid compound (E)-2-(4-
chlorophenyl)-3-(3-nitrobenzylidene)- 1-(phenylsulfonyl)-
2,3-dihydroquinolin-4(1H)-one (M-CNP) using
(E)-N-(2-(3-(4-chlorophenyl)acryloyl)phenyl)benzenesul-
fonamide and m-nitro-benzaldehyde, in a basic medium as
reagents. Later, its structural elucidation in terms of lengths
and bond angles, intra- and intermolecular interactions, and
supramolecular arrangements were studied. Finally, antican-
cer activities were assessed using an integrated ligand- and
structure-based target. Fishing approach and in vitro tests
were performed to validate this model.

Experimental and computational procedures
Synthesis and crystallization

M-CNP was obtained by reacting, respectively, m-nitro-ben-
zaldehyde with precursor 1 (chalcone, which was previously
synthesized based on the methodology reported by Castro
et al. [17]). The first step of this reaction is the intramolecu-
lar addition of the nitrogen of sulfonamide group to § carbon
of the precursor 1, followed by the reaction of f carbonyl of
the quinolinone formed by the aldehyde by Claisen—Schmidt
condensation, yielding the desired compounds.

M-CNP was synthesized according to Scheme 1. Pre-
cursor 1 (1.0 mmol) and m-nitro-benzaldehyde (2.0 mmol)
were dissolved in 15 mL of basic ethanol (56.1 mg of dis-
solved potassium hydroxide) and reacted (25 °C) for 48 h.
The solution was filtered, and the precipitate was rinsed with
15 mL of ethanol. The precipitate was dissolved in dichlo-
romethane (10 mL), and this solution was extracted with
water. The organic phase was slowly evaporated, yielding
the product. (E)-2-(4-chlorophenyl)-3-(3-nitrobenzylidene)-
1-(phenylsulfonyl)-2,3-dihydroquinolin-4(1H)-one: pale

o 0
P = NO,
m-nitro-benzaldehyde
TH Cl basic solvent, RT T
0,S Sle)
Cl
1 M-CNP

Scheme 1 Conditions for the synthesis of M-CNP
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yellow crystalline solid, yield 90.4%, purity of 98.3%, mp
212-215 °C. '"H NMR (500 MHz, CDCl5) § 6.49 (s, 1H),
6 7.09-7.11 (m, 2H), § 7.24-7.30 (m, 4H), § 7.32-7.37
(m, 3H), 6 7.36-7.39 (m, 1H), § 7.55-7.61 (m, 3H), § 7.62
(s, 1H), 6 7.70 (dd, 0.83 Hz, 8.18 Hz, 1H), § 7.91 (dd, J
1.55 Hz, 7.80 Hz, 1H), 6 8.02 (¢, J 1.93 Hz, 1H), 6 8.30 (dd,
J 2.18 Hz, 8.28 Hz, 1H); '3C NMR (126 MHz, CDCl,) §
59.4,124.6,125.1,127.2,127.7,127.9, 128.2, 128.4, 128.9,
129.1, 129.4, 130.4, 132.8, 133.7, 134.3, 134.9, 135.1,
135.2,135.4,137.4, 138.8, 148.5, 182.0; IR 1674 (m), 1613
(m), 1478 (w), 1353 (s), 1305 (m), 1237 (m); HRMS calcu-
lated for C,qH,CIN,0sS 531.0781, found 531.0540.

Crystallographic characterization

Single-crystal X-ray data were obtained using an Agi-
lent SuperNova diffractometer with MoKa radiation
(4=0.71073 A) where crystals of M-CNP were kept at room
temperature (298 K). Data collection, reduction, and cell
refinement were made with the CRYSALISPRO software
[18]. All the final unit cell parameters were considered on
the fitting of all reflection positions. Using Olex2 [19], with
ShelXS [20], the structure was solved using direct methods
and refined by full-matrix least-squares refinement on F2
using SHELXL [21]. All non-hydrogen atoms were refined
with anisotropic parameters. All the hydrogen atoms were
placed in calculated positions and refined with fixed individ-
ual displacement parameters [U, (H)=1.2 Ueq or 1.5 Ueq],
according to the riding model (C—H bond lengths of 0.97 A
for aromatic and CH; groups). H atoms in other positions
were freely refined. The structures were drawn by ORTEP-3
for windows [22] and Mercury [23] programs. The possible
interactions and hydrogen bonds were checked by PLATON
[24] software and analyzed using the Hirshfeld surface from
Crystal Explorer software [25]. The crystallographic data
were deposited at the Cambridge Crystallographic Data
Centre (CCDC) [26, 27] under the Number 1838222. Cop-
ies of the data can be obtained, free of charge, via www.
ccdc.cam.ac.uk.

Hirshfeld surface analysis

The M-CNP molecular packing was studied throughout the
Hirshfeld surface (HS). Once it provides a three-dimensional
picture of close contacts in a crystal, this methodology is a
great tool to analyze intermolecular interaction, which can
be summarized in a fingerprint plot. Both donor and accep-
tor regions are considered by the d, ., surface, which is
based on the normalized function of d, (distance from the
point to the nearest nucleus external to the surface) and d;
(distance to the nearest nucleus internal to the surface) con-

tacts. The d,,,, surface is given by

(d< - n"dw) (d - r"dw)

_ 1 i e e
norm vdW + vdW ( 1 )
r r

where Y and rY®V are the van der Waals radii [25]. The HS
could be used to recognize hydrophobic interactions such as
- and C—H:-'z from the curvature function named shape
index surface [28]. This function depends on the principal
curvatures k; and k, following the equation

2 (ki +k,

-2 ”

The donor and acceptor regions of these hydrophobic
interactions were recognized as complementary bumps
(blue) and hollows (red), respectively, where two molecular
surfaces touch one another. Moreover, the distances involved
in the intermolecular interactions were quantitatively sum-
marized on a 2D plot named fingerprint [29], which explores
the nature and kind of intermolecular interaction experi-
enced by the title compound. The Crystal Explorer program
was utilized to perform this HS analysis, with the fingerprint
plots using the standard 0.6-2.8 A view of d, versus d;.

Molecular target prediction

The biological activities for the title compound were pre-
dicted by MolTarPred server [30]. The query structure
(M-CNP) was drawn in 2D using MarvinSketch software
(ChemAxon, Budapest, Hungary, http://www.chemaxon.
com) and submitted to the MolTarPred webserver. This
server predicts biological activities based on Tanimoto simi-
larities between the Morgan fingerprints of the query com-
pound and 607,659 ChEMBL compounds with experimental
biological data. The predicted targets were those retrieved
from the top 10 most similar compounds to the query. The
confidence in a predicted target was estimated as the number
of top hits known to possess activity against the predicted
target [30].

Ligand and protein preparation

The 3D structure of the M-CNP, co-crystallized ligands, and
known inhibitors and non-inhibitors were imported to Maes-
tro workspace v.9.3 (Schrodinger, LCC, New York, 2012)
and prepared using LigPrep v.2.5 at a neutral pH (7.4+1.0).
Subsequently, up to 2000 conformers were generated for the
two enantiomers (R and S) using OMEGA v.2.5. [31, 32],
and the AM1-BCC charges [33] were added using QUAC-
PAC v.1.6.3 [34]. The 3D structures of the predicted protein
targets were preprocessed using Protein Preparation Wizard
available on Maestro workspace v.9.3 (Schrddinger, LCC,
New York, 2012). Next, hydrogen atoms were included in the
proteins, while bond orders and formal charges were adjusted.
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The protonation states of polar amino acids were predicted by
PROPKA v.3.1 [35] at neutral pH (7.4+1.0). Subsequently,
the full-atom protein structure minimization using the OPLS-
2005 force field was carried out [36].

Molecular docking

The prepared proteins were then subjected to the grid-gen-
eration protocol using two binding site detection strategies.
In the first strategy, grids were generated with a molecular
probe available on OEDocking suite v.3.2.0 [37-39] for the
detection of binding pockets around the protein. In the second
strategy, co-crystallized ligands were considered geometric
centers of the grids. Details of protein crystals and grids details
are available on Supplementary Table S2. Finally, molecular
docking calculations were performed implementing the high-
resolution protocol of FRED program with the ChemGauss4
score function [37, 38, 40], both available on the OEDocking
suite [37-39].

ADMET properties calculation and PAINS analysis

Some pharmacokinetics and toxicity (ADMET) properties
were calculated for M-CNP using two different web services.
The potential for hERG blockage was assessed using the Pred-
hERG server [41, 42]. In parallel, the admetSAR server [43]
was used to assess blood-brain barrier penetration [44], human
intestinal absorption [44], inhibition and substrate metabolism
prediction of five most important cytochrome P450 isoforms
[45], AMES mutagenicity [46], and carcinogenicity [47]. Stud-
ies on pan-assay interference compounds (PAINS) [48, 49]
were performed using False Positive Remover server [48].

Cytotoxicity assay

To evaluate the in vitro cell viability after treatment for 48 h
with the M-CNP and to determine its IC50 concentrations, the
MTT colorimetric method was used. These screenings were
made for VERO (ATCC® CCL-81™—African green monkey
kidney cell), B16F10 (ATCC® CRL-6475—murine melanoma
cell), and MDA-MB-231 (ATCC® HTB-26™—human triple-
negative metastatic breast adenocarcinoma). The selectivity
indexes (SI) were determined using the formula:

IC ‘ .
SI = W The values of SI>2.0 were considered
50 tumor cell

significant.
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Results and discussion
X-ray crystal structure

The M-CNP possesses an m-nitro group in ring B and a
p-chlorine atom in ring D. Their crystals belong to cen-
trosymmetric monoclinic space group P2,/n. The crystal-
lographic parameters are presented in Table 1, followed by
the Ortep representation in Fig. 1.

The main core of the M-CNP molecule is a dihydroquino-
lin-4(1H)-one motif (Scheme 1), where there is a sulfonylb-
enzene group attached to an N atom, a nitro-3-vinylbenzene
attached to C8 atom, and a chlorobenzene group attached
to C16 atom. The piperidinone cycle assumes chair confor-
mation; thus, Ol and N1 atoms are not coplanar with the
ring A. As M-CNP (a racemate) crystallizes in the P2,/n
space group, the following discussions were made using a
molecule with S configuration regarding chiral center C16.
Additionally, this molecule has an E conformation at the
double bond C7=C8. Also, another aromatic substituent
in dihydroquinolin-4(1H)-one is offset, related to ring A in
64.57° for ring B, 48.40° for ring C and 82.26° for ring D.
The geometric parameters are presented in Table S1.

Table 1 Crystal data and structure refinement of M-CNP dihydroqui-
noline

Empirical formula CyH,4CIN,O5S

Formula weight 530.96
Temperature/K 293(2)

Crystal system Monoclinic
Space group P2,/n

alA 11.5271 (6)

blA 15.4704 (6)

clA 13.7852 (6)

a/° 90

pre 100.320 (5)

y/° 90

Volume/A3 2418.53 (19)

VA 4

Peatc&lem® 1.458

u/mm™! 0.289

F(000) 1096.0

Crystal size/mm? 0.45%0.40%0.30
Radiation MoKa (4=0.71073)
Reflections collected 56262
Independent reflections 5510
Data/restraints/parameters 5510/0/334

Goodness-of-fit on F? 1.044
Final R, index [/>20 (])] R,=0.0380
Largest diff. peak/hole/e A3 0.27/-0.35
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Fig. 1 Thermal ellipsoid draw-
ing of M-CNP showing atom
labeling and displacement
ellipsoids at the 50% probability
level. H atoms are shown as
small spheres of arbitrary radii

The M-CNP molecule features the absence of strong
H-bond donor; thus, their packing is stabilized by non-
conventional H-bonds. There are four dimers in M-CNP
structure: three with only C—H:--O interactions (C5-H5-*
02, C21-H21---O1 and C26-H26--:0O4), and one resulting
of the combination between C-H--*O (C12-H12:--O4) and
C-H---C1 (C28-H28:--Cl1), resulting in an extremely stable
packaging. In the first one, it is observed that the interac-
tion between the nitrobenzene and sulfonyl groups gen-
erates a dimer with RZ(18) motif (Fig. 2a). Furthermore,

C3

= ‘: 4 .C2 N2 05\
C1
04
2 o
— K - (o
C26

two intermolecular interactions generate a second dimer
with R§(25) motif (Fig. 2b). One of these interactions is
arranged between nitrobenzene group and ring A, while
the other involves chlorobenzene group and ring C. The
third dimer with R§(16) motif results from the interaction
of carbonyl and chlorobenzene groups (Fig. 2¢). Finally,
the last dimer is stabilized by two interactions between
nitrobenzene group and the ring C resulting in a R§(30)
motif (Fig. 2d). The geometric parameters of intermolecu-
lar interactions are presented in Table 2.

(d)

(e)

Fig.2 Dimers observed in the crystal packing of M-CNP with motifs R%(IS) (a), R% (25) (b), R§(16) (¢) and R% (30) (d). The molecular packing of

M-CNP is shown along the b axis (e)
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;2z[deszofl\g2flé§el;ss1cal hydrogen D-H---A dpy (A) dyy..p (A) dp. s ( A) dyp ©) Symmetry code
C5-H5--02 0.93 2.58 3.18 123 1-x,1-y,—-2
CI12-H12 04 0.93 2.43 3.33 162 12=x,12+y,12—z2
C21-H21 01 0.93 2.61 3.48 157 —-x, l=y,—z
C26-H26 ‘--04 0.93 2.63 3.38 139 1-x,—y,—z
C28-H28 **-Cl1 0.93 2.88 3.72 151 12=x,12+y,112—z2

In order to understand the supramolecular arrangement,
the HS analysis was performed to M-CNP. The d,,,,, sur-
face is illustrated in Fig. 3, where red dots represent the
close interactions (I-V). The interaction C12-H12:--:O4
has a shorter character than others as shown in Fig. 3. The
contacts (II) and (IV) are related to a dimeric interaction
constituted by nitrobenzene group and ring A and chlo-
robenzene group and ring C (Fig. 2b).

