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RESUMO

A busca por substancias quimicas bioativas, tanto naturais quanto sintéticas parte de
um mesmo pressuposto: a diminuicdo dos efeitos colaterais causados pelos
medicamentos e o aumento da efetividade do farmaco ao seu alvo biolégico. Mesmo
que Vvarias pesquisas tenham sido conduzidas para sintese de chalconas, neolignanas e
seus analogos, ndo ha, até o momento, nas principais bases de dados utilizadas nesta
pesquisa, estudos que tenham empregado estas duas classes de moléculas acopladas
na forma de um hibrido sobre diferentes alvos terapéuticos. A primeira etapa do trabalho
consistiu em sintetizar os precursores reacionais,dentre eles a 2-bromo-1-feniletanona e
22 chalconas (2-hidroxichalconas 3-hidroxichalconas e 4-hidroxichalconas) no qual
foram obtidos rendimentos que variam de 15 a 100%. De posse das diferentes
chalconas, iniciou-se 0 estudo das condi¢des reacionais que deram origem aos novos
hibridos analogos de 8,4’-oxineolignanas. Das chalconas testadas, aquelas que
apresentaram resultados promissores foram as 3-hidroxichalconas e as 4-
hidroxichalconas, com a obtencéo del4 moléculas hibridas inéditas em rendimentos
que variam de 18 a 83%. As moléculas hibridas sintetizadas tiveram suas propriedades
biologicas avaliadas quanto aos efeitos citotoxicos e a concentragdo que causou 50%
da inibicdo do crescimento celular (ICsp)em linhagens de células tumorais de
glioblastoma humano (SNB-19), co6lon (HCT-116), prostata (PC-3) e leucemia
promielocitica aguda (HL-60). Os resultados do ensaio de citotoxidade mostraram que
12 compostos (dentre os 14 testados) apresentaram percentual de inibicdo de
crescimento celular promissor (275% da inibicdo das células). Os compostos 67-80
foram selecionados e o ensaio ICs, foi avaliado revelando perfil de inibicdo moderado
para 0s compostos que apresentam a por¢cdo chalcona com grupos que diminuem a
densidade eletrnica do anel (desativadores), sendo 0 composto 73 com menor valor de
ICso, para esta metodologia. As modificacdes estruturas dos compostos analogos nao
levaram a incrementos relevantes de atividade citotoxica, quando comparados a droga

de referéncia doxorrubicina.

Palavras-chaves: hidroxichalconas, neolignanas, 8,4’-Oxineolignanas, citoxicidade,
hibrido molecular.
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ABSTRACT

The search for bioactive chemical substances, both natural and synthetic, is based on
the same assumption: the reduction of side effects caused by medications and the
increase in the drug's effectiveness in terms of its biological target. Even though several
researches have been conducted for the synthesis of chalcones, neolignans and their
analogues, there are, so far, in the main databases used in this research, no studies that
have used these two classes of molecules coupled in the form of a hybrid over different
therapeutic targets.The first stage of the work consisted of synthesizing the reaction
precursors, including 2-bromo-1-phenylethanone and twenty-two chalcones (2-
hydroxychalcones, 3-hydroxychalcones and 4-hydroxychalcones). Yields ranging from
15 to 100% were obtained. Subsequently, the study of the reaction conditions that gave
rise to the new 8.4’-oxyneolignan analog hybrids was started. Of the chalcones tested,
those that showed promising results were the 3-hydroxychalcones and 4-
hydroxychalcones, with the obtainment of 14 unprecedented hybrid molecules in yields
ranging from 18 to 83%. The hybrid molecules synthesized had their biological
properties evaluated for cytotoxic effects and for the concentration that caused 50%
inhibition of cell growth (IC50) in human glioblastoma tumor cell lines (SNB-19), colon
(HCT-116), prostate (PC-3) and acute promyelocytic leukemia (HL-60).The results of the
cytotoxicity assay showed that 12 compounds (out of 14 tested) showed a percentage of
promising cell growth inhibition (=275% of cell inhibition). Compounds 67-80 were
selected and the IC50 assay was evaluated revealing a moderate inhibition profile for
compounds that present the chalcone portion with electron withdrawing groups, with
compound 73 with the lowest IC50 value for this methodology. Structural modifications of
analogous compounds did not lead to relevant increases in cytotoxic activity when

compared to the reference drug doxorubicin.

Keywords: Chalcones, neolignans, 8.4’-Oxineolignans, cytotoxicity, hybrid.
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1. INTRODUCAO

Os avancos da quimica medicinal coincidem com o desenvolvimento da propria
quimica, a partir do século XVIII. No inicio do século XIX, métodos de extracdo e
purificacdo de produtos naturais permitiram a descoberta de principios ativos em
plantas. Tais principios ativos, aliados as descobertas da quimica organica sintética,
deram inicio a fabricagdo em larga escala dos primeiros medicamentos como, por
exemplo, a sintese do acido acetilsalicilico (ANDRADE, KUMMERLE E GUIDO, 2018).

No inicio do século XX, os métodos de descobrimento de novos farmacos ainda
eram empiricos. Porém, uma mudanca deste panorama foi possivel com a deducgéo da
equacdo de Hammett, que possibilitou a racionalizagdo quimica de pequenas regides
subestruturais e permitiu o aparecimento das relagfes quantitativas entre estrutura e
atividade quimica, na década de 1960 (HAMMETT, 1937; HANSCH E FUJITA, 1964;
MONTANARI E PILLI, 2002).

Desde entdo, diversas inovacOes terapéuticas, juntamente com o advento da
quimica combinatéria (AMARAL et al, 2003), trouxeram avangos na busca, identificacao
e otimizacdo de novas substancias quimicas bioativas, eficazes na terapia de diversos
males. Neste caso, podemos citar como exemplo o surgimento dos anti-inflamatorios,
antifingicos,  antimicrobianos, antibacterianos, anticAncer,  quimiopreventivos
(antioxidantes) dentre outros, além da elucidacdo de mecanismos biol6gicos em nivel
molecular (ANDRADE, KUMMERLE E GUIDO, 2018).

Ainda que uma ampla variabilidade de moléculas, tanto de ocorréncia natural
gquanto sintéticas, tenha sido documentada na literatura, existe a necessidade da busca
continua por farmacos com atividade biolégica mais pronunciada e efeito toxico
reduzido para o corpo humano, principalmente associado a determinados

medicamentos contra o cancer.

Esta pesquisa, que se insere nas areas da Quimica Medicinal, Quimica Orgéanica,
Farmacologia, além de outras disciplinas da quimica, teve como objetivo geral sintetizar
moléculas hibridas contendo duas classes de moléculas (as chalconas e as
neolignanas) com ampla faixa de atividades biolégicas descritas na literatura (MURTHY
et al., 2013; FU et al., 2004; KARTHIKEYAN et al., 2015; JIANG et al., 2017; SOUZA et
al., 2017; WANG et al., 2017; MOURA et al., 2018; BERNARDES, 2018; SANSALONE
et al., 2019).

Primeiramente, realizou-se a sintese das chalconas, com comprovada atividade

biolégica em linhagens de células tumorais. Optou-se por sintetizar 0 maximo de
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compostos possiveis, incluindo varia¢cdes de grupos substituintes doadores e retiradores
de elétrons no anel aroméatico, a fim de obter compostos mais potentes e seletivos.
Paralelamente, sintetizou-se por meio da melhor condi¢cdo reacional a 2-bromo-1-
feniletanona que seria utilizada nas reagfes seguintes, para obtencdo dos compostos

hibridos inéditos.

Assim, trés modificacbes nas rotas sintéticas (Condicdo A, Condicdo B e
Condicdo B alterando a chalcona utilizada) levaram a obtencdo de 14 moléculas
hibridas inéditas, analogas de chalconas e neolignanas, que foram chamadas de
analogos de 8,4’-oxineolignanas. As moléculas foram avaliadas quanto aos efeitos
citotoxicos em linhagens de células tumorais de glioblastoma humano (SNB-19), colon
(HCT-116), préstata (PC-3) e leucemia promielocitica aguda (HL-60).

Devido ao fato de estas quatro patologias serem alvo dos compostos planejados,
sintetizados e caracterizados, esta tese foi organizada da seguinte forma:

a) Inicialmente, na revisdo bibliografica abordou-se conceitos sobre quimica
medicinal, as etapas do desenvolvimento de novos farmacos e métodos
utilizados. Em seguida, sdo apresentados dois grupos de compostos
candidatos para a formacdo de hibridos moleculares e sua atuacdo em
estudos envolvendo as seguintes patologias: leucemia promielocitica aguda,
glioblastoma humano, cancer de prostata e cancer colon.

b) Posteriormente, apresentam-se 0s objetivos (gerais e especificos) do trabalho.
Na continuidade, apresenta-se a secdo metodologia, que foi dividida em trés
subsecdes. Na primeira subsecao estdo descritas as metodologias de sintese
e caracterizacdo dos compostos intermediarios, na segunda a metodologia de
sintese e caracterizacdo dos compostos analogos e na terceira a metodologia
da analise cristalografica e testes bioldgicos utilizados.

c) Na continuidade, apresenta-se a se¢do de resultados e discussao dividida em
duas partes. Na primeira parte, os resultados das sinteses do 2-bromo-1-
feniletanona, chalconas e dos compostos analogos inéditos. Na segunda
parte, expde-se 0s resultados das analises cristalograficas e ensaios
biologicos.

d) Finalmente, apresentam-se as conclusdes e referéncias bibliograficas.

e) Nos anexos, estdo disponibilizados:

i) Os compostos sintetizados com seus nomes IUPAC;
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i) Os espectros de ressonancia magnética nuclear unidimensional de *H
e'® C das chalconas e das estruturas inéditas sintetizadas e a absorcéo
na regiao do infravermelho;

iii) Os trabalhos cientificos publicados;
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2. REVISAO BIBLIOGRAFICA

2.1 Quimica Medicinal

A Quimica Medicinal é uma disciplina hibrida, pois atua conjuntamente com outras
especialidades, situando-se na interface da quimica organica (quimica de produtos
naturais, sintética, entre outros) com as ciéncias da vida (bioquimica, farmacologia,
biologia molecular, imunologia, farmacocinética e toxicologia) e com outras disciplinas
da quimica como: fisico-quimica, cristalografia, espectroscopia (BUCKLEet al., 2013),

como demonstra na Figura 1.
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Figura 1 — Diagrama de interseccdo da quimica medicinal e outras especialidades da quimica.

Segundo a Unido Internacional de Quimica Pura e Aplicada (IUPAC), a quimica

BN

medicinal diz respeito a descoberta, ao desenvolvimento, a identificacdo e a
interpretacdo do modo de ac¢do de compostos biologicamente ativos a nivel molecular e
a construcdo das relagbes entre a estrutura quimica e a atividade farmacoldgica
(IMMING, 2015).

Na Quimica Medicinal, o planejamento racional atua como estratégia de eficiéncia
para o desenvolvimento de um novo farmaco, baseando-se na estrutura e no
mecanismo de acdo do novo composto e contribuindo com todos os estagios do

processo (SILVA e ALVES, 2014). A fim de estabelecer um planejamento de agao
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racionalizado, trés principais etapas sdo propostas:
desenvolvimento (CHIARADIA, 2010; LIMA, 2007), como demonstrado no Esquema 1:

Descoberta

Otimizacao

descoberta, otimizacdo e

Desenvolvimento

o
ie] . P C——
© Identificagdo e Motqltf_lcagges
= | producé de novas e Otimizagao das
substancias; . ol i
2 identificadas na rotas de sintese.
o Escolha do alvo. etapa anterior.
= \ ) \
@)
T . CEme— ——
Aplicacéo estratégias Poténcia e Modificagéo das
o —  de planejamento seletividade. propriedades
c molecular. Diminuigdo da farmacoc_lngtlc_as e
GE) L toxicidade. farmacodinamicas.
-
.% -
e ~ O
c Hibridag@o molecular
& — Modelagem molecular Analise e
o , — estabelecimento
Estrutura/Atividade das REA.
\
-~
| | Compostos lideres
ou prot6tipos.

Esquema 1 — Planejamento de agéo racionalizado da quimica medicinal.

A etapa da descoberta consiste na eleicdo do alvo terapéutico e na aplicacéo de
estratégias de planejamento molecular para o desenho de ligantes do alvo selecionado.
Consiste ainda, na identificacdo e producdo de novas substancias ativas, utilizando as
técnicas de modificacdo molecular classicas (como hibridagdo molecular) ou
empregando técnicas computacionais (como modelagem molecular e a
estrutura/atividade biologica). Uma vez ativo “in vivo®, tais ligantes passam a ser
denominados “compostos lideres” ou “protétipos” (LIMA, 2007; BARREIRO e FRAGA,
2008).

A etapa de otimizagdo envolve as modificagdes na estrutura do prototipo com o
auxilio de técnicas especificas no sentido de identificar os diferentes niveis de
contribuicdo farmacoforica, fornecer informacdes sobre a conformacdo bioativa e
antecipar o indice de reconhecimento molecular pelo alvo selecionado. Seu principal
objetivo é aumentar sua poténcia, seletividade e diminuir sua toxicidade, além de
adequar o perfil farmacocinético (absorcado, distribuicdo, metabolismo, excrecdo e
toxicidade, ADMET), o que permite a analise e o estabelecimento das relacbes entre a
estrutura quimica e a atividade biologica (REA) (LIMA, 2007; CHIARADIA, 2010).

A etapa de desenvolvimento do protétipo otimiza as rotas de sintese para
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producdo em larga escala e modifica as propriedades farmacocinéticas e
farmacodindmicas de modo a viabilizar o uso clinico e eliminar propriedades que
comprometam o tratamento do paciente, como irritagdes ou dor no local de aplicagéao,

propriedades organolépticas indesejaveis, entre outros (CHIARADIA, 2010).

2.2 Etapas para o desenvolvimento de um novo farmaco

A descoberta, otimizacdo e desenvolvimento de novos farmacos obedecem a
varias etapas que englobam, de maneira geral, o desenvolvimento de compostos que
apresentam estrutura quimica definida (utilizando técnicas de caracterizacdo como
infravermelho, ressonancia magnética nuclear, espectrometria de massas, ponto de
fusao, etc), toxicidade minima e atividade biolégica desejada (SILVA e ALVES, 2014).
Para isso, diferentes métodos séo utilizados, entre eles a modelagem molecular, os
estudos da relagéo estrutura/ atividade e hibridacdo molecular, como demonstrado pelo
Quadro 1:

Quadro 1- Métodos utilizados para descoberta, otimizagédo e desenvolvimento de farmacos.

Nomenclatura Objetivo Aplicacédo

Investigar estruturas e Bloquear ou estimular a

propriedades moleculares atividade biologica de
Modelagem molecular - i i
utilizando recursos biomacromoléculas.

computacionais.

Estudar os efeitos da | SAR — definir qual parte da
molécula &
QSAR -

quantificar

estrutura quimica de um interessante;

Estrutura/atividade

composto-ligante e  sua identificar e

bioldgica
interacdo com o

receptor as propriedades

Hibridagdo Molecular

biolégico. especificas de um grupo de
substancias;
Avaliar a combinagcdo de | A nova molécula formada

caracteristicas estruturais ou
porcdes farmacoforicas
diferentes de duas substancis

bioativas distintas.

podera apresentar um perfil
de seletividade modificado
com modos de acéo
diferentes e/ou  conjugar
ambos os modos de a¢do em
um composto dual com

melhores perfis terapéuticos

22



2.2.1 Modelagem molecular

A modelagem molecular (termo coletivo que se refere a investigacdo das
estruturas e propriedades moleculares utilizando recursos computacionais)
(SANT’ANNA, 2002) é baseada no bloqueio ou na estimulacéo da atividade biolégica de
biomacromoléculas, como proteinas ou acidos nucléicos (DNA ou RNA) associadas a
diferentes patdgenos. A interpretacdo do mecanismo de agéo e informacao estrutural do
biorreceptor permite a descoberta e sintese de compostos com complementaridade
estérica, hidrofébica e eletrostatica ao seu sitio de ligacao no sistema bioldgico, 0os quais
podem vir a se tornar farmacos e serem introduzidos na terapia medicamentosa
(MARSHALL, 2004).

2.2.2 Estrutura e atividade bioldgica

O estudo da relagéo entre estrutura e atividade biolégica (termo que compreende
o0 estudo dos efeitos da estrutura quimica de um composto-ligante e sua interagdo com
o receptor biolégico)(SILVA, HONORIO e SILVA, 2010), pode ser qualitativo(SAR) e
guantitativo (QSAR). O estudo de SAR pode ser feito quando a estrutura quimica de
uma substancia com atividade biolégica é conhecida, e seu papel é definir qual parte da
molécula é interessante para determinada atividade. Por outro lado, o estudo de QSAR
identifica e quantifica as propriedades especificas de um grupo de substancias
homologas, além de avaliar sua atividade biolégica (SILVA e ALVES, 2014).

2.2.2.1 Estrutura/atividade biologica e
substituintes organicos.

As moléculas diferem entre si pela presenca de um ou mais grupos substituintes
em posicOes definidas da estrutura quimica e a substituicdo de um determinado grupo
por outro (grupos alquila, nitro, ciano, carboxila, halogénios, etc,) pode maodificar
diversos fatores relacionados a atividade biol6gica, além da poténcia, a duracédo e
ainda, a natureza do efeito farmacol6gico de uma molécula (YUNES e COCHINEL-
FILHO, 2001).

Os estudos de correlacdo estrutura-atividade, fundamentados no efeito do
substituinte organico em um determinado grupo aromatico e sua influéncia nas
propriedades moleculares sdo um dos pilares da quimica organica medicinal moderna,

uma vez que mais de 50% dos farmacos ou compostos bioativos possuem esse tipo de
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anel (SILVA e ALVES, 2014). As modificacbes produzidas pela introducdo de um
substituinte podem atingir varias propriedades fisico-quimicas da molécula, como
hidrofobicidade, densidade eletrbnica, conformacdo estrutural e propriedades
farmacocinéticas, entre outras, cujas analises poderdo orientar novas sinteses
(SOARES e LEON, 2014).

2.2.3 Hibridacdo molecular

A alteracdo quimica na constituicdo de ligantes e protétipos, com o objetivo de
aumentar suas propriedades farmacocinéticas e farmacodindmicas é chamada de
modificagdo molecular. Esta alteracdo pretende obter moléculas com afinidade e
eficacia melhoradas, quando comparadas aos farmacos originais em uma terapia
medicamentosa, como em terapias contra o cancer (BARREIRO e FRAGA, 2008).

Dentre os processos de modificagdo moleculares mais largamente empregados
podemos destacar a hibridacdo molecular, que compreende a combinacdo de
caracteristicas estruturais ou por¢des farmacoféricas diferentes, de duas substancias
bioativas distintas, para produzir um novo hibrido. A nova molécula formada podera
apresentar um perfil de seletividade modificado com modos de acgdo diferentes e/ou
conjugar ambos os modos de agdo em um composto dual com atividades biologicas
sinérgicas e adicionais (WERMUTH, 2008) podendo gerar bibliotecas quimicas, com
elevado nivel de informagéo estrutural.

Nas secbes seguintes serdo abordados dois grupos de compostos com atividades

farmacologicas conhecidas e candidatos para a formacao de hibridos moleculares.

2.3 ldentificacéo de futuros hibridos em quimica
medicinal

2.3.1 Chalconas

As chalconas sdo cetonas arométicas de ocorréncia natural, abundantemente
encontradas em todas as partes das plantas, como frutas, vegetais, graos, raizes,
flores, e tem por principal caracteristica sua pigmentacao amarela (LIMA et. al., 2017).
Tais compostos sdo bioprecursores dos flavonéides, apresentam uma estrutura basica
de [1,3-difenil-2-propen-1-ona] de cadeia aberta, modificada pela presenca de uma

ligacdo olefinica, grupamento cetona e/ou hidroxila, apresentando o esqueleto C6-C3-
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C6. Assim, apresentam um sistema carbonilico conjugado com os carbonos
denominados a e 8 em fungao da carbonila 1 (CHIARADIA, 2010).

O nome chalcona é um termo genérico dado aos compostos que possuem dois
anéis fenilas, separados por uma cadeia de trés carbonos, contendo uma carbonila
conjugada com uma dupla ligacdo, com a formacdo de um sistema enona.
Contrariamente a maioria dos outros flavondides, o nucleo A das chalconas € numerado
com numeros ordinarios seguidos de uma linha ( ‘) e o nucleo B somente com nimeros
ordinarios (THAKRAR e SHAH, 2012).

Apesar de sua estrutura simples, as chalconas sao de grande interesse quimico e
farmacologico por apresentarem uma ampla faixa de atividades biolégicas que variam
de acordo com o padrdo de substituicdo dos anéis aril A e B, e os diferentes
substituintes em sua molécula como demonstrado pela Figura 2 (KARTHIKEYAN et al.,
2015; MURTHY et al., 2013).

OH ou OCHsou didxido Anéis heterociclicos:
de metileno: “Atividade “Atividade ) Grupos Di ou tri OCHs;
anticancer para Varios antiproliferativ “Anticancer ”
tipos de células” \ 0 / “Atividade inibitéria
2 | | -7 2 da kinase”

“Anticancer”
Aril/anéis heteroaril _ _ _
elou Aril/anéis heteroaril e/ou
substituintes: Naftil substituintes:N-metil imidazol,
fenil. bifenil. heterociclos Amidobenzotiazol, N-metil indolil,
etc. “Atividade tetrahidro pirrol carbamoil:Agente
anticancer para varios dgspohmenzante de. o .
tipos de células” microtUbulos.Cumarina, tiazolil, N-metil

indolil:Anticancer, Cancer de mama.
Piperidina, 1-adamantil: Cancer de
mama. Imidazotiazole, Naftil, Furanil,
Tiofeno, Fenilquinolona, Triazol tetered
beta lactama, Pirrolobenzodiazepina:
Anticancer Dihidroartemisina:

Figura 2 — Resumo de SAR de derivados de chalconas (Adaptado de: KARTHIKEYAN et al.,
2015).
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Ainda, sdo descritas na literatura efeitos anti-infecciosos (HABIB, 2018) como:
antimicrobiano (HAMADA e ABDO, 2015); antiviral (ASQUITH et al., 2015);
antibacteriano (VENKATESH, 2016) e antifungico (DAWANE et al., 2010), antimalarico
(GOUDA et al., 2012; ASIF, 2014), tripanossomicida (LUNARDI et al., 2003) e anti-
leishmania (YUNES et al., 2006).

Também sao descritas atividades antioxidantes (VANANGAMUDI,
SUBRAMANIAN e THIRUNARAYANAN, 2017; PRABHAKAR, IQBAL e
BALASUBRAMANIAN, 2016), antinociceptivante (MOHAMAD et al., 2010; ISMAIL et al.,
2016), anti-inflamatéria (LI et al., 2017; MOUSA, MUHASIN e ALRUBAIE, 2016;
BOTELHO, 2008), anticonvulsionante (BEYHAN et al., 2017) e anticolinesterasicos
(SUKUMARAN et al., 2016; LIU et al., 2014; TRAN et al., 2016).

Devido a quantidade de chalconas obtidas por meio da extracdo de produtos
naturais serem infima, varias rotas sintéticas sdo propostas. O método de sintese mais
simples, e amplamente utilizado, envolve uma condensacgéo alddlica (condensacéao de
Claisen-Schmidt), em que reagem um derivado de acetofenona e aldeidos aromaticos,
com o emprego de etanol ou metanol como solvente reacional, na presenca de
catalisador basico como NaOH ou KOH a temperatura ambiente (Esquema 2) (VOGEL,
1996).

Esquema 2 — Sintese de chalconas por condensacao alddlica (Claisen-Schmidt).

Outros métodos envolvem a utilizacdo de catalisadores &cidos como AICI; ou
BF; (BHAGAT et al., 2006); inorganicos como nitrato de sédio (NaNO3) calcinado/NP
(SEBTI et al., 2001); acoplamentos de Suzuki, entre acidos fenil-vinil-borénicos com
cloretos de benzoila (EDDARIR et al., 2003); utilizacdo de radiagdo ultrassbnica
(CALVINO et al., 2006) ou micro-ondas (STOYANOV et al., 2002), na presenca de
reagentes, solventes e catalisadores basicos; ou ainda, catalise acida com cloreto de
tionila em etanol absoluto, gerando HCI in situ (PETROV, IVANOVA e GEROVA, 2008).
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2.3.2 Lignanas e Neolignanas

Os ligninas sdo macromoléculas amplamente distribuidas no reino vegetal, na
forma de metabdlitos secundérios, ou seja, capazes de conferir rigidez e protecao as
plantas contra herbivoros e microrganismos. Portanto, ndo é uma surpresa que estas
substancias sirvam como modelo para sintese de novos farmacos (AVENIENTE, 2009).

Na forma de lignanas, os lignodides originam-se da condensacdo oxidativa de
alcoois cinamilicos entre si ou alcoois cinamicos, sendo encontrados em raizes,
rizomas, caules, cascas, folhas, sementes e frutos das mais variadas familias de
plantas. Além das plantas, também sdo encontrados nos enterbnios de mamiferos,
como produto da biotransformacdo por microbios entéricos, devido a ingestéo oral das
lignanas (PAN et al., 2009).

A grande maioria dos ligndides (denominag&o genérica da classe que constituem
as ligninas) pertence ao grupo das lignanas ou neolighanas, que representam um
grande grupo de fendis derivados da via biossintética do acido chiquimico. O Esquema
3 representa a subdivisdo das ligninas (GOTTLIEB e YOSHIDA, 1984):

Lignanas

Neolignanas

Oligoligndides
golg ‘ Ligndide ‘ Lignina

Norlignanas

Heterolignoides

Alolignanas

Esquema 3 — Esquema ilustrativo da subdiviséo da ligninas.

A primeira definicdo de lignana foi introduzida por Howorth em 1936, no qual as
estruturas diméricas formadas entre unidades propilbenzénicas 2 ligam-se pela ligacao
B-B’ de suas cadeias laterais 3 (Figura 3) (TEPONNO, KUSARI E SPITELLER, 2016).

A forma como as unidades fenilpropano séo ligadas entre si determinam sua
classificacdo: as lignanas 3 ligam-se pela posicéo B e B’ (ou 8 e 8’) da cadeia alifética,
as neolignanas 4 e 5 séo geradas pela ligacdo de qualquer outra posicdo da unidade
fenilpropanoide que ndo seja a posicédo 8 e 8, enquanto as oxineolignanas 6 e 7 nédo
sdo ligadas diretamente entre si, mas por um atomo de oxigénio (ligagbes C-O-C’).

Considerando esta definicdo, as lignanas podem ser classificadas em diferentes
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subclasses, tomando como base o padrao de ligagdo entre as unidades C6-C3, como
demonstrado na Figura 3 (MOSS, 2000):

8,4’-oxineolignana 3,4’-oxineolignanas
6 7

Figura 3 — Esqueletos carbbnicos de lignanas, neolignanas e oxineolighanas.

Apesar de sua estrutura molecular consistir apenas de duas unidades
propilbenzénicas (C6-C3), as lignanas exibem uma enorme diversidade estrutural com
diferentes graus de oxidag&o da cadeia lateral e diferentes padrdes de substituicdes nas
unidades aromaticas (Figura 4) (PAN et al., 2009).
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Figura 4 — Grande diversidade estrutural de lignanas que apresentam atividades biologicas
importantes (Adaptado de: SOUZA, NAKAMURA E CORREA, 2012).

Em 1970, foram realizados os primeiros estudos, por Barata e colaboradores
(BARATA, 1976), das folhas de Virola surinamensis, uma arvore da familia
Myristicaceae, abundante na Amazdnia, onde se verificou atividade bioldgica in vivo
contra cercarias de Schistosoma mansoni, pela pele. O fracionamente do extrato
conduziu ao isolamento de uma mistura de duas 8,4’-oxineolignanas denominadas
Surinamensina 13 e Virolina 14, mostradas na Figura 5:

OCH,
= “CH,
13 R = OCH,
14R = H

Figura 5 — Estrutura das neolignanas naturais Surinamensina 13 e Virolina 14.
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A partir deste estudo inicial, e por meio de estudos posteriores, foi verificado que
as substancias oxigenadas no C-8 protegem topicamente contra penetracdo de
cercarias de S. mansoni, bactérias e fungos. As sulfuradas e nitrogenadas nao
apresentaram resultados significativos nesses ensaios e nenhuma dessas substancias

foi ativa nos ensaios de Schistossomose cura (AVENIENTE, 2009).

Vérios trabalhos posteriores descreveram na literatura relatando estudos das
lignanas e neolignanas. Porém, a pequena subclasse das oxineolignanas, tem
despertado interesse por parte dos quimicos, principalmente pela extracdo de seus
principios ativos em plantas, devido as suas atividades biolégicas e farmacoldgicas
antiproliferativas contra diversos tipos de enfermidades, o que as candidata como
provaveis produtos medicinais (TEPONNO, KUSARI e SPITELLER, 2016).

Recentemente, duas novas 8,4’-oxineoliganana 15 e 16 juntamente com dois
analogos conhecidos 17 e 18 foram isolados dos rizomas da Imperata cilindrica de
Beauv. var. major (Nees) C. E. Hubb (Figura 6). Estes compostos foram avaliados
gquanto a atividade hepatoprotetora frente a células de carcinoma hepdatico utilizando
biciclol como controle positivo. Dos compostos testados, o 18 exibiu atividade
hepatoprotetora pronunciada, in vitro, contra danos em células HepG2 (linhagem celular
de hepatocarcinoma humano) induzidas por N-acetil-p-aminofenol (APAP) (MA et al.,
2018).

OH
HO © 15 R, = B-D-glucose, R,= OCHs; 8R
OCH,4
H3CO o/R 16R; = H, Ry= OCH3; 8R
17R; = B-D-glucose, R,= H; 8R
HO
R2 18R; = B-D-glucose, R,= H; 8S

Figura 6 — 8,4’-oxineoliganana isolada da I. cilindrica.

Trés oxineolignanas 19, 20 e 21, foram isoladas das partes aéreas da Viburnum
fordiae Hance e suas atividades antiinflamantéria e antioxidante foram avaliadas in vitro.
Apesar de ndo apresentarem boa atividade anti-inflamantéria, demonstraram bons
resultados quanto aos efeitos antioxidantes. Além disso, observou-se que o principio

ativo relacionado a propriedade antioxidante se encontrava nas partes aéreas da V.
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fordiae, devendo ser fendlicos e lignanos, e que a descoberta desses constituintes e
suas bioatividades podem fornecer uma base cientifica para seu desenvolvimento
(CHEN et al., 2018).

HO

OH

Figura 7 — Trés novas oxineolignanas isoladas das partes aéreas da V. fordiae.

Ti e colaboradores (2017) isolaram da planta Epimedium pseudowushanese B. L.
Guo, uma nova 8,4’-oxineolignana juntamente com outras quatro neolignanas ja
conhecidas. A atividade anti-inflamatéria foi avaliada e o efeito causado na producao
das citocinas TNF-a (fator de necrose tumoral-alfa) e IL-6 (isoleucina-6) foi determinado
e os valores comparados aos da droga de referéncia (quercetina). O composto 22 foi o
mais promissor dos cinco compostos testados e sua atividade anti-inflamatéria foi
evidenciada com seu percentual inibitério de 79%, bem semelhante ao da quercetina,

gue apresentou um valor de inibicdo da inflamacéo de 86%, na mesma concentragao.

//,,'

H;C

H,CO OH

HO

Figura 8 — 8,4’-Oxineolignanana isolada da planta E. pseudowushanese.

Uma grande diversidade de trabalhos cientificos explora a atividade biol6gica das
neolignanas extraidas de plantas, porém, uma minoria relata o potencial destas mesmas

estruturas sintetizadas em laboratério, especialmente a classe das 8,4’-oxineolignanas.
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A sintese desses compostos com enorme variedade estrutural aliada a hibridagéo
molecular é interessante, pois pode ser utilizada para a obteng¢do de substancias com
propriedades farmacolégicas inéditas, além da possibilidade de agregar as suas
estruturas grupos funcionais que atuem como farmacoforos mais ativos que o0s

compostos originais, aumentando a efetividade da droga frente ao seu alvo bioldgico.

2.4 O Cancer e as atividades antineoplasicas de
chalconas e neolignanas

2.4.1 Cancer

O cancer € uma nomenclatura informal que engloba um amplo grupo de
neoplasias malignas, cada qual com suas préprias caracteristicas, etiologias e
resultados clinicos, mas todas se originando de um desequilibrio na multiplicagdo de
formas anormais de células do proprio corpo (RANG e DALE, 2016).

As células cancerosas (neoplasicas) diferenciam-se das células normais por sua
proliferacdo acelerada e desordenada, perda da especialidade, perda de funcédo e
capacidade de invasdo (metastase — migracdo das células alteradas) de forma
agressiva e incontrolavel para tecidos vizinhos e/ou regides mais distantes do corpo,
como demonstrado na Figura9 (CHIARADIA, 2010).

Normal cells Tumour, rapidly
| growing invading cells

Cancer breaks
through
the membrane

n . "

Basement Cancer cell detaches

membrane and can spread to
other parts of the body

Cancer Researc

h UK

Figura 9 — Perda de controle do crescimento celular (Fonte: Cancer Research UK, 2021).
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O céancer pode ocorrer de forma espontanea e/ou ndo-esponténea pela acéo de
agentes carcinogénicos quimicos, fisicos ou bioldgicos. A depender do tipo de célula em
que a doenca tem inicio, o cancer, pode ser dividido em duas categorias: tumores
sélidos (carcinomas e sarcomas) e neoplasias do tecido hematopoiético e linféide
(VARDIMAN, 2010).