The conformation of the structure is due to the stabi-
lizing effect of intramolecular interactions like x---w, for
example. The aromatic groups in M-CNP lead to two
C-H---n and one =---x interaction (Fig. 4) in the molecu-
lar packing. These hydrophobic interactions connect the
dimers and generate molecular layers in the crystal pack-
ing. The shape index map of HS helps to analyze molecu-
lar contacts that indicate C—H---x and =#---n interactions.
C-H:--m interactions are recognized by a broad depression
in the surface above the benzene ring. Red is used to rep-
resent the acceptor region, while blue represents the donor
region of intermolecular contacts. Furthermore, n---x inter-
actions are characterized by two triangular shapes like
a “bowtie” above the aromatic rings indicating regions
where there is overlap in the delocalized & system, often
in centers of gravity (Cg) of the benzene rings [50].

Fig.3 The Hirshfeld surface
dorm map showing C-H:-O and
C-H:*-Cl interactions observed
in the molecular packing of
M-CNP. Blue indicates low
intensity, and red indicates high-
intensity contacts. The arrow

is used to indicate that this is
the backside of the molecule.
(Color figure online)

@ Springer

The first C—H---x interactions involve C27 and H27 atoms,
and chlorobenzene ring [H---n=3.005 10\] (D (Fig. 4a), while
the second one involves C24 and H24 atoms, and chloroben-
zene ring [H---1t=3.234 A] (IT) (Fig. 4b). The region marked
with a circle represents the 7---n interactions between rings
B and C [3.790 10\, symmetry code=1/2+x, 1/2—-y, 1/2+7]
(Fig. 4c¢).

The combination of d; and d,, on a 2D plot (fingerprint)
provides more information about all contacts in the mol-
ecule. Moreover, it is highly sensitive to the immediate envi-
ronment of the molecule and unique for a given molecule
[29, 50]. In the fingerprints, the C —H---x interactions are
represented by C---H contacts, while the n---x interactions
are recognized by C---C contacts. Figure 5 presents the fin-
gerprint of the M-CNP molecule.

The H---H contacts constitute a high percentage in the
fingerprints (30.7%), as expected of an organic molecule.
Hydrophobic interactions (C---C and C---H contacts) are
also observed in M-CNP fingerprints. A narrow light blue
spotatd;=d.,~ 1.8 Aisduetoa single C---C contact typical
from 7#---w interactions, representing 4.1% in the total fin-
gerprint. Meanwhile, a couple of asymmetric lateral wings
at minimum d; +d,~2.8 A is attributed to C—H--- inter-
actions and it contributes with 18.6% in the fingerprint of
M-CNP. Small peaks along 2.6 A< di+d,<3.6 A (1) are

(I) = C5-H5---02
(1) = C12-H12--04
(1) = C21-H21---01
(IV) = C26-H26---04
(V) = C28-H28---CH1
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Fig.4 The Hirshfeld surface
shape index shows the C-H:--x
(a, b) and &---7 (¢) interactions
establishing the crystal packing
of M-CNP

de
2.4
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18
1.6}
14
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0.8 f 08 08
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Fig. 5 Hirshfeld surface fingerprint plots of the nearest internal distance (d;) versus the nearest external distance (d,) for M-CNP. The colors rep-
resent the number of points that share the same d;, d, coordinate (light blue: many; dark blue: few). (Color figure online)
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associated to C—H---O interactions corresponding to 27.3%
of HS. Similarly, the spikes due to the C—H:--CI contact are
pushed farther apart on the plot with the minimum d, at 1.80
corresponding to 10.4% of all HS.

In silico identification of potential biological
activities

The in silico studies have been integrated into all modern
drug-discovery programs. Here, we performed a compu-
tational investigation aiming to identify potential biologi-
cal activities for M-CNP using the MolTarPred server. The
fundamental idea underlying this server is that compounds
sharing enough similarity have enhanced the probability to
share the same biological profile [51, 52]. The results of our
preliminary screening indicated that M-CNP may interact
with nuclear receptor ROR-gamma, survival motor neuron
protein, Niemann-pick C1 protein, Ras-related protein Rab-
9A, and aldehyde dehydrogenase 1A1 (see Table 3).

To improve the specificity in the predictions, our pre-
liminary list of targets was used for further investigation
in molecular docking studies. Initially, the FRED protocol
was evaluated by re-docking, which removes the crystal-
lographic ligand with subsequent docking. This re-docking
showed the structural differences in the crystallographic
ligand and the docked ligand. The root mean square devia-
tion (RMSD) of the heavy atoms in the crystallographic
ligand and re-docked ligand should be less than 2.0 A [53].
In general, FRED could reproduce the crystallographic
conformation for all molecular targets with RMSD values
less than 2.0 A (see Table S2 and Figure S1). Subsequently,
M-CNP was docked against all predicted targets. As we
can see in Table 3, M-CNP could act as an anticancer agent
because of its Chemgauss4 of —16.56 with human aldehyde
dehydrogenase 1A1 (ALDH 1A1). The binding affinity of
M-CNP is higher than that obtained for the co-crystallized
ligand 3-benzyl-4-methyl-2-oxo-2H-chromen-7-yl meth-
anesulfonate (Chemgauss4 of —14.17, experimental ICy,
of 2.8 uM [54]). In addition, we performed an additional
docking validation study with ALDH 1Al inhibitors and
non-inhibitors (Table S3) deposited in the ChEMBL data-
base [55] (Assay ID: CHEMBL1614458). All inhibitors

(experimental IC5,~0.02 uM) had scores below —13.10,
while non-inhibitors (experimental IC5,=39.8 uM) had
scores above — 11.85, demonstrating the reliability of dock-
ing prediction.

The ALDH 1ALl is a nicotinamide-adenine dinucleotide
phosphate—positive (NAD(P)*)-dependent enzyme that cata-
lyzes the oxidation of retinal (retinaldehyde) to retinoic acid
(RA) [56]. By serving as a ligand for nuclear RA receptors
(RARSs) and retinoid X receptors (RXRs), RA induces dif-
ferentiation of cells and regulates gene transcription, signal-
ing events, and post-translational modification of proteins.
Therefore, the inhibition of ALDH 1A1 might play a key
role in the regulation of growth and differentiation of can-
cer tissue types, such as breast, lung, esophagus, colon, and
stomach epithelium [56].

Figure 6 illustrates the predicted binding mode of M-CNP
into the active site of ALDH 1A1. The 4-chlorophenyl moi-
ety of the ligand forms a n-stacking interaction with Phel71,
while a positively charged nitrogen of the nitro group inter-
acts with Tyr297 through a z-cation interaction. Apparently,
the 4-chlorophenyl moiety also promotes a steric hindrance
in the oxidized Cys303 (CsO303) pocket. In addition, the
predicted binding mode allows several hydrophobic inter-
actions between the phenyl rings of the ligand with resi-
dues Met175, Trp178, Cys302, Ile304, Tyr457, Phe466, and
Val470.

Analysis of ADMET properties and PAINS

Poor ADMET properties are considered the main reasons
for the failures of drug candidates in the preclinical and
clinical phases [57]. Therefore, a preliminary assessment
of ADMET properties can minimize the time and cost of
research by identifying the strongest candidates for clinical
development and rejecting those with a low probability of
success [58]. M-CNP was subjected to in silico assessment
of ADMET properties using Pred-hERG [41, 42] and admet-
SAR server [43].

Our analyses predicted M-CNP as a non-blocker of
hERG, non-mutagenic, non-carcinogenic, and with accept-
able human intestinal absorption and low permeability in
the blood—brain barrier. In addition, M-CNP was expected

Table 3 Top five predicted
targets for M-CNP

Predicted target Organism Confidence of Docking scores
prediction
M-CNP Co-crystal-
ized ligand

Nuclear receptor ROR-gamma Mus musculus 3 —-11.02 —17.43
Survival motor neuron protein Homo sapiens 2 1.00 —-791
Niemann-pick C1 protein Homo sapiens 2 1.00 -
Ras-related protein Rab-9A Homo sapiens 2 -4.00 -13.23
Aldehyde dehydrogenase 1A1 Homo sapiens 2 —16.56 —14.17
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Fig.6 a Binding mode of M-CNP with human aldehyde dehydrogenase 1A1, and b 2D ligand interactions with key residues in the active site.
The n-stacking and n-cation interactions are presented as green and red lines, respectively. (Color figure online)

Table 4 Predicted ADMET properties and PAINS analysis of M-CNP

Property M-CNP
hERG* Non-blocker
Carcinogenicity® Non-carcinogenic

Blood-brain barrier penetration® Low permeability

AMES toxicity® Non-mutagenic
CYP450 2C9° Inhibitor

CYP450 2D6° Inhibitor

CYP450 1A2° Inhibitor
CYP450 2C19° Inhibitor

CYP450 34AP Inhibitor

Human intestinal absortion® Moderate (>30%)
PAINS Not

2Pred-hERG [41, 42]
badmetSAR [44]

to have high inhibitory promiscuity against five major
cytochrome P450 isoforms (1A2, 2C9, 2C19, 2D6, and
3A4). Subsequently, M-CNP was subjected to a computa-
tional sub-structure filter aiming to identify PAINS. This
analysis suggests that M-CNP provides a reduced prob-
ability to nonspecifically interact or aggregate with pro-
teins in prospective biological assays. These results are
summarized in Table 4.

Cytotoxicity assay

The MTT results of M-CNP indicated a marked decrease in
cell viability, with a high concentration. The values of ICs,
for VERO, MDA-MB-231, and B16F10 were, respectively,
171.62, 54.59, and 76.08 uM, while the SI values for MDA-
MB-231 and B16F10 were 3.14 and 2.25, respectively. In
general, M-CNP was more active in cancer cell lines MDA-
MB-231 and B16F10 than in normal cells (VERO), where
the ICs,, value was 171.62 pM. That indicates selectivity for
cancer cells, pertinent in the search for more specific drugs.
The selectivity indexes indicate the selectivity of the com-
plexes against tumor cells and provide information about
their potential for clinical and preclinical in vivo tests.

Conclusions

M-CNP was crystallized in centrosymmetric monoclinic
space group P2,/n. In addition, the dimeric supramolecular
arrangement was formed by intermolecular interactions
of type C—H:-*O and C-H:*-Cl, as confirmed by Hirshfeld
surface analysis and molecular potential maps for M-CNP.
Thereafter, molecular docking studies indicated that the
compound could act as an anticancer agent because of
its affinity with human aldehyde dehydrogenase (ALDH
1A1). In this model, the active sites 4-chlorophenyl
moiety, nitrogen (NO, group), and several hydrophobic
interactions between the phenyl rings of the ligand with
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residues in ALDH 1A1 have a key role in the potential
anticancer activity.
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Increasingly machine learning processes have been applied in the search and development of com-
pounds that may have specific physicochemical properties to the desired application. This article de-
scribes how a machine learning model led us to the synthesis of three dihydroquinoline derivatives with
potential application as a pesticide. The synthesized compounds were predicted to be active against the
Tobacco mosaic virus (= 90%) and Fusarium oxysporum (= 78%). Regarding a correlation between the
pesticide activity and the molecular structure, the new dihydroquinoline derivatives were structurally
characterized using spectroscopic techniques and single crystal X-ray diffraction. They crystallized into
orthorhombic (I) and monoclinic (Il and III) crystal systems with supramolecular arrangements main-
tained primarily by non-classical C—H---O hydrogen bonds, which form dimers and chains in their
molecular packaging. Frontier molecular orbitals and molecular electrostatic potential maps were un-
dertaken using density functional theory in order to study the electronic properties of the observed
molecular conformations. Finally, the developed approach is a useful tool on new pesticide investigation

when experimental toxicity data are not available.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Pesticides include herbicides, insecticides, fungicides, fumi-
gants, and rodenticides and offer significant benefits in public
health and food production. Unlike most other significant chem-
icals, pesticides are designed to impact living systems [1]. As a
result, there is a worry regarding the environmental and human
consequences of extensive pesticide use [1,2]. Several harmful ef-
fects on the overuse of pesticides include (1) potential destruction
of biodiversity; (2) problems on environmental sustainability and
global stability [2]; and (3) potential contamination on food, water
and the environment [3]. Therefore, it is important to develop new

* Corresponding author. Universidade Estadual de Goias, 75132-400, Anapolis,
GO, Brazil.
E-mail address: hamilton@ueg.br (H.B. Napolitano).

https://doi.org/10.1016/j.molstruc.2020.127732
0022-2860/© 2020 Elsevier B.V. All rights reserved.

compounds less harmful to living systems and machine learning is
a powerful methodology regarding its wide use of molecular en-
gineering applied to design compounds with desired properties [4].
Machine learning models have long been employed for drug dis-
covery utilizing docking studies, virtual screening, molecule syn-
thesis, small molecule physicochemical properties, solubility and
beyond [5]. Moreover, machine learning methods have also been
used to discover solutions to environmental issues, such as
municipal solid waste management [6], soil/compost properties
with bioavailability and risk assessment [7], to model the
bioavailability of contaminants [8], and to obtain new antifungal
and antiviral agents in agriculture [9—12].

To propose new compounds with biological potential, we
developed a machine learning model from a training set of mole-
cules with known activity. In this case, was assumed that the po-
tential pesticide is associated with the chemical structure. The
obtained model shows that alpha-beta unsaturated systems, sul-
fonamide group, and the nitro group are frequently founded in
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commercials pesticides. All those characteristics could be combined
in a quinolinone moiety to produce a molecular structure favorable
to pesticide action (Fig. 1). Furthermore, it is recognized that the
application of quinoline compounds has been broadened high
efficient pesticide agents [13—16].

Structurally, quinolones are compounds containing a 4-oxo-1,4-
dihydroquinoline skeleton and they differ from a dihydroquinoline
by the absence of a double bond between carbons 2 and 3 in the
dihydroquinoline skeleton [17]. There are few crystalline structures,
possessing the 2,3-dihydroquinolin-4(1H)-one nuclei, reported in
the Cambridge Structural Database (CSD) [20]. Performing a CSD
search (Version 5.40, Feb 2019), only 126 hits were found. Only for
comparison purposes, when this same search is done for molecules
with the chalcone scaffold, compounds from which quinolines can
be generated, 3314 occurrences are found. Therefore, there is much
to be studied in terms of the structural characteristics and crys-
talline state of dihydroquinolinones. This paper details the machine
learning model applied to predict new compounds with potential
biological activity. Based on the results of that model we synthe-
sized three dihydroquinolinones: (E)-3-(4-chlorobenzylidene)-2-
(4-ethoxyphenyl)-1-(phenylsulfonyl)-2,3-dihydroquinolin  4(1H)-
one (I), (E)-2-(4-chlorophenyl)-3-(3-nitrobenzylidene)-1-(phenyl-
sulfonyl)-2,3-dihydroquinolin-4(1H)-one  (II) and (E)-3-(4-
chlorobenzylidene)-2-(2-chlorophenyl)-1-(phenylsulfonyl)-2,3-
dihydroquinolin-4(1H)-one (IlI), and presented a comprehensive
study on crystal and electronic structure of these potential pesti-
cide agents. Moreover, the importance of this is study is to show
one of the great advantages of using in silico models to predict the
bioactive potential of compounds that are diminishing the time and
the requirement for experimental testing and, consequently, the

cost related to it [46].
2. Experimental and computational approaches
2.1. Synthesis and spectroscopic analysis

The three compounds were synthesized using a previously re-
ported methodology [21]. Basically, a chalcone precursor
(1.0 mmol) and a substituted benzaldehyde (2.0 mmol) were dis-
solved in 15 mL of basic ethanol (KOH) and reacted at room tem-
perature for 48 h (Scheme 1). The solution was filtered, and the
precipitate was rinsed with 15 mL of ethanol. The precipitate was
dissolved in dichloromethane (10 mL) and this solution was
extracted with water. The organic phase could evaporate slowly,
yielding the desired product. (E)-3-(4-chlorobenzylidene)-2-(4-
ethoxyphenyl)-1-(phenylsulfonyl)-2,3-dihydroquinolin-4(1H)-one
(I). Pale yellow crystalline solid, yield 66.2%, purity of 98.0%, MP
190—192 °C. '"H NMR (CDCls) ¢ 1.36 (t, J 7.00 Hz, 3H), 6 3.95 (q, J
7.00 Hz, 2H), 6 6.56 (d, J 0.60 Hz, 1H), ¢ 6.77—6.80 (m, 2H),
6 710—713 (m, 4H), 6 719—-7.23 (m, 2H), § 7.27—7.32 (m, 3H),
6 7.37—7.40 (m, 2H), 6 7.49 (tt, ] 1.25 Hz, 7.45 Hz, 1H), 6 7.52 (s, 1H),
0 7.54 (ddd, ] 1.66 Hz, 7.36, Hz, 8.19 Hz, 1H), 6 7.71 (dd, ] 1.05 Hz,
8.20 Hz, 1H), 6 7.89 (dd, J 1.65 Hz, 7.80 Hz, 1H); '*C NMR (CDCls3)
014.8,59.6, 63.4,114.7,127.2,127.9,128.3,128.5, 128.5, 128.8,128.9,
1294, 131.3, 131.3, 132.2, 133.2, 134.6, 136.4, 137.6, 138.6, 138.9,
159.0, 182.7; IR 1677 (m), 1609 (m), 1474 (w), 1354 (s), 1306 (w),
1247 (s); HRMS calculated for C3gHz4CINO4S 530.1193, found
530.1083. (E)-2-(4-chlorophenyl)-3-(3-nitrobenzylidene)-1-(phe-
nylsulfonyl)-2,3-dihydroquinolin-4(1H)-one (II). Pale yellow to
white crystalline solid, yield 93.3%, purity of 98.4%, MP 206—208 °C.
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Scheme 1. Conditions for the synthesis of compounds I, Il and IIL

TH NMR (CDCl3) 6 6.47 (s, 1H), 6 7.08—7.11 (m, 2H), 6 7.24—7.28 (m,
2H), 6 7.28—7.30 (m, 2H), 6 7.34 (ddd, ] 1.11 Hz, 7.41 Hz, 7.74 Hz, 1H),
0 7.36—7.38 (m, 1H), 6 7.43—7.45 (m, 2H), 6 7.55—7.61 (m, 3H), 6 7.62
(s,1H),07.70 (dd,] 1.03 Hz, 8.18 Hz, 1H), 6 7.91 (dd, ] 1.62 Hz, 7.83 Hz,
1H), 6 8.03 (t,J 1.32,1H), 6 8.30 (ddd, ] 0.84 Hz, 2.21 Hz, 8.24 Hz, 1H);
13C NMR (CDCl3) 6 59.4,123.1,124.6,125.1,127.2,127.7,127.9, 128.2,
128.4, 129.1, 129.2, 1304, 132.4, 132.8, 133.7, 134.2, 1351, 135.2,
135.9, 137.3, 1374, 138.8, 148.5, 182.0; IR 1675 (m), 1599 (m), 1478
(w), 1353 (s), 1305 (w), 1236 (m); HRMS calculated for
CogH19BrN,05S 575.0276, found 575.0129. (E)-3-(4-
chlorobenzylidene)-2-(2-chlorophenyl)-1-(phenylsulfonyl)-2,3-

dihydroquinolin-4(1H)-one (III). Pale yellow crystalline solid, yield
57.6%, purity of 99.2%, MP 226—228 °C. "TH NMR (CDCls) 6 6.76 (dd, J
1.35 Hz, 7.75 Hz, 1H), 6 6.95 (dt, ] 1.30 Hz, 7.58 Hz, 1H), 6 6.96 (s, 1H),
0 7.08—7.11 (m, 2H), 6 711-7.13 (m, 2H), 6 7.20 (ddd, J 1.51 Hz,
7.44 Hz, 7.96 Hz, 1H), 6 7.23—7.26 (m, 2H), ¢ 7.35 (ddd, | 2.46 Hz,
6.09 Hz, 7.76 Hz, 1H), 6 7.40—7.43 (m, 2H), 6 7.49—7.54 (m, 4H),
0 7.57 (s, 1H), 6 7.89—7.91 (m, 1H); >C NMR (CDCl3) ¢ 58.7, 126.7,
127.7, 128.0, 128.6, 129.2, 129.6, 129.9, 130.0, 130.2, 131.2, 131.2,
131.3,132.1, 133.4,134.7,134.9, 135, 136.6, 136.7, 139.0, 139.0, 182.6;
IR 1674 (m), 1604 (m), 1474 (w), 1359 (m), 1294 (m), 1239 (m);
HRMS calculated for C,gH19CloNO3S 520.0541, found 520.0458. The
NMR spectrums are available in supplementary data (Figs. S1—-S10).

2.2. Crystal structure analysis

Suitable crystals of compounds I, II and IIl were carefully
selected. The crystal of compound I was mounted in a Bruker APEX
Il CCD diffractometer with, graphite-monochromated MoKa radi-
ation (A = 0.71073 A) and, data were measured at 120 K. Whereas
the data collection of crystals of compounds II and III were carried
out in the Agilent SuperNova diffractometer with MoKa radiation at
room temperature (298 K). Throughout Olex2 system [22], the
structure solutions were determined by direct methods with
SHELXS [23] and refined by full-matrix least-squares on F* with
SHELXL [24]. All the hydrogen atoms were placed in calculated
positions and refined with fixed individual displacement parame-
ters [Ujso(H) = 1.2Ugq (C) or 1.5Ueq (C)] according to the riding
model (C—H bonds equal 0.93 A for aromatic). Finally, the validation
of chemical parameters was made using PARST [25], CRYSALISPRO
[26] and PLATON [27]. Crystal, data collection, and structure
refinement details are summarized in Table 1. The crystallographic
information files of I, Il and III were deposited in the Cambridge
Structural Database under the codes 1953384, 1953387 and
1953385, respectively. The crystallographic structures were used to
optimize the geometric parameters, and to calculate frontier mo-
lecular orbital (FMO) energies and molecular electrostatic potential
maps (MEP). All calculations were undertaken throughout
Gaussian09 package [28] through density functional theory (DFT)
using B3LYP/6-311 + G(d) as functional and basis set, respectively.

2.3. Computational approach

Data Integration and Curation. All compounds were retrieved
with biological and toxicological properties for a pool of plant
pathogens and organism models (Table 3) from ChEMBL [29],
PubChem Bioassay [30], and ECOTOX [31] databases. Before, ac-
tivity thresholds were used to set active (<50 uM) and inactive
compounds (>50 pM). Finally, all chemical structures and corre-
spondent biological information (ECsg, MIC, or LCsp) were carefully
standardized using Standardizer v.16.9.5.0 (ChemAxon, Budapest,
Hungary, http://www.chemaxon.com) according to the protocols
proposed by Fourches and colleagues [32—34]. Briefly, explicit hy-
drogens were added, whereas polymers, salts, metals, organome-
tallic compounds, and mixtures were removed. Also, specific
chemotypes such as aromatic rings and nitro groups were
normalized. Also, we performed the analysis and exclusion of du-
plicates, as follows: (i) if duplicates presented discordance in bio-
logical activity, both entries would be excluded; and (ii) if the
reported outcomes of the duplicates were the same, one entry
would be retained in the dataset and the other excluded. Moreover,
considering the different sizes of classes, the curated datasets were
balanced using a linear under-sampling approach [35].

Machine learning modeling. Models were developed using
pairwise combinations of FeatMorgan fingerprints (FCFP-like,
radius 2 and bit vector of 2048 bits) calculated in RDKit (http://
www.rdkit.org) [36] and Random Forest algorithm implemented
in Scikit-learn v.0.19.2 (http://scikit-learn.org/) package available
on Python v.3.6 (https://www.python.org) [37]. The five-fold
external cross-validation (5FECV) approach was chosen for the
estimation of the predictivity of developed models. The predictive
performance of categorical models was evaluated using sensitivity
(SE), specificity (SP), correct classification rate (CCR), positive pre-
dictive value (PPV), and negative predictive value (NPV). These
metrics were calculated as follows:

TP
SE= TP + FN
(1)
TN
SP= IN TP
(2)
ccr SE+SP
2
(3)
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Table 1
Crystal data and structure refinement for I, I and IIL

[

11

Crystal data

Chemical formula C30H24CINO4S

M; 530.01

Crystal system, space Orthorhombic, Pbca
group

Temperature (K) 296

a, b, c (A) 15.2301 (7), 9.3995 (4), 36.7938 (16)

a, B,y (°) 90, 90, 90

V (A3) 5267.2 (4)

V4 8

Radiation type Mo Ko

u(mm=') 0.26

Data collection

Diffractometer

Absorption
correction

Bruker APEX-Il CCD
Multi-scan
SADABS2014/5 was used for absorption correction.

CygH19BrN,05S
575.42
Monoclinic, P21/n

294

11.5059 (9), 15.6336 (9), 13.8456 (10)
90, 100.280 (8), 90

24505 (3)

4

Mo Ko

1.81

SuperNova, Dual, Cu at zero, AtlasS2
Multi-scan
CrysAlis PRO 1.171.38.41 Empirical

WwR2(int) was 0.0755 before and 0.0502 after correction. absorption correction using spherical

The Ratio of minimum to maximum transmission is
0.9163. The A/2 correction factor is 0.00150.

0.683, 0.745

35977, 5382, 4057

Tminv Tmax

No. of measured,
independent and
observed
[I'>20(1)]
reflections

Rint 0.036

(sin 0/Mmax (A™1)  0.625

Refinement

RIF? > 20(F?)],
WR(F?), S

No. of reflections 5382

No. of parameters 335

H-atom treatment  H-atom parameters

constrained
Apmaxs Apmin (€ Ais) 0.19, —-0.36

0.045, 0.119, 1.07

harmonics, implemented in SCALE3
ABSPACK scaling algorithm.

0.695, 1.000

26684, 6226, 4699

0.032
0.698

0.040, 0.107, 1.02

6226

334

H-atom parameters
constrained

0.55, —0.76

CogH19C1,NO3S
520.40
Monoclinic, P24/c

203
12.6841 (7), 11.5547 (5), 17.4956 (9)
90, 104.740 (5), 90

2479.8 (2)

4

Mo Ko,

0.38

SuperNova, Dual, Cu at zero, AtlasS2
Multi-scan

CrysAlis PRO 1.171.38.43 Empirical
absorption correction using spherical
harmonics, implemented in SCALE3
ABSPACK scaling algorithm.

0.616, 1.000

58317, 6628, 5029

0.045
0.699

0.047, 0.120, 1.03

6628

316

H-atom parameters
constrained

0.25, -0.39

TP
PPV = TP + FP
(4)
TN
NPV= INTEN
(5)

Here, TP and TN represent the number of true positives and true
negatives, while FP and FN represent the number of false positives
and false negatives, respectively.

Applicability domain (AD). The AD was estimated based on the
Euclidean distances among the training set of each QSAR model
generated in the SFECV procedure. The distance of a test set com-
pound to its nearest neighbor in the training set was compared to
the predefined AD threshold level. The prediction was less reliable
if the distance was greater than the threshold level. In our study,
the AD was defined as a distance threshold (Dt) between a com-
pound under prediction and the closest neighbors in the training
set. The following equation was used for the calculation of the
distance threshold:

Dr=y+7Zo (6)

In which y is the average Euclidean distance of the k nearest
neighbors within the modeling set, ¢ is the standard deviation of
these Euclidean distances, and Z is an arbitrary parameter to con-
trol the significance level. We set the default value of this param-
eter Z at 0.5. If the compound distance exceeded the threshold, the
prediction was considered to be less trustworthy [38,39].

3. Results and discussion
3.1. Molecular structure of bioactive dihydroquinolines

The three dihydroquinolin-4(1H)-one reported in this study
crystallized in the following space groups: Pbca (I), P2¢/n (II) and
P24/c (III). All of them have one molecule, with R conformation, in
the asymmetric unity. The angle formed by the planes between the
rings A and B is 54.34° (I), 64.60° (II), and 56.12° (III) showing that
these compounds do not show planarity in their molecular struc-
ture. This feature also happens in previously reported dihy-
droquinolin-4(1H)-one crystal structures [40—42].