A carcinogénese € um processo multifatorial no qual sdo necessarias alteracées
genéticas (além de fatores epigenéticos) que, por si sO, ndo levam ao cancer, mas
aumentam sua probabilidade de ocorréncia. Dentro deste contexto existem duas
alteracBes genéticas importantes que podem levar a proliferacdo descontrolada de
células tumorais: a ativacdo de proto-oncogenes a oncogenes e a inativacdo de genes
de supressao tumoral (RANG e DALE, 2016).

Os proto-oncogenes sdo genes que normalmente regulam a diviséo,
diferenciacdo e apoptose celular. Quando sofrem mutagbes s&o convertidos em
oncogenes, induzindo alteragées malignas. Contudo, as células normais contém genes
que suprimem essas alteracdbes malignas (genes de supressdo tumoral -
antioncogenes). Todavia, 0s proprios genes de supressdo podem sofrer mutagoes,
desencadeando varios tipos de canceres. A perda de fungdo dos genes de supressao
tumoral pode ser um evento critico na carcinogénese (MOURA, 2015; RANG e DALE,
2016).

Tanto a inativacdo de genes de supressdo tumoral quanto a transformagéo de
proto-oncogenes em oncogenes sao fatores que podem promover a proliferagéo celular
descontrolada. Além disso, a diminuicdo da apoptose (morte celular programada) é mais
um indicio de que os genes antiapoptéticos sofreram alteracfes malignas, causadas
pela inativacdo de fatores préapoptéticos ou pela ativacdo de fatores antiapoptoticos
(SERRANO, THEODORO e PINHALM, 2014).

Existem trés principais abordagens para o tratamento do cancer — excisao
cirtrgica, irradiacao e tratamento farmacol6gico (ou quimioterapia) — e cada uma dessas
abordagens depende do estagio de desenvolvimento da doenca.

Os farmacos quimioterapicos apresentam beneficios terapéuticos, porém
possuem pequena margem de seletividade quando atuam como agentes
anticancerigenos, ou seja, devido a sua semelhanga com as células humanas, conferem
significativa toxicidade ao organismo e aos tecidos normais, provocando efeitos
indesejaveis como a reducdo da producdo das células de defesa do organismo,
cicatrizacdo deficiente de feridas, lesdo do epitélio gastrintestinal, teratogenicidade,
dentre outros (CHIARADIA, 2010).
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2.4.2 Atividade antitumoral e antileucémica de
chalconas e neolignanas

Nas sec¢fes seguintes sera abordada a atuacdo de chalconas ou neolignanas, em
estudos envolvendo as seguintes patologias: leucemia promielocitica aguda,

glioblastoma humano, cancer de prostata e cancer colorretal.

2.4.2.1 Leucemia promielocitica aguda

As leucemias sdo um grupo dentre os Vvarios tipos de cénceres, que acometem
as células-tronco hematopoiéticas. S8o conhecidas por caracterizarem uma doenca
clonal maligna, devido ao crescimento e a proliferacdo de células neoplasicas ou
acumulo de células linféides ou mieléides que invadem o sangue e a medula éssea,
prejudicando ou impedindo a producdo dos glébulos vermelhos (causando anemia),
glébulos brancos (causando infec¢des) e das plaquetas (causando hemorragias)
(JACQUES, 2018).

As leucemias podem ainda ser divididas, de acordo com a velocidade que a
doenca evolui, em agudas ou cronicas e, com relagdo a linhagem e maturacdo dos
precursores afetados, como mieldides ou linféides. Geralmente ocorrem varias
alteracdes genéticas, incluindo expressdo inadequada de oncogenes com ganho
dominante de fungéo e perda de funcdo de genes de supressao tumoral (SWERDLOW
et al., 2016).

As leucemias agudas ou crbnicas caracterizam-se por um desequilibrio entre a
proliferacdo e a maturacao celular na medula éssea e/ou nos tecidos linféides.Uma vez
qgue as ceélulas do clone leucémico continuam a proliferar-se, sem chegar aos estagios
de maturacdo e morte, acabam atingindo a circulacdo periférica e infiltrando outros
sistemas organicos (SWERDLOW et al., 2016).

A leucemia mieloide aguda (LMA) é um grupo de doengas clonais do tecido
hematopoiético, decorrente da proliferacdo desordenada de células progenitoras
mieldides (mieloblastos) e inclui todas as neoplasias que envolvem as linhagens
celulares granulocitica (neutréfilos, eosindfilos e basofilos), mondcitos, eritrécitos,
megacariocito e mastocitos (Figura 10) (JACQUES, 2018). A leucemia promielocitica

aguda (LPA) corresponde a um subtipo das LMAs, e é caracterizada por uma
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proliferacdo clonal de promieldcitos no sangue e na medula 6ssea (BENNETT et al.,
1976).

Medula éssea ——

«

—_— a
Eosindfilo : Basdfilo

Eritrocitos ’
EI s ) M

Mondcito

Megacaribcito
Célula-tronco
hematopoiética

Céiuta-tronco Q

estromal -
. é Cétula-tronco Proge! Neutréfilo
. ?

Adipécito multipotencial

* !
,» Y Célula-tronco Célula progenitora

: e, linféide
2 I
L

Plaguetas

Linfécito T

Célula dendritica

2 7&; X

=5 i
4 )? ¥
Osteoblasto
MAPC Linfécito B
' 4

€élula NK

Figura 10 — Células hematopoiéticas provenientes da medula 6ssea (Figura adaptada de: revista
Scientifica American, 2006).

A leucemia mieloide aguda (LMA) representa cerca de 90% das leucemias da
fase adulta e a porcentagem aumenta com a idade, devido a uma maior incidéncia de
anormalidades citogenéticas. Estima-se que cerca de 55% dos casos possuem
alteracdes genéticas ao diagnostico (CORNELL e PALMER, 2012; JACQUES, 2018).

Na literatura podem ser encontradas diversas referéncias relacionadas a acao
antileucémica de chalconas e neolignanas. Especificamente, em relagdo a atividade
antileucémica de chalconas extraidas de fontes naturais, estudos realizados com a 4-
hidroxiderricina 23 (encontrada nas raizes da Angelica keiskei) mostraram que este
composto foi citotdxico frente as células da linhagem HL-60 (leucemia promielocitica

aguda), provocando morte celular por apoptose (AKIHISA et al., 2011).

OH

Figura 11 — Estrutura molecular da 4-hidroxiderricina que apresentou atividade bioldgica.
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Ainda em células de leucemia mieldide, Murthy e colaboradores (2013) testaram
a atividade antiproliferativa de uma série de cromanochalconas. Trés compostos 24, 25
e 26 (Figura 12) com grupos retiradores de elétrons (NO, e CN) no anel aril B foram
identificados como potentes agentes citotoxicos, inibindo mais de 90% da proliferacdo
celular em células HL-60 na concentracao de 50uM. Estudos do mecanismo revelaram
gue estes trés compostos induziram a parada do ciclo celular GO/G1 e apoptose, que foi
acompanhada por perda do potencial da membrana mitocondrial, fragmentacédo do DNA
e morfologia nuclear em células HL-60.

24 R =3 NO,
25R =4 NO,

26 R=4CN

Figura 12 — Estruturas moleculares das cromanochalconas que apresentam atividade
antiproliferativa frente as células de HL-60.

Com relacdo a atividade antileucémica de neolignanas extraidas de fontes
naturais, estudos realizados com trés novas neolignanas de dihidrobenzofuranos,
juntamente com outros nove anélogos conhecidos, isolados dos caules e folhas da
Mappianthys iodoies, foram avaliados quanto a citotoxicidade contra cinco linhagens de
canceres humanos, dentre eles as células da linhagem HL-60. O resultado mostrou-se
significativo para todas as células testadas com valores de concentracdo inibitoria
maxima(lCs,) variando de 0,16 a 18,62 uM, quando utilizada a cisplatina como controle
positivo (JIANG et al., 2017).

A\

“,
"

Figura 13 — Estrutura molecular da neolignana de dihidrobenzofuranos isolada dos caules e
folhas da Mappianthys iodoies.
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2.4.2.2 Glioblastoma Humano

O glioblastoma é um tipo de tumor maligno cerebral, pertencente ao subgrupo
dos gliomas, que se origina nas células da glia. Células gliais sao células presentes no
tecido normal do sistema nervoso, com fungédo de sustentacdo, protecdo e manutencao
(COSTA SOUZA, 2017).

Os gliomas malignos séo divididos em neoplasias anaplasicas e o glioblastoma
multiforme (GBM). Essa classificacdo tem como base caracteristicas histopatoldgicas da
lesdo (presenca de atipia nuclear, mitoses, proliferacdo vascular e necrose). Desse
modo, é feita uma subdivisdo em quatro graus, sendo o grau |, 0 mais benigno, e o grau
IV, o mais maligno. O GBM ¢&, portanto, uma neoplasia originada de células da linhagem
astrocitica, ou seja, € um astrocitoma, classificado como grau IV (MARREIROS et al.,
2019).0 tratamento do GBM é bastante complexo para pacientes recém diagnosticados
com a doenga, devido a natureza infiltrativa, invasividade e células-tronco GBM (Glioma
Stem Cell- GSCs) (COSTA SOUZA, 2017).

Seu tratamento padrdo inclui intervencdo cirargica para extragdo do
tumor,seguido por seis semanas de radioterapia,com terapia sistémica concomitante ao
agente alquilante (temozomida-TMZ), que é mantido como terapia adjuvante pelo
periodo minimo de seis messes. Mesmo apds o tratamento agressivo, existem altas
taxas de reincidéncia, onde estima-se uma sobrevida média de até 20 meses e apenas

5% alcancam os 5 anos (MARREIROS et al., 2019).

Na literatura, podem ser encontradas diversas referéncias que demonstraram
resultados promissores quanto a acao antitumoral de chalconas e neolignanas.
Sansalone e colaboradores (2019) sintetizaram 19 moléculas de bis-chalconas
inspiradas em curcuminas, que foram caracterizadas e avaliadas quanto ao seu efeito
citotoxico em células de GSCs. Dos 19 compostos sintetizados, quatro anélogos 28, 29,
30 e 31 (Figura 14) apresentaram atividade antiproliferativa e ICsq variando de 2,7 a 5,8
MM. A andlise estrutural indicou que a presenga de um grupo metoxi (-OCH3) eram

importante para induzir a morte de células de GSC.
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Figura 14 — Estrutura molecular de bis-chalconas inspiradas em curcuminas com atividade
antiproliferativa positiva em células tronco de glioblastoma.

Souza e colaboradores (2017) sintetizaram novos analogos cindmicos da 8,4-
oxineolignana (Figura 15), que foram caracterizados e avaliados contra uma variedade
de linhagens celulares de cancer, entre tumores e leucemias. Nos ensaios, identificou-
se que o composto 32 apresentava atividade antiproliferativa superior a doxorrubicina
(farmaco de referéncia) para linhagens celulares de glioblastoma humano do tipo U-87,
U-138 MG e H1299. Além disso, o composto 33 exibiu inibicdo significativa num
intervalo de 52,2 a 91,2% contra doze tipos de linhagens celulares de leucemia,
revelando resultados comparaveis ao farmaco de referéncia. Verificou-se,ainda, que o
composto 34 era seletivo, demonstrando uma inibi¢do do crescimento de 92,0% contra
as células KG-1.
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Figura 15 — Sintese de analogos cindmicos da 8,4-oxineolignana.

2.4.2.3 Cancer de proéstata

O céancer de préstata € o0 segundo tipo de cancer que mais afeta o sexo
masculino no Brasil (atrds apenas do cancer de pele ndo-melanoma). O Instituto
Nacional de Cancer José Alencar Gomes da Silva (INCA) projetou o diagnostico de
65.840 novos casos de cancer de prostata no Brasil para cada ano do triénio 2020-2022
(INCA, 2019).

E uma doenca causada por altera¢bes na responsividade das células prostaticas
frente aos horménios androgénicos, o que inativa 0os genes de supressdo tumoral e
ativa os proto-oncogenes (FERREIRA, 2011; GUIMARAES et al., 2019).

O tratamento depende do grau de disseminacdo da doencga, localizada ou
disseminada/metastatica e, basicamente, inclui cirurgia, radioterapia, vigilancia ativa e
privacdo androgénica. O cocetaxel, por exemplo, é o quimioterapico que neste caso,
estd sendo utilizado como forma de tratamento da doenga, em associagdo com a
privacdo androgénica (GUIMARAES et al., 2019).

Considerando sua etiologia e fisiopatolegia, o cancer de prostata apresenta
como principais fatores de risco a idade, hereditariedade, obesidade e exposi¢do a
produtos quimicos, como aminas aromaticas, arsénio, produtos de petroleo, policiclicos
aromaticos, etc (ALBUQUERQUE NETO, 2021).

Com relagdo as propriedades bioativas das chalconas em células de cancer de
prostata, a chalcona oxigenada denominada licochalcona 35 (Figura 16) foi isolada do

alcaguz chinés (Glycyrrhiza uralensis). Estudos demonstraram que este composto
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apresentava propriedades bioativas, incluindo atividades antiparasitarias, estrogénicas,
antimalaricas e antitumorais, além de estimular o controle do crescimento e morte
celular por apoptose em células de cancer de prostata PC-3 (KARTHIKEYAN et al.,
2015; FU et al., 2004).

"
(|)| CH,
= CHj
HO H,CO OH

35

Figura 16 — Estrutura molecular da Licochalcona isolada do alcaguz chinés (Glycyrrhiza
uralensis).

Wang e colaboradores (2017) demonstraram em um estudo pioneiro que
arctigenina 36 (Figura 17) (um composto natural extraido da erva chinesa Arctium
lappa) em baixas concentracdes inibiu significativamente as células tumorais de
prostata in vitro e in vivo, por intermédio de inducdo de apoptose, inibicdo da
proliferacdo e modulagbes de mudltiplas vias de sinalizacdo. Sua poténcia tumoral foi
cerca de 10-20 vezes mais forte do que varios fitoquimicos tradicionais como, polifendis

do chéa verde e curcumina.

H5CO

HO

OCHj

Figura 17— Estrutura molecular da arctigenina 36.

2.4.2.4 Cancer colorretal

Os tumores malignos que acometem o c6lon (intestino grosso) e o reto (final do
intestino, imediatamente antes do anus), englobam um conjunto conhecido por cancer

colorretal — CCR. Segundo o INCA (2020) é a terceira principal causa de mortalidade
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relacionada ao cancer no Brasil.Estima-se 41.010 novos casos no Brasil, sendo 20.540

casos novos em homens e de 20.470 em mulheres no ano de 2020 (INCA, 2021).

A maioria dos adenocarcinomas do coélon e reto surgem a partir de pélipos
adenomatosos (que sao lesdes inicialmente benignasmas que podem crescer na parede
interna do intestino grosso até formarem lesGes malignas). Uma vez que um pdlipo
progride para cancer, pode invadir 0os vasos sanguineos ou linfaticos que carregam
residuos celulares e fluidos. As células cancerosas se espalham primeiro para os
nddulos linfaticos préximos. Em seguida, podem ser transportadas por meio dos vasos
sanguineos para outros 6rgéaos e tecidos, como o figado ou pulm®es, ou ser eliminados
diretamente no peritbnio (AMERICAN CANCER SOCIETY, 2020).

Spread lo other organs

\7 ©2005, Terese Winslow

U.S. Govt. has certain rights

Figura 18 — Desenvolvimento do pdlipo adenomatoso a adenocarcinoma (Fonte: revista
American Cancer Society, 2020).

Uma das principais causas para o aparecimento do cancer colorretal, segundo
estatisticas, € o estilo de vida, aliado ou ndo ao histérico familiar de CCR, doencas
inflamatdrias intestinais, obesidade e presenca de poélipos adenomatosos com potencial
maligno. Este tipo de cancer é passivel de tratamento quando detectado precocemente
e ainda nao atingiu outros 6rgaos, o que depende do estagio da doenca como:
tamanho, localizacdo, extensado do tumor, além da saulde geral do paciente. Atualmente
existem varias modalidades terapéuticas. Entre elas encontramos a cirurgia (curativa ou
paliativa), quimioterapia, e radioterapia, que podem ser usadas isoladas ou associadas
(OLIVEIRA, 2017).

Diversos artigos relatam as propriedades bioativas de chalconas e seus

derivados sintetizadas em laboratério frente as células de cancer colorretal. Bernardes
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(2018) avaliou a atividade antiproliferativa de uma série de células tumorais, dentre elas
e 43 (Figura 19), apresentaram relevantes citotoxicidades. Bernardes reitera em sua
pesquisa que, a linhagem HCT-116 foi aquela que apresentou maior sensibilidade com
a relagdo todos os compostos testados com concentragdo inibitdria maxima (ICs)
variando de 4,0 a 15,4 uM.
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Figura 19 — Estrutura das 4’-hidroxichalconas com relevantes citotoxicidades na linhagem
HCT-116.

Moura e colaboradores (2015) analisaram as propriedades bioativas da
trachelogenina 44 (Figura 20), um tipo de dibenzilbutirolactona extraida dos talos da
Combretum fruticosum, em células de cancer colorretal (HCT-116, ICso = 1,9 uM). Seu
trabalho demonstrou que trachelogenina é citotoxica e induz persistentemente a morte
celular autofagica, visto que foi possivel verificar um aumento do nimero e do tamanho
de organelas vesiculares acidas (AVOs), bem como um aumento da expressdo de

proteinas recrutadas durante a autofagia (LC3 A e B Il e Beclina-1) nas células tratadas.
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Figura 20 — Estrutura molecular da Trachelogenina extraida dos talos da Combretum fruticosum.

Moura (2018) também demonstrou por meio de outro estudo com linhagens de
células de cancer colorretal que a chalcona-sulfonamida 45 (Figura 21) apresentou
seletivo efeito antitumoral com valor de Clsy quatro vezes menor quando comparado as
demais linhagens de células testadas. Seus estudos demonstraram que a molécula foi
capaz de suprimir o crescimento celular por inducdo de parada de ciclo celular e morte
celular por necroptose de células de cancer colorretal (SW-620), bem como, inibir a

migracgao celular de células de melanoma metastatico (MOURA, 2018).

Cl

Cl

Figura 21 — Estrutura molecular da chalcona-sulfonamida 45.

43



3. OBJETIVOS

3.1 Geral

Sintetizar e caracterizar moléculas hibridas analogas de 8,4’-oxineolignanas e

avaliar seu perfil citotéxico em linhagens de células tumorais.

3.2 Especificos

e Sintetizar as moléculas hibridas analogas de 8,4’-oxineolignanas a partir de
chalconas e a 2-bromo-1-feniletanona;

e Elucidar as estruturas obtidas utilizando as seguintes técnicas analiticas: ponto
de fusdo, analise espectroscopica em ressonancia magnética nuclear
unidimensional de *H e**C e absorg&o na regido do infravermelho;

e Caracterizar as estruturas cristalinas inéditas obtidas utilizando analise
cristalogréfica;

e Avaliar a atividade citotéxica dos compostos inéditos frente as células de
tumores de glioblastoma humano (SNB-19), c6lon (HCT-116), préstata (PC-3) e

leucemia promielocitica aguda (HL-60).
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4 METODOLOGIA
4.1 Sintese do 2-bromo-1-feniletanona e das chalconas

4.1.1 Técnicas gerais

Para a elucidacdo estrutural dos compostos foram empregadas as técnicas
unidimensionais de Ressonéncia Magnética nuclear de Hidrogénio (500 MHz) e de
carbono 13 (125 MHz) adquiridos por meio do espectrdbmetro Bruker Avance Ill 500
(11,75 T), equipado com uma sonda de 5mm de deteccao inversa com gradiente de
campo (Triple Band Inverse — TBI) localizado no Instituto de Quimica da UFG. Os
deslocamentos quimicos (0) estao expressos em partes por milhdo (ppm), tendo como
referéncia interna o DMSO-dg (dimetilsulféxido 6=2,6 ppm), TMS (tetrametilsilano, 6=0,0
ppm) e/ou CDCI; (6=7,26 ppm). As constantes de acoplamento estdo expressas em
Hertz (Hz) e as multiplicidades de absor¢do dos hidrogénios estdo abreviadas do
seguinte modo: s, simpleto; sl, simpleto largo; d, dupleto; dd, duplo dupleto; ddd, duplo
duplo dupleto; dt, duplo tripleto; dg, duplo quarteto; t, tripleto; q, quarteto; m, multipleto.
Os dados referentes ao espectro de 'H RMN est&o expressos segundo a convengdo: &
(multiplicidade, namero de hidrogénios, constantes de acoplamento (J) em Hz). O
solvente utilizado para dissolugdo das amostras foram dimetilsulfoxido deuterado e
cloroférmio deuterado.

Os espectros de infravermelho foram obtidos no espectrofotdmetro de
infravermelho Frontier FT-IR (Perkin Elmer), com 32 varreduras na regido do
infravermelho médio, zona entre 4000 a 400 cm™ localizado no Instituto de Quimica da
UFG. As amostras foram incorporadas em pastilhas de KBr. A absorcdo esta expressa
em numero de ondas (cm™).

A determinacdo do ponto de fuséo foi realizada no fusémetro Karl Kolb e
expresso em graus Celsius (°C), no Instituto de Quimica da Universidade Federal de
Goias.

Todas as reagOes foram monitoradas por cromatografia em camada delgada
(CCD) utilizando placas de aluminio recobertas por silica gel 60 com indicador
fluorescente UV,s,, com 0,2 mm de espessura. Ap0s a eluicdo as placas foram
reveladas em luz ultravioleta (A = 254 e 366 nm).

As chalconas e os analogos de 8,4-oxineolignanas foram purificados por
recristalizagdo com solventes acetato de etila/hexano, metanol ou etanol a quente.

As chalconas e os analogos de 8,4’-oxineclignanas que ndo foram obtidos puros

da recristalizacao foram submetidas a cromatografia em coluna flash. Colunas de vidro
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recheadas com silica gel 60 Merck (0,063-0,2 mm) foram utilizadas. A altura e o
didmetro variaram de acordo com a quantidade de material a ser cromatografado e a
eluicdo foi realizada com solventes organicos em ordem crescente de polaridade.

Na tentativa de purificacdo dos analogos de 8,4’-oxineolignanas derivados das 2-
hidroxichalconas realizou-se também cromatografia preparativa. Foram utilizados vidros
recobertos por gel de silica 60 F254 Merk com 1 mm de espessura. Depois da elui¢do, a
placa foi revelada em vapor de iodo. Os compostos adsorvidos nas bandas foram
raspados e posterior extracdo foi realizada com acetato de etila.

Os nomes dos compostos foram atribuidos segundo programa Chem Draw Ultra,
que segue as regras da IUPAC.Para auxiliar na elucidacéo estrutural dos espectros
de’H RMN e C dos compostos analogos de 8,4’-oxineolignanas e prever padrdes de
multiplicidade foi utilizado o programa de simulag6es Cheminfo.

Todos o0s reagentes utilizados nas sinteses foram obtidos das marcas
comerciais: Merk ou Sigma-Aldrich. Todos os solventes utilizados eram grau P.A. e
diversas marcas foram utilizadas. Para utilizacdo da butanona anidra, primeiramente
destilou-se a butanona comercial em 67°C e armazenou-se em recipiente fechado sobre

peneira molecular de 8A.

4.1.2 Sintese do 2-bromo-1-feniletanona (47)

Para a preparacdo do 2-bromo-1-feniletanona 47 utilizou-se uma reacdo de
bromacdo do carbono a-carbonilico da acetofenona 46 (Esquema 4). Abaixo esta

descrito o procedimento utilizado para a sintese:

o S
| o LUl g
CHg _ CHiCOOH, Br, 5 10
% 9
TA, 60 min, 30%
46 4 2

3

Esquema 4 — Reacédo de bromacéo da acetofenona.

Para a sintese do 2-bromo-1-feniletanona 47, usado na sintese dos analogos de
8,4’-oxineolignana, utilizou-se a metodologia de bromacao proposta por Rao, Reddy e
Sreeramulu (2011). Em um baléo de reacdo de 50 mL foram adicionados 0,087 mL de
acetofenona (0,72 mmol) em 0,096 mL de &cido acético glacial. Por meio de um funil de
adicdo acoplado ao baldo de reacéo, foram adicionados, gota-a-gota, uma solugcédo de

0,025 mL de bromo (Immol) dissolvido em 0,096 mL de acido acético glacial durante 10
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minutos sob agitacdo magnética. Depois da adigdo do bromo e a evolu¢do do gas, o
sistema permaneceu sob agitacdo por 60 minutos a temperatura ambiente, até
formagé&o do produto controlado por CCD (com eluicdo de 30% acetato de etila/hexano).
A reacao foi finalizada pela adi¢éo de gelo, o qual levou a formagéo de um sélido branco
que foi filtrado e lavado com &lcool absoluto gelado. Apds a recristalizacdo em metanol
o produto 47 foi obtido como um sdélido branco cristalino, p.f. 48-50 °C, Lit. p.f. 49-51°C,
(TERENT’EV et al., 2006), representando rendimento médio de 39,8%.

4.1.3 Sintese das chalconas

O método utilizado para sintese das chalconas consiste em uma reacdo de
condensacao alddlica (condensacédo de Claisen-Schmidt) entre aldeidos (benzaldeido e
derivados) e 2, 3 e 4-hidroxiacetofenonas, na presenca de hidréxido de sodio como
catalisador e etanol como solvente, a temperatura ambiente (ROSTAMIZADEH, ZEKRI
e TAHERSHAMSI 2015; VOGEL, 1996).Esta reacéo levou a formacéo de vinte e duas

chalconas (2-hidroxichalconas, 3-hidroxichalconas e 4-hidroxichalconas) (Esquema 5).

0 o) O
[ [ I

| X CH3 X H _NaOH/etanol | N / | X
R + >l T.A, 240 Rl// /\Rz

Esquema 5 — Reacgéo de condensacao alddlica catalisada por base.

4.1.3.1 Procedimento geral para sintese das 2, 3 e 4-
hidroxichalconas

Para a sintese das chalconas, utilizou-se um baldo de 50 mL no qual foi adicionada
uma solucao da hidroxiacetofenona (1mmol) e aldeido (1 mmol) em etanol (3 mL) sob
agitacdo constante, a temperatura ambiente até dissolucdo. Em seguida, uma solucao
de NaOH 50% (0,1 mL) foi adicionada lentamente. A mistura resultante permaneceu sob
agitacdo por 24 horas, a temperatura ambiente, ou até a formagdo do produto,
controlado por CCD (com eluicdo de 30% acetato de etila/hexano). Apds esse periodo,
a reacao foi finalizada com agua destilada gelada, o que, na maioria das vezes,

provocou a precipitacdo do produto. Nos casos em que nao houve precipitacdo, a
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reacdo foi acidificada com acido cloridrico 10%, para neutralizacdo do meio, levou-se a
solugcéo ao freezer por 24 horas, a fim de induzir a precipitagdo do mesmo. Filtrou-se,
verificou-se a pureza por CCD (com eluicdo de 30% acetato de etila/lhexano) e as
chalconas foram recristalizadas em metanol a quente. Este procedimento geral foi
utilizado para a preparagdo das hidroxichalconas 48-65.

4.1.4 Caracterizagao das chalconas por ressonancia
magnética nuclear de 'H e *3C:

Os dados de ressonancia magnética nuclear de *H e **C das hidroxichalconas
48-65 sdo apresentados nas Tabelas 1 a 12 e os espectros estdo disponiveis no tépico

anexos (pagina 114):
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Tabela 1 — Dados de RMN de 'H dos compostos 48-51.

H 48 49 50 51
2’ 7,48 m 7,49 m 6,89m 7,49 m
3 6,93 m 6,95 m 7,50 m 6,94 m
4 7,61 m 7,62 m 6,89m 7,56 m
5 7,02m 7,01 m 7,03m 7,02m
a 7,52 d (15,4) 7,53 d (15,4) 7,52 d (15,5) 7,61d (15,5)
B 7,61m 7,62 m 7,83d (15,5) 7,56 m
2 7,92 m 7,92 m - 7,92 m
3 6,93 m 6,95 m - 7,24 m
5 6,93 m 6,95 m 6,93 m 7,24 m
6 7,92 m 7,92 m 7,92 m 7,92 m
-OH 12,93 sl 12,92 sl 12,82 sl 12,85 sl
-OCH,- 4,11 q (7,0) = - -
-CH,4 1,451 (7,0) - - 21,5
0-OCH;4 - - 3,94s -
m-OCH; - - 3,92s -
p-OCH; - 3,87s 3,94s -

0 ppm em relagdo ao TMS, Multiplicidade (J em Hz). Solvente CDCls. tSolvente DMSO-ds.



Tabela 2 — Dados de RMN de **C dos compostos 48-51.

°C

6’ 163,5 163,5 163,6 163,6

1 118,7 118,7 118,8 119,1

2 130,5 130,5 129,60 129,8

3 120,1 120,1 119,33 120,1

4 136,1 136,1 130,0 136,2

5 117,5 117,6 118,6 118,6

a 118,6 118,6 119,3 118,8

B 145,4 145,3 136,3 145,5

Cc=0 193,7 193,7 193,5 193,8

1 127,2 127,4 129,6 131,9

2 129,5 129,5 145,6 128,7

3 115,0 1145 145,6 129,6

4 161,5 162,0 153,5 141,6

5 115,0 1145 106,0 129,6

6 129,5 129,5 120,0 128,7
-OCH,- 63,7 - - -

-CHj 14,7 - - 21,5
0-OCHs - - 61,0 -
m-OCH, - - 61,0 -
p-OCH, - 55,4 56,3 -
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Tabela 3 — Dados de RMN de 'H dos compostos 52-55.

H

6’ 7,38 m 7,50 m 7,57Tm 7,39 m

2 7,60 m 7,62 m 7,63m 7,39 m

3 7,60 m 7,33 m 7,63m 7,39 m

4 7,11ddd (8,2/2,4/0,9) 7,12 ddd (8,2/2,4/0,9) 7,11m 7,10 ddd (8,2/2,4/0,9)

a 7,37 d (15,6) 7,42d (15,8) 7,49d (15,5) 7,46 d (15,7)

B 7,80 d (15,6) 7,75d (15,8) 7,80d (15,5) 7,75 d (15,7)

2 7,60 m 7,50 m 7,39 m 7,56 m

3 6,94 m 7,19 m 7,39 m 7,56 m

4 - - 7,63m -

5 6,94 m 7,19 m 7,39m 7,56 m

6 7,60 m 7,50 m 7,39m 7,56 m
p-OCHs; 3,87s - - -

CH; - 2,37s - -

o ppm em relagdo ao TMS, Multiplicidade (J em Hz). Solvente CDClIs. tSolvente DMSO-de.
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Tabela 4 — Dados de RMN de **C dos compostos 52-55.

Bc 52 53 54 55
6’ 114,4 115,2 115,2 115,0
1’ 139,8 139,5 134,8 133,3
2 120,9 120,9 122,0 122,4
3 130,3 129,8 130,7 129,9
4 119,6 120,6 120,4 120,3
5 156,3 158,8 156,4 156,2
a 120,1 120,7 121,0 121,0
B 1452 145,7 145,4 143,6
Cc=0 190,6 191,3 190,7 190,0
1 127,5 131,9 139,5 136,5
2 129,8 128,6 128,5 129,2
3 115,1 129,7 128,9 129,6
4 161,8 141,3 129,9 139,5
5 115,1 129,7 128,9 129,6
6 129,8 128,6 128,5 129,2
p-OCHs 55,4 - - -
CHs g 21,5 - -

o ppm em relagédo ao TMS. Solvente CDCls. T Solvente DMSO-de.
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Tabela 5 — Dados de RMN de 'H dos compostos 56-59.

H 57+ 58+
6’ 7,57 m 7,49 m 7,50m 7,44 m
2 7,57 m 7,66 m 7,74m 7,72m
3 7,401 (7,9) 7,391 (7,86) 7,391 (7,8) 7,35 m
4 7,11 m 7,08 m 7,07 ddd (8,2/2,4/0,92) 7,11 m
a 7,48 d (15,7) 7,77 d (15,7) 7,80d (15,6) 7,36 d (15,6)
B 7,75d (15,7) 8,03 d (15,7) 8,05 d (15,6) 8,18 d (15,7)
2 7,57 m 8,27 m 8,75m -
3 7,50 m 8,15 m - 7,44 m
4 - - 8,32 m 7,56 m
5 7,50 m 8,16m 7,68m 7,35 m
6 7,57 m 8,28m 8,25 ddd (8,24/2,14/0,92) 7,56m

6 ppm em relagdo ao TMS, Multiplicidade (J em Hz). Solvente CDCl;. $Solvente DMSO-ds.
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Tabela 6 — Dados de RMN de **C dos compostos 56-59.

Bc 56 57 58 59
6 115,1 115,2 115,2 115,2
1’ 133,7 141,3 139,1 135,5
2 122,5 126,7 125,4 121,0
3 129,9 130,4 137,0 130,3
4 120,4 120,2 121,0 120,5
5 156,3 158,2 158,2 156,5
a 121,0 124.4 125,1 124,7
B 143,7 149,5 148,9 139,2
=0 190,1 189,4 189,4 190,6
1 139,5 139,0 135,4 133,1
2 129,8 130,3 120,3 141,0
3 132,3 121,1 141,7 129,9
4 124,9 141,6 123,5 131,3
5 132,3 121,1 130,3 127,1
6 129,8 130,3 130,8 127,8

0 ppm em relacdo ao TMS, Solvente CDCl;. T Solvente DMSO-ds.
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Tabela 7 — Dados de RMN de 'H do composto 60.

H

6’ 7,55m

2 7,55m

3 7,37m

4 7,10 m

a 7,43 m(15,7)
B 7,77 m (15,7)
2 7,62 m

3 7,10 m

4 -

5 7,10 m

6 7,62 m

o ppm em relagdo ao TMS, Multiplicidade (J em Hz). Solvente CDCl;. T Solvente DMSO-de.
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Tabela 8 — Dados de RMN de **C do composto 60.

Bc 60
6 115,1
1’ 139,5
2 129,9
3 130,4
4 116,2
5 156,5
a 120,8
B 143,9

Cc=0 190,4
1 131,0
2 130,4
3 116,0
4 165,1
5 116,0
6 130,4

o ppm em relagédo ao TMS. Solvente CDCls. T Solvente DMSO-ds.
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Tabela 9 — Dados de RMN de 'H dos compostos 61-64.

H 61 62 63 64+
2 7,99 m 7,95 m 7,74 8,26 m
6’ 7,99 m 7,95m 7,74 8,26 m
5 6,93 m 6,67 m 6,44 8,07 m
4’ - - - -
3 6,93 m 6,67 m 6,44 8,07 m
a 7,48 d (15,6) 7,57 d (15,5) 7,48 d (15,6) 8,04 d (15,6)
B 7,77 d (15,6) 7,88 d (15,5) 7,82 d (15,6) 7,72 d (15,6)
2 7,53 m 7,86 m 7,84 8,12 m
3 7,22m 7,50 7,59 6,91 m
5 7,22m 7,50 7,59 6,91 m
6 7,53 m 7,86 7,84 8,12 m
-CHj 2,40s - - -

0 ppm em relagdo ao TMS, Multiplicidade (J em Hz). Solvente CDCls. T Solvente DMSO-de.
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Tabela 10 — Dados de RMN de **C dos compostos 61-64.

Bc 61 62 63 64+
1’ 131,1 130,8 130,3 131,8
2’ 132,3 129,3 124,5 140,23
3 131,1 128,4 123,1 131,8
4 115,4 116,3 116,8 116,0
5 115,4 116,3 116,8 116,0
6’ 160,1 140,2 139,1 163,2
a 120,9 117,1 118,1 127,0
B 144,2 131,8 135,3 148,4
=0 188,9 186,2 185,0 187,4
1 131,26 130,65 130,3 129,2
2 128,4 123,9 130,6 130,1
3 129,6 127,5 131,6 124,3
4 140,8 131,2 132,1 142,0
5 129,6 127,5 131,6 124,3
6 128,4 123,9 130,6 130,1

® ppm em relagédo ao TMS, Solvente CDCls. T Solvente DMSO-d6.
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Tabela 11 — Dados de RMN de *H do composto 65.

H 65t

2’ 8,09 m

6’ 8,09 m

5 6,91 m

4 -

3 6,91 m

a 7,75 d (15,6)
B 8,06 d (15,6)
2 8,71 m

3 -

4 8,28 m

5 7,75 m

6 8,24 m

d ppm em relacdo ao TMS, Multiplicidade (J em Hz). Solvente CDClIs. 1 Solvente DMSO-ds.
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Tabela 12 — Dados de RMN de **C do composto 65.

Bc 65
1’ 135,2
2’ 137,3
3 135,2
4 115,9
5 162,9
6’ 115,9
a 125,6
B 149,0
=0 187,5
1 131,8
2 123,2
3 140,5
4 124,7
5 129,4
6 130,7

® ppm em relagéo ao TMS. Solvente CDCls. T Solvente DMSO-ds.
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4.2 Sintese dos analogos de 8,4’-oxineolignanas
O método utilizado para sintese dos analogos consiste em uma reacao de

substituicdo nucleofilica bimolecular (SN,) entre o 2-bromo-1-feniletanona 47 e as
chalconas (2, 3 e 4-hidroxichalconas) (Esquema 6).

4.2.1 Sintese pela condicéo A

i 7 i 7
©/“v Br  putanona ©/\/O
+ —_—
48 47 50°C, refluxo, Q
OH j = oan P
HsC HyC

Esquema 6 — Sintese do composto analogo utilizando a condicao A.

Para a sintese dos analogos de neolignana por meio da condi¢cdo A (adaptado
de VAZ et al.,, 2016), utilizou-se um baldo de 50 mL no qual foi adicionada uma
solucdo de 2-hidroxichalcona 48 (0,1 mmol) e K,CO; (0,5 mmol) em butanona anidra,
sob agitacdo constante a temperatura de 50°C sob refluxo. Em seguida, uma solugéo
de 2-bromo-1-feniletanona 47 (0,15 mmol) foi adicionada lentamente. A mistura
resultante permaneceu sob agitacdo por 24 horas, a 50°C. Apés esse periodo, a
reacédo foi finalizada com &gua destilada e o produto extraido com acetato de etila. As
fases organicas foram lavadas com agua, HCI 10%, solu¢do de NaCl e secas com
Na,SO, anidro. O solvente foi removido a pressao reduzida e o produto foi
recristalizado em acetato de etila/lhexano,metanol ou etanol a quente. Essa
metodologia nos proporcionaria o produto desejado por ser uma rota sintética simples.

No entanto, ndo foi possivel isolar o produto puro por esta metodologia.

4.2.2 Sintese pela condicédo B

Para sintese dos analogos de neolignana por meio da condicdo B (adaptado de
DUAN, WANG e LI, 2014), utilizou-se um baldo de 50 mL no qual foi adicionada uma
solugdo da 2-hidroxichalcona 48 (0,1 mmol) e K,CO; (0,2 mmol) em acetona, sob
agitacdo constante a temperatura ambiente. Em seguida, diminuiu-se a temperatura
para 0°C e adicionou-se o0 2-bromo-l-feniletanona 47 (0,15 mmol). O sistema

permaneceu sob agitacdo constante por 24 horas a temperatura ambiente. Apds esse



periodo, a reacao foi finalizada com a adigdo de agua destilada e o produto extraido
com CH,CI, (3x10 mL). As fases organicas foram combinadas e secas com Na,SO,
anidro e o solvente removido a pressdo reduzida. Para esta nova condicdo, foi
observada durante a reacdo a formacdo de varios subprodutos, e mesmo apoés
purificacdo por recristalizacdo em metanol a quente, cromatografia em coluna gel de
silica e cromatografia preparativa, ndo foi possivel isolar nenhum produto puro para
analisar o resultado da reacao.

4.2.3 Sintese pela condicéo B alterando a chalcona
utilizada

Em uma nova tentativa, para a mesma condi¢do, substituiu-se a 2-
hidroxichalcona 48 pela 3-hidroxichalcona 54 (Esquema 7). Por esta condicdo foi
possivel obter o produto puro com rendimentos que variam de 19 a 82%. Sendo
assim, estendeu-se a mesma condicdo para as 4-hidroxichalconas.

KzCOg

(e} 0
,/\/\‘ O/V acetona @/HVO
T.A., 24h,
71

19-82%

Esquema 7 — Sintese do composto analogo utilizando a condi¢éo B alterando a chalcona
utilizada.

4.2.4 Caracterizacao dos analogos de 8,4’-oxineolignanas
por ressonancia magnética nuclear de 'H e °C:

Os dados de ressonancia magnética nuclear de *H e **C dos analogos de 8,4 -
oxineolignanas 67-80 sintetizados sdo apresentados nas Tabelas 13 a 22 e o0s

espectros estédo disponiveis no topico anexos (pagina 169):
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Tabela 13 — Dados de RMN de 'H dos compostos 67-69.

) %
N2 18 ol o 6 1] 20 22
19 17 13 7 5 = .23
8 19 |21
69 L e
16 14 2 4 89 5 cl
15 25

H 67

2 7,19 m 7,20 m 7,22 m

3 7,40 m 7,44m 7,45m

4 7,62 m 7,64 m 7,58 m

6 7,57 m 7,58 m 7,64m

8 5,38 s 5,38 s 5,40s

14 8,01 m 8,01 m 8,01 m
15 7,58 m 7,53 m 7,58 m
16 7,62 m 7,64m 7,64m

17 7,58 m 7,53 m 7,58 m
18 8,01 m 8,01 m 8,01 m
20 7,75 d (15,6) 7,77 d (15,7) 7,73 d (15,8)
19 7,35 d (15,6) 7,44 d (15,7) 7,43 d (15,8)
22 7,50 m 7,53 m 741 m
23 6,93 m 7,22 m 7,58 m
25 6,93 m 7,22 m 7,58 m
26 7,50 m 7,53 m 741 m

(-OCHg3. -CHy) 3,87s 2,40 s -

0 ppm em relagdo ao TMS, Multiplicidade (J em Hz). Solvente CDCls. 1 Solvente DMSO-de.
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Tabela 14 — Dados de RMN **C dos compostos 67-69.

22

C

o (@]
18 off 6 uf 20 (1)0 (132 (1)0 (1)2
17 13 o 5 = 2 18 ° 6 11 20 22 18 9 6 11 20 22
7 5 13 (e] 5 13 o 5
a 19 17 7 N 23 17 7 = 23
| 21 21
67 PN A 19 I 8 19 i
16 14 2 4 26 24 24
OCH; 16 14 68 2 4 26 = 16 14 2 69 26 =
15 3 25 27 - CHs - Cl
15 3 25 27 15 3 25 27
13
68 69

67

NDRONNONNONE R R R R PP e
OURWNROOONOUIAWROXOOUTAWNE

N
~

144.9
119.7
130.2
127.6
134.5
113.8
70.7

193.9
190.1
134.0
129.7
128.9
129.7
129.7
129,7
121.8
140.0
128.1
129,7
1144
158.3
114.4
129,7

55,4

158.3
119.8
132.1
121.9
1411
113.8
70.6
193.8
190.1
139.8
128.9
128.5
128.6
128.5
128.9
121.0
145.2
134.0
128.1
129.7
141.6
129.7
128.1

21,5

158.3
120.1
129.8
122.4
139.4
113.9
70.6
193.8
189.8
133.3
128.9
128.0
128.9
128.0
128.9
121.9
143.5
1341
129,2
129.6
136.5
129.6
129,2
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Tabela 15 — Dados de RMN de 'H dos compostos 70-72.
(0]
4

5
3

o (] (o] Oo
12 10 12 1
15 6 s 11 20 22 18 9 o 6 11 20 22 18 9i] o 6 111|2 20 2
16 14 1 iz 57 23 17 13 5 5 23 17 13 5 / X2
13 8 ‘ 24 8 19 21 8 1 5 21
17 T~ 4 26 = cH | 1 -
Pr 70 3 25 3 16 14 91 2 4 26 =24 16 14 2 72 = +20
c = — 15 = N
3 15 3 25 25 |
(6]

H 70 71 72
2 7,23 ddd (8,2; 2,7; 0,92) 7,22 m 7,24 m
3 7,51 m 7,52 m 7,60 m
4 7,51 m 7,59 m 8,02 m
6 7,51 m 7,65m 7,79 m
8 5,40 s 5,40s 541s
14 8,01 m 8,02 m 8,28 m
15 7,51 m 7,65m 7,79 m
16 7,51 m 7,65m 8,02 m
17 7,51 m 7,65m 7,79 m
18 8,01 m 8,02 m 8,28 m
a 7,71d (15,8) 7,79 dd (15,8) 7,45 dd (15,8)
B 7,43 d (15,8) 7,52 m 7,59 dd (15,8)
22 7,65 m 7,52 m 7,66 m
23 7,51 m 7,52 m 7,54 m
24 - 7,52 m -
25 7,51 m 7,52 m 7,54 m
26 7,65 m 7,52 m 7,66 m

0 ppm em relagdo ao TMS, Multiplicidade (J em Hz). Solvente CDCls. 1 Solvente DMSO-de.
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Tabela 16 — Dados de RMN de **C dos compostos 70-72.

22

25

23

24

Br
27

18

15

10

“ o7

6

(0]
12

20

e 70 71 72
1 158,3 158,3 158,4
2 120,1 119,9 120,4
3 132,2 130,6 134,3
4 122,4 122,0 125,2
5 139,4 139,7 140,9
6 113,9 113,9 114,0
8 70,62 70,7 70,6

C=0 193,8 193,8 193,7

C=0 189,7 190,06 189,2
13 134,0 134,0 138,9
14 129,8 129,8 130,0
15 128,9 129,4 129,0
16 129,8 128,9 130,0
17 128.9 128,4 129,0
18 129,8 129,8 130,0
a 121,9 121,9 124,2
B 143,6 145,0 148,6
21 134,4 134,8 128,0
22 128,0 128,1 134,1
23 133,7 129,9 1220
24 124,9 128,9 141,7
25 133,7 129,9 122,0
26 128,0 128,1 134,1

_CH3 - - -
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Tabela 17 — Dados de RMN de 'H dos compostos 73-75.

(1)0 18 9C1>0 6 11C1>2 22
17 - i A 27\ o ¥ 8 i T 19 =
16 14 =24 15 3 2%
15 24 75
H 73 75

2 7,23 ddd (8,2; 2,7; 0,8) 7,23 ddd (8,24, 2,75;0,9) 7,24 m

3 7,60 m 7,34m 7,45 m

4 8,49 m 7,74m 7,65m

6 791 m 7,65m 7,60 m

8 5,38 m 540s 541m

14 8,01l m 8,02m 8,03 m

15 7,60m 7,53m 7,54 m

16 8,25 m 7,48m 7,60 m

17 7,60m 7,53m 7,54 m

18 8,01l m 8,02m 8,03 m

o 7,45 m 7,45d (15,7) 7,76 d (15,5)

B 7,79 d (15,9) 8,17 d (15,7) 7,40 d (15,8)

22 7,60m - 7,65m

23 - 7,48 m 7,13 m

24 7,53 m 7,65m -

25 7,53 m 7,34m 7,13 m

26 7,60m 7,59m 7,65m

ppm em relacdo ao TMS, Multiplicidade (J em Hz). Solvente CDCl;. TSolvente DMSO-de.
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Tabela 18 — Dados de RMN de **C dos compostos 73-75.

18

20

/

19

22\ 23

/24

H 73 74
1 158,59 158,3 139,6
2 122,0 120,2 116,2
3 134,0 131,2 119,9
4 124,8 122,1 128,0
5 136,7 140,8 119,9
6 114,2 113,9 134,0
8 70,8 70,6 70,6
C=0 193,8 193,8 193,8
C=0 189,2 189,9 189,8
13 134,6 135,5 130,4
14 133,9 129,8 121,9
15 129,9 127,8 120,3
16 133,9 128,9 121,9
17 129,9 127,8 120,3
18 133,9 129,8 122,0
a 124,6 124,6 119,9
B 141,7 135,5 139,6
21 129,9 134,0 129,8
22 120,3 = 128,9
23 139,1 130,3 116,0
24 122,4 133,2 143,7
25 128,1 127,1 116,0
26 128,8 128,0 128,9

ppm em relacdo ao TMS, Multiplicidade (J em Hz). Solvente CDCl;. TSolvente DMSO-ds.
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Tabela 19 — Dados de RMN de 'H dos compostos 76-78.

15 6
5
16 14 1 23
20

18 ||9 o 3 25 Br
o) 8
lO 10 10
H 76 77t 78P
1 7,05 m 7,12 m 7,02 m
3 7,05 m 7,12 m 7,02 m
4 7,55 m 8,03 m 7,49 m
6 7,55 m 8,03 m 7,49 m
8 540s 575s 539 m
14 8,04 m 8,14 m 8,02 m
15 7,55m 791 m 7,49 m
16 7,69 m 7,71 m 7,66 m
17 7,55 m 7,91 m 7,49 m
18 8,04 m 8,14 m 8,02 m
a 7,48 d (15,8) 7,68 d (15,6) 7,49 m
B 7,78 d (15,8) 7,94 d (15,5) 7,71 d (15,7)
22 8,04 m 7,51 m 8,02 m
23 7,25 m 7,59 m 7,49 m
25 7,25 m 7,59 m 7,49 m
26 8,04 m 7,51 m 8,02 m
-CHjs 242 s - -
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Tabela 20 — Dados de RMN de **C dos compostos 76-78.

0 22

16

17

15

18

15

™H 76 77 78
1 114.6 115.2 114.4
2 1443 162.5 142.8
3 114.6 115.2 114.4
4 130.7 131.2 129.0
5 132.3 131,3 130,8
6 130.7 131.2 129.0
8 70,6 70,8 70,5

C=0 193.6 194.5 188.4
C=0 188.8 187.8 161,8
13 134.0 134.4 132.2
14 128,9 129.4 128.1
15 128.4 128.4 124.6
16 128.9 129.3 128.1
17 128.4 128.4 124.6
18 128,9 129.,4 128,1
a 120.9 123.3 114.6
B 140,8 1422 134,2
21 132.1 134.8 134.2
22 128,1 130,8 124.6
23 129.6 130.9 129.7
24 134.4 135.4 122.3
25 129.6 130.9 129.7
26 128,1 130,8 124.6
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Tabela 21 — Dados de RMN de 'H dos compostos 79-80.

o :
15 6 17 20 22 o C2)9§N+/(2)8
16 14 1 5 .23 15 6 ul 20 i
8 19 1 16 14 1 S /ﬁszs
13 24 19
17 26 = +20 13 8 |
e 9 (0] 3 79 > 2]7_ 29 17 - |9 o : 4 80 26 25/ 24
% % 0,
H 79 80
1 7,54 m 7,05 m
3 7,54 m 7,05 m
4 8,01m 7,54 m
6 8,01l m 7,54 m
8 541 m 541s
14 8,28 m 8,06 m
15 8,04 m 7,66 m
16 7,65 m 8,02 m
17 8,04 m 7,66 m
18 8,28 m 8,06 m
a 7,61d (15,6) 7,60d (15,9)
B 7,82 d (15,8) 7,81d (15,7)
22 7,79 m -
23 7,06 m 8,25 m
24 - 851 m
25 7,06 m 7,91 m
26 7,79 m 8,02 m
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Tabela 22 — Dados de RMN de **C dos compostos 79-80.

% o (ZD&RN*/(ZDS
16 S 14 1 - s A 22\ 23 =2 ° s uf’ 2 i
21 16 14 1 2223
17©\\A0 ¢ BN\ % 17 < 4 26\
18 | ° 3 79 25 27 18 9 o 3 80 25
% % %

™H 79 80
1 114,8 114,80
2 140,9 162,1
3 114,8 114,8
4 131,3 131,7
5 132,5 134,2
6 131,3 131,7
8 70,5 70,5
C=0 193,4 193,4
C=0 162,1 187,8
13 134,2 134,2
14 129,2 131,3
15 129,0 131,0
16 131,0 131,3
17 129,0 131,0
18 125,4 131,3
a 125,6 128,1
B 140,9 141,0
21 128,0 129,0
22 131,0 145,8
23 124,2 122,2
24 134,2 130,2
25 124,2 124,5
26 131,0 130,2
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4.2.5 Caracterizacao por cristalografia de raios-X

Para confirmacdo estrutural e grau de hidratagdo, os compostos70, 72, 74 e 77
foram selecionados e tiveram suas estruturas confirmadas por difracdo de raios-X dos
monaocristais.Os dados foram coletados em um difratbmetro Bruker APEX-1I CCD com
radiacdo MoK\a e comprimento de onda (A) = 0,71073 A a -153,15 °C. As estrutura foi
resolvida com ShelXS e refinada usando ShelXL. Para atomos nao-hidrogéndides,
foram usados pardmetros térmicos anisotrépicos, e os atomos de hidrogénio foram
posicionados estereoquimicamente e fixados de acordo com o modelo de 0,99 A para
grupos metileno (-CH,-) e 0,95 A para grupos aromaticos (C-H). O refinamento da
desordem posicional considerou 0s atomos desordenados em dois grupos
independentes e ndo ligou a&tomos equivalentes uns aos outros (ambos 0s grupos
contém o0s mesmos atomos, mas em locais independentes). O refinamento de
minimos quadrados de matriz completa anisotrépica final em F? convergiu em
R;=0,0427 e a qualidade do ajuste = 1,023. As representacdes moleculares para
ambas as estruturas foram realizadas pelos softwares Mercury (MACRAE et al.,2006)
e CrystalExplorer (WOLFF et al., 2012).

4.3 Ensaios Bioldgicos: Especificacdo de materiais,
equipamentos e metodologias utilizados

O ensaio de reducdo do MTT € um método colorimétrico utilizado para avaliar a
viabilidade celular, através da reducdo do sal brometo de [3-(4,5-dimetiltiazol-2-il)-2,5
difeniltetrazélio] em cristais de formazan pela enzima mitocondrial succinato
desidrogenase, presentes somente nas células metabolicamente ativas.

Em parceria com o Laboratério de Oncologia da Universidade Federal do
Ceara, foi possivel realizar o primeiro screening de citotoxicidade utilizando as
linhagens SNB-19 (glioblastoma humano), PC-3 (préstata), HCT-116 (colon) e HL-60
(leucemia promielocitica aguda). As quatro linhagens foram obtidas do National
Cancer Institute (EUA), tendo sido cultivadas em meio RPMI 1640, suplementado com
10% de soro fetal bovino e 1 % de antibiticos, mantidas em estufa a 37 °C e
atmosfera contendo 5% de CO..

As células tumorais foram plaqueadas na concentracdo de 1 x 10° cél. mL™
para as linhagens NB-19 e PC-3, 0,7 x 10° cél/mL para a linhagem HCT-116 e 0,3 x
10° cél/mL para HL-60. Apds 24 horas de incubacdo para que as células HCT-116,

SNB-19 e PC-3 aderissem a placa, as células foram tratadas com os compostos-teste



e incubadas por 72 horas em estufa a 5% de CO,a 37°C. As células HL-60, por serem
suspensas, foram tratadas no mesmo dia do plagueamento. Ao término deste, as
mesmas foram centrifugadas e o sobrenadante removido. Em seguida, foram
adicionados 150 pL da solucdo de MTT (sal de tetrazolium) a 1%, e as placas foram
incubadas por 3 horas. A absorbancia foi lida apés dissolucao do precipitado com 150
pL de DMSO puro estéril em espectrofotdbmetro de placa a 595nm.

A Doxorrubicina (um farmaco utilizado na quimioterapia do cancer) foi utilizada
como controle positivo do experimento. Apdés 72 horas, os 14 compostos analisados
foram acrescidos em concentragées de 25 pg/mL (dose unica). Os compostos que
apresentaram mais de 75% de atividade inibitéria em pelo menos umas das linhagens
de células tumorais testadas foram selecionadas para a determinagdo da
concentracdo capaz de inibir 50% da proliferagdo celular (Clsp). O valor de Cls foi
calculado utilizando curva de regressdo nao linear, sendo exibido juntamente com o

intervalo de confianca de 95%.
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5 RESULTADOS E DISCUSSAO

5.1 Sintese do 2-bromo-1-feniletanona 47

O 2-bromo-1-feniletanona 47 é o intermediario chave para a sintese dos
analogos de 8,4’-oxineoligananas. Assim, a metodologia utilizada para sua preparacao
foi proposta por Rao, Reddy e Sreeramulu (2011).

A reacdo de bromacao da acetofenona 46 foi realizada a partir do emprego de
uma mistura de acetofenona 46 e bromo em acido acético glacial fornecendo o
produto cristalino com propriedades lacrimogénicas em 42,8% de rendimento médio,
ao passo que a literatura relatava rendimentos de 88% (Esquema 8).

A formacdo do produto 47 pode ser explicada pela reacdo de bromacdo do
carbono a-carbonilico da acetofenona no qual a primeira etapa refere-se a protonagéo
do carbono carbonilico por meio de uma estrutura ciclica e formacdo do enol
simultaneamente(RUASSE, 1993). Em seguida, o ataque do enol ao bromo e
consequentemente a perda do préton carbonilico leva a formagao do produto 47 como

demonstrado pelo mecanismo abaixo (Esquema 8):
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Esquema 8 — Mecanismo da reacédo de bromacéo da acetofenona (Ruasse, 1993).

A formacdo de 47 foi confirmada pelas absorcdes no espectro de RMN *H
(Espectro 1, pagina 115) com surgimento de um simpleto referente as absor¢des dos

hidrogénios do grupo metileno H-9 [0 4,46 (s, 2H, -CH,Br-)], um multipleto referente as
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absor¢cBes dos hidrogénios aromaticos H-3 e H-5 [6 7,48-7,52,2H), um multipleto
referente ao hidrogénio aromatico H-4[6 7,60-7,63, 1H), um multipleto referente aos
hidrogénios H-2 e H-6 [0 7,98-8,00, 2H), além da auséncia de absorcdo dos
hidrogénios caracteristicos do grupo metila proximo de 2,0 ppm devido a substituicao

pelo bromo.

Na anélise do espectro de RMN *C (Espectro 3, pagina 117) observou-se a
presenca de uma absorcdo (& 30,8) referente ao carbono -CH,- do produto. No
espectro vibracional de absor¢éo na regido do infravermelho(Espectro 4, pagina 118),a
formacdo do produto foi confirmado com o surgimento de um dobramento -CH»-BR
(Weg) em 1198 cm™. De posse do 2-bromo-1-feniletanona 47, iniciou-se a sintese das

chalconas.

Resultados espectroscopicos do produto 47:

(Espectro 1, pagina 115)RMN *H (500 MHz, CDCl,):8 4,46 (s, 2H, -CH,-), 7,48-7,52
(m, 2H, H3 e H5), 7,60-7,63 (m, 1H, H4), 7,98-8,00 (m,2H, H2 e H6).

(Espectro 3, pagina 117) RMN *3C (125 MHz, CDCl,): d 30,8 (C9); 128,8 (C5 e C3);
128,9 (C2, C6); 133,9 (C4); 134,0 (C1); 191,3 (C7).

(Espectro 4, pagina 118) IV (KBr, Una/cm™):2999; 2948; 1704; 1591; 1447; 1389;
1272; 1198; 988; 881; 754; 685; 617.

5.2 Sintese das chalconas

Nesta etapa foi realizada a sintese e caracterizacdo de vinte e duas chalconas
(2-hidroxichalconas, 3-hidroxichalconas e 4-hidroxichalconas) obtendo rendimentos

que variam de 15 a 100%.

A reacao de condensacdo alddlica catalisada por base é fundamentada na
acidez apresentada pelos hidrogénios alfa a carbonila, bem como na estabilidade de
sua base conjugada. O mecanismo que explica a formacdo das chalconas é a

condensacao alddlica, seguida da desidratacdo basica.

Em uma primeira etapa, ocorre a desprotonacdo da cetona, no qual o catalisador
bésico (NaOH) remove um hidrogénio alfa da cetona para formacdo do carbanion

(Anion enolato), estabilizado por ressonancia. Embora ambos o0s compostos
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carbonilicos presentes sejam assimétricos, existe apenas um local para enolizacao, ja
que existe apenas um conjunto de a-protons no grupo metil da cetona. Por meio do
ataque nucleofilico, o anion enolato ataca o carbono carbonilico eletrofilico da

molécula de aldeido, com a formac¢&o de um ion alcéxido (intermediario tetraédrico).

Esquema 9 — Mecanismo da reacao de condensacéo alddlica da chalcona (Ruasse, 1993).

A protonacéo do ion alcoxido por um dos hidrogénios de uma molécula de agua
gera o produto de condensacéo e regenera o catalisador basico. A formacao da enona
conjugada ocorre por meio da desidratacdo, que na presengca de uma base, um
hidrogénio &cido é retirado da posi¢éo alfa o qual levou a formacédo do anion enolato,
gue elimina o grupo de saida "OH, com a formacao da chalcona (CLAYDEN, 2012).

5.2.1 Sintese das 2-hidroxichalconas

CH, XX H ] L 2%
+ /| NaOH/EtOH . ' B ~r
OH R = TA, 24h, 15- &' 6 = 4
28% o OH -

Variagdes estruturais: *48 R: 4-OCH,CH3 ;*49 R: 4-OCHj3;*50 R: 2,3,4-OCHj3;*51 R: 4-CHj

Esquema 10 — Sintese de chalconas derivadas da 2-hidroxiacetofenona 48-51.
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Foram sintetizadas e caracterizadas 4 chalconas (48 - 51) a partir da reacao de
condensacao alddlica entre a 2-hidroxiacetofenona e 4 derivados de Benz aldeidos. As

reacdes e rendimentos estdo apresentados na Tabela 23:

Tabela 23 - Dados referentes aos rendimentos das chalconas 48-51.

(e}
2 I 2
) 1

3 3

= f \\

—_— 6' | R
4 6 = 4
g OH

5 5
Chalcona PM (g/mol) Rend. (%)
48 4-OCHZCH3 268,30 28,6
49 4-OCHjs 254,28 15,8
50 2,3,4-OCHj; 314,33 23,5
51 4-CHs 238,28 25,7

Os rendimentos apos recristalizacdo para as 2-hidroxichalconas foram baixos
(15-28%), ao passo que a literatura relatava rendimentos de 91-97%
(ROSTAMIZADEH, ZEKRI E TAHERSHAMSI, 2015).

Bernardes (2001) sintetizou uma série de chalconas, dentre elas a 2',4'-
dihidroxichalconas, = obtendo rendimentos razoaveis, quando as 2'4-
dihidroxiacetofenonas foram previamente protegidas com 3,4-dihidro-a-pirano, uma
vez que constatou-se que o grupo hidroxila na posicdo orto do anel A chalcénico,
quando livre no meio reacional basico, pode seguir para posterior formacao de

flavanonas, interferindo no rendimento da reacéo.

Nesta etapa foram obtidos 4 compostos (48 - 51) ja descritos na literatura, e 0
composto 50 foi escolhido para exemplificar esta série de hidroxichalconas. A
formacéo de 50 foi confirmada pelas absorcées no espectro de RMN *H (Espectro 9,
pagina 123) com o surgimento de um simpleto referente as absor¢fes dos hidrogénios
do grupo metoxila 0-OCH;[d 3,92 (s, 3H)], um simpleto referente as absorcdes dos
hidrogénios dos grupos metoxila m-OCH; ep-OCH;[d 3,94 s, 6H]. O surgimento de um
simpleto largo caracteristico de o-hidroxiacetofenonas OH, desblindado pela
anisotropia do anel aromatico em 12,82 ppm. Ainda, sdo caracteristicos o0s
deslocamentos referentes aos hidrogénios a e 8, que se encontram como dois
dupletos acoplados em 7,52e 7,83 ppm, respectivamente, com J=15,5 Hz, indicativo

da presenca da ligacdo dupla com configuragcéo E. Integrando esses sinais, podemos
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ver a presenga de um hidrogénio em cada dubleto, referente a presenca da a,B-
insaturacgao.

Pela analise das absor¢des no espectro de RMN **C(Espectro 10, pagina 124)
observa-se a presenca da absor¢cdo em 193,5 ppm referente ao carbono da carbonila.
Os carbonos olefinicos a e [ encontram-se em 1193 e 136,3 ppm,
respectivamente.Os dados de ressonancia magnética nuclear de '*H e *C das demais
2-hidroxiacetofenona sintetizadas sdo apresentadas nas Tabelas 1 e 2 (pagina 49)e

em anexos (paginas 119 a 126).

5.2.2 Sintese das 3-hidroxichalconas

CHs + N H  NaOH/EtOH °

- —_—

— = TA/120h, 42-
100%

OH

VariagcOes estruturais: *52 R: 4-OCH,CHj3;*53 R: 4-OCHg; *54 R: H; *55 R: 4-ClI; *56R: 4-Br;
*57R: 4-NO,;*58R: 3-NO,; *59R: 2-Cl; *60R: 4-F; *83R: 3-OCHjs; 4-OH;; *84R: 2-NO,,

Esquema 11 — Sintese de chalconas derivadas da 3-hidroxiacetofenona 52-60, 83 e 84.
Foram sintetizadas e caracterizadas 11 chalconas (52-60, 83 e 84) a partir da
reacdo de condensacgdo alddlica entre a 3-hidroxiacetofenona e 11 derivados de

benzaldeidos (ROSTAMIZADEH, ZEKRI E TAHERSHAMSI, 2015). As reacdes e

rendimentos estdo apresentados na Tabela 24 abaixo:

Tabela 24 - Dados referentes aos rendimentos das chalconas 52-60, 83 e 84.

CHy + ~ H
82 R =
OH
Chalcona R PM (g/mol) Rend. (%)
52 4-OCHs; 254,28 91,2
53 4-CHs 238,28 96,0
54 H 224,25 80,5
55 4-Cl 258,59 76,9
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Continuacgédo da Tabela 24

56 4-Br 303,15 69,3
57 4-NO;, 269,25 54,4
58 3-NO, 269,25 42,2
59 2-Cl 258,59 70,5
60 4-F 242,24 65,4
83 3-OCHjs; 4-OH 272,25 >

84 2-NO, 269,25 -

Dentre as 3-hidroxichalconas obtidas para esta série, todas apresentaram bons
rendimentos (65,4-96%), exceto para 57 e 58 que apresentaram rendimentos de 54 e
42% (ROSTAMIZADEH, ZEKRI E TAHERSHAMSI, 2015). Nao foram obtidos produtos
puros das reacdes 83 e 84 que possibilitasse analisar o resultado da reacao.