Mogul software was used to check how appropriate are the
obtained 3D geometries. In I there are two bond angles (C9—C1—N1
and C17—C1—N1) and one torsion angle (C2—C1—-C17—C18) with
unusual values. In general, these angles are slightly larger (2° and 4°,
respectively) than the mean value, while similar values for the
torsion (—177.53°) are founded just only in 1.44% of the analyzed
structures. In II there are three unusual values related to the tor-
sions N1-C1—-C17—C18 (26.82°), N1-C1—-C17—C22 (-157.11°) and
C24—C23—-S1-02 (—130.62°). Similar values for these torsions are
founded approximately just in 1% of the structures of the analyzed
molecular set. Finally, in III only the torsion C2—C1—C17—C22
(156.50) is unusual. The overlay of the three structures shows sig-
nificant conformational differences related to their aromatic rings.
The rings C and D in Il in the opposite way when compared with I
and II even the three structures having R conformation (Fig. 2). The
other differences could be characterized by the torsion angles:
C2—-C10—C11-C16 = 153.5(2)°, 142.8(2)° and -145.71(19)%;
C2—-C1-C17—C18 = -177.5(2)°, 148.38(19)° and —23.4(2)° and
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Table 3

Summarized statistical characteristics of categorical models.
Model (class) CCR SE SP PPV NPV Coverage
Predictive pesticide activity against several organisms
Tobacco mosaic (virus) 0.83 0.85 0.81 0.82 0.85 0.69
Bemisia tabaci (insect) 0.72 0.62 0.81 0.77 0.68 0.97
Helicoverpa armigera (caterpillar) 0.80 0.80 0.80 0.80 0.80 0.55
Agrobacterium tumefaciens (bacteria) 0.82 0.81 0.84 0.84 0.82 0.78
Botrytis fabae (fungus) 0.74 0.84 0.65 0.80 0.70 0.63
Aspergillus niger (fungus) 0.73 0.74 0.73 0.73 0.74 0.74
Fusarium oxysporum (fungus) 0.89 0.85 093 0.92 0.86 0.74
Fusarium solani (fungus) 0.76 0.84 0.70 0.73 0.81 0.70
Rhizoctonia solani (fungus) 0.71 0.73 0.70 0.72 0.71 0.71
Sclerotinia sclerotiorum (fungus) 0.76 0.79 0.72 0.74 0.78 0.72
Predictive ecotoxicology against organism models
Artemia salina (crustacean) 0.83 0.81 0.85 0.84 0.82 0.88
Apis mellifera (honeybee) 0.79 0.76 0.81 0.80 0.77 0.88
Oncorhynchus mykiss (fish) 0.70 0.69 0.71 0.71 0.69 0.81

Fig. 2. The overlap of the three dihydroquinolin-4(1H)-one molecules under study,
showing I (cyan), II (grey), and III (orange). H atoms have been omitted for clarity.

N1-S1-C23—-C24 = 95.4(2)°, 115.0(2)° and 80.32(15)° for I, I and
I1I, respectively.

The molecular packing of I is dominated by non-classical
C—H---O hydrogen bonds (Table 2). The 03 atom of SO, group
and an H atom of the ring A are involved in a C} (8) chain along to
the b axis, while the O atom of carbonyl group an H atom of the ring
B are involved in a C}(7) chain along to the a axis. The combination
of these two chains leads to the formation of molecular pairs with
R% (22) arrangement (Fig. 3a and b). Moreover, 02 atom of SO,
group and an H atom of the ring D forms a C} (7) zigzag chain along
to the a axis (Fig. 3c).

The molecular packing of II is also dominated by non-classical
C—H---O hydrogen bonds (Table 2), but unlike what occurs in I,
here dimer formation is predominant. The O3 atom of SO, group
and the H12 atom of the ring B, the O1 atom of the carbonyl group
and the H21 atom of the ring C and the 05 atom of NO, group and
the H26 atom of the ring D are involved in a formation of a R%(lS),
R§(16) and R%(BO) dimers, respectively (Fig. 4a, b, 4c). The only
chain C} (12), formed in these packing grows along to the b axis in a
zigzag way and it is a consequence of the interaction between the

Table 2
Hydrogen-bond geometry (A, °) for I, I and IIIL
Compound D—H---A D—H H---A D---A D—H---A
I C6—H6---03' 0.93 248 3289(3) 145
C16—H16---011 0.93 2.52 3.382(3) 155
C26—H26---02i 0.93 2.55 3248 (4) 132
I C6—H6---05" 0.93 242 3.331(3) 165
C12—H12---03" 0.93 257 3.187(3) 124
C21-H21---01" 0.93 2.64 3514 157
C26—H26---05"i 0.93 2.62 3.417 144
1 C19-H19---01Vii 093 2.54 3303(3) 139
C27—H27---02™% 0.93 248 3.314(3) 150
C5-H5---03 0.93 2.62 3.313 132

Symmetry codes: (i) x, y+1, z; (i) —x—1/2,y—1/2, z; (iii) x—1/2, y, —z+3/2; (iv) —x+1/
2, y+1/2, —z+3[2; (v) —x+1, —y+1, —z+1; (vi) —x, —-y+1, —z+1;
(vii) —x+1, —y, —z+1; (viii) —x+2, —y+1, —z+1; (ix) —x+1, y+1/2, —z+1/2.

CCR: correct classification rate; SE: sensitivity; SP: specificity; PPV: positive pre-
dictive value; and NPV: negative predictive value; Coverage: percentage of test set
compounds within the applicability domain.

05 atom of NO, group and the H6 atom of the ring A (Fig. 4d).

The crystal packing of compound IlI, just like in I and II, has non-
classical C—H---O hydrogen bonds, listed in Table 2. A R§(16) dimer
is formed by the interaction between the O1 atom of the carbonyl
group and H19 atom of the ring D (Fig. 5a). In this packaging, there
are also two chains: one C} (7) involving O3 atom from SO, group
and the H5 atom of the ring A (Fig. 5b) and the other, C} (6),
involving 02 atom of group SO, and H27 atom of the ring D (Fig. 5¢).
Both chains grow in a zigzag way along to the b axis.

The optimized structures were superimposed with those ob-
tained experimentally (Fig. S13). It is noticed that in the gas phase
the rings B, C, and D are more movable, and this was expected since
the solid-state interactions are absent in these models. Another
variation observed is the elongation, on average 0.67 A, in the bond
lengths involving the sulfur atom. The calculated FMO of I, II and III
are represented in Fig. 6. In I, the highest occupied molecular orbital
(HOMO) is concentrated in ring C while the lowest unoccupied
molecular orbital (LUMO) extends over all dihydroquinoline-4(1H)-
one moiety. In I HOMO extends over the rings A, B and D while
LUMO is concentrated in ring C. In IIl, HOMO is localized over the
vinyl group and the ring B while LUMO extends over all
dihydroquinoline-4(1H)-one moiety. From the values of energy
[43], the following global reactivity descriptors were calculated:
Egap, hardness and softness. For I these values are 3.60 eV, 1.80 eV
and 7.20 eV, respectively. For Il these values are 3.77 eV, 1.88 eV and
7.54 eV, respectively. Finally, for Il these values are 3.60 eV, 1.80 eV
and 7.20 eV, respectively. These values indicate that III is the
highest electronic kinetic stable compound than I and II. Also, III
has a higher resistance to transfer charge and is more susceptible to
receive electrons than I and II.

The MEP representation of I, Il and III are shown in Fig. 7. The
high electron density sites where located around O atoms of
carbonyl, sulfonyl and nitro groups while low electron density sites
are located at aromatic rings. These characteristics were also
observed in other dihydroquinolines reported in the literature
[40—42]

3.2. Machine learning modeling

The combination of FeatMorgan fingerprints with the Random
Forest algorithm led to externally predictive categorical models,
with correct classification rate (CCR) values ranging between 0.70
and 0.89, sensitivity (SE) of 0.62—0.85, specificity (SP) of 0.65—0.93,
and coverage of 0.55—0.97. The details of the statistical
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(c)

Fig. 3. Main C—H---O interactions in the molecular packing of compound I.

Fig. 4. Main C—H---0 interactions in the molecular packing of compound II

characteristics of categorical models are shown in Table 3. The
model for Fusarium oxysporum (fungus) demonstrated the best
performance among all other explored activity endpoints
(CCR = 0.89, SE = 0.85, and SP = 0.93). On the other hand, the
model developed for Artemia salina (CCR = 0.83, SE = 0.81, and
SP = 0.85), a species of brine shrimp, showed the best performance
between all ecotoxicity models.

The developed machine learning models were used as filters in a
virtual screening aiming at prioritizing the putative biological ap-
plications of I, I and IIL. According to Table 4, all compounds were
predicted as antiviral agents against Tobacco mosaic virus (TMV)
(92%, 84% and 96% of probability for I, Il and III, respectively), firstly

discovered in tobacco, is one of the most devastating viruses to
crops, which can infect over 350 different species of plants,
including crops of tomato, pepper, cucumber, etc. As one of the
most stable viruses, it can survive outside the plant and remain in a
dormant state to infect growing crops. Once the plant is infected, no
chemical cure is effectively available, and usually, all the infected
crops should be removed [44]. Furthermore, all compounds were
also predicted as an antifungal agent against Fusarium oxysporum
(80%, 46% and 80% of probability for I, II and III, respectively). It
includes many strains that cause vascular wilt diseases of
economically significant crops all over the world [45]. On the other
hand, predictive analysis of ecotoxicity potential indicates that I, II
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(c)

Fig. 5. Main C—H---O interactions in the molecular packing of compound III

Ep o = -3.22
eV

N,

~

Epomo = -6.33 (a)

Egono = -6.99
eV eV

Eiomo= -2,84
eV

E., = 3.94€V

(b) Egomo = -6.78 (C)

eV

Fig. 6. Frontier molecular orbitals of compounds I, II and IIL

and III may be toxic to honeybees (Apis mellifera, see Table 4).

4. Conclusions

This paper reports the use of a machine learning model along
with public databases such as ChEMBL and PubChem Bioassay to
guide the synthesis of new compounds with pesticide properties. In
addition to the synthesis, spectroscopic characterizations, supra-
molecular studies and theoretical calculations of physical proper-
ties were realized to have a dense description of the proposed

molecules. The results showed that dihydroquinoline molecules
predicted antiviral (against Tobacco mosaic) and antifungal activity
(Fusarium oxysporum) testifying the pesticide potential of these
compounds. I, II and III have their molecular packing stabilized,
mainly, by C—H---O interactions, that form dimers and chains.
Moreover, the calculated electronic properties, showed III as the
compound more electronic kinetic stable. Finally, the machine
learning method was a powerful drive tool to design new dihy-
droquinolines derivatives as a potential pesticide.
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Fig. 7. Molecular electrostatic potential maps of compounds I, II and IIL.

Table 4
Predicted biological and toxicological properties of compounds I, II and IIL

Endpoint (class) I

Il i

Outcome (probability) AD

Outcome (probability) AD Outcome (probability) AD

Tobacco mosaic (virus) Active (92%) reliable Active (84%) reliable Active (96%) reliable
Bemisia tabaci (insect) Inactive (76%) unreliable Inactive (61%) unreliable Inactive (66%) unreliable
Helicoverpa armigera (caterpillar) Inactive (98%) unreliable Inactive (96%) unreliable Inactive (88%) unreliable
Agrobacterium tumefaciens (bacteria) Inactive (76%) unreliable Inactive (64%) unreliable Inactive (82%) unreliable
Botrytis fabae (fungus) Active (80%) reliable Active (68%) reliable Active (68%) reliable
Aspergillus niger (fungus) Inactive (80%) reliable Inactive (72%) reliable Inactive (70%) reliable
Fusarium oxysporum (fungus) Active (80%) reliable Active (76%) reliable Active (80%) reliable
Fusarium solani (fungus) Inactive (61%) unreliable Inactive (53%) unreliable Active (6%) unreliable
Rhizoctonia solani (fungus) Active (61%) reliable Inactive (64%) reliable Inactive (65%) reliable
Sclerotinia sclerotiorum (fungus) Active (74%) reliable Inactive (57%) reliable Active (54%) reliable
Predictive ecotoxicology against organism models

Artemia salina (crustacean) Nontoxic (30%) unreliable Nontoxic (16%) unreliable Nontoxic (25%) unreliable
Apis mellifera (honeybee) Toxic (74%) reliable Toxic (84%) reliable Toxic (82%) reliable
Oncorhynchus mykiss (fish) Nontoxic (28%) reliable Nontoxic (15%) reliable Nontoxic (29%) reliable
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ABSTRACT

In this paper, we performed an in silico-driven design model to synthesize compounds with biolog-
ical activity. This rational design has the advantage of decreasing the time and the need for exper-
imental tests and, consequently, the cost related to the search for different candidates. In this way,
there is a necessity for more studies that look for new molecules or compounds that may be alter-
natives to replace the most harmful chemicals for safer options. To contribute to filling this gap, we
started an investigation looking for molecules with bioactive potential using a previously developed
machine learning model. Leading us to the synthesis, spectroscopic and structural characterization of
(E)-2-(4-chlorophenyl)-3-(4-nitrobenzylidene)-1-(phenylsulfonyl)-2,3-dihydroquinolin-4(1H)-one. Further-
more, considering the predicted biological profile, one of its isomers was incorporated in this study and
submitted to experimental validation. The in vitro results indicated that the compounds have antifun-
gal activity against Aspergillus niger in the same range of positive controls. Moreover, both compounds
crystallized in the P2;/n space group, and their packing is mainly ruled by C-H--O interactions. Lastly,
we hope that findings can be used as a starting point for new studies where the structural and biologi-
cal knowledge of dihydroquinolinones leads to the designing of less toxic or nontoxic analogs antifungal
agents by changing undesirable fragments by desirable ones in the molecular skeleton.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

tial regarding the average time (10-15 years) and cost (US$ 4-22
billion) to introduce a new pesticide product into the market [5,6].