As 3-hidroxichalconas (52 - 60) obtidas nesta etapa ja foram descritas na
literatura, e o composto 52 foi escolhido para exemplificar esta série. A formacao de
52foi confirmada pelas absorgées no espectro de RMN 'H (Espectro 13, pagina 127)
com o surgimento de um simpleto referente as absor¢des dos hidrogénios do grupo
metoxila p-OCHj; [® 3,87 (s, 3H)], os deslocamentos dos hidrogénios 2 e 6 em 7,60
ppm e 3 e 5 de 6,94ppm na forma de multipletos acoplados entre si. Ainda, séo
caracteristicos os deslocamentos referentes aos hidrogénios a e 8, que se encontram
como dois dupletos acoplados em 7,37 e 7,80 ppm, respectivamente, com J=15,6 Hz,
indicativo da presenca da ligagdo dupla em configuragdo E. O simpleto em
aproximadamente 3,33 ppm, em alguns espectros desta série, sdo referentes a

deteccgdo de dgua quando utilizado DMSO-ds como solvente.

Pela analise das absorcdes no espectro de RMN **C (Espectro 15, pagina 129)
observa-se a presenca da absor¢cdo em 190,6ppm referente ao carbono da carbonila.
Os carbonos olefinicos a e 8 encontram-se em 120,1 e 145,2 ppm, respectivamente.
Os dados de ressonancia magnética nuclear de 'H e '*C das demais 3-
hidroxichalconas sintetizadas séo apresentadas nas tabelas 3a8 (pagina 51) e em

anexos (paginas 130 a 153).
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5.2.3 Sintese das 4-hidroxichalconas

£>A NaOH/EtOH
TA, 24h 51- \\

100%

Variagcdes estruturais: *61 R: 4-CH3;*62 R: 4-Cl; *63R: 4-Br;*64R: 4-NO, ;*65R: 3-NO,; *86 R:
4-OCHg; ;*87 R: 4-OCH,CH3

Esquema 12 — Sintese de chalconas derivadas da 4-hidroxiacetofenona 61-65, 86 e 87.

Foram sintetizadas 7 chalconas (61, 62, 63, 64,65, 86 e 87), a partir da reacdo
de condensacdo alddlica entre a 4-hidroxiacetofenona83 e 7 derivados de
benzaldeidos (ROSTAMIZADEH, ZEKRI E TAHERSHAMSI, 2015). As reacdes e
rendimentos estdo apresentados na Tabela 25:

Tabela 25- Dados referentes aos rendimentos das chalconas 61-65, 86 e 87

O

HO
Chalcona R PM (g/mol) Rend. (%)
61 4-CH; 238,28 100
62 4-Cl 258,59 90,2
63 4-Br 303,15 74,4
64 4-NO;, 269,25 75,1
65 3-NO, 269,25 51,8
86 4-OCHg 254,28 -

87 4-OCH,CH; 268,30 -

LIU et al. (2001) sintetizou uma série de compostos a partir da 4-
hidroxiacetofenona, incluindo 4-hidroxichalconas, obtendo bons rendimentos, o que foi
atribuido a protecdo da hidroxila fendlica com o uso de éteres dihidropiramicos.
Contudo, optou-se em testar a mesma reacdo sem a prévia protecdo da hidroxila

fendlica, o que também revelou bons rendimentos.
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Dentre as 4-hidroxichalconas obtidas para a complementagéo desta série, todas
apresentaram bons rendimentos (74-100%), exceto para 65 que apresentou
rendimento de 51%. N&o foram obtidos produtos puros das reacBes 86 e 87 que

possibilitasse analisar o resultado da reacao.

As 4-hidroxichalconas (61 - 65) obtidas nesta etapa ja& foram descritas na
literatura, e o composto 61 foi escolhido para exemplificar esta série. A formacgéo de 61
foi confirmada pelas absorcées no espectro de RMN *H (Espectro 40, pagina 154) com
o surgimento de um simpleto referente as absor¢cfes dos hidrogénios do grupo metila -
CHs [0 2,40; s, 3H],0 deslocamento do hidrogénio 2 e 6 em 7,53-7,55 ppme 3 e 5 em
7,22-7,23 ppm na forma de multipletos acoplados entre si. Ainda, séo caracteristicos
os deslocamentos referentes aos hidrogénios a e B, que se encontram como dois
dupletos acoplados em 7,48 e 7,77 ppm, respectivamente, com J = 15,6 Hz, indicativo

da presenca da ligacdo dupla em configuracéo E.

Pela andlise do espectro de RMN C(Espectro 42, pagina 156), pode-se
perceber a presenca da absor¢do em 188,9 ppm referente ao carbono da carbonila.
Os carbonos olefinicos a e 8 encontram-se em 120,9 e 144,2 ppm, respectivamente.
Os dados de ressonancia magnética nuclear de 'H e *C das demais chalconas
sintetizadas séo apresentadas nas Tabelas 9al2 (pagina 57 a 60) e anexos (paginas
157 a 168).

5.3 Sintese dos compostos analogos de 8,4’-oxineolignanas

A sintese de neolignanas e derivados originaram-se dos trabalhos de Forest et.
al.,, 1974 e Adler et. al., 1966 onde uma a-bromocetona, reage com um derivado
fendlico, fornecendo a neolignana cetdnica ou 3-cetoéster.

Nesta etapa o 2-bromo-1-feniletanona 47 obtido foi utilizado nas reacfes
seguintes, no qual reage com as chalconas, dando origem aos novos hibridos (os
guais denominamos de analogos de 8,4’-oxineolignana), como estratégia para
producdo de novas moléculas potencialmente mais ativas contra as linhagens de
células tumorais de glioblastoma humano (SNB-19), c6lon (HCT-116), préstata (PC-3)
e leucemia promielocitica aguda (HL-60).

Com o objetivo de obter o produto desejado, foram realizadas trés tentativas, em
gue diferentes reagentes foram empregados, para verificar as melhores condi¢cbes

reacionais. As chalconas utilizadas nas reac¢6es foram escolhidas devido a presenca
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de grupos doadores e retiradores de elétrons. Os rendimentos das reac¢des variaram
de 18 a 82%.

5.3.1 Sintese pela condigcéo A:

O método A consiste em uma reacdo de substituicdo nucleofilica bimolecular
(SN) entre o 2-bromo-1-feniletanona 47 e derivados da 2-hidroxichalconas em
butanona anidra, sob refluxo, com o emprego de K,CO; anidro como base. Neste

trabalho utilizou-se no lugar do derivado de fenol a 2-hidroxichalcona.

Nesta reacdo, apds a desprotonacdo do hidrogénio da hidroxila da 2-
hidroxichalcona 48 pelo K,COs, 0 oxigénio do grupo OH" ataca o carbono a carbonilico
do brometo de fenacila (2-bromo-1-feniletanona), levando a formag&o de um estado de
transicdo onde uma ligagcdo entre o oxigénio e o carbono é formada parcialmente e a
ligagdo entre o carbono e o bromo é rompida parcialmente, o que acarreta a saida do
brometo e a formacdo do produto analogo, como demonstrado pelo mecanismo
abaixo:

O o
| I 0
| J K,CO4 W\@ + Br ||
onde T w
.

O (@] Br
- | o +
O \;:—|\H Z O
(@]

Esquema 13 — Reacéo de substituicdo nucleofilica bimolecular dos analogos de 8,4’-
oxineolignanas.

Para esta condicdo, foi observada durante a reacdo a formacdo de varios
subprodutos, ndo sendo possivel isolar nenhum puro por recristalizacdo. Sendo assim,
tentou-se purificar os compostos por cromatografia em coluna tendo silica como fase
estacionaria. Todavia, todas as fracdes obtidas eram oleosas e de cor amarelada.
Submeteu-se os mesmos a analise de RMN, o que demonstrou que nenhum produto

puro foi formado para analisar o resultado da reagéo.
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5.3.2 Sintese pela condicéo B:

A condicdo B utilizada para a preparacdo dos analogos de 8,4’-oxineolignanas é
uma adaptacédo da sintese Duan e colaboradores (2014), que consiste em uma reacao
utilizando 2-bromo-1-feniletanona 47 e derivados da 2-hidroxichalconas, acetona como
solvente a temperatura ambiente na presenca de carbonato de potassio.

Para esta nova condicdo, foi observada durante a reacao a formacao de varios
subprodutos, e mesmo apoés purificagdo por recristalizacdo e cromatografia em coluna
gel de silica, ndo foi possivel isolar nenhum produto puro para analisar o resultado da
reacdo. Um passo adicional de purificacdo destas fragcbes foi por meio da
cromatografia preparativa, porém, a fracdo isolada do produto puro era insuficiente

para dar continuidade a sintese por esta condi¢ao.

A ndo obtencgéo do produto poderia ser explicada por motivos de impedimento
estérico do grupo hidroxila na posi¢do orto, 0 que pode ter desfavorecido a reacao,
pois analisando os efeitos eletrénicos a reacdo seria favorecida.

Tendo em vista a dificuldade de se obter esses compostos de forma pura, por
meio dessa metodologia, decidiu-se testar novamente essa reacdo alterando a
chalcona utilizada.

5.3.3 Sintese pela condicdo B alterando a chalcona utilizada

Em uma nova tentativa, para a mesma condigdo, substituiu-se a 2-
hidroxichalcona pela 3-hidroxichalcona a fim de contornar o possivel impedimento
estérico provocado pelo grupo OH orto a carbonila. Por esta condicdo foi possivel
obter o produto em bom rendimento.

Este procedimento foi adotado para a preparacdo de todos os analogos
derivados das 3 e 4 hidroxichalconas sintetizadas anteriormente. Foram obtidos 14
produtos (67 - 80) com rendimentos que variam de 19 a 82%. Dentre as caracteristicas
semelhantes dos compostos sintetizados, destaca-se sua coloracdo, que variou de
amarelo palido a intenso, e em alguns compostos a formacgéo de cristais ao findar a
reacdo. Vale ressaltar que suas estruturas foram sintetizadas pela primeira vez nesta

pesquisa.
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5.3.3.1 Sintese dos analogos de 8,4’-oxineolignanas derivados
das 3-hidroxichalconas

A maioria dos analogos desta série apresentou rendimentos bons variando entre
60 e 82%. Os compostos 67, 68, 72 e 75 apresentaram rendimentos baixos variando
entre 19 e 36%, sendo que o baixo rendimento para o composto 67 (19%) deveu-se a
perdas durante o processo. Os rendimentos e pontos de fuséo estdo apresentados na
Tabelas 26.

Tabela 26 - Dados referentes as reacdes de sintese dos analogos de 8,4’-oxineolignana 67-75.

Produto PM (g/mol) P.f. (°C) Rend. (%)
67 4-OCH3 372,41 112-113 19,3
68 4-CHs 356,41 129-131 36,5
69 4-Cl 376,86 138-139 70,1
70 4-Br 421,28 150-153 68,4
71 H 342,38 129-130 60,1
72 4-NO, 387,38 185-186 33.7
73 3-NO, 387,38 174-175 82,8
74 2-Cl 376,86 144-145 73,2
75 4-F 360,37 97-99 27,4

Os andlogos 67 - 75 de estruturas inéditas foram completamente caracterizados,
e o composto 67 foi escolhido para exemplificar esta série. A formacédo de 67 foi
confirmada pelas absor¢es no espectro de RMN 'H (Espectro 55, pagina 169) como
surgimento de um simpleto referente as absor¢fes dos hidrogénios do grupo metileno
8 entre os anéis A e B em 5,38 ppm, o que confirma a formacéo da ligacao entre a
chalcona e a neolignana 47. Os hidrogénios aromaticos do anel A com deslocamentos
dos hidrogénios 14 e 18 em 8,01 ppm e 15 e 17 de 7,58 ppm na forma de multipletos
acoplados entre si. Os hidrogénios arométicos do anel B com deslocamentos dos
hidrogénios 2, 3, 4 e 6 em 7,19-7,62ppm. Os hidrogénios aromaticos do anel C com
deslocamentos dos hidrogénios entre 6,93-7,50ppm na forma de multipletos acoplados
entre si. Ainda, sao caracteristicos os deslocamentos referentes aos hidrogénios a e 3,
gue se encontram como dois dupletos acoplados em 7,35 e 7,75 ppm
respectivamente, com J=15,6 Hz, indicativo da presenca da ligagdo dupla em

configuracéo E.
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Pela andlise do espectro de RMN **C (Espectro 59, pagina 173) pode-se
perceber os sinais das carbonilas (C-9 e C-11) em 1939 e 190,1 ppm,
respectivamente, e do carbono C-8 em 70,7 ppm, sinal que confirma a ligacdo C-O-C.
Além destes, 21 sinais referentes aos carbonos aromaticos entre 113,8 e 158,3 ppm.
Os carbonos olefinicos a e B encontram-se em 121,8 e 140,0 ppm, respectivamente.
Os dados de ressonancia magnética nuclear de 'H e **C dos demais analogos desta
série sdo apresentados nas Tabelas 13 a 18 (pagina 63 a 68) e anexos (paginas 175 a
209).

No espectro vibracional de absorcdo na regido do infravermelho (Espectro 60,
pagina 174),a formacéo do produto 67, assim como em todos 0s outros espectros de
infravermelho dos compostos sintetizados, foi confirmada pela presenca de absorgbes
caracteristicas de éteres fenilalquilicos com duas bandas fortes em 1175 cm™ e 1248
cm™e nao foi observada a presenca de absor¢bes -CH,-Br (wag) em 1198 cm™ e a
conjugacédo de C=0 de aldeidos em 1700 cm™. A formac&o da estrutura ceténica a,B-
insaturada dos compostos foi observada no espectro mediante a redugcdo da

frequéncia de estiramento do C=0 abaixo de 1715cm™.

5.3.3.2 Sintese dos analogos de 8,4’-oxineolignanas derivados
das 4-hidroxichalconas

Os analogos desta série apresentaram rendimentos baixos, variando entre 18 e

45%. Os rendimentos e pontos de fusdo estdo apresentados na Tabela 27:

Tabela 27 - Dados referentes as reagdes de sintese dos anélogos de 8,4’-oxineolignana76-80.

Br 1 14
+ ~ | ;\—> 5 8
HO R 17 5
18 |
Produto R PM (g/mol) P.f. (°C) Rend. (%)
76 4-CHsy 356,41 140-141 18,6
77 4-Cl 376,86 154-155 454
78 4-Br 421,28 164-166 25,1
79 4-NO, 387,38 206-208 34,7
80 4-NO, 387,38 176-178 30,1

Os analogos 76 — 80 de estruturas inéditas foram completamente caracterizados,

e 0 composto 76 foi escolhido para exemplificar esta série. A formagédo de 76 foi
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confirmada pelas absorcées no espectro de RMN *H (Espectro 96, pagina 210) comum
simpleto referente as absorcfes dos hidrogénios do grupo metileno 8 entre os anéis A
e B em 5,40 ppm, o que confirma a formacéo da ligac&o entre a chalcona e o 2-bromo-
1-feniletanona 47. Os hidrogénios aromaticos 15 e 17 do anel A apresentaram
deslocamentos entre 7,54-7,57 ppm e os hidrogénios arométicos 14 e 18 em 8,03
ppm. Os hidrogénios aromaticos do anel B com deslocamentos dos hidrogénios 1 e 3
entre 7,03-7,05 ppm e 4 e 6 de 7,54-7,57 ppm. Os hidrogénios arométicos do anel C
com deslocamentos dos hidrogénios 23 e 25 entre 7,24-7,25 ppm e do hidrogénio 22 e
26 entre 8,03-8,06 ppm. Todos os hidrogénios arométicos na forma de multipletos
acoplados entre si. Ainda, sdo caracteristicos os deslocamentos referentes aos
hidrogénios a e B, que se encontram como dois dupletos acoplados em 7,48 e 7,68

ppm com J=15,8 Hz, indicativo da presenca da ligagdo dupla em configuragéo E.

Pela analise do espectro de RMN *3C, pdde-se perceber os picos das carbonilas
C-9 e C-11 em 188,8 e 193,6 ppm, respectivamente, e do carbono C-8 em 70,6 ppm,
sinal que confirma a ligagdo C-O-C. Além destes, 20 sinais referentes aos carbonos
aromaticos entre 114,6 e 144,3 ppm. Os carbonos olefinicos a e 8 encontram-se em
120,9 e 140,8 respectivamente. Os dados de ressonancia magnética nuclear de 'H e
3C dos demais analogos desta série so apresentados nas Tabelas 19 a 22 (pagina
69 a 72)e anexos (paginas 214 a 229).

5.4 Caracterizagcdo dos compostos 70, 71, 74 e 77 por analise
cristalogréfica

A resolucdo do composto(2E)-3-(4-bromofenil)-1-[3-(2-oxo-2-feniletoxi)-
fenillprop-2-en-1-ona (70) mostra que ela cristalizou dentro do sistema cristalino
monoclinico, no grupo espacial ndo-centrossimétrico Pc com a presenca de duas
moléculas independentes na cela unitaria, e possui os parametros que definem a cela
a = 15,2731 (13) A, b = 5,0193 (4), c= 11,8850 (10), a = 90°, 8 = 96.1090 (10)% y =
90°.A resolucdo do composto(2E)-1-[3-(2-oxo-2-feniletoxi)fenil]-3-fenilprop-2-en-1-ona
(71) mostra que ela cristalizou dentro do sistema cristalino monoclinico, no grupo
espacial centrossimétrico P2,/c com a presenca de quatro moléculas na célula unitaria,
e possui os parametros que definem a cela a = 5.1910(6) A, b = 14.4131(18) A, c=
22.551(3) A, a =y =90° B = 94.779(2)°.

O  composto(2E)-3-(2-clorofenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona

(74), cristalizou-se dentro do sistema cristalino monoclinico no grupo espacialP2;com
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parametros celulares unitarios a = 5,0789 (6) A, b = 25,675 (3) A, ¢ = 6,7127 (8) A, a =
90°, B = 91,370 (2) ° e y= 90°. Por fim, molécula (2E)-3-(4-clorofenil)-1-[4-(2-ox0-2-

feniletoxi)fenil]prop-2-en-1-ona (77) cristalizou-se em um grupo espacial triclinico, no

grupo espacial centrossimétrico P1, com uma molécula independente na unidade

assimétrica e duas moléculas na célula unitaria com parémetros celulares: a
5.1944(7) A, b = 9.7597(13) A, ¢ = 18.261(2) A, a = 80.094(2)°, B = 84.315(2)°, y

81.265(2)°.

compostos estdo apresentados na Tabela 28:

Os parametros estatisticos e cristalogréficos de

Tabela 28 - Parametros cristalograficos dos compostos 70,71,74 e 77

refinamento dos

Composto 70 71 74 77
Féormula 023H17Br03 023H1303 C23H17C|03 C23H17C|03
empirica

Temperatura -153.15°C -153.15°C -153.15°C 19,85°C
Comprimento 0.71073 A 0.71073 A 0.71073 A 0.71073 A
de onda
Sistema Monoclinico Monoclinico Monoclinico, Triclinico
cristalino, Pc P2,/c P2, P1
Grupo especial,
VA
a=15.2731 a=5.19106) A a=5.0789 (6) A, a=5.1944(7) A
(13)A, b=25.675(3) A, b=9.7597(13) A

Parametros da

b =5.0193 (4) A,

b = 14.4131(18)
A

c=6.7127 (8) A,

c=18.261(2) A

celaunitaria ¢ =11.8850(10)A, ¢ =22.551(3) A a = 90° a = 80.094(2)°
a= 90° a=90° B=91.370(2°  B=84.315(2)°
£=96.1090 B =94.779(2)° y = 90° y = 81.265(2)°
(10)°y= 90° y=90°
Volume 905.93 (13) A3 1681.4(4) A3 875.09 (18) A3 898.8(2) A3
Densidade 1.544 mg/m3 1.354 g/m3 1.430 mg/m3 1.392 g/m3
calculada
(mg/m3)
Coeficiente de 2.290 mm™ 0.089 mm™ 0.240 mm™ 0.234 mm™
absorcéo (mm-
1)
Goodness-of-fit 0.937 1.023 1.047 1.031
on F2
Final R indices R1=0.0193, wWR2  R1=0.0427; R1 = 0.0491, R1 = 0.0466;
[I > 20(1)] =0.0378 wR2 = 0.0922 wR2 = 0.0892 wR2 = 0.0994
o R1=0.0224, wR2  R1=0.0744; R1 = 0.0675, R1=0.0764;
R mg:S (all = 0.0386 WR2=0.1037  wR2 =0.0949 WR2 = 0.1106

A estrutura molecular do composto 70, € um hibrido de 8,4’-oxineolignana-

chalcona, em que na sua constituicdo estdo presente trés anéis aromaticos, sendo um

atomo de bromo ligado ao anel 3 e o grupo CgH-O, ligado ao anel 2, ao passo que a

estrutura molecular do composto 77 apresenta 3 anéis aromaticos e um atomo de

cloro ligado ao &tomo C23 do anel aromatico 3 (Figura 22):
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Figura 22 - Representacdo ORTEP da estrutura 70 e 77.

A estrutura molecular do composto 71 esta presente 0 grupo 2-0xo-2-
feniletanolatono anel 2 na posigcdo meta substituida e uma desordem no anel
aromatico 3 nos atomos C19, C20, C22, e C23 (Figura 23):

Figura 23 - Representacdo ORTEP da estrutura 71.

A estrutura molecular do composto 74 apresenta trés anéis aromaticos, com um
atomo cloro ligado ao anel aromatico 3 e o grupo CgH;O, ligado ao anel aromatico
2(Figura 24):
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Figura 24 - Representacdo ORTEP da estrutura 74.

5.5 Ensaios biolégicos dos compostos analogos de 8,4’-
oxineolignanas

Os ensaios bioldgicos foram feitos em parceria com o Laboratério de Oncologia
da UFC (Universidade Federal do Ceard), onde foi possivel realizar o screening de
citotoxidade frente a trés tipos de linhagens de células tumorais: SNB-19 (glioblastoma
humano), HCT-116 (colon) e HL-60 (leucemia promielocitica aguda). Dentre os 14
compostos testados, aqueles que apresentaram maiores citotoxidades (inibicao
tumoral maior que 75%) tiveram seus valores de ICs, determinados para as linhagens
ja testadas e também para a célula tumoral PC-3 (préstata).

Para avaliar o potencial citotéxico, as culturas celulares foram expostas a uma
concentracao Unica de 25 pg/mL dos compostos sintetizados e a quantidade de
células sobreviventes foi medida apds 72 horas de tratamento pelo método do MTT,
conforme descrito pro Mosmanan (MOSMANN, 1983). Os resultados foram expressos

em porcentagem de inibicdo e estdo listados na Tabela 29:
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Tabela 29. Avaliacdo da citotoxicidade dos compostos sintetizados frente as linhagens HL-60,
HCT-116 e SNB-19.

TT TG Q-

B
HL-60 HCT-116 SNB-19
Composto A R
IC(%) DP (%) IC(%) DP (%) IC (%) DP (%)
67 4-OCHgj3 98,97 0,36 70,73 2,38 75,25 2,74
68 4-CH; 99,76 0,48 75,82 3,34 92,69 0,97
69 4-Cl 99,29 0,24 77,43 4,81 79,11 11,39
70 4-Br 99,44 0,14 79,29 3,06 91,32 0,64
71 H 99,29 0,24 98,01 0,52 96,54 1,09
72 4-NO, 33,29 2,16 63,04 4,02 77,98 2,66
73 3-NO, 99,68 0,14 89,90 1,25 98,79 0,87
74 2-Cl 100 0,14 91,62 0,72 94,54 0.91
75 4-F 98,97 0,14 88,46 1,75 81,84 0,85
Composto B
76 4-CH, 52,01 7,08 74,34 1,60 87,83 0,85
77 4-Cl 81,60 4,19 60,77 8,49 90,44 3,71
78 4-Br 44,37 8,15 29,93 8,10 47,16 12,69
79 4-NO, 17,06 4,21 54,86 4,72 35,79 3,98
80 4-NO, 24,32 6,30 67,75 1,31 88,43 3,15

Os resultados do ensaio de citotoxidade mostraram que 12 dentre os 14
compostos testados apresentaram percentual de inibicdo de crescimento celular
promissor (275% da inibicdo das células) em pelo menos uma das linhagens de
células tumorais utilizadas no ensaio. Os outros dois analogos (78 e 79) foram menos
ativos na dose de 25ug/mil.

Os compostos 67-70, 71, 73, 74 e 75 demonstraram valores de inibicdo do
crescimento celular contra HL-60 acima de 98%. Os compostos 71, 73 e 74
apresentaram percentual de inibicdo igual ou superior a 99% nas trés linhagens de
células testadas. O melhor composto da série apresentou percentual de inibicdo das
linhagens de células tumorais igual a 100%.

Tendo em vista os resultados obtidos para os compostos mais ativos, foi

realizado também o ensaio para determinar a concentragcdo que causou 50% da
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inibicdo do crescimento celular (ICsp). Os compostos 67-77 e 80 foram selecionados e

avaliados contra as linhagens de células anteriores e também para préstata PC-3,

sendo a dexorrubicina utilizada como droga de referéncia (Tabela 30).

Tabela 30 — Determinagao do valor de ICso em pg/mL em linhagens de células tumorais apds
72 h de tratamento, determinado pelo método do MTT.

©)“ M ae
QW =
Z >R
Clso (ug/mL) (M)
Entrada  Composto A R Intervalo de confianca de 95%
PC-3 HCT-116 SNB-19 HL-60
4-
1 o7 ocH . 11,9(31,9)  134(359)  7,2(19,3)
(9,9-14,2)  (12,4-146) (4,4-11,7)
3
5 - 4- e 120(33,6)  12,7(356) 9,2 (258)
CHs (105-13,8) (11,8-13,6) (8,4-10,2)
3 69 " . 103(27,33)  12,2(32,4) 81 (2L5)
9,1-11,8)  (11,1-13,5) (7,0-9.,5)
p i o e 10,1 (24,0)  13,8(32,7) 9.1 (216)
84-12,1) (125-154) (8,0-10,3)
: 1 L 131(383) 86251 10,3(30,1) 10,6 (31,0)
9,8-17,4)  (7,8-95) 85-132)  (85-13,2)
4- 11,7(30,2) 8,8 (22,7)
6 72
NO, >25 >25 (10,3-133) (6.8- 11,6)
. 3 3- e 5,5 (14,19) 70(181) 6,8 (17.5)
NO, (4,7-6,4) (6,3-7,9) (6,2 - 7,5)
- i oo 121(21) 87(231) 133(352) 84 (22,2)
(10,4-142)  (7.8-9,9)  (123-145)  (7,1-9,9)
9 - r e 112 (31,00 13,6 (37,7) 14,0 (38.8)
(10,0-12,5)  (11,8-15,6) (12,4- 15,9)
Composto B
4 21,2(59,4) 13,9 (39,0)
10 76
CHs >25 >25 (19,4-232) (11,6 -16,5)
19.1(50,6) 9,3 (24,6)
11 77 )
s >25 >25 (15,8-23,1) (7,8-11,2)
12,9 (33,3) 19,0 (49,0)
12 80 ]
4-NO, >25 >25 (10,3-16,2) (15,6 -23,2)
" 0,4 (0,81) 0,1 (0,22) 12 () 0.02 (0,04)
LGl (0,3-0,5) (0,1-0,2) (1,0-14)  (0.01-0.02)

Valores de Clsp com um intervalo de confianga de 95% obtido por regress@o nado-linear a partir de pelo
menos trés experimentos realizados em duplicata.
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Os compostos 71 e 74 foram citotoxicos frente a todas as linhagens testadas,
com valores de Clgy que variaram de 8,6 a 13,3 pg/mL. Os compostos 67-70, 73, 75
foram citotéxicos frente as linhagens HCT-116, SNB-19 e HL-60, com valores de Clsg
que variaram de 5,5 a 14 ug/mL. Estes ndo foram considerados citotoxicos frente a
linhagem PC-3, tendo em vista que apresentaram valores de Cls, maiores que 25
png/mL. Os compostos 72, 76, 77 e 80 foram citotéxicos apenas frente as linhagens
SNB-19 e HL-60, com valores de Clsy que variaram de 8,8 a 21,2 pg/mL. O valor de
Clso para as demais linhagens foi maior que 25 pg/mL.

A correlacao preliminar entre as estruturas dos compostos sintetizados e suas
atividades antiproliferativas leva a conclusdo de que os analogos sintetizados
mostraram um perfil de inibicAo moderado contra as células de HCT-116, SNB-19 e
HL60, e baixo contra a célula PC-3. Os compostos 76, 77 e 80 que apresentam a
porcdo 4-hidroxichalconas em sua estrutura apresentaram o pior desempenho na
avaliacdo realizada, ou seja, a variagdo da posicao da hidroxila em relacdo aos outros
compostos afetaram consideravelmente a atividade antiproliferativa para estas
condi¢cBes nas células testadas. Estas observagbes contrastam com o observado por
Bernardes (2018), que avaliou a atividade citotéxica da 4-hidroxichalcona 62 para a
linhagem de HL-60, e encontrou o valor de ICsy igual a 3,61pg/mL, ou seja, 2,6 vezes
menor que o encontrado no presente trabalho, utilizando as mesmas condicdes e a
doxorrubicina como controle positivo. Vale ressaltar que os trabalhos de Bernardes
(2018) demonstraram que a 4’-hidroxichalcona substituida pelo grupo 4-Br foi aquela
gue apresentou o maior potencial citotdxico dentre todas as hidroxichalconas testadas,
ao passo que, o analogo de 8,4’-oxineolignana 78 oriundo dessa porgéo revelou perfil

de inibicdo abaixo do esperado.

Foi possivel observar que, os compostos que conferiram melhores valores de
atividade citotoxica (ICso< 25uM), foram os com substituintes na por¢ao chalcona que
diminuem a densidade eletrénica do anel aromético (desativadores) na posicéo 2, 3 e
4 (Entradas 3,4,6,7 e 8), exceto o composto 67 que apresentou atividade com um
substituinte doador de elétrons (-OCHz;). Apresentaram boa atividade (ICsy entre 25 e
35 puM) também compostos que contém grupos doadores fracos (-CHs), sem
substituintes no anel e desativadores (-F), respectivamente entradas 2, 5 e 9. Dois
compostos que apresentam a por¢ao 4-hidroxichalconas em sua estrutura (entradas
10 e 12) com substituintes doadores e retiradores de elétrons, apresentaram 0s piores
resultados (ICso entre 39 e 49 uM). E importante observar que apenas um composto
com substituinte doador de elétrons 67 apresentou boa atividade citotdéxica nos

ensaios.
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Estas observagbes concordam com o que foi observado por Murthy e
colaboradores (2013) onde as chalconas com substituintes retiradores de elétrons no
anel B, como nas posic¢oes 3 e 4, apresentaram consideravel perfil citotdxico, incluindo
parada do ciclo celular GO/G1 e apoptose em diversas linhagens de células de céancer,

dentre elas as de HL-60 (leucemia promielocitica aguda).

Ainda, estes resultados concordam com os trabalhos apresentados por
Chiaradia (2010), que observou que as chalconas com diferentes grupos substituintes
retiradores de elétrons, especialmente nas posicdes 2 ou 3 do anel B conferem
melhores valores de atividade citotoxica (ICsp<40). Ou seja, as caracteristicas
eletrbnicas dos grupos substituintes (doadores ou retiradores de elétrons) afetam a
capacidade da molécula de interagir com o alvo biolégico, aumentado ou diminuindo a

atividade citotoxica.
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6 CONCLUSOES

Durante todo o percurso deste trabalho, foram utilizadas metodologias de sintese
de chalconas e neolignanas ja descritas na literatura, para promover a formacao de
estruturas inéditas com atividades biolégicas ainda ndo descritas. Assim, foram
sintetizados neste estudo, um total de trinta e trés compostos, sendo quatorze
compostos hibridos inéditos, que foram submetidos em ensaios contra o cancer.

Em uma primeira etapa, foram realizadas as sinteses da 2-bromo-1-feniletanona
(47) e dezoito hidroxichalconas (48-65) com rendimentos que variaram de 16 a 100%.
Duas rotas sintéticas ndo levaram a obten¢éo do produto (Condicdo A e Condi¢édo B),
provavelmente devido a motivos de impedimento estérico do grupo orto a carbonila da
porcdo chalcona. Ao substituir a 2-hidroxichalcona pelas 3 e 4-hidroxichalconas
(Condigéo B alterando a chalcona utilizada) o produto foi formado, levaram a obtencéo
de 14 moléculas hibridas inéditas analogas de 8,4-oxineolignanas (67-80) com
rendimentos que variaram de 18 a 83%. Todas as estruturas foram caracterizadas por
ponto de fusdo, absor¢cdo na regido do infravermelho, analise espectroscopica em
Ressonancia Nuclear de 'H e '3C e as estruturas 70, 71, 74 e 77 também por
cristalografia de raio-X.

Em uma segunda etapa, avaliou-se a citotoxicidade dos compostos analogos
frente as linhagens de células tumorais de glioblastoma humano (SNB-19), célon
(HCT-116), préstata (PC-3) e leucemia promielocitica aguda (HL-60). Os ensaios
demonstraram um maior efeito antiproliferativo dos compostos analogos que
apresentavam a porcdo 3-hidroxichalconas. Além disso, identificou-se que o0s
compostos 71 e 74 foram citotoxicos frente a todas as linhagens testadas, com valores
de ICs que variaram de 8,6 a 13,1 e 8,7 a 13,3 pg/mL, respectivamente. O composto
73, por sua vez, apresentou 0s menores valores de concentracao inibitoria 1Cso. As
modificagbes estruturas dos compostos andlogos n&o levaram a incrementos
relevantes de atividade citotdxica, quando comparados ao farmaco de referéncia

doxorrubicina.