Machine learning is a growing field of artificial intelligence
that uses different statistical techniques to enable computers to
learn from chemical and biological data types without being ex-
plicitly programmed for this task [1]. In this sense, machine learn-
ing model techniques have been used to develop quantitative
structure-activity relationship models because they (1) do not re-
quire bioassay at the first stage, (2) demand less cost and time in
estimating potential bioactivities, (3) decrease drug development
costs and (4) reduce animal tests [2-4]. These features are essen-

* Corresponding author.
E-mail addresses: wesfonseca@gmail.com, wesley.vaz@lIrv.ifmt.edu.br (W.E. Vaz),
hbnapolitano@gmail.com (H.B. Napolitano).

https://doi.org/10.1016/j.molstruc.2020.129326
0022-2860/© 2020 Elsevier B.V. All rights reserved.

As an example, a developed quantitative structure-toxicity
relationship models provided efficient tools in the discovery and
design of low aquatic toxic pesticides, giving new insights about
how different physical-chemical properties influence in the high
and low toxicity of a compound [7]. Also, these methods have been
used to predict acute contact toxicity for bees being suitable to
reliably predict the toxicity of structurally diverse pesticides, show-
ing their potential to be applied in the screening and prioritization
of new pesticides in the future [8]. Other applications of compu-
tational methodology toward pesticide discovery include ligand-
based computer-aided pesticide design [9], natural products-based
pesticides [10], and multi-target site inhibitor design [11].

Although machine learning-based virtual screening (VS) can
be applied in many fields, it has been most used for drug
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discovery. A few examples of the computational study of potential
pesticides are found in the literature [12-16], and the design of
new molecules with environmental importance is still scarce.
Considering the relatively scarce studies on the environmental
field, we sought to apply a machine learning-based VS model
to propose new compounds with pesticide potential. The in
silico-driven design of a new quinolinone (E)-2-(4-chlorophenyl)-
3-(4-nitrobenzylidene)-1-(phenylsulfonyl)-2,3-dihydroquinolin-
4(1H)-one (P-CNP) was performed using previously developed
machine learning models [17]. Guided by these results, a quino-
linone derivative was synthesized, crystallized, and structurally
characterized. Besides, these outcomes on structural character-
ization were compared to meta-substituted isomer previously
studied by our group [18]. In this sense, electronic properties were
theoretically calculated at the B3LYP/6-311+G(d) level, to get a
better understand of the molecular structures and supramolecular
arrangements of both molecules. Lastly, both compounds were ex-
perimentally validated in vitro against Aspergillus niger, confirming
their pesticide potential as new antifungals.

2. Materials and computational procedures
2.1. Synthesis and crystallization

The compound N-(2-acetylphenyl)benzenesulfonamide (1) (1.0
mmol) was reacted with 4-chlorobenzaldehyde (2) (3.0 mmol) in
basic medium and produced the benzenesulfonamide chalcone (3)
[19]. Then, P-CNP (5) was obtained employing Claisen-Schmidt
condensation, reacting the benzenesulfonamide chalcone (3) (1.0
mmol) with p-nitro-benzaldehyde (4) (2.0 mmol) dissolved in 15
mL of basic ethanol (56.1 mg of potassium hydroxide dissolved)
for 48h at 25°C, Scheme 1. So, the solution was filtered, and the
precipitate was rinsed with 15 mL of ethanol. The precipitate was
dissolved in dichloromethane (10 mL) and this solution was ex-
tracted with water. The organic phase evaporates slowly, yielding
the product. This methodology is already known, and further de-
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tails can be obtained in the literature [19,20]. Yellow crystalline
solid, yield 81.9%, purity of 98.5%, mp 224 - 226 °C. 'H NMR (500
MHz, CDCl3) 8 6.55 (s, 1H), 8 7.09 - 7.12 (m, 2H), § 7.22 - 7.26 (m,
2H), § 7.27 - 7.29 (m, 2H), § 7.29 - 7.32 (m, 2H), § 7.33 - 7.36 (m,
3H), § 7.54 (tt, ] 1.25 Hz, 7.50 Hz, 1H), § 7.59 (ddd, ] 1.68 Hz, 7.35
Hz, 8.18 Hz, 1H), 8 7.63 (s, 1H), 8 7.71 (dd, ] 1.00 Hz, 8.20 Hz, 1H),
8 7.90 (dd, ] 1.60 Hz, 7.75 Hz, 1H), § 8.27 - 8.29 (m, 2H); 13C NMR
(126 MHz, CDCl3) § 59.4, 124.3, 127.2, 127.7, 1279, 128.2, 1284,
128.9, 129.1, 129.4, 130.5, 133.3, 133.6, 134.9, 135.3, 137.3, 138.8,
139.6, 148.3, 181.9; IR 1673 (m), 1602 (m), 1480 (w), 1354 (s),
1298 (m), 1255 (w); HRMS calculated for CogH»9CIN,05S 553.0601,
found 553.0601. As mentioned before, the M-CNP molecule has al-
ready been studied individually and additional structural informa-
tion about it can be obtained consulting the previous paper [18].
All spectra are available in supplementary materials; Figures S1 to
S8.

2.2. X-ray diffraction analysis

Single crystal X-ray diffraction was carried out using Agilent
SuperNova diffractometer with MoK« radiation at room temper-
ature (298 K). The collected data were processed with CRYSAL-
ISPRO software [21]. P-CNP structure was solved with the ShelXS
[22] structure solution program using direct methods and then re-
fined by full-matrix least-squares refinement on F2 using SHELXL
[23] on Olex2 package [24]. All non-hydrogen atoms were refined
with anisotropic parameters. All the hydrogen atoms were placed
in calculated positions and refined with fixed individual displace-
ment parameters [U;,(H) = 1.2Ueq or 1.5Ueq] according to the rid-
ing model. Illustrations were made using Mercury [25] and Crys-
talExplorer [26]. The crystallographic information file (CIF) of P-
CNP was deposited at the Cambridge Crystallographic Data Center
(CCDC) [27,28] under code 1981002. Copies of the data can be ob-
tained, free of charge, via www.ccdc.cam.ac.uk.

The physical-chemical properties of title compounds were theo-
retically computed at the B3LYP/6-311+G(d) level of theory imple-

0 H o e
+ KOH/EtOH
—_— =
NH room temperature TH ¢]
S|02 SO,
Cl
1 2 3
o] H o] o
F =
+ KOH/EtOH
room temperature
TH Cl T NO,
SO, SO,
NO,
3 4 5 cl

Scheme 1. General scheme for the synthesis of P-CNP (5).
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mented in the Gaussian09 package [29] using the crystallographic
data from the CIF file. The initial geometric parameters were op-
timized without constraint, so the minimum energy structure ob-
tained was used in harmonic vibrational calculations. The vibra-
tional modes were assigned using Gaussview [30]| animation tool
and VEDA4 [31]. The same theory was used to calculate molecu-
lar electrostatic potential maps (MEP), frontier molecular orbitals
energy (FMO), and electronic reactivity descriptors values.

2.3. Molecular modeling analysis

Machine learning models previously developed by Vaz and
coauthors [17] were used to predict biological/toxicological proper-
ties of P-CNP and M-CNP against the following organisms: Tobacco
mosaic (virus), Bemisia tabaci (insect), Helicoverpa armigera (cater-
pillar), Agrobacterium tumefaciens (bacteria), Botrytis fabae (fungus),
Aspergillus niger (fungus), Fusarium oxysporum (fungus), Fusarium
solani (fungus), Rhizoctonia solani (fungus), and Sclerotinia sclero-
tiorum (fungus). Moreover, ecotoxicity of compounds was accessed
for Artemia salina (crustacean), Apis mellifera (honeybee), and On-
corhynchus mykiss (fish).

Briefly, the binary machine learning models used here were de-
veloped using pairwise combinations of FeatMorgan fingerprints
(FCFP-like, radius 2 and bit vector of 2048 bits) calculated in RD-
Kit (http://www.rdkit.org) [32] and Random Forest algorithm im-
plemented in Scikit-learn v.0.19.2 (http://scikit-learn.org/) library
of Python v.3.6 (https://www.python.org) [33]. The robustness and
predictivity of models were accessed using a 5-fold external cross-
validation procedure. All models showed correct classification rate
(CCR) values ranging between 0.70 and 0.89, sensitivity (SE) of
0.62-0.85, specificity (SP) of 0.65-0.93, and coverage of 0.55-0.97.
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The applicability domain (AD) was estimated using the method-
ology developed by Golbraikh and coauthors [34]. If the com-
pound distance exceeds the similarity threshold between training
set compounds and a compound under investigation, the predic-
tion may be considered less trustworthy [34]. Finally, the model
predictions were mechanistically interpreted using predicted prob-
ability maps developed by Riniker and Landrum [35].

2.4. Antifungal assay

The antifungal activity of nitrodihydroquinolinones isomers was
performed from the determination of the minimum inhibitory con-
centration (MIC) on A. niger, according to Espinel-Ingroff and coau-
thors. [36]. The fungus was reactivated from the collection of fungi
culture of the Laboratory of Basic, Applied, and Scientific Dissem-
ination of the State University of Goias, by sowing in potato dex-
trose agar (PDA) medium. The inoculum was prepared from a coni-
dial suspension in physiological solution with 0.02% tween 80. The
tested compounds were individually added in Eppendorfs with
potato-dextrose broth to obtain different concentrations between
24 and 5 x 10* ng mL-!. The fungal inoculum was added to the
medium to obtain a final concentration of 10® conidia mL~!. The
cultures were incubated at 25°C for 3 days and fungal growth was
verified from the mycelial mass. As a positive control, the antifun-
gal agents’ fluconazole and thiophanate-methyl were used in the
same concentrations evaluated and as a negative control only the
potato-dextrose broth, both added with the fungal inoculum. The
MIC was considered the lowest concentration of the tested com-
pounds capable of preventing fungal growth.

Fig. 1. Thermal ellipsoid drawing of P-CNP showing atom labeling and displacement ellipsoids at the 50% probability level. H atoms are shown as small spheres of arbitrary

radii.
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Fig. 2. The overlap of P-CNP (blue) and M-CNP (red) structures obtained from x-ray diffraction data.

Table 1

Crystal data and structure refinement of P-CNP.

P-CNP

Empirical formula

Cy5H19CIN, 05 S

Formula weight 530.96
Temperature/K 293(2)
Crystal system monoclinic
Space group P2 /n

alA 11.1075(4)
b/A 14.4637(5)
c/A 15.2820(5)
af° 90

Bl° 96.658(4)
vI° 90

V(A3) 2438.58(16)
z 4
pca]cglcm3 1.446
/mm-! 0.286
F(000) 1096
Crystal size/mm? 0.53 x 0.41 x 0.34
Radiation MoKa (A = 0.71073)
Reflections collected 51829
Independent reflections 6508
Data/restraints/parameters 6508/0/341
Goodness-of-fit on F? 1.029

Final Ry index [[>=20 (I)] Ry = 0.0428
Largest diff. peak/holefe A3 0.27/-0.37

3. Results and discussion
3.1. X-ray diffraction analysis

The compound P-CNP consists of a benzenesulfonyl group at-
tached to N1 atom, a p-nitro vinylbenzene group attached to the
C8 atom, and a chlorobenzene group attached to C16 atom. The
piperidone cycle appears in the chair form. Thus O1 and N1 atoms
are not coplanar with the ring a. The crystallographic parameters
and ORTEP representation were presented in Table 1 and Fig. 1,
respectively.

The S configuration was used in the structural analysis of P-CNP.
So, the nitrobenzene rings were not planarly oriented concerning
the dihydroquinolin-4(1H)-one motif ring. In P-CNP there is a de-
viation of 26.43(6)°, while in M-CNP [18] it is 64.58(6)°. More-
over, the values for torsion angles show that the NO, group has
no coplanarity to the ring b in both isomers. That torsion [C2-C3-
N2-04 = = -176.0(2)] is 4(2)° in P-CNP and more pronounced in
M-CNP [C1-C2-N2-05 = -158.2(2)] where the deviation is approxi-
mately 22 (2) °. Fig. 2 shows the overlay of both structures.

P-CNP features the absence of a strong H-bond donor, just
like M-CNP, being it packing stabilized by C-H---O H-bonds be-
ing three centrosymmetric dimers and one bifurcated interaction.
Also, it is noted that the change in the position of the NO, group
(form meta to para) led to an increase in the number of C-H---O

Table 2

Hydrogen-bond geometry (A, ©) for P-CNP.
D—H.---A D—H H---A D---A D—H.--A
C4—H4...02! 0.93 2.44 3.355(2) 168
C5—H5...03! 0.93 2.53 3284 (2) 135
C21-H21--.05' 0.93 2.57 3.166 (2) 122
C22—H22...051 0.93 2.65 3212 (2) 119
C25—H25.-.01f 0,93 2.66 3.559 (2) 164
C27—H27--- 04V 0.93 2.67 3.538 (3) 155
C28—H28.-. 05V 0.93 2.59 3330 (2) 137

Symmetry codes: (i) —x, —y+1, —z+2; (ii) x-1, y, z; (iii) —x, —y+1,
—z+1; (iv) —x+1, —y+1, —z+2.

interactions at P-CNP when compared to M-CNP [18] . In the first
interaction, it is observed that the interaction between O atoms
of nitrobenzene group and H atoms of benzenesulfonyl group gen-
erating a dimer with R%(7) motif (Fig. 3a). Also, two intermolec-
ular interactions, involving H atoms of nitrobenzene group and O
atoms of the SO, group generates a second dimer with R% (7) motif
(Fig 3b). One of these interactions is formed between the carbonyl
group and H atoms of benzenesulfonyl group with R% (20) motif
(Fig. 3c), while the other involves a bifurcated interaction where
two H atoms of chlorobenzene ring interact with one O atom of
nitrobenzene ring R;(S) (Fig. 3d). Finally, the molecular packing of
P-CNP is represented in Fig. 3e, while the molecular packing of M-
CNP is represented in Fig. 3f and the hydrogen-bond geometries
are given in Table 2.

To further analysis about intermolecular interactions, present in
P-CNP, Hirshfeld Surface (HS) analysis was used in this study. The
dnorm HS of the title compound is illustrated in Fig. 4, and is rep-
resented both, acceptor and donor regions, of six interactions. Blue
indicates outlying contacts while red indicates closer contacts. The
interaction C25-H25--01, represented by (I), is related to a dimeric
interaction formed by carbonyl and benzenesulfonyl groups. The
interactions C4-H4--02 (II) and C5-H5--03 (III) are related by con-
tacts between SO, and nitrobenzene groups. Additionally, C27-
H27--04 (IV) and C28-H28--05 (V) interactions involve nitroben-
zene and benzenesulfonyl groups, respectively. Finally, the bifur-
cated interaction involving the nitro group and chlorobenzene ring
is represented by (VI) and is formed by C21-H21--05 and C22-
H22--05 contacts. Based on such contact proximities , highlighted
in red on the surface, the interaction (II) is the closest in the pack-
ing of P-CNP. The closest contacts suggest that the nitrobenzene
group has a leading role in the supramolecular arrangement.

In addition to the C-H..-O interactions, there are three
C-H...m interactions that contribute to the crystalline arrange-
ment of P-CNP. These hydrophobic interactions connect the
dimers and are responsible for the molecular growth in a three-
dimensional way. The shape index surface is a tool to analyze
hydrophobic contacts; moreover, on this surface, C-H- .- interac-
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Fig. 3. Dimers observed in the crystal packing of P-CNP with motifs R§(7) (a) and (b), R%(ZO) (c), and bifurcated interaction R% (5) (d). The molecular packing of P-CNP (e)

and M-CNP (f) are shown as viewed parallel to the b axis.

tions are recognized by a broad depression in the surface above
the aromatic ring. Red is used to represent the acceptor region
while blue represents the donor region of intermolecular contacts.
Fig. 5 show the shape index surface for P-CNP, where the region
marked with a circle represents C-H-. - - v interactions. The first in-
volves C12, H12 atoms, and benzenesulfonyl ring [H. - - Cgp) = 2.94
A]. The second involves C1, H1 atoms, and benzenesulfonyl ring
[H---Cgicy = 3.65 A], and the last one involves C26, H26 atoms,
and chlorobenzene ring [H. - - Cggy = 3.64 Al

The 2D fingerprint plot (de vs d;) tool of HS was also used to
study all the interatomic interactions in the isomers (Fig. 6). In
both molecules, H---H interactions (I) are the higher presence in
the fingerprints, being 34% and 30.7%, in P-CNP and M-CNP, respec-
tively. About C. .. C interactions (II), they represent, respectively, 2%
and 4.1% in P-CNP and M-CNP packing. Also, C---H interactions
(1) are 16.7% and 18.6% in the fingerprint of P-CNP and M-CNP,
respectively. The H.--O interactions (IV) correspond to 25.2% and
27.3% of the interactions present in P-CNP and M-CNP, respectively.
The occurrence of H- - - Cl interactions (V) is almost the same in the
isomers, being 10.1% for P-CNP and 10.4% for M-CNP. Lastly, the

0. .. C interactions (VI) are more frequent in P-CNP than in M-CNP
being 6.6 % and 2.5%, respectively. Thus, it is possible to notice that
the NO, group settled at para position leads to an increase in the
occurrence only of H---H and O.--C interactions indicating that
in this position, the molecule experiences more steric effects than
when it is in the meta position. On the other hand, the change
in the position of the NO, group does not significantly affect the
occurrence of H. .- Cl interactions.

The theoretical and experimental vibrational spectra were plot-
ted in Fig. 7. A scaling factor [37] equal to 0.968 was applied in
theoretical wavenumbers to correct overestimated values obtained
with DFT [38]. The IR intensities, the calculated vibrational fre-
quencies, and the assigned vibrational modes for the main group
of P-CNP and M-CNP are listed in Table 3.

The stretching vibrations for aromatic CH bonds usually arise
in the range [39] of 3050 to 3010 cm~!. This mode for P-CNP and
M-CNP occurs at 3091 to 3057 cm~! and 3065 to 3050 cm~!, re-
spectively. Regarding the calculated frequencies, this mode occurs
practically in the same regions, at the range of 3127 to 3070 cm~!.
The vibrational stretching mode for the C=C group occurs as a
weak band around 1680 to 1600 cm~!. Meanwhile, the absorption
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——

(||, |||)

Fig. 4. The Hirshfeld surface dnorm map showing C-H--O interactions observed in the molecular packing of P-CNP.

C12-H12--Cgyp C26-H26--Cgg,

Fig. 5. Shape index surface showing the C-H. .. interactions establishing the crystal packing of P-CNP. In the image on the right, the left circle represents C1-H1. .. Cg(

Table 3
Theoretical and experimental vibrational assignments of P-CNP and M-CNP.
P-CNP M-CNP
Vibrational mode  Unscaled® Scaled? Intensity®  IR¢ Unscaled? Scaled? Intensity®  IRC
v (CH)ar 3231.19 - 3172.28  3127.19-3070.28 - 3091 - 3057  3231.18 - 3172.76  3127.60-3070.49 - 3053 -3065
v (C-C)ar 1650.37 - 1612.15  1597.37-1560.15 - 1573 -1476 1659.13 - 1612.03  1605.91- 1560.41 - 1562-1469
v C=C 1650.37 1597.56 186.04 1489 1650.44 1597.62 222.00 1575
v C=0 1725.75 1670.53 126.80 1673 1727.38 1672.10 131.82 1696
Vasym SO 1304.45 1262.71 24.60 1309 1304.04 1262.31 35.94 1359
Vsym SO 1125.59 1089.57 135.60 1143 1124.82 1088.82 143.71 1050
Vasym NO2 1574.90 1524.50 198.20 1529 1587.54 1536.73 229.44 1524
Vsym NO3 1367.08 1323.33 445.23 1354 1371.66 1327.76 340.04 1316
v Car-Cl 1103.00 1067.70 68.35 998 1103.10 1067.70 65.71 1012

@ Scale factor = 0.968.
b IR intensities (K mmol-1).

¢ cml.
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Fig. 7. The experimental (black) and theoretical (red) infrared spectra overlay of
P-CNP and M-CNP.

of medium to the strong intensity from 1600 to 1450 is associated
with this vibrational mode in aromatic rings [39]. vC=C mode was
used for both P-CNP and M-CNP, and in both cases, the band arises
at 1597 cm~!, while in FI-IR, these bands appear at 1489 and 1575
cm~!, respectively. Additionally, this stretching mode occurring in
aromatic rings were theoretically assigned in a region from 1612 to
1650 cm~! for both compounds. The values are in good agreement
with the experimental results.

The carbonyl group, when conjugated with a double carbon
bond, tends to show its stretch mode in the range of 1675 to 1680
cm~! [39]. In P-CNP, the strong bands observed at 1673 cm~! in
FT-IR, and 1670 cm~! observed in theoretical calculations are at-
tributed to vC=0 mode. On the other hand, M-CNP presents this
mode at 1696 cm~! (exp) and 1672 cm~!(DFT). For the sulfone
group, two stretching bands occur - one asymmetrical in the re-
gion of 1300 cm~! and another, symmetrical in the region [39] of
1150 cm~!. In the present study, the bands observed at 1309 cm™!,
1359 cm~! (experimental) and 1262 cm~! (calculated) are assigned
to SO, asymmetric mode for P-CNP and M-CNP, respectively, while
symmetric vibrations occur at 1143 cm~!, 1150 cm~! (experimen-
tal) and 1089 cm~! (calculated), respectively.

A nitro group, when conjugated to an aromatic ring, displaces
its stretch bands around 1550 to 1490 cm~! (asymmetric) and
1355 to 1315 cm~! (symmetric) [39]. The asymmetric mode ap-
pears in experimental spectra at 1529 and 1524 cm~!, while in
calculated spectra, it occurs at 1524 and 1536 cm~!, for P-CNP
and M-CNP, respectively. Besides, for symmetric mode, experimen-
tal values can be found at 1354 and 1316 cm~! and 1323 and 1327
in calculated spectra, for P-CNP and M-CNP, respectively. The vC-
Cl vibration in aryl chlorides absorb between [39] 1100 and 1035
cm~!. Here, experimental bands arise at 998 and 1012 cm~!, and
calculated bands occur at 1067 cm~! for P-CNP and M-CNP, respec-
tively.

The global electronic reactivity descriptors were obtained with
FMO energies to calculate: ionization energy [I = —Egomol, elec-
tron affinity [A = —E;ymo], electronic chemical potential [u =
1/2(Enomo + Ewmo) 1, hardness [ = 1/2(Eymo — Enomo)]. softness
[s=1/n], gap energy [Egp = Erymo — Enomo] and electrophilicity
[w = u?/2n] [40]. These values for P-CNP and M-CNP were listed
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Fig. 8. Frontier molecular orbitals of P-CNP and M-CNP and their energies

Table 4

The global reactivity descriptors of P-CNP and M-

CNP
Molecular properties P-CNP  M-CNP
Ionization potential (I) 7.02 7.00
Electron affinity (A) 3.47 3.21
Chemical potential (p) -5.25 -5.11
Global hardness (1) 1.78 1.90
Softness (s) 0.56 0.53
Energy gap (eV) 3.55 3.79

Electrophilicity index (w) 7.75 6.88

in Table 4, and the graphical representation of FMO is shown in
Fig. 8.

The electron donor behavior in both compounds is similar,
while P-CNP (lowest LUMO energy) can be the best electron accep-
tor (Table 4). The values of potential ionization and electron affin-
ity, table 4, lead to the same conclusions. Also, P-CNP, when com-
pared to M-CNP, is the softest molecule (lowest AEgyp), the most
electronic reactive compound (less hardness, greater softness), and
has low electronic kinetic stability. Finally, by electrophilicity val-
ues, P-CNP can be considered a stronger electrophile. To investi-
gate the reactive sites for the electrophilic and nucleophilic attack,
the MEP surfaces were calculated for the title compounds and are
shown in Fig. 9. The negative potential, red regions, are mainly lo-
calized over the oxygen atoms, SO, and NO, groups, and these re-
gions are most susceptible to electrophilic attack. The positive po-
tential, blue regions, are localized around hydrogen atoms of the
aromatic rings, indicating possible sites for nucleophilic attack. To
conclude, the green regions, around chlorine atoms, represent the
zero potential of the title molecule.

3.2. Molecular Modeling analysis
The developed machine learning models were then used as fil-

ters in a virtual screening to prioritize the putative pesticide ap-
plications of M-CNP and P-CNP. According to Table 5, both com-

pounds were predicted as antifungal agents against A. niger (76%
and 75% of probability for M-CNP and P-CNP, respectively). The
A. niger is ubiquitous in soil and commonly reported in dead
leaves, stored grain, compost piles, and other decaying vegetation.
It causes a disease called black mold on certain fruits and vegeta-
bles such as grapes, onions, peanuts, and is a common contam-
inant of food [41-43]. Both compounds were predicted as active
against S. sclerotiorum (70% and 71% of probability for M-CNP and
P-CNP, respectively), a fungus, that causes a severe disease called
white mold in a broad host range of more than 400 plant species
(herbaceous, succulent plants, particularly flowers and vegetables),
thereby becoming one of the most successful plant pathogens. On
the other hand, predictive analysis of ecotoxicity potential indicates
that M-CNP and P-CNP may be toxic to honeybees (A. mellifera), see
Table 5).

Subsequently, predicted probability maps (Fig. 10) from ma-
chine learning predictions were generated for both compounds
aiming to visualize the atomic and fragment contributions for an-
tifungal activity and acute contact toxicity for the honeybee. Here,
the "weight" of an atom was considered as a predicted-probability
difference obtained when the bits in the fingerprint correspond-
ing to the atom are removed. Then, the normalized weights were
used to color the atoms in topography-like maps in which green
(active or nontoxic) and purple regions (inactive or toxic) indi-
cate a decrease or increase in probabilities when the bits are
removed. By analyzing the probability maps generated for the
anti-A. niger activity, we identified that all atoms, except the ni-
tro group, contribute favorably for the antifungal activity. Further-
more, for anti-S. sclerotiorum, nitro group, and acetophenone moi-
ety also contributed to the antifungal property. On the other hand,
mechanistic interpretation of potential acute contact toxicity for
honeybee suggests that the propan-2-amine fragment (highlighted
in purple) contributed positively to the toxicity. This structural
and biological information provided by the QSAR models could
be useful for designing or optimizing potent and nontoxic anti-
fungal analogs by replacing unfavorable fragments with favorable
fragments.
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Fig. 9. Molecular electrostatic potential map of P-CNP and M-CNP. Blue represents areas with a positive charge, while red represents regions with a negative charge. Lastly,
green represents the zero potential regions.

P-CNP

Table 5

Predicted biological and toxicological properties of synthesized compounds.
Endpoint M-CNP
(class)

Outcome (probability)  AD

Outcome (probability)  AD

Predictive pesticide activity against several organisms
Tobacco mosaic (virus) Inactive (8%)
Bemisia tabaci (insect) Active (61%)
Helicoverpa armigera (caterpillar) Inactive (86%)
Agrobacterium tumefaciens (bacteria)  Inactive (76%)
Botrytis fabae (fungus) Inactive (67%)
Aspergillus niger (fungus) Active (76%)
Fusarium oxysporum (fungus) Inactive (83%)
Fusarium solani (fungus) Inactive (59%)
Rhizoctonia solani (fungus) Inactive (71%)
Sclerotinia sclerotiorum (fungus) Active (70%)
Predictive ecotoxicology against organism models
Artemia salina (crustacean) Nontoxic (62%)
Apis mellifera (honeybee) Toxic (81%)
Oncorhynchus mykiss (fish) Nontoxic (82%)

reliable Inactive (8%) reliable
unreliable  Active (63%) unreliable
unreliable Inactive (85%) unreliable
unreliable  Inactive (76%) unreliable
reliable Inactive (67%) reliable
reliable Active (75%) reliable
reliable Inactive (83%) reliable
unreliable  Inactive (59%) unreliable
reliable Inactive (71%) reliable
reliable Active (71%) reliable
unreliable Nontoxic (59%) unreliable
reliable Toxic (81%) reliable
reliable Nontoxic (82%) reliable

AD: applicability domain

Table 6

Effect of different concentrations of M-CNP and P-CNP on the mycelial growth of As-
pergillus niger on potato-dextrose broth (PDB). The first appearance of the (-) symbol in
each line represents the MIC value in which the compound shows activity.