Por fim, os resultados biol6gicos sugerem investigacdes adicionais, a fim de
identificar novas estruturas analogas dessas duas estruturas (chalconas e

neolignanas) para a sintese de hibridos moleculares.
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ANEXO 1 —
ESTRUTURAS OBTIDAS E
RESPECTIVOS NOMES QUIMICOS
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Chalconas derivadas da 2, 3 e 4-hidroxiacetofenona

Caodigo Estrutura Nome gquimico
48 (2E)-3-(4-etoxifenil)-1-(2-hidroxifenil)prop-2-
en-1-ona
49 (2E)-1-(2-hidroxifenil)-3-(4-metoxifenil)prop-2-
en-1-ona
(2E)-1-(2-hidroxifenil)-3-(2,3,4-
50 ) .
trimetoxifenil)prop-2-en-1-ona
51 (2E)-1-(2-hidroxifenil)-3-(4-metoxifenil)prop-2-
en-1-ona
50 (2E)-1-(3-hidroxifenil)-3-(4-metoxifenil)prop-2-
en-1-ona
53 (2E)-1-(3- hidroxifenil)-3-(4-metilfenill)prop-2-

en-1-ona
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54

(2E)-1-(3-hidroxifenil)-3-fenilprop-2-en-1-ona

(2E)-3-(4-clorofenil-1-(3-hidroxifenil)prop-2-

o5 em-1-ona

56 (2E)-3-(4-bromofenil-1-(3-hidroxifenil)prop-2-
em-1-ona

57 (2E)-1-(3-hidroxifenil-3-(4-nitrofenil)prop-2-
em-1-ona

59 (2E)-1-(3-hidroxifenil)-3-(3-nitrofenil)prop-2-
en-1-ona

59 (2E)-3-(2-clorofenil)-1-(3-hidroxifenil)prop-2-
en-1-ona

60 (2E)-3-(4-fluorofenil)-1-(3-hidroxifenil)prop-2-

en-1-ona

110




(2E)-1-(4-hidroxifenil)-3-(4-metilfenil)prop-2-

61 3 L = 3
6 6 4 en-1-ona
H?B - e CHjy
(0]
62 A | PN (2E)-3-(4-clorofenil)-1-(4-hidroxifenil)prop-2-
O ] ] O 4 en-1-ona
H?S 5 z Cl
i
& T = 3 2E)-3-(4-bromofenil)-1-(4-hidroxifenil)prop-2-
63
Ho 6 N N en-1-ona
[e]
64 A | PN (2E)-1-(4-hidroxifenil)-3-(4-nitrofenil)prop-2-
Os GO“ 10 en-1-ona
H?B 5 5 N
L
i .0
65 3 N I 7 3 Nlo (2E)-1-(4-hidroxifenil)-3-(3-nitrofenil)prop-2-
"% 5
18 gkljo o 6 1:1)2 20 22
o7 NN NS Y N (2E)-3-(4-metoxifenil)-1-[3-(2-ox0-2-
16 14 2 a 2o L ocH feniletoxi)fenil]prop-2-en-1-ona
15 3 3
68 17(2/LV \©}|\19/ = (2E)-3-(4-metilfenil)-1-[3-(2-ox0-2-

feniletoxi)fenillprop-2-en-1-ona
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(0] (0]
10 12
18 4 o 6 " 20 22
17 L 7 5 = 23
8 19 |21
16 14 2 4 26 = N
Cl
3 25

(2E)-3-(4-chlorofenil)-1-[3-(2-ox0-2-

feniletoxi)fenillprop-2-en-1-ona

69 feniletoxi)fenillprop-2-en-1-ona
70 2 ¥ (2E)-3-(4-bromofenil)-1-[3-(2-ox0-2-
o feniletoxi)fenil]prop-2-en-1-ona
(0] (0]
18 ff 6 47 20 22 . . . .
71 7 3 ° 5 NN (2E)-1-[3-(2-0x0-2-feniletoxi)fenil]-3-fenilprop-
° 1 D 2-en-1-ona
16 14 2 4 26 = 24
@/‘V @/\/ 22\ . (2E)-3-(4-nitrofenil)-1-[3-(2-0x0-2-
72 . e
+20 feniletoxi)fenillprop-2-en-1-ona
%
18 11
S N { M (2E)-3-(3-nitrofenil)-1-[3-(2-0x0-2-
73 8 . e
" » o feniletoxi)fenil]prop-2-en-1-ona
74 /22\ 2 (2E)-.3-(2-<_:Ioro_feniI)-l-[3-(2-oxo-2-
N, feniletoxi)fenil]prop-2-en-1-ona
e ©/‘V°©/\/\© (2E)-3-(2-clorofenil)-1-[3-(2-ox0-2-
16 14 2 4 26 7 24':
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feniletoxi)fenil]prop-2-en-1-ona

o
76 y NN N (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-
g2 o . sl feniletoxi)fenillprop-2-en-1-ona
?0 3 R 25
14 1 : s /20 22\ 23 .
77 o /©/\19/ F (2E)-3-(4-clorofenil)-1-[4-(2-0x0-2-
7 o N % 25/ feniletoxi)fenillprop-2-en-1-ona
. NN 22\ . (2E)-3-(4-bromofenil)-1-[4-(2-0x0-2-
feniletoxi)fenil]prop-2-en-1-ona
. 16 2Nt LN 19/ N (2E)-3-(4-nitrofenil)-1-[4-(2-0x0-2-
U N ~o a AN ) feniletoxi)fenil]prop-2-en-1-ona
18 ‘9‘ 3 257 éz
29\N A
80 % Q/K/U (2E)-3-(2-nitrofenil)-1-[4-(2-0x0-2-
18 Cl):
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ANEXO 2 —

ESPECTROS DE RMN DE
'H, *C E IV DOS COMPOSTO
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Espectro 5 — Espectro de RMN *H (CDCls, 500 MHz) da (2E)-3-(4-etoxifenil)-1-(2-hidroxifenil)prop-2-en-1-ona 48.

1

Parameter

Acquisition Time
(sec)

Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

16 14 12 10 8 6 4
Chemical Shift (ppm)

-4

Value

3.2768

PROTON CDCI3
24Apr 2018 10:30:40
24Apr 2018 10:30:40
500.13

1H

16

spect

32768

Lab

131072

zg30

203.00

10000.00
CHLOROFORM-d
3075.7439
STANDARD
9999.92
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Normalized Intensity
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o
(V)

01
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Chemical Shift (ppm)

Espectro 6 - Espectro de RMN B¢ (CDCls, 125 MHZ) da (2E)-3-(4-etoxifenil)-1-(2-hidroxifenil)prop-2-en-1-ona 48.
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Parameter Value

1.0 ;(A;Cec(]:l;ISItlon Time 39768
Comment PROTON CDCI3
0.9 Date 7 Mar 2018 10:22:08
Date Stamp 7 Mar 2018 10:22:08
0.8 Frequency (MHz) 500.13
Nucleus 1H
Number of Transients 16
0.7 Origin spect
Original Points Count 32768
? 0.6 Owner Lab
E Points Count 131072
£ Pulse Sequence zg30
§ 0.5 Receiver Gain 203.00
T SW(cyclical) (Hz) 10000.00
g 04 Solvent CHLOROFORM-d
== Spectrum Offset (Hz)  3076.6797
Spectrum Type STANDARD
0.3 Sweep Width (Hz) 9999.92
0.2
0.1
] -
L L L B L L B L B B L B L B LN LN LN BLELELELE AL L BRI B [LELELILE BLELELELE
16 14 12 10 8 6 4 2 0 -2 -4

Chemical Shift (ppm)
Espectro 7— Espectro de RMN *H (CDCls, 500 MHz) da (2E)-1-(2-hidroxifenil)-3-(4-metoxifenil)prop-2-en-1-ona 49.
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Espectro 8 - Espectro de RMN 3¢ (CDCls, 125 MHZz) da da (2E)-1-(2-hidroxifenil)-3-(4-metoxifenil)prop-2-en-1-ona 49.
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N
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©

3.94

3092

Parameter

Acquisition Time
(sec)

Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

)
1.03 1.02 1.97 1.01 1.01 2.05
I

——
6.03 3.04

Chemical Shift (ppm)

4

-4

Espectro 9 — Espectro de RMN *H (CDCls, 500 MHz) da (2E)-1-(2-hidroxifenil)-3-(2,3,4-trimetoxifenil)prop-2-en-1-ona 50.

Value

3.2768

PROTON CDCI3

7 Mar 2018 10:00:08
7 Mar 2018 10:00:08
500.13

1H

16

spect

32768

Lab

131072

zg30

203.00

10000.00
CHLOROFORM-d
3077.6597
STANDARD
9999.92
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Espectro 10 - Espectro de RMN **C (CDCl;, 125 MHz) (2E)-1-(2-hidroxifenil)-3-(2,3,4-trimetoxifenil)prop-2-en-1-ona 50.
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Parameter Value
1.0 - .
gc;cll;|3|tlon Time 3.2768
0.9 Comment PROTON CDCI3
Date 7 Mar 2018 12:06:40
Date Stamp 7 Mar 2018 12:06:40
0.8 Frequency (MHz) 500.13
Nucleus 1H
0.7 Number of Transients 16
Origin spect
> 05 Original Points Count 32768
a = Owner Lab
E Points Count 131072
§ 05 Pulse Sequence zg30
= Receiver Gain 203.00
€ SW(cyclical) (Hz) 10000.00
= 04 Solvent CHLOROFORM-d
Spectrum Offset (Hz) 3075.8689
0.3 Spectrum Type STANDARD
Sweep Width (Hz) 9999.92
0.2
0.1
| Js A
LELELE [LELEL L B LR UL L LU BUNLEL LN UL BN BN BN L LU UL L BLL L B B RLELES BB LN BLELELELE B
16 14 12 10 8 6 4 2 0 -2 -4

Chemical Shift (ppm)
Espectro 11 — Espectro de RMN *H (CDCl;, 500 MHz) da (2E)-1-(2-hidroxifenil)-3-(4-metoxifenil)prop-2-en-1-ona 51.
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Espectro 12 - Espectro de RMN **C (CDCls, 125 MHz) do (2E)-1-(2-hidroxifenil)-3-(4-metoxifenil)prop-2-en-1-ona 51.
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Parameter

N~
«Q
™
1.0 Acquisition Time
(sec)
09 Comment
Date
0.8 Date Stamp
Frequency (MHz)
0.7 Nucleus
Number of Transients
2 -
£ oo orgin
g Original Points Count
§ 05 Owner
= Points Count
IS
S o4 % Pulsg Seque.nce
z Receiver Gain
03 SW(cyclical) (Hz)
' Solvent
0.2 Spectrum Offset (Hz)
' Spectrum Type
o1 \ Sweep Width (Hz)
0
T I TTTT T TTTT I TTrTTrTrTrTT I TTrTTr1TrTTT I TTrTT 7T TTTT I TTTrTrTTrTrTT I TTrTT T TTrTTT I TTTTTTTTT I TTrTrrrrT I TTTT T TTTT I TTrTrrirrrT I T
16 14 12 10 8 6 4 2 0 -2 -4

Chemical Shift (ppm)

Espectro 13 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-1-(3-hidroxifenil)-3-(4-metoxifenil)prop-2-en-1-ona 52.

Value

3.2768

PROTON CDCI3
12Jun 2018 12:45:04
12Jun 2018 12:45:04
500.13

1H

16

spect

32768

nmrsu

131072

zg30

203.00

10000.00
CHLOROFORM-d
3081.2500
STANDARD
9999.92
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—7.60

—
©
n~ N~
| Q
(9]
o R x5
&~ 9 3,87 (s, -OCHg)
~ | s
|
S
“ID ©
rrrn'rrrrrrrrn'rrrn'rrrrrrr
7 16 15 7,11 (ddd, |
Chemical Shift (j J=8,2/2,410,92, H-4)
SAALRLELN LARLELELLY LLRLELELL) LA 7,60 (m, H-2", 3', 2 € 6)
0 7.9 7.8 7.7
7,80 (d, J = 15,6, Hg )
I I I I )
7.10 7.09
Chemical Shift (ppm) 6.95 6.90
o ﬁ (":l| 8 8 6,93-6,95 (m' H-3 e 5) 80 3B7SChem\ca\3éE|]17|2(ppm) 3.865 3.860 388
o)) g N~~~
o N e
|- M M
NNO -||||||IIIIIII|IIIIIIIII
:;!S 5 7.40 7.35 L L L L BB LR
7,37 (d, J=15,6, Ha), 7.15 7.10 7.05
7,38 (m, H-6") Al Shift (ppm)

098 4.05 2.04 1.05 2.02 3.00
—l —l I H [ H
T T rTrTrTTT I T T TrTTT I LUNNNL I I R L B N N I T T T T T TT I LU N B B N B N B I T rTrTrTTT I T T TrTTTT I LN I I B B B N B I LN B B B |

7.5 7.0 6.5 6.0 55 5.0 4.5 4.0

Chemical Shift (ppm)
Espectro 14 — Expansao do espectro de RMN 'H (regido 3,5 & 8,5 ppm) para o (2E)-1-(3-hidroxifenil)-3-(4-metoxifenil)prop-2-en-1-ona 52.

128



Normalized Intensity
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Chemical Shift (ppm)

Espectro 15 — Espectro de RMN B¢ (CDCl3, 125 MHZz) do (2E)-1-(3-hidroxifenil)-3-(4-metoxifenil)prop-2-en-1-ona 52.
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Espectro 16 — Espectro de RMN H (CDCl3, 500 MHz) do (2E)-1-(3- hidroxifenil)-3-(4-metilfenill)prop-2-en-1-ona 53.

237

—— —0.00 %

Parameter

Acquisition Time (sec)
Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

16

14

12

10

8

6

Chemical Shift (ppm)

4

2

0

-4

Value

3.2768

PROTON CDCI3

25 May 2018 22:57:20
25 May 2018 22:57:20
500.13

1H

16

spect

32768

Lab

32768

zg30

90.50

10000.00
CHLOROFORM-d
3075.1040
STANDARD

9999.70
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©

N

~
|

7,48-7,53 (m, H-6, 2, e 6)

7.45

o ~
—— ™ n
N < %
e > |
,CQ N~
~ 7,42 (d, J=15,8, H-a)
L L L L L L
7.55 7.50 7.45 7.40
Chemical Shift (ppm)
L B e e LA B
7.65 7.60
L e e o B e BN B R .
7.80 7.75 7,62 (m, H-2’) o
Chemical Shift (f T -
7,75 (d, J=15,8, Hp) . | 713 712 711 7.10
™ Chemical Shift (ppm)
~ MmN
| 89 =9
N~ O
3 2 ST R
T T
ZC;BO j 2.:;75 j 2.:;70 j 23:55 j 2.3:60 23:5
Chemical Shift (ppm)
2,37 (sl, -CHg)
I T T T T T T T T T I T T T T T
T T T T I T T T T | T T T 15 7.10
T T T T I T T T T T T T T T | 7.20 '
7.35 7. 7,12 (ddd, J=8,2/2,4/0,92, H-4")
7,18-7,19 (m, H-3 e 5)
7,31-7,34 (m, H-3")
J\_ " - 1 . LJL " —
.00 1.00 3.07 1.04 1.03 1.99 1.02 3.00
Ll L - H Ll Ll L Ll

LI SRLIL I L L L LN L LB L L LB L LN L L L L L LB L L L L L L L L LB L L L LB L L L L L L L LB L L L LN L L B L B

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25
Chemical Shift (ppm)

Espectro 17 — Expansao do espectro de RMN 'H (regido 2,0 & 8,0 ppm) para o (2E)-1-(3-hidroxifenil)-3-(4-metilfenil)prop-2-en-1-ona 53.
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Chemical Shift (ppm)

Espectro 18 — Espectro de Espectro de RMN **C (CDCls, 125 MHZz) do (2E)-1-(3- hidroxifenil)-3-(4-metilfenil)prop-2-en-1-ona 53
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Parameter

[aN}
N
i Acquisition Time (sec)
10 Comment
Date
0.9 Date Stamp
- Frequency (MHz)
<
0.8 N T Nucleus
: © P .
N Number of Transients
— Oriai
07 rigin
Original Points Count
.g‘ 8 Owner
5 06 T Points Count
_% 9 o Pulse Sequence
g o5 r\\ 2 Receiver Gain
g | SW(cyclical) (Hz)
g 0.4 Solvent
Spectrum Offset (Hz)
03 Spectrum Type
Sweep Width (Hz)
0.2
0.1
0 A A | Il JI

16 14 12 10 8 6 4 2 0 -2 -4
Chemical Shift (ppm)

Espectro 19 — Espectro de RMN 'H (CDCls, 500 MHz) de (2E)-1-(3-hidroxifenil)-3-fenilprop-2-en-1-ona 54.

Value

3.2768

PROTON CDCI3

29 Aug 2018 08:52:32
29 Aug 2018 08:52:32
500.13

1H

16

spect

32768

Lab

32768

zg30

203.00

10000.00
CHLOROFORM-d
3075.1040
STANDARD

9999.70
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—7.42

7,49 (d, Hq, <
J=15,5) ~
£
o ) N~
NG T ¢ 7,36-7,42
| (m,H-2,35¢€ 6)
[e)]
7,62-7,65 (m, N 3
o H-2’,3 e 4d) | r~
x |
S g
| @ ~
9 |
~ 7,57-7,58
| (m, H-6")
~ S8 7.11-7.13 (m. H-4"
Lo ~|r~
% II\ ’ I 7.135 7.130 7.125 7.120 7.115 7.110 7.105
7,80 (d’ HB' ‘]:15’5) ~ " Chemical Shift (ppm)
N g Y o
= M~
f 1 = 5 =
1.00 3.01 1.01 1.08 4.03 0.99
I l | —l | I l I I
8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9
Chemical Shift (ppm)

Espectro 20 — Expanséo do espectro de RMN 'H (regido 6,9 a 8,0 ppm) para o (2E)-1-(3-hidroxifenil)-3-fenilprop-2-en-1-ona 54
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Normalized Intensity
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Chemical Shift (ppm)

Espectro 21 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-1-(3-hidroxifenil)-3-fenilprop-2-en-1-ona 54.
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Espectro 22 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-3-(4-clorofenil-1-(3-hidroxifenil)prop-2-em-1-ona 55.

L177 774

711
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L1y

Parameter

Acquisition Time (sec)
Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

8

Chemical Shift (ppm)

2

-4

Value

3.2768

PROTON CDCI3

27 Set 2018 08:56:48
27 Set 2018 08:56:48
500.13

1H

16

spect

32768

Lab

131072

zg30

203.00

10000.00
CHLOROFORM-d
3076.5916
STANDARD

9999.92
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| 7.50 o745 740 735
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~ L0
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Y S
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-
——
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Chemical Shift ( UL J K\J}db 7,09 (ddd, J=8,2/2,4/0,92, H-4")
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1 1 1
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Chemical Shift (ppm)

Espectro 23 — Expanséo do espectro de RMN 'H (regido 7,0 a 8,0 ppm) para o (2E)-3-(4-clorofenil-1-(3-hidroxifenil)prop-2-em-1-ona 55.
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Normalized Intensity
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Espectro 24 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(4-clorofenil-1-(3-hidroxifenil)prop-2-em-1-ona 55.
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Parameter

Acquisition Time (sec)
Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

— e
1.00 4.01 3.06 1.00 0.98
I Il I I I

8 6

Chemical Shift (ppm)

2

0

-2 -4

Espectro 25 — Espectro de RMN H (CDCl3, 500 MHz) de (2E)-3-(4-bromofenil-1-(3-hidroxifenil)prop-2-em-1-ona 56.

Value

3.2768

PROTON CDCI3

27 Set 2018 08:56:48
27 Set 2018 08:56:48
500.13

1H

16

spect

32768

Lab

131072

zg30

203.00

10000.00
CHLOROFORM-d
3076.5916
STANDARD

9999.92
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7,56-7,59 (m, H-67,2",2 e 6)

(]
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| B OH
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7.75 7,48 (d, H-q,
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3 ) 7,38-7,41 (t, J=7,93, H-3")
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mwﬁwﬁwﬁm
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T T T Chemical Shift (ppm)
N~
~ ZQ
T f\
D
2 ) S8 N
| T T OHO o
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Chemical Shift (ppm)
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Chemical Shift (ppm)

7,11-7,13 (m, H-4")

Espectro 26 — Expanséo do espectro de RMN *H (regido 7,0 & 7,8 ppm) para o (2E)-3-(4-bromofenil-1-(3-hidroxifenil)prop-2-em-1-ona 56
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Espectro 27 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-3-(4-bromofenil-1-(3-hidroxifenil)prop-2-em-1-ona 56.
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Parameter

Acquisition Time (sec)
Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

0.30

0.25

0.20

Normalized Intensity
©
(=Y
(6]

o
=
o

o

o

a
—9.85

B

o

16 14 12 10 8 6 4 2 0 -2 -4
Chemical Shift (ppm)

Espectro 28 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-1-(3-hidroxifenil-3-(4-nitrofenil)prop-2-em-1-ona 57.

Value

3.2768

PROTON DMSO

19 Oct 2018 22:56:12
19 Oct 2018 22:56:12
500.13

1H

32

spect

32768

Lab

131072

zg30

181.00

10000.00

DMSO-d6

3084.0120
STANDARD

9999.92
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Chemical Shift (ppm)
Espectro 29 - Expanséo do espectro de RMN 'H (regido 7,0 & 8,5 ppm) para o (2E)-1-(3-hidroxifenil-3-(4-nitrofenil)prop-2-em-1-ona 57.
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Espectro 30 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-1-(3-hidroxifenil-3-(4-nitrofenil)prop-2-em-1-ona 57.
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Parameter

Acquisition Time (sec)
Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)
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Espectro 31 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-1-(3-hidroxifenil)-3-(3-nitrofenil)prop-2-en-1-ona 58.

Value

3.2768
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Espectro 32 — Expanséo do espectro de RMN 'H (regido 7,0 a 9,0 ppm) para o (2E)-1-(3-hidroxifenil)-3-(3-nitrofenil)prop-2-en-1-ona 58.
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Espectro 33 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-1-(3-hidroxifenil)-3-(3-nitrofenil)prop-2-en-1-ona 58.
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Acquisition Time (sec)
Comment

Date

Date Stamp
Frequency (MHz)
Nucleus

Number of Transients
Origin

Original Points Count
Owner

Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

8

4 2

Chemical Shift (ppm)

0

-4

Espectro 34 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-3-(2-clorofenil)-1-(3-hidroxifenil)prop-2-en-1-ona 59.

Value

3.2768

PROTON CDCL3

18 OCT 2018 17:41:33
18 OCT 2018 17:41:33
500.13

1H

16

spect

32768

Lab

131072

zg30

203.00

10000.00
CLOROFORM-d
3076.8047
STANDARD

9999.92
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2.04

LI
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Espectro 35 — Expansao do espectro de RMN 'H (regido 7,0 & 8,5 ppm) para o (2E)-3-(2-clorofenil)-1-(3-hidroxifenil)prop-2-en-1-ona 59
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Espectro 36 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-3-(2-clorofenil)-1-(3-hidroxifenil)prop-2-en-1-ona 59.
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Espectro 37 — Espectro de RMN 'H (CDCl;, 500 MHz) de (2E)-3-(4-fluorofenil)-1-(3-hidroxifenil)prop-2-en-1-ona 60

Value

3.2768

PROTON CDCL3

19 OCT 2018 00:39:44
19 OCT 2018 00:39:44
500.13

1H

16

spect

32768

Lab

131072

zg30

203.00

10000.00
CLOROFORM-d
3077.1255
STANDARD

9999.92
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Chemical Shift (ppm)

Espectro 38 — Expanséo do espectro de RMN 'H (regido 7,0 a 8,5 ppm) para o (2E)-3-(4-fluorofenil)-1-(3-hidroxifenil)prop-2-en-1-ona 60.
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Espectro 39 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(4-fluorofenil)-1-(3-hidroxifenil)prop-2-en-1-ona 60.
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Espectro 40 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-1-(4-hidroxifenil)-3-(4-metilfenil)prop-2-en-1-ona 61.
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Nucleus

Number of Transients
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Original Points Count
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Points Count

Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

Chemical Shift (ppm)
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8
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Value

3.2768

PROTON CDCL3

19 OCT 2018 00:39:44
19 OCT 2018 00:39:44
500.13

1H

16

spect

32768

Lab

131072

zg30

203.00

10000.00
CLOROFORM-d
3081.7078
STANDARD

9999.92
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e o e B B LI B e
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Chemical Shift (ppm) 240 (5, -CHo)
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Espectro 41 — Expanséo do espectro de RMN 'H (regido 7,0 & 8,5 ppm) para o (2E)-1-(4-hidroxifenil)-3-(4-metilfenil)prop-2-en-1-ona 61.
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Espectro 42 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-1-(4-hidroxifenil)-3-(4-metilfenil)prop-2-en-1-ona 61.
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Acquisition Time (sec)

Comment
Date
0.9 Date Stamp
Frequency (MHz)
0.8 Nucleus
Number of Transients
0.7 Origin
2 Original Points Count
g 0.6 Owner
i< Points Count
E 05 Pulse Sequence
T Receiver Gain
£ 04 SW (cyclical) (Hz)
z Solvent
Spectrum Offset (Hz)
0.3
Spectrum Type
W Sweep Width (Hz)
0.2
o
Q
o
0.1 |
0 Y All. l ]
0.00 2.17 3.58 0.82 1.08 2.10 0.81 3.00
H I I [ I u
llllllll]lllllllll]lllllllll]lllllllll]lllllllll]lllllllll]lllllllll]lllllllll]llllIllll]lllllllll]llllll
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Chemical Shift (ppm)

Espectro 43 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-3-(4-clorofenil)-1-(4-hidroxifenil)prop-2-en-1-ona 62.

Value

3.2768

PROTON DMSO

19 OCT 2018 00:39:44
19 OCT 2018 00:39:44
500.13

1H

32

spect

32768

Lab

131072

zg30

203.00

10000.00

DMSO-d6

3085.4800
STANDARD

9999.70
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7,95-7,96 (M, H-2’ e 6)

7,88 (d, H-p, J=15,5)
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1.93 3.03
| | |
7.95 7.90 7.85
7,86-7,88 (m, H-2 e 6) 0.96 1.87
1 | I —

1, T T
3 7.60 755 750 7.
g 8 - 7,57 (d, H-g, J=15,5) Chemical Shift (ppr
E 8w B TS 7,48-7,50 (m, H-3 e 5)
3 N~ 00 M~ N~
3 5 -
3 L0
= 8o
3 ~ P 2.00
3 = 3 I
E . > . T
3 T o< ~ 15 QS 6.70 6.65
3 ~ ™~ |~ ©
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E S| r >
E g 8 T
= N2 N~
3 ™~ |
E LM,
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I E— I —
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8.0 75 7.0 6.5

Chemical Shift (ppm)

Espectro 44 — Expansao do espectro de RMN 'H (regido 7,0 & 8,5 ppm) para o (2E)-3-(4-clorofenil)-1-(4-hidroxifenil)prop-2-en-1-ona 62.
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Espectro 45 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(4-clorofenil)-1-(4-hidroxifenil)prop-2-en-1-ona 62.
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Acquisition Time (sec)
Comment
Date
08 Date Stamp
Frequency (MHz)
0.7 Nucleus
Number of Transients
5 06 Origin-
s Original Points Count
i_.; Owner
= 05 Points Count
()
N DMSO-d6 Pulse Sequence
© . .
€ 04 Receiver Gain
> o SW(cyclical) (Hz)
0.3 N Solvent
' | Spectrum Offset (Hz)
Spectrum Type
0.2 Sweep Width (Hz)
o X < —
RQRNELCNREO o
o EESVL P
i
O A 1 A L
2.23 0.39 2.00 1.50 1.68 1.13 0.38 1.32 1.75
I I I I I I | I I
TTTTrTrTT I TTTT T TrTTT I TrTTTTTTTT I TrTTrTT7T7TTTT I TrTTTTTTTT I TrTTTTTrTTTT I TrTTrTT7T7TTTT I TTTTTTTTT I TrTTrTTTTTT I rTrTrTrTTT
16 14 12 10 8 6 4 2 0

Chemical Shift (ppm)

Espectro 46 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-3-(4-bromofenil)-1-(4-hidroxifenil)prop-2-en-1-ona 63.

Value

3.6351

PROTON DMSO

14 Mar 2019 16:09:51
14 Mar 2019 16:09:51
500.13

1H

32

spect

32768

Lab

32768

zg30

203.00

9014.42

DMSO-d6

4000.7202
STANDARD

9014.15
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7,82 (d, H-p, J=15,6)

—7.61
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7,84-7,86 (M, H-2 e 6)
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s
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- | E— | O
~ | | o i @ g
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/i
297 198 1.68 1.11 1.81
1 I — I

7.9 7.8 7.7 7.6 75 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 64 6.3
Chemical Shift (ppm)

Espectro 47 — Expans&o do espectro de RMN *H (regido 6,3 & 8,0 ppm) para o (2E)-3-(4-bromofenil)-1-(4-hidroxifenil)prop-2-en-1-ona 63
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Espectro 48 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(4-bromofenil)-1-(4-hidroxifenil)prop-2-en-1-ona 63.
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Frequency (MHz)
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Number of Transients
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Pulse Sequence
Receiver Gain
SW(cyclical) (Hz)
Solvent

Spectrum Offset (Hz)
Spectrum Type
Sweep Width (Hz)

8

Chemical Shift (ppm)
Espectro 49 — Espectro de RMN H (CDCl3, 500 MHz) de (2E)-1-(4-hidroxifenil)-3-(4-nitrofenil)prop-2-en-1-ona 64.
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Value

3.2768

PROTON DMSO

14 Mar 2019 13:06:24
14 Mar 2019 13:06:24
500.13

1H
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spect

32768

Workstation

32768
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203.00

9014.42

DMSO-d6

4014.9229
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9014.15
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Espectro 50 — Expansao do espectro de RMN 'H (regido 6,5 & 8,5 ppm) para o (2E)-1-(4-hidroxifenil)-3-(4-nitrofenil)prop-2-en-1-ona 64.
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Espectro 51 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-1-(4-hidroxifenil)-3-(4-nitrofenil)prop-2-en-1-ona 64.
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Normalized Intensity

Parameter

Value

Acquisition Time (sec) 3.6351
Comment PROTON DMSO

0.55 Date 14 Mar 2019 12:51:28
Date Stamp 14 Mar 2019 12:51:26

050 Frequency (MHz) 500.13

0.45 Nucleus 1H
Number of Transients 16

0.40 Origin spect

0.35 Original Points Count 32768
Owner Workstation

0.30 Points Count 32768

Pulse Sequence zg30
0.25 % Receiver Gain 203.00
SW(cyclical) (Hz) 9014.42
020 4 83 ’ Solvent DMSO-d6
015 v, P Spectrum Offset (Hz) ~ 3958.5308
~ 2 < N Spectrum Type STANDARD
0.10 X K NN Sweep Width (Hz) 9014.15
o
0.05 k\i
0 N JL | 1
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Chemical Shift (ppm)

Espectro 52 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-1-(4-hidroxifenil)-3-(3-nitrofenil)prop-2-en-1-ona 65.
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Espectro 53 — Expanséo do espectro de RMN 'H (regido 6,5 a 9,0 ppm) para o (2E)-1-(4-hidroxifenil)-3-(3-nitrofenil)prop-2-en-1-ona 65.
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Espectro 54 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-1-(4-hidroxifenil)-3-(3-nitrofenil)prop-2-en-1-ona 65.
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Number of Transients 16
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Original Points Count 32768
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06 Points Count 32768
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Espectro 55 — Espectro de RMN *H (CDCl;, 500 MHz) do composto (2E)-3-(4-metoxifenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 67.
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Espectro 56 — Expanséo do espectro de RMN 'H (regido 3,5 a 6,0 ppm) do (2E)-3-(4-metoxifenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 67.
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Espectro 57 — Expanséo do espectro de RMN 'H (regido 6,8 a 8,3 ppm) do (2E)-3-(4-metoxifenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 67.
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Espectro 58 — Expanséo do espectro de RMN H (regido 6,8 a 8,1 ppm) do (2E)-3-(4-metoxifenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 67
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Espectro 59 - Espectro de RMN B¢ (CDCl3, 125 MHZ) do (2E)-3-(4-metoxifenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 67
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Espectro 60 — Espectro de infravermelho (500 a 4000 cm™) do (2E)-3-(4-metoxifenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 67
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Espectro 61 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 68.
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Espectro 62 — Expansao do espectro de RMN 'H (regido 2,0 & 5,5 ppm) do (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 68.
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Espectro 63 — Expanséo do espectro de RMN 'H (regido 7,0 a 8,1 ppm) do (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 68
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Espectro 64 — Expansao do espectro de RMN 'H (regido 7,0 & 8,1 ppm) do (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 68.
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Espectro 65 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 68.
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Espectro 66 — Espectro de infravermelho (500 a 4000 cm™) do (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenilprop-2-en-1-ona 68.
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Espectro 67 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-3-(4-chlorofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 69.
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Espectro 68 — Expansao do espectro de RMN 'H (regido 5,0 & 8,2 ppm) do (2E)-3-(4-chlorofenil)-1-[3-(2-oxo-2-feniletoxi)fenilJprop-2-en-1-ona 69.
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Espectro 69 — Expanséo do espectro de RMN 'H (regido 7,0 a 8,2 ppm) do (2E)-3-(4-chlorofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 69
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Espectro 70 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-3-(4-chlorofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 69.
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Espectro 71 — — Espectro de infravermelho (500 a 4000 cm™) do (2E)-3-(4-chlorofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 69.
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Espectro 72 — Espectro de RMN H (CDCl3, 500 MHz) de (2E)-3-(4-bromofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 70.
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Espectro 73 — Expansao do espectro de RMN 'H (regido 7,0 & 8,2 ppm) do (2E)-3-(4-bromofenil)-1-[3-(2-oxo-2-feniletoxi)fenilJprop-2-en-1-ona 70.
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Espectro 74 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(4-bromofenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona 70.
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Espectro 75 — — Espectro de infravermelho (500 a 4000 cm™) de (2E)-3-(4-bromofenil)-1-[3-(2-ox0-2-feniletoxi)fenil]prop-2-en-1-ona 70.
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Espectro 76 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-1-[3-(2-oxo-2-feniletoxi)fenil]-3-fenilprop-2-en-1-ona 71.

190



18 9i] 22
17 13 .23
8
16 14 = 24 o
<
15 25 Lo
7,59 (m, H-4)
7,79 (d, J=15,8, H-20) L e L
7.60
L e o e e e A ) ’
780 Chemical Shift (ppm)
7,43-7,55 (m, H-3,19,22,23,24, 25 e 26)
8,02-8,03 (m, H-14 e 18) 2 T 7.5 7.4
e O t (ppm)
8.05 8.00 ll\
Chemical Shift (ppm)
(opm) o s
™ N~
oS
oS B 5 5,40 (s, H-8)
|~ o
] 'T ~ 3410 5405 5400 539 5390 5385
~ ) o Chemical Shift (ppm)
S BNENEN
= ~N 7,22-7,24 (m, H-2)
— o 7,64-7,267 (M, H-6,15,16 e 17)
rﬁ'l'lTﬁ'l‘le‘lTﬁ'ﬁTm‘lTﬁ'ﬁTﬁ'ﬁTm‘le‘lTﬁ
L S L 7151 7.24 7.23 7.22 7.21
7.65 Chemical Shift (ppm)
>al Shift (ppm) l
2.00 1.004.15 1.07 2.61 4.69 1.00 2.18
I I 1 L I ) N [ I
T T T I T T T T T T T T T I T T T T T T T T T I T T T T T T T T T I T T T T T T T T T I T T T T T T T T T I T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 55

Chemical Shift (ppm)

Espectro 77— Espectro de RMN *H (CDCls, 500 MHz) de (2E)-1-[3-(2-0x0-2-feniletoxi)fenil]-3-fenilprop-2-en-1-ona 71.
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Espectro 78 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-1-[3-(2-oxo-2-feniletoxi)fenil]-3-fenilprop-2-en-1-ona 71.
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Espectro 79 — Espectro de infravermelho (500 a 4000 cm'l) de (2E)-1-[3-(2-oxo-2-feniletoxi)fenil]-3-fenilprop-2-en-1-ona 71.
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Espectro 80 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-3-(4-nitrofenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona 72.
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Espectro 81 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-3-(4-nitrofenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona 72.
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Espectro 82 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(4-nitrofenil)-1-[3-(2-ox0-2-feniletoxi)fenil]prop-2-en-1-ona 72.
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Espectro 83 — Espectro de infravermelho (500 a 4000 cm'l) de (2E)-3-(4-nitrofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 72.
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Espectro 84 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-3-(3-nitrofenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona 73.
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Espectro 85 — Espectro de RMN H (CDCl3, 500 MHz) de (2E)-3-(3-nitrofenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona 73.
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Espectro 86 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-3-(3-nitrofenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona 73.
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Espectro 87 — Espectro de infravermelho (500 a 4000 cm'l) de (2E)-3-(3-nitrofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 73.
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Espectro 89 — Espectro de RMN *H (CDCls, 500 MHz) de (2E)-3-(2-clorofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 74.
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Espectro 90 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(2-clorofenil)-1-[3-(2-0x0-2-feniletoxi)fenil]prop-2-en-1-ona 74.
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Espectro 91 — Espectro de infravermelho (500 a 4000 cm™) do (2E)-3-(2-clorofenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 74.
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Espectro 92 — Espectro de RMN *H (CDCl;, 500 MHz) de (2E)-3-(2-clorofenil)-1-[3-(2-ox0-2-feniletoxi)fenil]prop-2-en-1-ona 75.
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Espectro 93 — Espectro de RMN *H (CDCls;, 500 MHz) do (2E)-3-(2-chlorophenyl)-1-[3-(2-ox0-2-phenylethoxy)phenyl]prop-2-en-1-one 75.
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Espectro 94 — Espectro de RMN **C (CDCl;, 125 MHz) do (2E)-3-(2-chlorophenyl)-1-[3-(2-oxo-2-phenylethoxy)phenyl]prop-2-en-1-one 74
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Espectro 95 — Espectro de infravermelho (500 a 4000 cm™) do (2E)-3-(2-chlorophenyl)-1-[3-(2-oxo-2-phenylethoxy)phenyl]prop-2-en-1-one 74
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Espectro 96 — Espectro de RMN H (CDCl3, 500 MHz) de (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 76.
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Espectro 97 — Espectro de RMN 'H (CDCl3, 500 MHz) de (2E)-3-(4-metilfenil)-1-[3-(2-oxo0-2-feniletoxi)fenil]prop-2-en-1-ona 76.
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Espectro 98 — Espectro de RMN **C (CDCls, 125 MHz) do (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 76.
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Espectro 99 — Espectro de infravermelho (500 a 4000 cm™) do (2E)-3-(4-metilfenil)-1-[3-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 76.
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Espectro 100 — Espectro de RMN 'H (CDCl;, 500 MHz) de (2E)-3-(4-clorofenil)-1-[4-(2-ox0-2-feniletoxi)fenil]prop-2-en-1-ona 77.
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Espectro 101 — Espectro de RMN H (CDCl3, 500 MHz) do (2E)-3-(4-clorofenil)-1-[4-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 77.

215



1.0JF 33 P1.002.ESP

0.9

0.8

0.7

o
o

Normalized Intensity
o o
iN 3

I
w

0.2

0.1

240 220 200 180 160 140 120 100 80 60 40 20 0 -20 -40
Chemical Shift (ppm)

Espectro 102 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-3-(4-clorofenil)-1-[4-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 77.
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Espectro 103 — Espectro de infravermelho (500 a 4000 cm"l) do (2E)-3-(4-clorofenil)-1-[4-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 77.
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Espectro 104 — Espectro de RMN "H (CDCls, 500 MHZz) do (2E)-3-(4-bromofenil)-1-[4-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 78.
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Chemical Shift (ppm)

5.38

219



26 17 10|

F-34 P(F).002.esp s

—76.78
N
a1
N

03

1.0

77.29
7.
[

0.9

o o o
(o)) ~ (o]
O

Normalized Intensity
o
(&)

o
~

o
w
132.21
[ j-130.89
_~129.01
12811

12234
114.46

134.20

134.29

~114.66

0.2

142.80
70.52

—183.44
16183

240 220 200 180 160 140 120 100 80 60 40 20 0 -20 -40
Chemical Shift (ppm)

Espectro 106 — Espectro de RMN B¢ (CDCl3, 125 MHz) do (2E)-3-(4-bromofenil)-1-[4-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 78.
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Espectro 107 - Espectro de infravermelho (500 a 4000 cm™) do (2E)-3-(4-bromofenil)-1-[4-(2-oxo-2-feniletoxi)fenil]prop-2-en-1-ona 78
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ABSTRACT: The application of organic crystals on nonlinear optical
(NLO) materials has been increasing in recent years, and compounds like
chalcones are interesting due to their significant third-order nonlinear
properties. Hereof, we describe the synthesis, molecular structure,
supramolecular arrangement, and theoretical calculations for a bromine-

chalcone 3-(4-bromophenyl)-1-[3-(2-oxo0-2-phenylethoxy)phenyl]-prope- &
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none (BC), which crystallized into noncentrosymmetric space group Pc. Temperanke (e DIE Y | S *]
Also, a comprehensive topological analysis performed by QTAIM b ; b4
highlights the observed halogen bonds on solid state. In addition, the f 5w 2
thermal stability was studied in temperatures smaller than 800 °C showing | L ooy e .
BC crystal as potential optical devices at temperatures up to 250 °C. = A e
Finally, the NLO properties indicate a photonic application based on - WRURR . dmeRae
strong third-order nonlinear response.

1. INTRODUCTION molecular formula C,3;H;,BrO;. The molecular interactions,

crystalline packing, and supramolecular arrangement were
evaluated by Hirshfeld surfaces (HS).””**~** The topological
interaction analysis was performed by quantum theory of
. REE) . atoms in molecules (Q_TAIM).33735 Also, the thermal stability
control their NLO properties. ™ The organic crystals are of of the BC crystal was studied at temperatures smaller than 800

reat interest in application of the deep-ultraviolet,>* o . . . .
ghotonics 56 freque rf)c p odulators” s ectrposco 8,9 a’n d C, and NLO pré)pertles were calculated via density functional
P ’ ! Y » SP PY, density (DFT).’

data transmission. They generally have high nonlinear
characteristics and have versatile synthetic routes for the
production of materials with high nonlinearity.'"® The

The application of organic crystals in nonlinear optical (NLO)
materials has been increasing in recent years due to such
materials showing easy manipulation and thus being able to

2. EXPERIMENTAL AND COMPUTATIONAL

hal bei . I of ulati PROCEDURES

chalcones, being organic compounds of easy manipulation,

allow us to change their molecular structure in order to Synthesis and Crystallization. In a solution of hydrox-

improve the NLO properties. These compounds have a ychalcone 1 (0.1 mmol) in acetone (1.2 mL) was added

significant balance between optical transparency and optical K,CO; (0.2 mmol), and the system was cooled to 0 °C.

power limitation performance due to their considerable third- Subsequently, phenacyl bromide 2 (0.14 mmol) was added in a

order nonlinear properties.'"”'* Several researchers found the single portion, and the mixture was stirred at room

third-order optical nonlinearities of different chalcone temperature for 2 h. The reaction was monitored by TLC

materials.”> ™' The nonlinear susceptibility in these molecules and quenched with distilled water (1.2 mL), and the product

was found to be of the order of 1072 (m/V)>. was extracted with CH,Cl, (3 X 10 mL). The organic phase
In the present work, we described the synthesis, molecular

structure, supramolecular arrangement. and theoretical calcu- Received: June 25, 2019

lations for a new bromine-chalcone 3-(4-bromo-phenyl)-1-[3- Revised:  September 3, 2019

(2-ox0-2-phenylethoxy)phenyl]-propenone (BC) with the Published: September 16, 2019
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Scheme 1. Synthetic Route of BC
0]

: 1.
HO\[/\\“‘ o | /-\j + /’\)\ K;CO5 [” = \r “j/?‘v/ S
~ ~# “Br “\/ Br acetone, rt, 2h |\/\[ |\V// Z“Br
o
1 2 68% BC

was dried with anhydrous Na,SO,, filtered, and concentrated
in vacuum. After recrystallization by slow evaporation of
methanol the bromine-chalcone BC was obtained as a yellow
crystalline solid in 68% yield (Scheme 1). "H NMR (500 MHz,
CDCly): 8(ppm) = 5.40 (s, 2H), 7.23 (ddd, 1H, ] = 8.24, 2.75
e 0.92), 7.44 (m, 2H), 7.53 (m, 7H), 7.65 (m, 2H), 7.73 (d,
1H, J = 15.87), 8.02 (dd, 2H, J = 8.55 e 1.22).

Single-Crystal X-ray Data Collection. BC molecule
crystallized in monoclinic crystalline system and noncentro-
symmetric Pc space group. The data collection was performed
by X-ray diffraction, at low temperature (—153.15 °C), on a
Bruker APEX-II CCD diffractometer, with Mo Ka (1 =
0.710 73 A) and collection interval 2.682° < 6 < 28.273°. The
crystalline structure was undertaken throughout WinGX
platform® (SHELXS® for resolution and SHELXL® for
refinement). Once the refined model approached considerably
to the theoretical model calculated by SHELXL, there was no
need to refine the weight factor. The graphic representations
for crystalline structure of BC were obtained by Ortep
accomplished in Olex2*” and Mercury*' software. All crystallo-
graphic information are available in Table 1, and all data were
deposited in the Cambridge Crystallographic Data Centre
(CCDC)* (code: 1935001).

Table 1. Crystallography Data and Structure Refinement for
BC

chemical formula C,3H,,BrO;
temperature —153.15 °C
wavelength 0.71073 A

monoclinic, Pc

a=152731 (13) A, a = 90°

b =5.0193 (4) A, B =96.1090 (10)°
¢ =11.8850 (10) A, y = 90°

crystal system, space group

unit cell dimensions

volume 905.93 (13) A3
7,7 2,2

density (calculated) 1.544 mg/m®
absorption coefficient 2290 mm™*
F(000) 428

0.228 mm X 0.199 mm X 0.114 mm
2.682°—28.273°
—19<h<20,-6<k<6-15<I1<15
18855/4412 (R = 0.0303)

full-matrix least-squares on F*

4412/2/259

0.937

R, = 0.0193, wR, = 0.0378

R, = 0.0224, wR, = 0.0386

crystal size

theta range for data collection
limiting indices

reflections collected/unique
Refinement method
data/restraints/parameters
goodness-of-fit

final R indices [T > 20(I)]

R indices (all data)

Hirshfeld Surfaces. HS provided us with information
about the interactions between molecules in a crystal through
the partitioning of crystalline space into volumes correspond-
ing to each molecule. From this partitioning, the analysis of the
local electronic density, and the position of the atoms closest
to the HS of each volume (inside and outside), it is possible to

8633

observe unique details of this environment.”> From the
distance of the nearest internal (di) and outer (de) HS
atoms, the mapping of surfaces can be performed,’ and it also
allows the construction of a 2D graphic, called the fingerprint,
which visually represents all interactions intermolecular
together, being unique for each crystalline structure.”® For
the analysis of the halogen bonds, the molecular electrostatic
potential (MESP) mapped on HS was used since its provides a
better visualization of the region where the halogen atoms are
located and, consequently, the possible interactions.’”** HS
was generated with software CrystalExplorer17."

QTAIM Analysis. The topological analysis can be realized
by QTAIM methodology. According to the mechanical-
quantum concepts for this methodology, the observable
properties are present in its molecular electron density
[p(r)] that is used for the execution of numerical integrations
with the gradient vector [Vp(r)] as the basic condition for
determining molecular topology.**” The binding energies of
the C—Br---wr, C—H--Br, and C—H---O interactions were
calculated at the B3LYP/6-311++G(d,p) theory level using the
DFT* coupled in the Gaussian09 package,” and from the
generated wave function was performed the topological
analysis of the interactions®> > by Multiwfn software.*’

NLO Properties. The supermolecule (SM) method was
used to simulate the crystalline environment polarization effect
on the BC molecule,"" in a bulk formed with 2 197 unit cells,
each with two asymmetric units, totaling 193 336 atoms. The
SM method is an interactive process calculated via DFT/
CAM-B3LYP/6-311++G(d,p) level which is finalized with the
convergence of the total dipole moment.'*”">*°7>% Several
theoretical works show that the SM method is efficient to
simulate the third-order nonlinear susceptibility (y'*), and the
calculated values are close to the experimental results.'"*" In
order to obtain the NLO properties of the BC crystal, the
linear refractive index (n) and the third-order nonlinear
susceptibility as a function of the applied electric field
frequency were calculated. The refractive index is obtained
through the Clausius—Mossotti relation, defined by

n(w) =1

4r
(P +2 AR (1)

where V is the unit cell volume and (@(—®; ®)) is the average
linear polarizability, given by the relationship

(-0 0) =5 X a(-0;0)

i=x,y,z

)

The first hyperpolarizability component parallel to the
dipole moment (take as z-direction) is given by

3
1
Blo= 320 Bt B+ B
i=1 3)
The third-order nonlinear susceptibility is associated with

the average second hyperpolarizability (y(—w; w, ®, —w)) that
is related to the intensity-dependent refractive index (IDRI)

DOI: 10.1021/acs.jpca.9b06066
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Figure 1. Ortep representation of BC with thermal ellipsoids at 50% probability level. Hydrogen atoms are represented as circles of arbitrary radii.

(1) = C8-H8A---Cg2
(2) = C8-H8B-~Cgl
(3) = C11-H11--01
(4) = C11-H11 02
(5) = C12-H12---03
(6) = C10-H10--01

Lr]

®
Cegl

(a)

(2] i
cg2 Cg

(b)

Figure 2. Intermolecular interactions C8—HB8A:--Cg2, C8—HS8B---Cgl, C11-H11---02, C12—H12---03, and C10—H10---O1 for BC, along the ¢

and b axes.

that is a special case of the optical Kerr effect. It occurs when
an intense optical beam propagates in a medium thereby
changing its refractive index. This self-induced refractive index
change influences the propagation of the beam. The average
second hyperpolarizability IDRI for small frequencies®"®* is
given by

(}’(—w; w, W, _w)> = 2(7(_(‘)5 w, 0r0)> - <}'(O; 0,0,0))
(4)

where (y(—w; @, 0, 0)) is the average second hyper-
polarizability corresponding to the dc-Kerr effects defined by

Vg + Vezzz)

1
<},(_a); w, 0,0)> = g(yxxxx + Yy

+ L +

+ 7/}/}/ZZ

+7,,,)]

}/xeZ }/ZZXX

+4(y . +y

yayx zxzx

+ 7/ZZ_}/}/

()

From the average second hyperpolarizability IDRI (eq 3), the
third-order nonlinear susceptibility can be estimated by the
expression

8634

+ Ny (—w; 0, 0, —))

&V (6)

where €,is the vacuum permittivity, N is the number of
molecules in the unit cell, and f is the Lorentz local field
correction factor, which is given by

)((3)(_0)5 w, , —CO) =f

_ (n* +2)

/ 3

(7)

All the computational calculations were performed using the
DFT at CAM-B3LYP level with 6-311++G(d,p) basis set in
the Gaussian 09 program package.**

3. RESULTS AND DISCUSSION

Solid State Characterization. The BC compound
crystallized in the monoclinic Pc space group, with two
independent molecules into unit cell and cell parameters a =
152731 (13) A, b =5.0193 (4) A, c = 11.8850 (10) A, a =y =
90°, and f# = 96.1090 (10)° (Table 1). BC molecule has three
aromatic rings, with a bromine atom attached to ring 3 and
CgH,0, group attached to ring 2 (Figure 1).

The BC crystal can be regarded by long-range patterned
three-dimensional assembly of atoms, and the observed

DOI: 10.1021/acs.jpca.9b06066
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Figure 3. Intermolecular interactions C21—Brl1---Cgl and C2—H2---Brl for BC along the a axis.
Table 2. Intermolecular Interactions of BC
D—X--A d(D-X) (A) d(X---A) (A) d(D--A) (A) d(D—X---A) (deg) symmetry code
C21-Br17Cgl 1.902 3.679 5.476 156.52 “1+x1—-y-1/2+z
C8—H8B"'Cgl 1.012 2.626 3.459 139.62 x, —1+yz
C8—H8A"Cg2 0.931 2.582 3.379 143.84 x —1+yz
C2—H2"Brl 1.026 3.139 3.950 136.71 1+x1—-y1/2+z
C10—H10701 0.950 2.780 3.690 160.88 x3 -y -1/2 +z
CIl1-H11701 0.968 2.768 3.236 110.47 x%2—-y -1/2+z
C11-H11702 0.968 2.378 3.290 145.26 x 2=y, -1/2 +z
CI2—-H12703 0.941 2.407 3.198 141.60 x1—-y-12+z
8635 DOI: 10.1021/acs.jpca.9b06066
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molecular interactions drove the molecular packing and
crystalline stability.”>** BC presents on its molecular packing
the interactions C8—HB8A:--Cg2 and C8—HS8B---Cgl contri-
buting to growth and stability along the ¢ axis (Figure 2a). In
contrast, C12—H12---03, C11-HI11---:0O1, C11-H11--02,
and C10—H10--O1 contribute along the b axis (Figure 2b),
while C2—H2---Brl, C21—Br1---Cgl contribute to growth and
stability along the a axis (Figure 3). The geometric parameters
of these interactions are shown in Table 2.

0.040au

™

-0.01 0au

Figure 4. Hirshfeld surface with two views, representing the MESP.
Range [—0.03 au (red)—0.03 au (blue)].

The interactions C—H--O and C—H---x are described in the
literature and appear frequently in organic compounds.”>~"*
However, the interactions C—H--Br and C—Br---z are less
frequently observed and are related to biological poten-

7478 79-82
’

tial protein—ligand interaction, crystal engineering
and materials science,”>*>7% and NLO materials.'”>° In the
BC crystal structure, the interactions C2—H2---Brl and C21—
Brl---Cgl are plainly evident and explain the growth along the
a axis (Figure 3). In the absence of strong hydrogen bonds, the
weak hydrogen bonds can contribute all together to crystalline
packing and stability of the BC molecule.®

Topological Analysis. The halogen bonds of BC molecule
can be described concerning the electrostatic potential
considering the surface of the halogen atom.**~* The halogen
bond is a noncovalent interaction between an electrophilic
region associated with a halogen atom and a nucleophilic
region. These interactions were introduced as the o-hole
concept” that represents a region of positive electrostatic
potential over halogen atoms.”* MESP carried out by the HS
(Figure 4) indicates a positive electrostatic potential over the
bromine atom (o-hole) and an electronegative region over
aromatic ring 1 (Cgl), with the magnitudes of 0.040 au for Brl
and 0.010 au for Cgl, respectively. The positive electrostatic
regions described for Brl interact with the negative electro-
static region of Cgl, indicating the existence of the C21—Brl--
Cgl interaction. Additionally, the presence of an electro-
negative region perpendicular to (or around) C—Br suggests
the interaction of the H2 atom with Brl to form C2—H2---Brl
interaction.

The fingerprint plot (Figure S) generated from de and di
distribution represents the contacts present in a molecule and
percentage contribution to the stability of the crystalline
structure.”” The interactions involving halogen atoms
represent 4.9% for Br--C (C21-Brl--Cgl) and 8.6% for
H--Br (C2—H2---Brl). The pair of spikes referencing a Br---C
(Figure Sa) shows the de + di distance of approximately 3.6 A
while the pair of spikes referencing H--Br (Figure Sb) is
approximately 3.1 A.

The interactions C2—H2---Brl and C21-Brl---Cgl origi-
nate through the geometric parameters and electronic density
by HS. QTAIM analysis has been used to describe classical

e A

22.4%
di

e : e

de | de

il

H~0O | C~C
17.5% ' 7.4%
24 mER L

© Y

Figure S. Fingerprints plot with quantitative values of the contacts for BC. These contacts represent 97.1% of the total of the interactions.
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(b)

Figure 6. Representation of bond critical points (BCP) for BC.

(©)

Table 3. Data from the Topological Analysis Performed by the QTAIM Methodology with All Data in au

BCP p(r) Vp M Ay
1 0.00627 0.01803 —0.00476 —0.00449
2 0.00745 0.02351 —0.00389 —0.00262
3 0.00399 0.01388 —0.00325 —0.00305
4 0.00946 0.03609 —0.00898 —0.00820
S 0.00639 0.02387 —0.00532 —0.00350
6 0.01050 0.03793 —0.01062 —0.01017

E V(roep) G(rcp) H(r) interactions
0.05995 —0.00281 0.00366 0.00085 C2—H2"Brl
0.48069 —0.00359 0.00473 0.00114 C21-Br17Cgl
0.06638 —0.00235 0.00291 0.00056 C10—-H10701
0.09480 —0.00580 0.00741 0.00161 C12—-H12703
0.51773 —0.00385 0.00491 0.00106 C11-H11701
0.04462 —0.00633 0.00791 0.00158 Cl1-H11702

hydrogen bonds,”>™”® C—H---O interactions,””~'** Se---O and
Se-N interactions, **'%" interactions involving 7-systems (C—
H-z, N=H--z, O—H--z, and 7-x),'°"'% dihydrogen
bond,'*”~""* and halogen bond.**'"*~'*! Popelier and
Koch,'”*% Carroll and Bader,"** and Rozas et al.'*® have
proposed some criteria to characterize an interaction based on
a set of topological properties on electronic density. These
properties have been determined for BC and were used to
analyze and to compare hydrogen and halogen bonds.

Figure 6 shows the existence of bond critical point (BCP)
for interactions present in BC compound. Table 3 shows the
observables for each BCP: electron density [p(r)], Laplacian of
electron density [Vp(r) ], eigenvalues of Hessian matrix 4,
and A, ellipticity (¢), potential energy density [V(r)],
Lagrangian kinetic energy [G(r)], and electronic energy
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density [H(r)] obtained from the equation H(r) = G(r) +
V(r). For hydrogen bonds p(r) is small and V?p(r) is positive
and the character of interaction can be measured by the
following indicators: V?p(r) < 0 and H(r) < 0, strong
interactions with covalent character; VZp(r) > 0 and H(r) < 0,
medium strength; and V?p(r) > 0 and H(r) > 0, weak
interactions with electrostatic character.”'** For both hydro-
gen and halogen bonds interactions, the V2p(r) and H(r) are
according to the electrostatic character. For the hydrogen
bonds interactions, the p(r) are between 0.003 99 and 0.010 50
au while halogen bond interactions are between 0.006 27 and
0.007 450, both according to specific range (0.002—0.035 au)
proposed by Popelier for the existence of an interaction.'” In
terms of ellipticity (41/42 — 1) can measure the extent to
which density is preferentially accumulated. For 1411 = 42]; € =
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0, indicating a bond cylindrically symmetrical, and then
structural instability is related to substantial bond elliptic-
ities.'9'*%!25 Note that, for bifurcated interactions, the
€(C11—H11--01) is larger than £(C11—H11702) confirming
that C11-H117O1 is stronger. This is according to geometric
parameters because it has smaller interaction distance (DA =
3.236 A) than C11-H11---02 (D---A = 3.690 A). The £(C21—
Brl---Cgl) is close to &(Cl1—H11--O1), indicating that
C21-Brl--Cgl is a relevant interaction. The small values of
p(r) and positive values H(r) indicate the existence of
hydrogen bonds with electrostatic nature, and the results are
similar for the halogen bonds; these are good indicators for the
existence of these interactions.
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Figure 7. TGA/DTG data for BC compound.
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Figure 8. Dipole moment values as a function of the iteration steps
for BC crystal.

Thermal Analyses. In order to observe the thermal
stability of the chalcone derivative BC, thermogravimetric

analysis was performed on the Perkim Elmer Pyris 1TGA
equipment located at the Universidade Estadual de Goias
(UEG). The heating rate was 10 °C/min with a nitrogen flow
at 20 mL/min, and the temperature range was from 25 to 800
°C. As can be seen in Figure 7, the mass loss starts at 250 °C
and increases softly to reach 2% at 300 °C. In the temperature
range of 300—400 °C occurs the largest mass loss of
approximately 55.5%, and in the range of 400—540 °C a less
expressive mass loss of approximately 12.9% can be observed.
The BC residual mass was 23.3% at 800 °C. From the DTG
curve it is possible to identify the step where the thermal
decomposition occurs at temperature range of 325—-375 °C.
The present TGA/DTG study shows that the BC crystal can
be used in optical devices at temperatures up to 250 °C.

NLO Properties. In this section the DFT/CAM-B3LYP/6-
311+G(d,p) results for the electrical parameters of the BC
crystal, as the linear polarizability and the second hyper-
polarizabilities, are presented as a function of the electric field
frequency. First, Figure 8 shows the convergence, after 10
steps, of the total dipole moment (i) of the BC crystal.

Figure 9 shows the dynamic average linear polarizability
({(a(-w; ®))), the average second hyperpolarizability
originating from the dc-Kerr effect ({(y(—w; w, 0, 0))), and
the average second hyperpolarizability IDRI ((y(—w; o, ®,
—w))) of the BC embedded molecule, which increases
monotonically with the electric field frequency increasing. It
is noted an increase of 11.5% for the average linear
polarizability ({(a(—®; ®))) and an increase of 108.3% and
216.6% for the dc-Kerr ({y(—w; w, 0, 0))) and IDRI ({y(—w;
®, ®, —))) of the molecule embedded. respectively, when
comparing the static case with the dynamic at frequency w =
0.086 au.

The first hyperpolarizability component parallel to the
dipole moment (take as z-direction) was calculated, and the
results as a function of the electric field frequency are included
in Figure 10. Figure 10 shows the first hyperpolarizability (in
units of 107 esu) as a function of the electric field frequency,
as it can be seen that the /3, values increase with the increasing
of the frequency from the static value 4.26 X 107 esu up tp
13.97 X 107 esu (w = 0.10 au).

The increasing of the linear refractive index (n(w)) with the
increasing of the electric field frequency (@) of the BC crystal
can be seen in Figure 11. The increase in refraction index
(n(w)) in the frequency range of 0 < @ < 0.086 au was 7.1%;
this increasing is directly related to the (a(—w; w)) value
increasing (Figure 9).
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Figure 9. Dynamic results for average linear polarizability ({(a(—w; )} in 1
0, 0)) in 107 esu), and average second hyperpolarizability IDRI ({y(—@; @, @, —®)) in 107%¢ esu) for the BC molecule embedded.
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Figure 12. Third-order macroscopic susceptibility (% in 10 72 (m/
V)?) as a function of electric field frequency ().

The third-order nonlinear susceptibility y*)(—w; o, ®, —®)
of the BC crystal was obtained from the (y(—w; @, ®, —®))
value according to eq 4. The DFT/CAM-B3LYP/6-311+G-
(dp) results for )((3)(—(0; ®, w, —w) as a function of the
electric field frequency are presented in Figure 12, and a
monotonic increasing of the 7 values with the increasing of
the frequency can be observed. Comparing the static value of
1P (—w; o, w, —) with the value at @ = 0.086 au (4 = 532
nm) an increasing of 216.6% is found.

Tables 4 and 5 show the values of the refractive index n(w)
and the third-order nonlinear susceptibility (y®) = 857.102 x
10722 m*/V?) at @ 0.086 au for the BC crystal and
experimental results obtained for other structures. As can be
seen the n(w) values and the y® values for BC crystal are
greater than the experimental results shown in Table 4. The
BC crystal presents a third-order nonlinear susceptibility 3.09
times greater than the crystal (2E)-3-(3-methylphenyl)-1-(4-
nitrophenyl)prop-2-en-1-one'*® and 361.64 times greater than
crystal (2E)-3[4 (methylsulfanyl) phenyl]-1-(4-nitrophenyl)-
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Table 4. Comparison of Linear Refraction Index Results
(n(w)) and Third-Order Nonlinear Optical Susceptibility
2 (%1072 (m/V) 2) with Experimental Results

(3)

n@) i
BC (this work) 1.904  857.102
(2E)-3—£;6—methylphenyl)—1-(4-nitropheny1)prop-Z—en— 1418  277.100
1-one
1-(S-chlorothiophen-2-yl)-3-(2,3-dimethoxyphenyl) 1.594  23.830
prop-Z-en—l-oneW
(2E)-1-(4-bromophenyl)-3-[4-methylsulfanyl) phenyl] 1363  2.300
prop-2-en-1-one'*’
(2E)-1-(3-bromophenyl)-3-[4 (methylsulfanyl) 1365  1.990
phenyl]prop-2-en-1-one'*’
1.360 2.370

(2E)-3 [4 (methylsulfanyl)phenyl]-1-(4-nitrophenyl)
prop-2-en-1-one'”’

Table 5. Comparison of Linear Refraction Index Results
(n(@)) and Third-Order Nonlinear Optical Susceptibility
7% (x1072 (m/V) ?) with Theoretical Results

(3)

n(w) X
BC (this work) 1.904  857.102
(7E,8E)-2-(3-methoxy-4-hydroxybenzylidene)-1-(4- 1.82 756.45
nitrobenzylidene)*”
(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en- ~ 2.002  176.400
(3-methylpheny phenyl)prop
1-one
4,6-dichloro-2-(methylsulfonyl)pyrimidine'>* 1.613  56.740
1.680 25.700

(E)-3( 2—bromopheny1)-l—§2—( (phenylsulfonyl)amine)-
phenyl)prop-2-en-1-one®

prop-2-en-1-one.'”” In addition we can highlight that the
compound BC shows third-order nonlinear susceptibility
greater than two recent works; see refs 51 and S52.

4. CONCLUSIONS

BC molecule was crystallized in the noncentrosymmetric space
group Pc. Crystalline solid state stability is ensured by
interactions C—H--:O, C—H---Br, and C—Br--7, as confirmed
by HS and QTAIM. The results show that the interactions
involving halogen atoms (halogen bonds) are essential for the
stability and crystalline packing of BC. Using the SM approach
and the DFT/CAM-B3LYP/6-311++G(d,p) level, the NLO
properties of the BC crystal were investigated. The total dipole
moment, the average linear polarizability, and the average
second hyperpolarizabilities, related with the dc-Kerr effect and
with the IDRI process, were calculated. From these values the
linear refractive index and the third-order macroscopic
susceptibility were calculated as a function of the electric
field frequency. Additionally, the values of the third-order
macroscopic susceptibility (' = 857.102 x 1072 m*/V?) at
® = 0.086 au (1 = 532 nm) of the BC crystal presented values
varying from 3 to 361 times higher than the experimental
results founded in the literature (Table 4). Compound BC has
a donor—acceptor system, so the charge can be transferred
throughout phenyl rings from the bromine group, which is
responsible for determining the properties of the NLO. Phenyl
rings essentially act as a bridge in the presence of strong
donor—acceptor substituents, and this is one reason for
obtaining nonzero values of static and dynamic hyper-
polarizabilities as microscopic NLO responses.