Minimum inhibitory concentration (mgL~')

0* 24 x 1073

005 08 3 6 12 25 50

M-CNP + +
P-CNP + +
Positive controls

Fluconazole + +

Thiophanate-methyl — + +

+ + o+ o+ - - -
+ + 0+ o+ o+ - -
+ + o+ o+ - - -
+ + 0+ o+ o+ o+ -

* Negative control (only PDB and the fungal inoculum);

growth; + Fungal growth.

3.3. Antifungal activity

Considering the in-silico profile of M-CNP and P-CNP, both eval-
uated compounds showed antifungal activity against A. niger. As
we can see in Table 6, M-CNP and P-CNP showed MICs of 12 and
25 mglL-1, respectively, therefore lower than thiophanate-methyl
(50 mgL~1). P-CNP showed slightly higher and M-CNP similar MIC
to fluconazole (12 mgL~1). These results open perspectives for fu-
ture studies aiming to apply these molecules in drugs and/or agro-
chemicals with antifungal action. Also, future studies can be car-

- Absence of fungal

ried out to show if the use of these molecules can reduce a pro-
duce toxic environmental waste such as those generated by a stan-
dard antifungal drug like fluconazole and thiophanate-methyl. The
properties of some natural and/or synthetic chalcones and their
analogs against different organisms included fungi that have been
previously described [44,45] and in some cases, the use of these
molecules is more effective than commercial fungicides [46]. A.
niger is also a fungus of great interest for microbiology, because its
spores are present in abundance in the environment, mainly in the
air, besides presenting a fast growth and tolerance to variations of
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Antifungal contribution (4. niger)

M-CNP P-CNP

Fig. 10. Predicted influence of structural atoms and fragments on the antifungal ac-
tivity and acute contact toxicity for the honeybee. Fragments increasing the toxicity
are shown in green and fragments decreasing the toxicity are shown in purple.

pH, being able to contaminate a multitude of products [47,48]. For
this reason, it is commonly used in laboratory tests to analyze the
antifungal activity of different compounds, being part of the proce-
dure of quality control of these products. Thus, the results obtained
point to the potential of the tested compounds as microbial control
agents.

4. Conclusions

P-CNP and M-CNP are not planar compounds, and with the re-
lation of dihydroquinolin-4(1H)-one moiety the nitrobenzene ring
is more twisted indicating that the molecule in para position is
more rigid. Their molecular packing is stabilized by H-bonds, of
the C-H--O kind, and they happen in greater number in P-CNP.
Then, these interactions form dimers and bifurcated interactions
being this pattern recurrent in the literature. The topological analy-
sis showed that just H---H and O-- - C are more frequently in P-CNP
than in M-CNP, being that a consequence of the changing of the
NO, group position. Also, C-H. .. interactions contribute to the
crystalline state of the isomers. Moreover, in terms of electronic
properties, both compounds have similar behavior, being P-CNP
lightly more electronic kinetic stable. Finally, categorical machine
learning models previously developed by our group were used to
access the pesticide profile of P-CNP and M-CNP. Based on the ma-
chine learning model prediction on the bioactivity of nitrodihydro-
quinolinones, further testing against A. niger was undertaken. Con-
sequently, we were able to identify the antifungal action of these
two new chemical scaffolds.
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1. Introduction

Despite recognizing the importance of pesticides (i.e herbicides, insecticides,
fungicides) in agriculture, their inappropriate and excessive application lead to the
contamination of soil and groundwater’=3. When release in soil, as pollutants, they
are commonly found in the environment as degraded products and metabolites
resulted from abiotic and biotic processes. The degradation products, in general,
more polar and more stable than the parent compound, hence, pose a greater potential
risk for the environment. Ametryn (AMT) and Atrazine (ATZ), scheme 1(a) and (b),
respectively, for example, are representative s-triazine herbicides and act by
inhibiting photosynthetic electron transport. In the environment, ATZ and AMT are
degraded at a low rate to several 2-triazine substituents* (Fig. S1, ESI). Among them,
hydroxyatrazine (O=ATZ) is the main product of the first step degradation of s-

triazines, being a nontoxic compound although persistent in the environment.

X o

(a) (b)

Scheme 1 - Molecular structure of ametryn (AMT) (a), and atrazine (ATZ) (2) and their metabolite (b),

the hydroxyatrazine. The atoms labels are shown in grey.

The environmental pollution by triazines has raised an environmental
concern due to its ecotoxicology and seeks biodegradation of these products in
contaminated soils®>. Toward the sustainable use of triazines, far beyond the
optimization performance of herbicides providing dosage reduction, their metabolites,
and degradation intermediates identification are demanded to predict the fate and
persistence in the environment, toxicity and, establishment of degradation pathways®.

Structurally, OH-ATZ has a hydroxyl group near to basic N-atom of triazine

ring which allows the occurrence of hydroxy«<keto tautomer, a consequence of the
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self-protonation of the molecule’ leading to a diversity of solid forms. Beyond the
protonation uncertainties associated with salt/cocrystal formation, compounds able to
tautomerize may exhibit even more complex behavior in the solid-state, which
impacts their administration and application. Herein, as part of the understating
degradation process of s-triazine derivatives, we have reported, for the first time, the
crystal structure of O=ATZ salts with HCI, HNO3, methanesulfonic and oxalic acids.
These products were structurally characterized by single-crystal (SCXRD) and
powder X-ray diffraction (PXRD), thermal analysis (DSC and TGA), spectroscopy.
Their solid-state characterization has related physicochemical properties aiming to
support the understanding of its behaviour when it is formed in the environment.

2. Experimental

2.1. Chemicals

All chemicals were of analytical or chromatographic grade and were used as
received without further purification. Ametryn (AMT) and atrazine (ATZ),
PESTANAL® analytical standard (purity 98.5%) were purchased from Sigma-
Aldrich, Brazil. The salt formers nitric (HNO3), hydrochloric (HCI), methanosulfonic
(HMes) and oxalic acids (HOxa), and the ethanol and methanol solvents were

purchased from local sources.

2.2. preparation of O=ATZ salts

The O=ATZ-Cl and O=ATZ-NO:3 salts were obtained through the dissolution
of ametrine in a 2:1 ethanol/water mixture, then the corresponding acid, at a
concentration of 1 molar, was added to the system, while O=ATZ-OXA and
O=ATZ-MES were prepared by an equimolar amount of neutral atrazine and the
corresponding organic acid. Then, this mixture was then dissolved in a 2:1
ethanol/water system and the solutions were kept at room temperature for solvent
evaporation. After a few hours it was possible to notice that the system acquired a
yellowish color. Suitable crystals for single-crystal X-ray diffraction (SCXRD) were

obtained over 2-3 days.


https://www.sciencedirect.com/topics/chemistry/purification
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2.3. X-ray crystallography

The single-crystal X-ray diffraction data of the O=ATZ salts, except O=ATZ-
OXA, were collected on a Bruker Apex-Il CCD diffractometer with graphite-
monochromated MoKa radiation (A = 0.71073 A), and data were measured at 120 K.
Acquisition, indexing, data integration, cell determination, and final parameters were
obtained using the software SAINT and SADABS®. The O=ATZ-OXA crystal was
collected using an Agilent SuperNova diffractometer with MoKa radiation and kept
at room temperature (298 K). Data collection, reduction, and cell refinement were
made with the CRYSALISPRO software®. Using Olex2'° the structures were solved
by direct methods, and the models obtained were refined by full-matrix least-squares
on F? (SHELXL). All non-hydrogen atoms were refined anisotropically. After that,
the hydrogen atoms were located from electron-density difference maps and were
positioned geometrically and refined using the riding model [Uiso(H) = 1.2Ueq or
1.5Ueq]. For the refinement of the O=AMT-NOs3 structure, which exhibits a disorder
in the alkyl fragment, several restraints have been applied for splitting this group into
two parts with 70:30% occupancies. Similar protocols have been applied to the
refinement of the O=AMT-OXA, splitting the ethyl group, in both conformers, in
two parts with 70:30% occupancies. Also, in the B conformer, restraints were applied

in the isopropyl group that was split into two parts with 60:40% occupancies.

3. Results and Discussion

3.2 Characterization of ATZ metabolite

The four salts crystals of OH-ATZ (O=ATZ-Cl, O=ATZ-NO3, O=ATZ-MES,
and O=ATZ-OXA) have been obtained from the crystallization of solutions prepared
by reacting the ATZ or AMT herbicide with acids (HCI, HNO3, HMes, and HOxa) in
a molar ratio of 1:1 (section 2). The OH-ATZ is the main metabolite of s-triazine
herbicides and it is formed in situ as a result of the degradation of s-triazine herbicide
at an acid medium with a low kinetic'?. Until now, the solid-state of OH-ATZ still

unknown and their features have demonstrated an intriguing aspect: the OH-ATZ
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occurs as salts in the oxo-tautomer in the zwitterionic form. This characteristic is
Important because it determines their mobility in the soil and water ground. Towards
this understanding, detailed structural and supramolecular descriptions of these salts
are provided below. The asymmetric unit (ASU) view of each salt is shown in Fig.
S1 ESI, while the packing diagrams are depicted in Figure S2 ESI. Crystal data,
refinement, and geometric parameters of OH-ATZ salts are shown in Table S1. OH-
ATZ, differently from the parent ATZ (pKa = 1.7), is a weak base that below its pKa
value, i.e. 5.2, is protonated. Further reactions for the OH-ATZ are possible: the
tautomerization of the compound. The OH-ATZ can exist in two different tautomeric
forms (Scheme 1), i.e. the 2-hydroxyl tautomer (OH-ATZ) and the 2-oxo one
(O=ATZ). Noteworthy, because the OH-ATZ reaches three protonation sites, the
tautomerism of OH-ATZ may precede or follow/advance to protonation in the
crystallization medium. From this observation, it is expected that when released into
the soil, as it is being an environment of different ions, tautomerism and easy
protonation/deprotonation of OH-ATZ provide high mobility in the environment. On
the other hand, these features and their possible cooperative effect are related to the

population and the stabilization of a particular tautomer in the medium.

3.2.1 O=ATZ-Cl crystal structure

When the O=ATZ zwitterion reacts with HCI acid, the protons transfer from
the acid to the N-atom of the s-triazine ring to form O=ATZ HCI salt. The O=ATZ
HCI crystallizes in the Triclinic space group P1 with a positively charged zwitterion
(O=ATZ"), a chloride anion, and one water molecule in the ASU (Z’ =1). In the
O=ATZ" cation, the C1-O1 bond is 1.213(3) A and corresponds to a typical double
bonds C=0 in ketone systems (1.222 A). Moreover, the alkyl fragments are flexible;
the OH-ATZ" adopts the antiperiplanar geometry between the protonated Ntriazine and
the C7 atoms. Selected bond lengths are presented in Table 1. The O=ATZ*---Cl-
ionic pair is stabilized by a bifurcated NH*---Cl- H-bonds (Table x). Further, the
water molecule is associates to O=ATZ" cation by N2H2---Oy H-bond, and to CI-
anion by N5H5---CI- one to form a R3(8) synthon. As results, adjacent
O=ATZ"---Cl~ ones are arranged into a 1D chain along the [001] direction linked by

(Fig. 1a). Because the cation occurs as 2-oxo-tautomer, the inclusion of water
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provides the formation of sheet structure bridging centrosymetrically chains through
OH---Oketo H-bonds (Fig. 1a). The 3D layered packing is generated by linking these
sheet frameworks through C6H6c---O1 interactions (Fig. 1b). Thus, hydrophobic
zones along the structures are created by the contacts of alkyls fragments.

Although there are hydrophobic domains - the hydrophilic part that comes
from hydration, facilitates the rupture of the structure by water. So, the OH-ATZ
molecule can be leached, drained, and, consequently, contaminate the surface and
underground of the water. It can be inferred that these structural factors are

responsible for the high persistence of this pollutant in the field.

Figure 1 — The chain formed by a water molecule and ionic pair in the O=ATZ packing; the synthons
are highlighted in dotted lines (a). In the crystal packing of O=ATZ-ClI, these chains are disposed into

a ladder-type arrangement.

3.2.2 O=ATZ-NOscrystal structure

In a medium with a high concentration of HNO3, the ATZ degrades to
O=ATZ which is protonated by the acid to form O=AMT-NOs3 salt. It crystallizes in
the orthorhombic space group P2:12:2: with a positively charged O=ATZ molecule
and a NOs3~ counter-ion (Z’ = 1) in the ASU. Since the O=ATZ" is H-bonded to NO3~

anion on both sides through the R3(8) synthons, a 1D chain of the ionic pairs is
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formed along the [010] direction (Fig. 2a). Along to [010] direction, the chains are
arranged in a square shape packing, by a twofold axis, due to the C6-H6C---O1 and
C8A-HBAC:--0O4 interactions (Fig. 2b). Finally, these units are held together by
C5—H5D---02 forming a columnar arrangement along to [100] direction (Fig. 2b).
Moreover, anion-m/triazine interactions™ (Fig S3 ESI) were also found in the packing.
It has been demonstrated that these relatively weak contacts contribute greatly to the
stabilization, performing an important role in the formation of a specific crystal
pattern on layered structure!*1’. The columns are joined by dispersion forces, mainly
represented by H---H contacts from the N-alkyl fragments of adjacent columns

(Fig2c). This characteristic is also observed in the crystal packing of ametryn*é.

() ___/l (b) gt
\\

4

~

Figure 2 — The chain formed by the hydrogen bonds involved at the synthon formation (a). These
chains are arranged in a square motif (b) by a 2-axis fold (the green lines) and the C5—H5D---02
(orange), C6—H6C:---O1 (pink), and C8A—HBAC:--O4 (magenta) interactions. In the crystal

packing (c) is possible to note hydrophobic regions (grey emphasis).
3.2.3 O=ATZ-MES crystal structure

The HMes acid is not a natural agent of soil or water ground, and it has been
used in our screening to demonstrate the hydrolysis of ATZ and AMT by strong
organic acids and the salt formation with O=ATZ by the s-triazine:-SOs~ synthon.
The O=AMT-MES crystallizes in the monoclinic space group C2/c with a O=ATZ"*
cation and one Mes™ anion in the ASU. The s-triazine ring of O=ATZ" cation
interacts on both sides with the —SO3~ portion of Mes~ anions by a R(8) synthon

that extends the ionic pairs in a chain along to [116] direction. In the O = AMT-Mes,
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these chains cross each other almost orthogonally (Fig 3a) stabilized by =n---m
interactions (center-to-center: 3.668(2) A) between the staked cations and CH---O
and CH---O H-bonds between the Mes~ anion and O=ATZ" cations from
neighboring chains. Noticeably, as an oxo-tautomer, the cation has a terminal H-
bond acceptor group that has a key role in the packing of adjacent chains (Fig. 3a).
From the packing of crossing chains, a like-square arrangement is observed (Fig. 3b).
Like nitrate salt, along the [001] direction, these units stacked each other stabilized
by CH---O interaction from the terminal alkyl groups of O=ATZ" cation to adjacent
SOs3™ group. O=ATZ-Mes does not have a predominance of hydrophilic compounds,

an overview of the packaging is shown in Fig.3c

Figure 3 — The cross chains (a) formed in the molecular packing of O=AMT-MES (a); the square
motif formed by C5—H5A.--0O1 and C6—H6C---03 interactions (b), and a small hydrophobic zone

in the structure formed by the contact of the alkyl groups of neighboring molecules (c).

3.2.4 O=ATZ-OXA crystal structure

Oxalic acid was also able to degrade AMT to the O=ATZ. Having pKa’s =
1.25 and 4.25, both doubly charged oxalate (OXA?") and the hydrogen-oxalate
(HOXA") anions are present in the medium, and with protonation of O=ATZ
generates the O=AMT-OXA salt. The pKa of OH-ATZ!® is equal to 5.2 this means
that it can coexist protonated or non-protonated in equilibrium. The salt crystallizes
in the triclinic space group P1 with two independent O=ATZ"* cations (A- and B-)
and a OXA?" (half molecule) and a HOXA™ anions in their ASU (Z'= 2). In addition
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to Ap map analyses (see Fig. S4, ESI), the anions were differentiated considering
their C—O bond length. Protonated carboxylic acids have unequal C-O bond lengths
of 1.21 A and 1.30 A for a C-OH bond, while deprotonated carboxylates have
identical C-O bond lengths of 1.26 A due to resonance?®. For HOXA™ anion, the
C—-O bond length is 1.24 A while for carboxylate is 1.28A. When A- and B- are
overlay (Fig. S5 ESI 1) and geometries are checked with mogul®?? is possible to
notice their structural differences. From the overlay is possible to notice that the
ethyl group assumes opposite directions (C3B—N5B—C7B—C8B = -88° and
C3A—NSA—C7A—C8A = 84° and that the isopropyl group present 54° of
difference in the conformers (C3B—N5B—C7B—C8B = -88° and C3A—N5A—
C7A—CS8A = 84°). In the salt, the OXA? anion is H-bonded to A-O=ATZ" cations
along with its axial side forming R%(8) synthons and to the B-ones by the normal
direction of anion by a R3(9) synthons, forming a tetrameric unit (Fig 4a). These

units are further associated with the HOXA™ anion resulting in a 3D network as

shown in Fig. 4b.

(a) (b)

Figure 4 — The tetrameric unit (a) and the units forming the 3D arrangement of O=AMT-OXA. In (b)

the interactions represented in (a) were not displayed to clarify.
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4. Conclusions
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Figure S1 — Asymmetric unit of OH-ATZ-CL (a), O=ATZ-NOs (b), O=ATZ-MES (c), and O=ATZ-
OXA (d). The ellipsoid plot is drawn at 50% of probability.



Table S1. Crystallographic parameters of the four metabolites
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O=AMT-CI OH-AMT-MES OH-AMT- NOs OH-AMT- OXA
Empirical formula CsH15CINsO2 CoH19N504S NO3-CgH1sNsO C19H32.7N100s
Formula weight 251.72 293.35 260.27 529.25
Temperature/K 120.0 120.0 120.0 292.8
Crystal system triclinic Monoclinic Orthorhombic triclinic
Space group P-1 C2/c P21212; P-1
alA 8.076(3) 12.715(3) 6.5104(8) 9.2094(8)
b/A 8.137(3) 15.635(3) 9.7373(12) 11.8262(12)
c/A 9.834(5) 14.649(3) 19.250(2) 12.1902(12)
a/° 102.360(4) 90 90 83.704(8)
/e 95.585(7) 112.553(4) 90 85.728(8)
v/° 90.975(5) 90 90 84.120(8)
Volume/A3 627.8(4) 2689.6(10) 1220.3(3) 1310.0(2)
7/ 2/1 8/1 4/1 2/?
pcalcg/cm3 1.332 1.449 1.417 1.342
wmm-1 0.301 0.260 0.115 0.106
F(000) 268.0 1248.0 552.0 561.0
Crystal size/mm3 0.209 x0.175x  0.214x0.126  0.392 x 0.369 x ?xX?x?
0.106 x 0.125 0.18
Radiation MoK (A = MoK (A = MoK (A = Mo Ka (A=
0.71073) 0.71073) 0.71073) 0.71073)
20 range f(())r data 4262 1056.662 4.338 to 57.852 4.6881t052.734 6.6881052.734
collection/
Index ranges -10<h <10, - -17<h<17,- -8<h<§,-12<  -11<h<10,-
10<k<10,-13 21<k<2l,- k<12,0<1< 14<k<14,-15
<1<13 19<1<19 24 <I<13
Reflections collected 9195 22695 4908 10906
Independent reflections 3077 [Rint = 3543 [Rint = 2476 [Rint = 5336 [Rint =
0.0759, Rsigna=  0.0528, Rsigna = 0.0230, Rsigma ~ 0.0393, Rsigma =
0.0986] 0.0330] =0.0291] 0.0796]
Data/restraints/parameters 3077/0/151 3543/0/176 2476/47/184 5336/46/382
Goodness-of-fit on F2 1.021 1.042 1.167 1.029
Final R indexes [I>=2¢ R; = 0.0630, R, =0.0350, R1=0.0977, R; =0.1066,
N] wR; =0.1139 wR; = 0.0831 wR2 =0.2628 WR; =0.2621
Table S2. Hydrogen-bond geometry (A, ©) for the four metabolites
D—H---A D—H H---A D---A D—H---A Symmetry code
O=ATZ-
Cl
N1—H1---Cl1 0.85 2.43 3.18 147 X,y,1+z
N2—H2---01W 0.88 1.85 2.72 171 1555.03
N4—H4---Cl1 0.88 2.36 3.18 155 X,y,1+z
N5—H5---Cl1 0.88 2.42 3.21 150 X,y,1+z
O1W—H1WB---Cl1 0.87 2.33 3.14 155 X,y,1+z
O1W-HI1Wa:--01 0.87 1.93 2.79 168 -X,-y,1-z
C6—Ho6c:--01 0.98 2.68 3.64 167 -X,1-y,2-z
O=ATZ-
MES
D—H---A D—H H---A D---A D—H---A Symmetry code
N1—H1---O4 0.88 2.01 2.88(2) 170 X,Y,Z
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N2—H2---02 0.88 2.03 2.89 (2) 166 X-1/2,+y+1/2,+z
N4—H4---03 0.88 2.10 2.93(2) 158 X,Y,Z
N5—H5:--03 0.88 2.06 2.90(2) 159 X-1/2,+y+1/2,+z
C5—H5A.---01 0.98 2.69 3.66 (2) 168 X+1,-y+1,-z+1
-X+1,4Y,-
C6—H6A---01 0.98 2.49 3.44 (2) 165 741/24+1
C6—H6C---03 0.98 2.67 3.34(2) 125 X,Y,Z
_X+1,+y,_
C9—Ho9C---01 0.98 2.59 3.50 (2) 154 741241
O=ATZ-
NO3
D—H---A D—H H---A D---A D—H---A Symmetry code
N1—H1.--O4 0.88 2.01 2.89 (6) 175 X,Y,Z
N4—H4.--.-03 0.88 2.05 2.93 (6) 171 X,Y,Z
N5—H5A---03 0.88 2.24 3.11(4) 168 X,+y-1,+2
N2—H2---02 0.88 2.03 2.90 (6) 170 X,+y-1,+2
C5—H5D---02 0.98 2.69 3.60 (4) 154 -X,+y-1/2,-z+1/2
-X+1,+y+1/2, -
C6—H6C---01 0.98 2.59 3.15 (4) 116 z+1/2
-x+1,+y-1/2,-
C8A—HBAC:--04 0.98 2.60 3.41(2) 140 241/2

Figure S2 — The crystal packing of O=AMT-CI (a), O=AMT-NOs (b) , O=AMT-
MES (c), and O=AMT-OXA (d). (a) and (b) are represented in b view while (c) and

(d) in a view
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Figure S3 — The bowtie style shape, circled in black, formed by opposite blue and red
triangles, in a shape index Hirshfeld surface, confirms the anion-m/triazine

interactions in the crystal packing of O=AMT-NO:s.

Figure S5 — The overlay of A (blue) and B (light green) conformers of O=AMT-

OXA.
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5 CONSIDERACOES FINAIS

O estudo estrutural das dihidroguinolinas sugeriu o potencial fungicida dessa
classe de compostos e a caracterizacdo dos produtos de degradagédo de s-triazinas
indicou seu impacto no meio ambiente. Os resultados obtidos corroboram os
objetivos propostos. Primeiramente, os compostos foram estruturalmente elucidados
por meios cristalograficos (difracdo dos raios X), gerando a entrada de mais dez
novas moléculas dessa classe para o banco de dados de pequenas moléculas. Em
seguida, com a aplicagdo dos modelos de machine learning, investigou-se o potencial
biolégico do conjunto em uma possivel atividade anticancer, que foi confirmada por
ensaios citotoxicos. Percebeu-se que a anel clorofenilico forma uma interacdo com o
residuo Phel71 e promove um impedimento estérico no residuo Cys303, enquanto o
anel nitrobenzénico interage com o residuo Tyr297. Com base nisso, os métodos
computacionais foram utilizados com enfoque no potencial pesticida de trés
dihidroquinolinas.

Os resultados mostraram que as moléculas podem atuar como antiviral (virus
do mosaico do tabaco) e antifingico (Fusarium oxysporum). Por daltimo, dois
isbmeros foram apontados com potencial antifangico (A. niger e S. slerotiorum) e
posteriormente comprovado por ensaio antifingico para o A. niger. Em relacédo ao A.
niger, apenas o grupo substituinte ligado ao anel benzénico, que esta ligado a dupla
ligacdo, ndo contribui com a atividade bioldgica. Enquanto isso, para o S.
slerotiorum o grupo ligado ao anel benzénico, que esta ligado a dupla ligacao,
contribui significativamente para atividade, juntamente com o ndcleo quinolinico.

Com relacdo ao metabolito dos herbicidas ametrina e atrazina, foram
estruturalmente elucidados e caracterizados quatro de seus sais, esse conhecimento
auxiliara no entendimento da cinética de degradacdo dos residuos desses herbicidas.
Dessa maneira, essa tese contribui para o0 campo de estudo nos seguintes aspectos: no
desenvolvimento de algoritmos de machine learning que predizem corretamente,
uma vez que ha validagdo experimental, as dihidroquinolinas em estudo como
compostos com acdo fungicida; pioneirismo na detalhada caracterizagéo estrutural de
dez dihidroquinolinas e quatro produtos de degradacdo dos herbicidas ametrina e

atrazina; e, por fim, mostra que o entendimento estrutural pode, e deve, ser utilizado
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como instrumento de partida no planejamento racional de compostos com atividade
pesticida.

Além disso, outras atividades académicas também foram realizadas. Dentre
elas destaca-se a participacdo nos seguintes eventos: IUCr-Unesco Bruker OpenLab
2, realizado no ano de 2016 em Montevidéu — URU (curso de verdo); 67th Annual
Meeting of the American Crystallographic Association (ACA), realizado no ano de
2017 em Nova Orleans — EUA (apresentacdo de banner) e Il Reunién de la
Asociacion Latinoamericana de Cristalografia, realizado no ano de 2018 em
Valparaiso — CHI (apresentagdo oral). Destaca-se também a participacdo no
Programa de Doutorado Sanduiche no Exterior (PDSE - CAPES) na University of
Notre Dame (Indiana - EUA) durante os meses de novembro de 2018 a abril de 2019
e no programa Co-financed ShortTerm Research Grant Brazil, 2019, financiado pelo
Servico alemd de intercambio académico (Deutscher  Akademischer
Austauschdienst - DAAD), na Technische Universitat Darmstadt durante 0os meses
de novembro de 2020 a janeiro de 2021.

Finalmente, em termos de producdo cientifica, fui coautor em outros artigos
em areas como: materiais épticos (CUSTODIO et al., 2019a, 2020a, 2020b; DE
PAULA et al., 2019; RAVINDRACHARY et al., 2005; VALVERDE et al., 2017),
biocombustiveis (FARIA et al., 2021) , elucidacéo estrutural (AGUIAR et al., 2020;
CARVALHO et al., 2017; CUSTODIO et al., 2017; MICHELINI et al., 2020, 2019;
MOREIRA et al., 2019), meio-ambiente (BOAVENTURA et al., 2018, 2020) e
salde (CUSTODIO et al., 2018, 2019b; MICHELINI et al., 2018; SALLUM et al.,
2019).
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