The optical nonlinearity showed strong dependence upon
the wavelength highlighting the material as potential for use in
nonlinear photonics, in particular at technologically relevant
wavelengths, such as the telecommunications C band. Also, the
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TGA/DTG study of BC crystal shows that it can be used in
optical devices at temperatures up to 250 °C. Finally, BC
crystal shows a strong third-order nonlinear response and
could be promising for practical nonlinear photonic
applications.
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ABSTRACT: The use of fossil fuels represents a large part of the world’s energy availability. The burning of these fuels is related to
several global problems. They are nonrenewable sources of energy, and therefore, there is a growing demand for new renewable fuels
with less environmental impact, such as biofuels. Although there are some problems related to biofuels, such as low oxidation
stability and less energy availability, additives can be used to preserve their properties. To this end, a comparative study was carried
out between two chalcones that presented good values of calorific power. This study contains structural analysis, theoretical
calculations, and energy analysis, in order to understand the structural differences, as well as the supramolecular arrangement and
physical—chemical properties. The evaluated results can contribute to the characterization of these chalcones as potential additives
and support future studies.

1. INTRODUCTION penone (chalcone I) and 4-(4-chloro-phenyl)-1-[4-(2-ox0-2-
phenyl-ethoxy)-phenyl]-butan-2-one (chalcone II).>* The
supramolecular arrangements of I and II were analyzed by X-
ray diffraction and Hirshfeld surfaces (HSs).*™** The energy
analysis was carried out experimentally using a calorimetric

The use of fossil fuels (oil, natural gas, coal, etc.) represents a
large part of the world’s energy demand; however, these fuels are
destined for depletion in the future. Beyond the future scarcity,
the combustion of these products is related to several §lobal

problems such as air pollution,' global warming,’ the pump to determine the calorific power, while the electronic
greenhouse effect,’ and so forth. Therefore, looking for study was carried out using density functional theory
renewable and less polluting fuels is an interesting solution to (DFT).™

these problems. To this end, biofuels (biodiesel, ethanol, etc.)
are a good alternative because they are renewable sources of 2. EXPERIMENTAL AND COMPUTATIONAL
energy and have biodegradable products produced from PROCEDURES

biomass.” Biodiesel, which in internal combustion vehicles
favors the reduction of the emission of atmospheric pollutants, is
an interesting example in this context.” However, there are some

2.1. Synthesis and Crystallization. Chalcones I and II were
synthesized based on the procedure described by Duan et al. (2014).>"
For I: In a solution of hydroxychalcone 1 (22.4 mg) in acetone (1.2

problems related to biofuels that prevent their consolidation in mL), K,CO; (27.6 mg) was added, and the system was cooled to 0 °C.
the global energy matrix, such as lower storage stability, Subsequently, phenacyl bromide 2 (27.58 mg) was added in a single
associated with poor oxidation stability, and lower energy portion, and the mixture was stirred at room temperature for 2 h. The
availability, which affects the quality and use of this fuel.”” reaction was monitored by thin-layer chromatography and quenched

The use of additives can preserve the properties of the fuel, with distilled water (1.2 mL), and the product was extracted with
and several studies evaluating the efficiency of additives for CH,Cl, (3 X 10 mL). The organic phase was dried with anhydrous
biofuels show improvements in the stability of the additive, Na,SO,, filtered, and concentrated in vacuo. After recrystallization by
generating better energy efficiencies.”'® The proliferation of slow evaporation of methanol, the product was obtained as a yellow

crystalline solid in 50% yield (Figure 1). '"H NMR (500 MHz, CDCl,):
5(ppm) 5.40 (s, 2H); 7.22 (m, 1H), 7.49 (d, 1H, J = 15.56), 7.52 (m,
6H), 7.59 (m, 1H), 7.65 (m, 4H), 7.79 (d, 1H, J = 15.87), 8,02 (m,
2H).-'*C NMR (125 MHz, CDCL,): § 70.7; 113.9; 119.9; 121.9; 122.0;

microorganisms (fungi and bacteria) contribute to the
degradation of a fuel, so potential compounds with properties
such as antifungal, antibacterial, and antioxidant properties and
good energy availability can be candidates for possible fuel
additives."" Chalcones are widely studied compounds because
they have these properties.”””>° Therefore, analyzing and
understanding their chemical structure and related properties
are critical to supporting future studies of chalcones as potential
additives.

In this paper, we report a comparative analysis between
chalcones 1-[3-(2-oxo0-2-phenyl-ethoxy)-phenyl]-3-phenyl-pro-
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Figure 1. Schematic synthesis representation for chalcone I (a) and bidimensional molecular structure of chalcone II (b).

128.1; 128.4; 129.8; 128.9; 129.9; 130.6; 134.0; 134.8; 139.7; 145.0;
158.3; 190.0; 193.8. Chalcone II was recrystallized from methanol.*®

2.2. Single Crystal X-ray Analysis. The X-ray data collection for I
was performed on a Bruker APEX-II CCD diffractometer with MoK\«
radiation and wavelength (1) = 0.71073 A at 120 K. The structure was
solved with ShelXS** and refined using ShelXL;**** for non-hydrogen
atoms, anisotropic thermal parameters® were used, and hydrogen
atoms were stereochemically positioned and fixed according to the
riding-hydrogen model, with 0.99 A for methylene groups (—CH,—)
and 0.95 A for aromatic groups (C—H).*® The positional disorder (one
atom occupies two or more sites in the unit cell) observed for atoms
C19, C20, C22, and C23 was undertaken. The positional disorder
refinement considered the disordered atoms into two independent
groups and did not bind the equivalent atoms to one another (both
groups contain the same atoms but on independent sites). The final
anisotropic full-matrix least-squares refinement on F* converged at R, =
0.0427 and the goodness-of-fit 1.023. The crystallographic
information files for I were deposited in the Cambridge Crystallo-
graphic Data Centre (CCDC)*” under the code 2035138, while those
of II were obtained from the CCDC database (code 1936534). The
molecular representations for both structures were obtained using
Mercury®® and CrystalExplorer®® software.

2.3. Topological Analysis. The HS is a valuable graphical tool for
visualizing and analyzing intermolecular interactions because this is an
approach where the whole molecule, as well as the totality of its
intermolecular interactions, is taken into account. Hence, the HS
reflects in substantial detail the immediate environment of a molecule in
a crystal, representing the frontier between the regions where the
electron distribution is dominated by the contribution of the interior
molecule and the neighboring, exterior molecules in the crystal.”***!
The generation, analysis, and visualization of HS were done using
CrystalExplorer*” software and using the CIF file as the input for
calculations.

2.4. Calorific Power. A combustion engine is a complex thermal
machine represented by a dynamic system, whose operation and
performance is dependent on several factors, such as constructive
design, electronic adjustment of the fuel injection parameters, and air
pollutant emission controls.”> Thus, the energy efficiency of the
combustion engine is directly related to the energy availability of the
fuel, which must be able to supply the demand of the engine, generating
adequate performance for vehicle operation.**** The calorific value is
defined as the energy released by the stoichiometric combustion of a
compound, being represented by the energy released by a unit of mass,
normally joule per gram or kilocalorie per gram. The test for
determining the calorific value is carried out in a device called a
calorimetric pump, which is composed of a combustor surrounded by
water. The combustor is pressurized with 30 bar of oxygen that reacts
with the sample, which is heated by an electric current that promotes
burning. Burning is an exothermic reaction that, by releasing energy in
the environment, exchanges heat with water, generating a change in its
temperature. The change in temperature as a function of time is
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measured by a precision resistive sensor, and after correlation with the
sample mass obtained prior to burning, the result of the calorific value of
the sample is reported.**” The test methodology is referenced in the
ASTM D4809 standard.”® IKA C200 equipment was used to determine
the calorific value.

2.5. Theoretical Analysis. All the theoretical calculations were
performed via DFT with an M06-2X functional and 6-311++G(d,p) as
the basis set using Gaussian09 software."” The crystallographic
structures of I and II were used as input for geometric parameters.
The energy of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) was calculated, and the
molecular electrostatic potential (MEP) map was generated. The
energy of the orbitals helps us understand the electronic stability of the
compounds because it indicates the ability to donate or accept
electrons. Moreover, the energy gap (difference of energy between the
orbitals) is an indicator supposed to characterize the degree of kinetic
stability, adjusted for the size of a molecule.*® Also, the MEP is used to
study the most reactive regions of the molecule. It can differentiate the
electrophilic and nucleophilic regions using a scale color, which has the
increasing order of potential as red < orange < yellow < green < blue, to
designate the electrostatic potential in each region of the molecule.’"

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Compound I crystallizes
in the centrosymmetric monoclinic space group P2,/c. The
crystallographic data for I and II are shown in Table 1 for
comparison. Both chalcones are similar; chalcone I has a 2-oxo-
2-phenylethanolate group in the aromatic ring 2 in the meta-
substitution, while chalcone II has a 2-oxo-2-phenylethanolate
group in the aromatic ring 2’ in the para-substitution. In
addition, only II has a halogen atom (chlorine), and I presents a
disorder in the aromatic ring 3 in atoms C19, C20, C22, and
C23. ORTERP representations for both compounds are shown in
Figure 2.

The overlay allows the comparison between the geometric
parameters of the structures. Figure 3 shows an overlay
evidencing the conformational differences and the angles
formed between aromatic rings 1 and 2 for I (§; = 14.32°)
and for chalcone II (6, = 7.08°). These angles show that the
chalcone moiety is nonplanar; still, the 2-oxo-2-phenyl-
ethanolate group in both chalcones diverges greatly for this
moiety (61.61° for I and 80.35° for II).

The supramolecular arrangement of I is stabilized by C—H---
O and C—H:-7 interactions, while II is stabilized by C—H-:-O,
C—H:--7 and C—H---Cl interactions. For both structures, in the
absence of strong interactions, weak interactions contribute to
structural stability.”” Chalcone I forms a zigzag chain along
[010] by the interactions C11-H11---O3 and C5—HS--02,
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Table 1. Crystallographic Data and Structure Refinement for
Iand II

parameter Cy3H,50; (1) Cy;H,,ClO; (11)*°
formula weight 342.63g/mol 376.82 g/mol
temperature 120(2) K 293(2) K
wavelength 0.71073 A 0.71073 A

crystal system, space monoclinic P2,/C, 4 triclinic P1, 2

group, Z

a=15.1910(6) A
b=144131(18) A
c=22.551(3) A

a=251944(7) A
b=9.7597(13) A
c=18261(2) A

unit cell dimensions

a=90° @ = 80.094(2)°
B =94779(2)° B =84315(2)°
y =90° y = 81.265(2)°
volume 1681.4(4) A3 898.8(2) A3
calculated density 1354 g/m? 1392 g/m?
absorption coefficient 0.089 mm ™! 0.234 mm ™'
goodness-of-fit on F* 1.023 1.031
final R indices [I > 26(I)] R, = 0.0427; R, = 0.0466;
wR, = 0.0922 WR, = 0.0994
R indices (all data) R, = 0.0744; R, = 0.0764;
WR, = 0.1037 WR, = 0.1106

whereas the C16—H16A:--O3 and C16—H16B---O1 interac-
tions contribute along [100]. The interaction C22—H22---O1
with the contribution of C5—HS---O2 and C11-H11---03
interactions assists in the stabilization and growth along [001]
(Figure 4). Chalcone II also has interactions with halogen atoms
that contribute to its growth and stability (C14’'—H14'---02’,
C11'=H11'---03’, and C19'—H19’---Cgl’ for [100]; CS'—
HS5'--03’, C8'—H8A’--03’, and C13'—H13’---O1’ for [010];
and C3'—H3'--Cll’ and C8'—HS8B’---O1’ for [001]). All

geometric parameters for these interactions are shown in
Table 2. The presence of a halogen atom in chalcone II and a
change in the position of the 2-oxo-2-phenylethanolate group
(meta in I and para in II) contributed to differentiating the
supramolecular arrangement of the two structures, as evidenced
by the angles 14.32° (I) and 7.08° (II).

The HS was used to evaluate the interactions described from
geometric parameters with X-ray data.”” As the interactions of II
are reported in the literature,”® we present only the interactions
of I by the HS (Figure S). In the HS d,,,,,, red sites indicate short
distances and stronger interactions; regions (1r), (3r), (4r), and
(6r) indicate receptor regions of the interactions CS—HS-+-O2,
C16—HI16A:-03, C16—H16B---O1, and C11-H11--O3, re-
spectively, while (5d), (8d), (7d), and (2d) represent their
donor regions (Figure Sab). Note that aromatic ring 3 has a
region with some red sites; this is due to the disorder in this
region. Also, the HS shape index surface assists in the
interpretation of C—H:--x interactions. These interactions are
represented by a concave red region over the aromatic ring and a
convex blue region over C—H atoms.”**® Figure 5¢,d evidences
this interaction by the red region over the aromatic ring 2
(Figure Sc) and the convex blue region over C4—H4 atoms
(Figure 5d).

The fingerprint is a tool that contributes to a quantitative
analysis of the interactions present in a structure. For I and II,
this graph was plotted with de versus di distribution and allows us
to perform a quantitative comparison between the two
chalcones.”® Both chalcones are organic molecules, so the
hydrogen interactions, represented by H--H in Figure 6,
represent a large portion of the interactions present, 47.6% for
I and 31.6% for II. The interactions involving oxygen atoms

Figure 2. ORTEP representation with ellipsoids at 50% probability for I (a) and II (b). Disorder at C19, C20, C22, and C23 was omitted for clarity (I).
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Figure 4. Representation of intermolecular interactions in chalcone I.

Table 2. Intermolecular Interactions for Chalcones I and II

D-H--A d(D-H) A d(H--A) A d(D--A) A d(D—H--A) (deg) symmetry code

C5—-HS--02 0.930 2.686 3.352 129.16 —x, 1/2 + ¥ 1/2 -z
C11-H11--03 0.930 2.555 3.326 140.47 —x,—1/2+y,1/2 -z
C21-H21---0O1 0.930 2.656 3.339 130.82 l—x1-y1-2z

1 C22—H22--01 0.930 2.724 3.394 129.63 -x,1-y1-z
C16—H16A:--03 0.970 2.537 3.478 163.68 1+xy2z
C16—H16B---O1 0.970 2.611 3.351 133.25 1+x92
C4—H4---Cg2 0.930 2.844 3.698 153.17 —1—x-1/2+y1/2 -2
Cl11’—=H11"---03’ 0.930 2.740 3.620 158.39 —x1-y1-2z
Cl12'—H12"---02’ 0.930 2.396 3.317 170.62 “l1-x1-y1-z2
C15'—H15'---01’ 0.930 2.644 3.306 128.73 1—%-y1-2z
C16'—H16A’---0O1’ 0.970 2.500 3.387 152.03 —x, -y 1—-z

I C16'—H16B'---03’ 0.970 2.585 3.555 179.09 —1+xyz
C19'—=H19'---01’ 0.930 2.616 3.368 138.32 —x, =y, 1 —z
C1'—H1'--Cg3’ 0.930 3.163 3.993 149.56 1—%-y,1—2
C21’—=H21'---ClI1’ 0.930 2.849 3.557 133.81 —2+x-1+y1l+z
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Figure 6. 2D fingerprint plots for chalcones I (a) and I (b). Quantitative analysis of the contacts for I and II (c).

sH.H =sC.H

(represented by O-+-H) are similar for both structures (18.2 and
18.1%) and indicated the C—H---O interactions. Also, C---H
contacts correspond to C—H---7 interactions with 25.8% for I
and 33% for II, while interactions involving halogen atoms are
present only in II, representing 10.2%.

3.2. Energy and Theoretical Analysis. The low energy
availability of biodiesel and the susceptibility to oxidation are
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drawbacks to using this fuel."' The antioxidant capacity of
chalcones has already been described in the literature.'>>*>
The calorific power for I is 12783.7 kcal/kg; this value is
approximately 30% higher than the value of the calorific power
of gasoline (9775 kcal/kg) and 85% higher than that of ethanol
(6906 kcal/kg) (Figure 7). The calorific power is related to the
ability of a compound’s release energy in oxidation, and for fuels,

https://dx.doi.org/10.1021/acs.energyfuels.0c03448
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Figure 7. Comparison between calorific power for chalcones I and II,
common type C gasoline, n-butanol, and hydrated ethanol.

high calorific power values are associated with better perform-
ance, thus contributing to the possible application as a fuel
additive. The values found experimentally for fuels (gasoline,
butanol, and ethanol) are similar to the literature.”*™>°

The positive regions (blue color) in the MEP indicate low
electron density, being susceptible to electrophilic attacks, while
negative regions (red color) characterize a region with a higher
concentration of electrons susceptible to carrying out
nucleophilic reactions.””~®" For I, on the O-atoms (01, 02,
and O3), the MEP energy is of about —133.63, 79.81, and
—143.35 kJ/mol, respectively, while for II, for atoms O1’, O2’
and O3’, the MEP energy is of about—137.83, 58.54, and
130.48 kJ/mol, respectively (Figure 8). According to this
interpretation, the oxygen sites of I susceptible to nucleophilic
attack can be ranked as follows: O3 > O1 > O2, while for II, the
ranking is O1" > O3’ > O2'. Note that I has a more reactive
region in oxygen O3 when compared to II, which has its more
reactive region in oxygen O1’.

The HOMO and LUMO representations for I and II are
shown in Figure 9 and, for both chalcones, these are distributed
all over the molecule, except for aromatic ring 3. The bonding
orbital and the antibonding orbital are characterized by
electronic levels HOMO and LUMO, respectively.”” The Egp
for both chalcones is similar (599.51 kJ/mol for I and 602.34 kJ/
mol for IT). These Eg,p values have been used as a simple
indicator of kinetic stability.”*~"> Note that large gap values are
associated with high kinetic stability because it is energetically
unfavorable to add electrons to a high-lying LUMO and to
extract electrons from a low-lying HOMO, and so to form the
activated complex of any potential reaction.”” In the gas phase,
both chalcones present practically the same value of Egup,
indicating that the two chalcones possibly tend to have similar
kinetic stability. These values found for Eg,p are similar to those
of the compounds used to preserve the oxidative capacities of
fuels, such as BHT (Eg,p = 546.1 kJ/mol),”* toluene derivatives
(Egap = 477.8 kJ/mol),” and thiazolidinone (Egap = 481.8 kJ/
mol).”® These results indicate that the chalcone presented has
kinetic stability similar to the other additives used.

4. CONCLUSIONS

Chalcone I crystallized under the monoclinic P2, /¢ space group,
while II crystallized under the triclinic P1 space group. The
supramolecular arrangement for both molecules is stabilized
only with weak interactions that were confirmed by HS analysis,
and II presents greater planarity than I. The energy analysis for
calorific power for I showed a value approximately 30% higher
than the value of the calorific power of gasoline, while for II, the
value is comparable to that of gasoline; the comparison of I and
II with biodiesel (8200—9800 kcal/kg) is also similar. The

144.40 kJ/mol

-144.40 kJ/mol (a)

139.09 kJ/mol

(b) -139.09 kJ/mol

Figure 8. MEP map for I (a) and II (b). The density isovalue of p(r) =
4.0 X 107 electrons/bohr® contour encompassing the molecule.
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Figure 9. Frontier molecular orbitals (HOMO/LUMO) for chalcones
I(a) and II (b).

theoretical calculation analysis indicates electrophilic sites
located over oxygen atoms, and I has a more reactive region
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when compared to IL In the gas phase, both chalcones present
almost the same value of Eg,p, indicating similar kinetic stability.
These parameters are interesting and support further research
into chalcones as additives, either for their energy enhancement
or their antioxidant activity.
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In this present study, the structural, molecular, electronic, thermal studies, and the nonlinear optical
(NLO) properties of a newly synthesized chalcone derivative 3-(2-chloro-phenyl)-1-[3-(2-0xo0-2-phenyl-
ethoxy)-phenyl]-propan-1-one (CPPO) were performed. The molecular structure of titled compound was
described by single crystal X-ray diffraction, nuclear magnetic resonance spectroscopy ('H and >C NMR)
and thermal analysis (TGA-DTG analysis). The supramolecular arrangement in solid state was confirmed
by Hirshfeld surface analysis and 2D-fingerprint plots. The CPPO compound was crystallized on non-
centrosymmetric monoclinic space group P2; and the supermolecule approach (SM) at DFT/CAM-B3LYP/
6-311++G(d,p) level was used to analyze the nonlinear optical properties in crystalline environment. The
total moment of dipole, the averages of linear polarizability a(—w;w) and first and second hyper-
polarizabilities, linear refractive index and the third-order nonlinear susceptibility (x®)) were calculated
as function of the electric field frequency. The y()-value of the CPPO crystal at 532 nm is 266 times
greater than the experimental result of organic crystal (2E)-1-(3-bromophenyl)-3-[4(methylsulfanyl)
phenyl]prop-2-en-1-one [1], demonstrating that CPPO crystal has good potential for use as NLO material.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction to their high thermal stability, excellent second harmonic genera-

tion (SHG), including delocalized m-electrons that increase the

In recent years, many researches on organic crystals have been
performed in view of their high optical nonlinearities and the rapid
response time exhibited by these compounds [2—4]. Organic ma-
terials exhibit interesting physical and chemical properties and are
widely used in linear electrooptic effect or Pockels effect [5] in the
study of solutions using degenerate four wave mixing method [6,7]
and in third harmonic generation [8,9]. Among the various classes
of organic materials, chalcones have attracted a great attention due
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nonlinear optical properties (NLO) as in case of two-photon ab-
sorption [10—13]. Chalcones are organic compounds obtained
directly from plants or by synthetic route and exhibit possibilities of
application in different areas [14,15]. The understanding of the
crystalline structure assists in the process of chalcone application,
as well as in new necessary syntheses. In addition, chalcones have
high flexibility of synthetic manipulation and good optical trans-
parency, properties that contribute in the change of NLO effects of
interest in technological applications, such as in communication,
computation, optical limitation, data storage and photonic appli-
cations [2,15—23]. Most of these applications come from the fact
that these materials are promising to exhibit third order nonlinear
optical properties when they operate at wavelength 532 nm
[10,24]. Several researchers found the third order optical
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Scheme 1. Synthetic rout of chlorine chalcone CPPO.

13 Table 1
Crystallography and structure refinement information for CPPO.
.."".'"-.--“._“—."”.ﬁﬂ. Chemical formula Cy3 Hy7 Cl1 05
12 [ Temperature 120K
P Wavelength 0.71073A
," Crystal system, Space group Monoclinic, P2;
11 , Unit cell dimensions a=5.0789 (6) A, o.=90°
s b=25.675 (3) /‘-\ [5:91;370 2y
s | i =0
: o X
\'5.: 104 ! 7,7 2,2
:' Density (calculated) 1.430 mg/m>
H Absorption coefficient 0.240 mm~!
! F(000) 392
g T ." Crystal size 0.323 x 0.184 x 0.117 mm
! Theta range for data collection 1.586° to 30.359°
s Limiting indices —7<h<7-36<k<35-9<1<9
8 Pl N — . : Reflections collected/unique 14929/5114 [R(int) = 0.0403]
Completeness to theta = 25.242° 100.0%
0 1 2 3 4 5 6 T B 9 Refinement method Full-matrix least-squares on F?
S te Data/restraints/parameters 5114/1/244
p Goodness-of-fit 1.047
Final R indices [I> 20(1)] R1=0.0491, wR, = 0.0892
R indices (all data) R, =0.0675, WR, = 0.0949

Fig. 1. Convergence of the dipole moment after performing ten steps.

nonlinearities of different chalcone materials [25—30]. The

nonlinear susceptibility in these molecules was found to be of the
order of 10-22(m/V)?
In this work, we present the synthesis of chalcone 3-(2-chloro-
phenyl)-1-[3-(2-0x0-2-phenyl-ethoxy )-phenyl]-propan-1-one
(CPPO) and also the characterization of its structural analysis
through the crystallographic methodology and Hirshfeld surfaces
(HS) in order to better understand the molecular interactions,
crystalline packing and supramolecular arrangement. Moreover,
this new chalcone was investigated via the DFT/CAM-B3LYP
method in combination with basis set 6-311++G(d,p); these two
associated ingredients allow one to predict nonlinear optical (NLO)
in 73% yield (Scheme 1). "TH NMR 5.40 (s, 2H); 7.23 (ddd, 1H, | = 8.24,

Fig. 2. Ortep representation of thermal ellipsoids at 50% probability level for the
compound CPPO. Hydrogen atoms are represented by circles of arbitrary radii.

properties of the compound after the convergence of the dipole
moment. The behaviour of the crystal mass with increasing tem-
perature was also object of our analysis.

This work deals with the synthesis, growth, crystal structure,
linear refractive index, third-order nonlinear susceptibility for
degenerate four wave mixing, and comprehensive description of a
novel chlorine substituted chalcone 3-(2-chloro-phenyl)-1-[3-(2-

0x0-2-phenyl-ethoxy )-phenyl]-propan-1-one (CPPO).
2. Experimental and computational procedures

2.1. Synthesis and crystallization

In a solution of hydroxychalcone 1 (0.1 mmol) in acetone
(1.2 mL) was added K,COs (0.2 mmol) and the system cooled to
0 °C. Subsequently, phenacyl bromide 2 (0.14 mmol) was added in a
single portion and the mixture stirred at room temperature for 2 h.
The reaction was monitored by TLC, quenched with distilled water
(1.2mL) and the product extracted with CH;Cly (3 x 10 mL). The
organic phase was dried with anhydrous Na;SOg4, filtered and
concentrated in vacuum. After recrystallization by slow evapora-
tion of methanol the CPPO was obtained as a white crystalline solid

2.75 and 0.92), 7.44 (m, 2H), 7.53 (m, 7H), 7.65 (m, 2H), 7.73 (d, 1H,
J=15.87), 8.02 (dd, 2H, J=8.55 and 1.22). '"H NMR (500 MHz,
CDCl3): 6(ppm) = 5.40 (s, 2H); 7.24 (ddd, 1H, ] = 8.24,2.75 and 0.92),
7.34 (m, 2H), 7.45 (m, 3H), 7.53 (m, 2H), 7.59 (m, 1H), 7.65 (m, 2H),
7.75 (m, 1H), 8,02 (m, 2H), 8.18 (d, 1H, J = 15,8). >*C NMR (125 MHz,
CDCl3): 6 70.6, 113.9, 120.2, 122.1, 124.7, 1271, 127.8, 128.1, 128.9,
129.8, 130.3, 131.3, 133.2, 134.1, 134.4, 135.6, 139.4, 140.8, 158.4,

189.9, 193,8.

2.2. Single crystal X-ray data collection

The experimental data of X-ray diffraction was obtained on
Bruker APEX-II CCD diffractometer using monochromatic MoKa
radiation with wavelength (1) = 0.71073 A. The data collection was
realized at low temperature 120 K and the dimension of the crystal
used was 0.323 x 0.184 x 0.117 mm. The resolution of the structure
was carried out with SHELXS [31] and the refinement with SHELXL
[32], available on the WinGX platform [33]. For graphic represen-
tations we used Olex2 [34], Mercury [35] and Crystal explorer [36]

softwares. The crystallographic information files were deposited in
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(1) C2-H2--02
(2) C1Z-H13--Cl1
(3) C14-C15 03
(4} C8-HOB:--Cgl
(5) C5-HOA--Cg2 4
(6) C3-H3-Cg3

(7) C21-H22-~Cg1

Fig. 3. Interactions present in the compound CPPO.

the Cambridge Crystallographic Data Centre (CCDC) [37] under
code 1936977.

2.3. Hirshfeld surfaces

The HS is determined from the molecule itself and also by the
proximity of the neighboring atoms (closest atom internally and
externally to the molecule) [38—40]. Based on this information it is
possible to obtain details on the molecular interactions. Hirshfeld
proposed a partitioning of the electron density of the molecule, by
defining a weight function w, (equation (1)) for each atom of a
molecule [41].

wan=psn/ > et (1)
iemolecule

where p%(r) stands for the average electron density of the various
atoms. Thus, the electron density of an atomic fragment is defined
as

Table 2
Intermolecular interactions for CPPO.

prel(ry =wa(r)p™(r) (2)

where p!(r) represents a molecular electron density.

The analysis of the intermolecular interactions was performed
from the normalized distance between contacts, dyorm; it is deter-
mined in terms of the distances d, and d; normalized by the van der
Waals radius,

dW
g _di—nt de - 3)
norm — rvdw rvdw
i e

where d, stands for the distance from the nucleus of the outermost
atom nearest to the surface and d; is the distance from the nucleus
of the atom closest to the surface and r*®"represents the of van der
Waals radius (vdW) [38]. The combination of d; and d. allows the
generation of fingerprints, which are 2D graphics that visually
represent all intermolecular interactions, being unique for each
crystal structure [42]. HS was generated with CrystalExplorer17
[43].

D-X---A d(D-X)A d(X---A)A d(D---A)A d(D-X---A)(°) Symmetry code
C8—H9B---Cgl 0.990 2,615 3414 137.82 —14xy.2
C8—HO9A---Cg2 0.990 2.591 3.429 142.39 1+xy.z
C21-H22---Cgl 0.950 3.098 3.809 132.90 1-x,1/2 + y,2-z
C3—H3---Cg3 0.950 3.266 3.909 126.74 2-x,1/2 +y2-z
C2—H2---02 0.950 2.674 3.570 157.56 —14xy,-1+2
C12—-H13---Cl1 0.950 2.890 3.816 165.13 Xy,-1+z
C14—-H15---03 0.950 2.446 3.369 163.97 —14xy,-1+z
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(b)
(tdband (2r) = Cl4-H1 503

(3rjand {4d) = C12-H13~Cl

{3riand (6d)= C2-H2-02

(c) (dy

Fig. 4. The d,orm HS (a—c) and fingerprint (d) evidencing interactions present in the
compound CPPO.

2.4. Computational details

In the present work, the Supermolecule (SM) method was
employed to simulate the polarization effect of the crystalline
environment of the CPPO molecule; details of the SM method can
be found in Ref. [15], where a volume of 2197 unit cells is formed,
each one of them having two asymmetric units, in a total of 193,336
atoms. The SM method is an iterative process calculated by the DFT
method with functional CAM-B3LYP/6-311+-+G(d,p) which ends
with the convergence of the total dipole moment [44—56], see
Fig. 1. Previous results of literature, using theoretical method of SM,
are close to those obtained in experiments for the simulation of
third order macroscopic nonlinear properties [17,45,47].

The first hyperpolarizability component parallel to the dipole
moment, taken as z-direction, is defined by,

3
Bz =% > " (Bii + Bizi + Biiz)- (4)
P

| = C8-HIA-Cg2
2= C8-H9B-Cgl
3=C21-H22-Cel
4=C3-H3-Cgd

(a)

Fig. 5. Hirshfeld surface shape index evidencing C—H--- interactions for CPPO. Representation C8—H9A- -

and C3—H3---Cg3 interactions (b).

100 L0.4
80 0.2
S 0.0
= 60 L-0.2

o= L
.20 --0.4

o 40 L
= caF-06
20 --0.8
L0

0

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 6. Thermogravimetric analysis of crystalline compound CPPO.

In order to show the NLO properties of the crystal CPPO, the
linear refraction index (n(w)) was obtained through the relation

2
nw)—1 4w
——— =5 —w;w), (5)
nw?+2 3V ( )
where (a( — w;w)) is the average linear polarizability and V is the
unit cell volume [57]. The third order nonlinear susceptibility (x3))
is @ macroscopic property [58—60], given by

X(3) (7(‘07 W, 0, — w) :f4w7
Eov

(6)
which is dependent on the second average hyperpolarizability
v(—w;w, w, —w)) and results from the intensity-dependent refrac-
tion index (IDRI).

3. Results and discussion
3.1. Solid state characterization

The monocrystal of compound CPPO crystallized in the mono-
clinic crystalline group under point group P2;. The crystallographic
data were obtained through the X-ray diffraction with unit cell
parameters: a=5.0789 (6) A, b=25.675 (3) A, c=6.7127 (8) A,

(b)

-Cg2 and C8—H9B- - -Cg1 interactions (a). Representation C21—-H22- - -Cg1
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Fig. 7. Graph showing the increase of the average linear polarization «( —w;w) as a
function of frequency w.

a=90°, B=91370 (2)° and y=90°. The crystallography and
structure refinement information are shown in Table 1. The com-
pound CPPO presents 3 aromatic rings and a Cl atom attached to
C20 atom of the aromatic ring 3 (Fig. 2).

The C8—HO9B---Cgl, C8—HO9A.--Cg2, C21-H22 Cgl,
C3—H3---Cg3, C2—H2---02, C12—H13---CI1 and C14—H15---03 in-
teractions contributes for stability of the supramolecular arrange-
ment of CPPO (Fig. 3). The interactions C2—H2---02, C12—H13---Cl1
and C14—H15---03 contribute to the expansion of the structure
along the c axis (Fig. 3a), C8—H9B---Cg1 and C8—H9A---Cg2 con-
tributes along the b axis (Fig. 3b) while C21—H22---Cg1 and
C3—H3---Cg3 contribute for the a axis (Fig. 3c). The geometric pa-
rameters for these interactions are presented in Table 2.

The dyorm HS is based on the electron density and indicates re-
gions of interactions present in CPPO (Fig. 4). The regions with more
intense colors show sites of possible interactions. According to
Fig. 4a—c, the interactions C14—H15---03, C12—H13:--CI1 and
C3—H3---03 are confirmed by the donor regions (1d), (4d), (6d) and
receptor regions (2r), (3r), (5r), respectively. Note that,
C14—H15---03 interaction has the most intense color region [(1d)
and (2r)] and shorter distance between donor and acceptor atoms

Table 3

w(a.u.)

Fig. 8. Linear refraction index n(w) as a function of frequency w.

(D---A=3.369 A), indicating a stronger interaction. In addition, the
fingerprint plot (Fig. 4d) generated from d. and d; distribution
contributes to the analysis of total interactions present in CPPO.
This representation is a graph plotted in two dimensions and in-
dicates the percentage contribution of each interaction. The con-
tacts involving hydrogen atoms (H---H) represent 31% of total of
interactions for the compound CPPO, while C—H---7 interactions
(H—C) represent 32.2%, C—H---0O interactions (H—O) contribute with
17.7%, interactions involving Cl atoms (H—Cl) represent 10.1% and
contacts between aromatics rings (C—C) indicate 4.4%. These con-
tacts indicate about 95.4% of the total interactions present in
compound CPPO.

The C—H- - - interactions present in CPPO can be analyzed by
the shape index HS (Fig. 5). In Fig. 53, the concave red region over
aromatic ring 2 and the convex blue regions over C8—H9B atoms
confirm the interactions C8—H9A---Cg2 (i) and C8—H9B---Cg1 (ii),
respectively. Fig. 5b confirms the C21—-H22---Cg1 (iii) interaction
involving the center of gravity of aromatic ring 1 (Cg1) with convex
region over C21—H22 atoms while C3—H3---Cg3 (iv) interaction is
confirmed by concave red region over aromatic ring 3.

Results of the second average hyperpolarizability y( —w; ,0,0) for the dc-Kerr effect and the second average hyperpolarizability v( —w; w, w, —w) IDRL

© B2 - 2w;0,0) (7( — w;0,0,0)) (- w0, —w))
0.000 -2.59 69.30 69.30
0.003 -2.57 69.57 69.85
0.004 -2.57 69.61 69.92
0.006 -2.58 69.71 70.12
0.007 —-2.58 69.77 70.25
0.008 —2.59 69.85 70.40
0.009 —2.59 69.94 70.57
0.010 -2.60 70.03 70.77
0.024 -2.75 72.51 75.71
0.043 -3.17 79.96 90.61
0.050 -3.35 84.45 99.59
0.060 -3.31 92.89 116.48
0.070 —34.52 104.93 140.55
0.072 -16.75 107.92 146.53
0.080 121.92 122.52 175.74
0.086 -113.17 136.18 203.07
0.090 -103.19 149.38 229.46
0.095 49.40 168.43 267.55
0.100 134.84 193.26 317.23
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Fig. 9. Increase of the third order non-linear susceptibility in (x®)(—w;w,w, —v) in

2
1022 (%) as function of the increase of frequency .

3.2. Thermal analysis

The thermogravimetric analysis was performed on compound
CPPO at an initial temperature of 25 °C reaching up to 800 °C, as can
be seen in Fig. 6. It can be seen that the compound maintains its
mass at temperatures close to 220 °C. After this temperature, two
intervals of great mass loss occur. We found the first large mass loss
of the compound between 220°C and 325°C, approximately
33.65%; on the other hand, between temperatures 540°C and
680 °C the compound loses about 26.36% of its mass.

Considerable mass decrease also occurred in the interval
325°C—540°C, but on a smaller scale when compared with that
mentioned above. The thermogravimetric analysis was performed
using a heating rate of 10 °C/min together with a Nitrogen flow at
20 mL/min. This analysis was performed in the Perkim Elmer Pyris
1TGA equipment, installed in the State University of Goias.

3.3. Nonlinear optical properties

The nonlinear optical properties of the CPPO crystal, obtained
from the DFT/CAM-B3LYP/6-311++G(d,p) method, are discussed
below as a function of the electric field frequency. Fig. 7 shows the
increase of the average linear polarization «( —w;w) of the CPPO
crystal. In it we can observe an increase of 15.44% (42.69x 10~ 24esu
and 49.28 x 10~24) when the frequency goes from the (static) case
w=0tow =0.1au.

The first hyperpolarizability component parallel to the dipole
moment, take as z-direction, was calculated as a function of

Table 4

frequency and the results is included in Table 3; it shows the first
hyperpolarizability (in units of 10-3%su) as function of the electric
field frequency, it shows that the §,-values increases with the
increasing of the frequency from the static value 2.59 x 10~3%su
up 134.84 x 103%su (w=0.10a.u.). The second average hyper-
polarizability v( —w; w, 0, 0) derived from the dc-Kerr effect and the
second average hyperpolarizability IDRI y(—w;w,w, —w) of the
crystal showed an increase of 178.88% and 357.76% respectively
when the frequency varies from w = 0 to w = 0.1 a.u., as displayed
in Table 3.

According to results of all NLO properties of the present crys-
talline compound, the increase in their values with increasing fre-
quency can be seen in Figs. 7—9 and also in Table 3.

The linear refraction index (n(w)) of the crystal CPPO is shown in
Fig. 8 as function of frequency w; this index is obtained through
Equation (4). When operating at the frequency of w = 0.1 a.u. the
linear refraction index increased by 9.4% in relation to the static
case (w = 0). Table 4 exhibits the refraction indexes of the CPPO
crystal and other structures already studied for 532nm (w =
0.086 a.u.), showing that the value of this property exibited by the
compound surpasses most of structures operating in wavelength
532 nm.

According to Equation (5), we obtain the third-order suscepti-
bility (x®(—w;w,w,—w) as function of the second hyper-
polarizability y(-w;w,w,—w) IDRL. As occurs in other NLO
properties, the susceptibility also increases with increasing fre-
quency, as shown in Fig. 9. The increase of the (x®)(—w; v, w, —w)
susceptibility for w = 0.1 a.u., was 357.76%, see Fig. 9, coinciding
with the result obtained for the average of the second hyper-
polarizability IDRI.

Comparing with other crystalline compounds, as shown in
Table 5, we see that the value obtained for the third-order non-
linear susceptibility (x®®)) for 532 nm wavelength of CPPO crystal
resulted excellent. On the other hand, comparing our results with
those obtained in experiments and also with those obtained from
the DFT/CAM-B3LYP/6-311++G(d,p) for the compound (2E)-3-(3-
methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one we see that the
CPPO crystal is approximately 3 and 1.9 times higher respectively.

Compound CPPO has a donor-acceptor system, so the charge can
be transferred through the phenyl rings from the chlorine group,
which is responsible for determining the properties of the NLO.
Phenyl rings essentially act as a bridge in the presence of strong
donor-acceptor substituents and this is one reason for obtaining
nonzero values of static and dynamic hyperpolarizabilities as
microscopic NLO responses.

4. Conclusions
A potential new organic chlorine substituted chalcone 3-(2-

chloro-phenyl)-1-[3-(2-oxo0-2-phenyl-ethoxy )-phenyl]-propan-1-one
single crystal was synthesized by slow evaporation technique. The

Comparison of results for linear refractive index n(w) for wavelength 532 nm.

n(w))

CPPO (this work)

1.859

(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one [61]
(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one [15]
4,6-dichloro-2-(methylsulfonyl)pyrimidine [53]
(E)-3-(2-bromophenyl)-1-(2-((phenylsulfonyl)amine)-phenyl)prop-2-en-1-one [55]
1-(5-chlorothiophen-2-yl)-3-(2,3-dimethoxyphenyl)prop-2-en-1-one [61,62]
(2E)-1-(4-bromophenyl)-3-[4-methylsulfanyl) phenyl]prop-2-en-1-one [1]
(2E)-1-(3-bromophenyl)-3-[4 (methylsulfanyl) phenyl]prop-2-en-1-one [1]

(2E)-3 [4 (methylsulfanyl)phenyl]-1-(4-nitrophenyl)prop-2-en-1-one [1]

1.418
2.002
1.613
1.680
1.594
1.363
1.365
1.360
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Table 5

2
Comparison of results of the third-order nonlinear susceptibility y) < x 1022 (g) ) for wavelength 532 nm.

)

CPPO (this work) 530.093
(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one [61] 277.100
(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one [15] 176.400
4,6-dichloro-2-(methylsulfonyl)pyrimidine [53] 56.740
(E)-3-(2-bromophenyl)-1-(2-((phenylsulfonyl)amine)-phenyl)prop-2-en-1-one [55] 25.700
1-(5-chlorothiophen-2-yl)-3-(2,3-dimethoxyphenyl)prop-2-en-1-one [61,62] 23.830
1-(5-chlorothiophen-2-yl)-3-(2,3-dichlorophenyl)prop-2-en-1-one [10] 16.210
2-(4-methylphenoxy)-NO-[(1E)-(4-nitrophenyl)methylene]acetohydrazide [63] 10.240
1-(4-aminophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one [28] 8.700
(2E)-3 [4 (methylsulfanyl)phenyl]-1-(4-nitrophenyl)prop-2-en-1-one [1] 2.370
(2E)-1-(4-bromophenyl)-3-[4-methylsulfanyl) phenyl]prop-2-en-1-one [1] 2.300
(2E)-1-(3-bromophenyl)-3-[4 (methylsulfanyl) phenyl]prop-2-en-1-one [1] 1.990

X-ray diffraction confirms grown CPPO crystal crystallizes on non-
centrosymmetric, monoclinic space group P2;. The presence of
carbon and proton is confirmed by 'H NMR and >C NMR spectral
analyses. The thermal analyses reveal that the crystal has good
stability and the melting point of CPPO is observed from TGA at
220 °C. Using the SM method in conjunction with DFT/CAM-B3LYP/
6-311++G(d,p) to calculate the total moment of dipole u, the av-
erages linear polarizability a( —w;w), second hyperpolarizabilities
DC-Kerr y(-w;w,0,0) and IDR], y( — w;w, v, — w), the linear
refraction index (n(w)) and third order nonlinear macroscopic
susceptibility 3 (- w;w,w, — w), all NLO properties of the crys-
talline structure CPPO increased according to the frequency used.
The Crystal x®)(—w; w, w, —w) CPPO exhibited values ranging from
1.9 to 266 times higher than the experimental results presented in
the literature. Therefore, crystal CPPO reveals the suitability of the
materials to be utilized in NLO properties with promising results,
placing the crystal CPPO as a good candidate for applications in
NLO.
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ABSTRACT: Fossil fuels, which represent an important villain for the terrestrial ecosystem, are non-renewable sources of energy,
which prompt many discussions about how long petroleum will remain available for use. As an alternative, new energy sources have
been explored, including biofuels, such as biodiesel and ethanol. However, their use can raise some problems, such as lower storage
stability associated with poor oxidation stability and lower energy availability, which affect consumption, emissions, and energy
efficiency. In this context, a comprehensive study with structural description, theoretical calculations, and calorific power test was
performed for a new halogen chalcone 4-(4-chlorophenyl)-1-[4-(2-oxo-2-phenylethoxy)phenyl]butan-2-one to understand its
supramolecular arrangement and physicochemical properties. The structural description was carried out by X-ray diffraction with the
contribution of Hirshfeld surfaces. The theoretical calculations were carried out using density functional theory with the contribution
of calorific power determined by a calorimetric pump. All observed results characterize the new chalcone as a potential additive for

biofuels.

1. INTRODUCTION

In recent years, the need to implement new environmental
policies aimed at reducing the emission levels of atmospheric
pollutants, especially with regard to gases emitted by motor
vehicles, has been increasingly discussed. According to
Lelieveld et al,' air pollution in 2010 was responsible for
about 3 million premature deaths across the globe, reinforcing
the importance of establishing controls on the emission levels
of polluting gases. From the environmental point of view, fossil
fuels represent an important villain for the terrestrial
ecosystem, because when burned in engines, they generate as
byproducts polluting gases, such as carbon monoxide (CO),
nitrogen oxides (NO,), and particulate matter. In addition,
because they are non-renewable sources of energy, they have
limited availability, which prompts many discussions about
how long petroleum will remain available for use.” As an
alternative, new energy sources have been explored, including
in this context biofuels, such as biodiesel and ethanol, that
increasingly contribute to the global energy matrix.’ De
Oliveira and Coelho® affirm that, in 2014, biodiesel and
ethanol represented the renewable fuels most used in land
transportation around the planet.

Biofuels are biodegradable fuels produced from biomass,
thus representing renewable sources of energy;> for example,
biodiesel in internal combustion vehicles favors the reduction
of the emission of atmospheric pollutants and improves the
lubrication condition of moving parts of the fuel supply
system.” Despite the advantages offered by biofuels, their use
can bring some problems, such as lower storage stability
associated with poor oxidation stability and lower energy
availability, which affect consumption, emissions, and energy
efficiency. In addition, the calorific value of biodiesel is usually
lower than mineral diesel: a 5% lower calorific value has been
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reported for biodiesel, and there are studies that report power
losses of 1—8% in engines using biodiesel.” This reduction in
power occurs as a result of the lower energetic availability of
the esters in relation to the hydrocarbons that make up the fuel
extracted from the petroleum. Fuel consumption tends to be
higher when using biodiesel to power engines.”

In the coming years, the share of biofuels in the world
energy matrix is likely to grow and the use of renewable fuels
will increase from 1.3 million barrels of equivalent oil per day
(2012) to 4.6 million barrels of equivalent oil per day (2040).”
The development of technologies will allow for the use of
biofuels in engines, minimizing the associated negative points.
There are already several works evaluating the efficiency of
additives for biofuels of different composition, improving the
stability of the additive fuel, and generating better energy
efficiencies and emission levels.'”"'

The development of an additive is a complex process
consisting of a series of tests aiming to evaluate the
performance of the compound, ranging from molecular
elucidation to application in blends with fuels, establishing
the relationship between molecular structure and properties.
Thus, compounds characterized with certain potential proper-
ties, such as antioxidant action and good energy availability,
represent possible additives for fuels. In this context, chalcones
are molecules that are widely associated with chemical and
biological actions that could favor the use of biofuels, which
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Scheme 1. Synthesis of Chalcone HCC
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can reduce the problems related to the lower stability and
energy efficiency of biofuels when compared to fossil fuels.
These molecules have several activities reported in the
literature, such as antioxidant,"*™'® antibactericidal,"*~>* and
antifungal,lx’zs’24 among others.'®*°™%°

This work presents the synthesis, spectroscopy, calorific
power test, and molecular structure of a new halogen chalcone
4-(4-chlorophenyl)-1-[4-(2-ox0-2-phenylethoxy)phenyl]-
butan-2-one (HCC), C,3H;,ClO;. The analyses of molecular
interactions and supramolecular arrangement were performed
by the geometric parameters and Hirshfeld surfaces (HS).*~*>
The electronic study was carried out using the density
functional theory (DFT) to generate the frontier molecular
orbitals (FMO)>® and molecular electrostatic potential map
(MEP).>* Additionally, the calorific power was determined
experimentally by a calorimetric pump. All of the observed
results characterized this new chalcone as a potential additive

for biofuels.

2. EXPERIMENTAL AND COMPUTATIONAL
PROCEDURES

2.1. Synthesis and Crystallization. To a solution of
hydroxychalcone 1 (0.1 mmol) in acetone (1.2 mL) was added
K,CO; (0.2 mmol), and the system cooled to 0 °C. Subsequently,
phenacyl bromide 2 (0.14 mmol) was added in a single portion, and
the mixture was stirred at room temperature for 2 h. The reaction was
monitored by thin-layer chromatography (TLC) and quenched with
distilled water (1.2 mL), and the product was extracted with CH,Cl,
(3 X 10 mL). The organic phase was dried with anhydrous Na,SO,,
filtered, and concentrated in vacuo. After recrystallization by slow
evaporation of methanol, the product was obtained as a yellow
crystalline solid in 50% yield (Scheme 1). The synthesis was carried
out with specific chemical elements (hydroxychalcone, K,COj;,
phenacyl bromide, CH,Cl,, anhydrous Na,SO,, and methanol) that
can be purchased from companies specialized in the sale of chemical
reagents. "H NMR (500 MHz, DMSO): § 5.75 (s, 2H), 7.12 (m, 2H),
7.51 (m, 2H), 7.59 (m, 2H), 7.68 (d, 1H, J = 15.64 Hz), 7.71 (m,
1H), 7.91 (m, 2H), 7.94 (d, 1H, J = 15.56 Hz), 8.03 (m, 2H), 8.14
(m, 2H). 3C NMR (125 MHz, DMSO): § 70.8, 115.2, 123.3, 128.4,
129.3, 129.4, 130.8, 130.9, 131.2, 131.3, 134.4, 135.4, 142.2, 162.5,
187.8, 194.5.

2.2. Single-Crystal X-ray Analysis. The diffraction data of HCC
were obtained from the diffractometer Kappa CCD model equipped
with monochromatic radiation Mo Ka at room temperature. For
refinement and data reduction, the software SAINT®® was applied.
The structure was solved by direct methods and anisotropical
refinement with full-matrix least squares on F* using the refinement
program SHELXL-2014.>**" The molecular representation was
obtained using the programs ORTEP and Mercury.*®*® Table 1
presents the crystal data and structure refinement for HCC. The total
data are deposited in the Cambridge Crystallographic Data Centre
(CCDC)* (code 1936534).

2.3. Topological Analysis. The analysis of the intermolecular
interactions from electronic densitz was carried out with HS and
fingerprint plots by CrystalExplorer'' software. The HS are based on
the electron density around the molecule with the neighboring
molecules and contributed to identifying regions susceptible to

Table 1. Crystal Data and Structure Refinement for
Chalcone HCC

parameter Cy;H,,ClO; (HCC)
formula weight (g/mol) 376.82
temperature (K) 293(2)

wavelength (A)
crystal system, space group, Z

0.71073

triclinic, P1, 2

a =5.1944(7) A, a = 80.094(2)°
b =9.7597(13) A, p = 84.315(2)°
c=18261(2) A, y = 81.265(2)°

unit cell dimensions

volume (A3) 898.8(2)
calculated density (g/m?) 1.392
absorption coefficient (mm™") 0.234
F(000) 392

full-matrix least squares on F*
goodness of fit on F* 1.031

final R indices [I > 26(I)] R, = 0.0466, wR, = 0.0994
R indices (all data) R, = 0.0764, wR, = 0.1106

refinement method

. . 30,3242 .
intermolecular interactions.” """~ For construction of these surfaces,

the normalized distance between contacts (d,.,) is determined in
terms of the distance from the surface to the nearest nucleus in
another molecule (d,) and the distance from the surface to the nearest
atom in the molecule itself (d;) normalized by the van der Waals
(vdW) radius®®*>*3%

di _ TinW d — rvdW

€ €
dnorm - vdW vdW
1 Te (1)
where 7'V is the vdW radius of the appropriate atom internal to the

surface and r'® is the appropriate atom external to the surface; as
mentioned, d, is the distance from a point on the surface to the
nearest nucleus outside the surface, while d, is the distance from a
point on the surface to the nearest nucleus inside the surface. This
dporm function represents the normalized contact distance, defined in
terms of d,, d, and the vdW radii of the atoms.****

The combination of d, and d; allows for the generation of
fingerprint plots, which are a two-dimensional (2D) graphic
representing the percentage contribution of the contacts present in
the molecule.* In addition, the HS shape index contributes to
analysis of interactions involving the 7 system. This surface is defined

by

5= (2 oeon )

where S is defined between —1 and +1 and K, and K, are eigenvalues
of the diagonalization of a Hessian matrix.*%*?

2.4. Calorific Power. Calorific power is the amount of heat
released by the fuel when completely burned under a given
temperature (J/g). The bomb calorimeter IKA C200 model was
used according to the standard test method for combustion heating of
liquid hydrocarbon fuels (ASTM D4809). At the beginning,
the equipment was filled with water at a temperature between
18 and 24 °C. Following this, a known mass of sample was added to a
gelatin capsule and inserted into the sampler. When the sample was
burned, the heat generated by the combustion promoted a
temperature change in the initially added water. This variation was

(K + K,)
(Kl - Kz)
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Figure 1. ORTEP representation with thermal ellipsoids at 50% probability.

8=79.52°
8= 74.58° Y
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Figure 2. Angles between the aromatic ring planes of HCC: (green plane) aromatic ring 3, (red plane) aromatic ring 2, and (blue plane) aromatic

ring 1.

used to calculate the energy released by the sample, because the
equipment already has a predefined ratio of the amount of heat
needed to heat the water at 1 °C. Finally, the ratio of released energy
to added sample mass represents the result of the calorific value
obtained.

2.5. Theoretical Analysis. Theoretical calculations were carried
out for HCC using DFT* to optimize the positions experimentally
determined from the X-ray data. The calculations were carried out in
the Gaussian09*® software with M062-X* functional and 6-311+
+G(d,p)*”*" basis set. This theory level used present satisfactory
results, considering the electronic correlation,”*® and is also
recommended for non-covalent interactions.*”** From these calcu-
lations, the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) were calculated, representing
the FMO.>**> In addition, the MEP was calculated for the total
electron density from a potential V(r) created at a point r by the
action of the nuclei

V(l‘) — Z ZA _ p(‘f’) dr

~ IRy — 1l r—r (3)

where the first term of summation represents the electrostatic
potential created by the nucleus and the second term is the
electrostatic potential created by the electrons as a function of the
electronic density. Z, is the charge on nucleus A, located at Ry. p(r) is
the electronic density function of the molecule, and V(r) is a real
physical groperty or can be measured experimentally by diffraction
methods.”*

3. RESULTS AND DISCUSSION

3.1. Solid-State Description. The compound HCC
crystallized as the centrosymmetric triclinic space group P1I,
with one independent molecule in the asymmetric unit and
two molecules in the unit cell (Table 1). The HCC molecule

presents a halogen atom (chlorine) attached to aromatic
ring 3, and the CgH,O, group is attached to aromatic ring 2
(Figure 1).

Chalcone HCC has a high specific mass value, which is quite
advantageous from an energy point of view, because the
injection systems of internal combustion engines dose the fuel
through the parametrization of the volume injected into the
combustion chamber, which is dosed by the nozzle injectors.
Thus, high specific mass values allow for greater availability of
mass in smaller volumes, which optimizes the energy supply,
improving the energy efliciency of vehicles. Nevertheless, this
increase in energy supply demands greater availability of
oxygen according to the stoichiometry of the fuel-burning
reaction.

Chalcones are usually identified with almost planar
conformation, and this structural aspect is related to their
potential for application in several areas.”° " The chalcone
moiety is almost planar and differs only §; = 6.39° between the
planes of aromatic rings 3 and 2. In contrast, the CgH,0,
group shows a large deviation from the planarity of the
chalcone moiety, with a difference in interplanar angles of 6, =
79.52° (between aromatic rings 2 and 1) and &, = 74.58°
(between aromatic rings 1 and 3). The difference in interplanar
angles between the aromatic rings can be seen in Figure 2.

The supramolecular arrangement of HCC is stabilized by
C—H--O, C—H:-x, and C—H---Cl interactions, with five
dimers and two bifurcate interactions. C14—H14---O2, C11—
H11--03, and C19—H19---Cgl contribute to direction (100),
while C5—HS--03, C8—HS8A:-O3, and C13—-H13--01
interactions contribute to growth and stability, with zigzag
forms alongside (010), and C3—H3---Cl1 and C8—H8B:--O1
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Figure 3. Representations of the main HCC interactions.

interactions form chains contributing to direction (001). C13— (Figure 3b), and C3—H3---Cll (Figure 3c) interactions are
H13--O1 (Figure 3a), Cl14—-HI14--02, Cl11-HI11--03 dimers, while C8—HB8A:--:O3 and C5—HS---O3 interactions
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Table 2. Principal Interactions for HCC
D—H--A d(D-H) (A) d(H-A) (A) d(D-A) (A) d(D—H--A) (deg) symmetry code

C14—H14--02 0.930 2.396 3.317 170.62 “1-—x1-y1-z
C8—H8B---01 0.970 2.585 3.55§ 179.09 “l1+xyz
CS5—HS---03 0.930 2.616 3.368 138.32 %, -y 1—-z
C8—HB8A--03 0.970 2.500 3.387 152.03 -, -y 1 -z
CIl11-H11---03 0.930 2.644 3.306 128.73 1—x-y1-z
C13—H13--01 0.930 2.740 3.620 158.39 —x1-y1-z
C19—-H19---Cgl 0.930 3.163 3.993 149.56 1—x%-y1-z
C3—H3---Cl1 0.930 2.849 3.557 133.81 —2+x-1+y1+z

form a bifurcate interaction with O3 oxygen, which also forms
a dimer (Figure 3a). These interactions and their geometric
parameters are shown in Figure 3 and Table 2.

The interactions described from geometric parameters with
X-ray data were confirmed by electronic density with HS
analysis. The HS dnorm indicates the donors and receptors of
molecular contacts of the regions: red sites indicate short
distances and stronger interactions, while blue sites indicate
the absence of contacts or weak contacts. In panels a and b of
Figure 4, regions (1d), (3d), (5d), (7d), (9d), (11d), and
(13d) represent donor sites, while regions (2r), (4r), (6r),
(8r), (10r), (12r), and (14) indicate receptor sites with
interactions C5—HS5--0O3, C8—HS8A:--0O3, C14—H14---02,
C8—H8B---01, Cl11-HI11--03, C13—H13---O1, and C3-
H3---Cll, respectively. Note that regions (5d) and (6r),
relative to the C14—HI14---O2 interaction, have the most
intense color, indicating a stronger interaction, and this
interaction also has the shortest distance (DA = 3.317 A).

The fingerprint plots (panels ¢ and d of Figure 4) show the
contribution of the interactions to the stability of the
crystalline structure of HCC. The C—H:-O interactions
represent 18.1% of the contacts present in HCC (Figure 4c).
The interactions involving H (Figure 4d) represent 31.6% of
the contacts of the structure; this large number of contacts
involving H is because HCC is an organic molecule, while the
interactions involving chlorine (H--Cl) correspond to 10.2%
of the stability of HCC, and C—H:-x interactions correspond
to 33.1%.

C—H--7 interactions are shown by the HS shape index.
Large red regions over aromatic systems and convex blue
regions over C—H atoms confirm the interactions involving the
V2 systems.32’61 In Figure Sa, the interaction C19—H19--Cgl
(I) and (II) is confirmed by the red region over aromatic ring 1
and convex blue region over C19—H19 atoms.

3.2. Energetic and Theoretical Analysis. The calorific
power or lower heat value test results present a value of
40040 J/g for chalcone HCC, a value similar to that of
gasoline (40 899 J/g) and superior to butanol (35 605 J/g) and
ethanol (28895 J/g) (Figure 6). These values found
experimentally are close to what is described in the literature.
Elfasakhany®” reported lower heat values for n-butanol and
gasoline of 33100 and 42700 J/g, respectively. In turn,
Bayraktar® and Yiiksel and Yiiksel®* reported a calorific value
for gasoline of 44 000 J/g and for ethanol of 27 000 J/g. The
calorific power is related to the ability of compound release
energy in oxidation and for fuels, and high calorific power
values are associated with better performance. Note that the
relative difference between chalcone HCC and gasoline fuel is
only 2.14%. This property is very interesting and can
contribute to the application of this molecule as an additive

for biofuels.

Energy availability is directly dependent upon the molecular
shape of the compound. Therefore, characteristics, such as the
content of oxygenated compounds, amount of carbons, and
chemical bonding structure, influence the thermodynamic
properties of a compound and, consequently, affect the fuel
performace and energy efficiency of the vehicle. The difference
in the calorific values shown in Figure 6 is related to all of these
factors, considering that different types of molecules form each
fuel. The HOMO is spread over aromatic rings 2 and 3 and
Cl1 atom, while the LUMO is over all molecules, except for
aromatic ring 1 (Figure 7). The bonding orbital and the
antibonding orbital are characterizing by electronic levels
HOMO and LUMO, respectively.”” The difference between
the energies of the HOMO and LUMO (occupied and
unoccupied orbitals, respectively) is called the GAP energy
(Egap) or simply GAP. This parameter is an important
indicator of the chemical stability of the molecule and
reactivity. High GAP values suggest high chemical stability,
high excitation energies, and low chemical reactivity.”” The
HOMO energy calculated for HCC is approximately
—749.133972 kJ/mol; the LUMO energy calculated for
HCC is approximately —602.352758 kJ/mol; and GAP is
146.791 716 kJ/mol.

Mohammed et al.?° evaluated the efficiency of five
thiazolidinone molecules as antioxidant additives for base
oils, finding satisfactory results after evaluating the values of
total acidity number (TAN) and kinematic viscosity. The five
molecules have GAP values ranging from 3.197 to 4.993 eV,
which are equivalent to 308.5—481.8 kJ/mol. Babu et al.”’
conducted a study on some properties of butylated
hydroxytoluene (BHT) that presented a GAP value that is
equivalent to 546.1 kJ/mol. BHT is a derivate of phenol, which
is useful for its antioxidant properties and is widely used to
prevent free-radical-mediated oxidation in fluids (e.g, fuels and
0ils).®*~7° Raja et al.”® in a study on optical properties for BHT
found a GAP value equivalent to 548.8 kJ/mol.

Kumar et al.”” carried out a study on a toluene derivative
(toluene can be used as an octane booster in gasoline fuels for
internal combustion) and, in this study, found a GAP value
equivalent to 477.8 kJ/mol. In addition, Rad”® in a study for
some ether molecules (which can be used as starting fluid for
many difficult-to-start engines, especially diesel engines) found
a GAP value ranging from 273.8 to 404.6 kJ/mol. All of these
GAP values indicate greater chemical stability of these
compounds in relation to HCC; however, Sakurai et al.”’
carried out a synthesis and characterization of p-phenylenedi-
amine derivatives, and Ritonga et al.* in a similar study found
GAP values similar to those found for HCC. p-Phenylenedi-
amine can be used as an antioxidant additive on NO,
emissions and shows good results.”' ~** Breza and Puskarova®
carried out DFT studies of the effectiveness of p-phenylenedi-
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(1d) and (2r) = C5-H5-03
(3d) and {d4r) = C8-HBA~O3
(Sd) and (6r) = C14-H14-O2
(7d) and (8r) = C8-H8B~-01
(9d) and (10r) = C11-H11-03
(11d) and (12r) = C13-H13-O1
(13d) and (14r) = C3-H3-CI1
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Figure 4. (a and b) HS dnorm evidencing interactions present in HCC. (c—f) Fingerprint plots with quantitative contacts for HCC.

amine antioxidants, finding HOMO/LUMO values for some
structures that indicate instability as well as HCC. Besides,

Diab et al®® found a GAP value of 73.6 kJ/mol with p-
phenylenediamine derivatives, which also indicates low
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Figure 6. Comparison between the calorific power for gasoline,
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Figure 7. HOMO and LUMO distribution and energy band gaps for
HCC. Orbitals calculated at M062-X/6-311++G(d,p).

stability. Finally, Yang et al®” conducted a study with five
derivatives of p-phenylenediamine and found the equivalent
GAP values ranging from 56.8 to 114.5 kJ/mol, according to
the value found for HCC. Although HCC showed low stability
values as a result of the GAP value, this value also indicates
high chemical reactivity, and as this reactivity occurs with an
overall release of energy, it is an interesting factor in a chemical
process.

The calculation of MEP indicates regions of the molecule
susceptible to nucleophilic or electrophilic reaction. Regions
with red color indicate negative sites, while blue regions
indicate positive sites; for negative sites, electrophilic attack
can occur, and for positive sites, nucleophilic reactions can
occur. On the MEP (Figure 8), nucleophilic sites are
concentrated over hydrogen atoms, while electrophilic sites
are located over oxygen atoms. Note that the region around
the O1, O2, and O3 atoms appears to be a region more
susceptible to interactions. The interactions present in HCC
chalcone indicate regions that can favor burning reactions in
the engine. However, this characteristic must be carefully
evaluated because the engine, a complex thermodynamic
system, admits compounds that, when reacting with the air—
fuel mixture, under severe conditions of temperature and
pressure, can generate elements that are harmful to human
health, which are harmful byproducts released by the exhaust
system of the engine. Therefore, it is recommended that the
behavior of chalcone HCC should be evaluated when applied
as a fuel additive by means of standardized vehicle emission
tests, in accordance with current legislation.

4. CONCLUSION

HCC crystallized under triclinic space group P1 with two
molecules in the unit cell. The supramolecular arrangement is
stabilized by C—H---O, C—H:--z, and C—H--Cl interactions.
The theoretical calculation analysis indicates nucleophilic sites
concentrated over hydrogen atoms, while electrophilic sites are
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Figure 8. MEP for HCC, with the surface calculated at M062-X/6-311++G(d,p) and density range from —5.298 X 107> to 5.298 X 107> hartree.

located over oxygen atoms. The region around the O1, O2,
and O3 atoms indicates a location that is more susceptible to
interactions. The energy analysis for calorific power showed a
value similar to gasoline fuel. The HOMO energy calculated is
approximately —749.133972 kJ/mol; the LUMO energy
calculated is approximately —602.352 758 kJ/mol; and GAP
is 146.791 716 kJ/mol. Although HCC chalcone has a high
calorific value, complementary studies should be carried out to
verify its stability and to examine how the use of the molecule
as an additive can influence the levels of emissions. Thus, it is
possible to characterize the compound as an additive that
meets all of the demands associated with this type of
technological application. All of the parameters presented
indicate that chalcone HCC is a potential additive for biofuels,
for either energy enhancement, chemical susceptibility, or a
possible biological application.
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