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RESUMO
A classe geral dos flavonoides vem sendo alvo de diversos estudos devido

as suas acdes farmacologicas, como anti-inflamatdrias, anti-carcinogénicas,
antiviral, antifungica, bactericida, antimicrobiana e antioxidante, sendo utilizados
também para tratamentos de doencas cardiovasculares, alergias, entre outras.
Essas propriedades podem ser relacionadas pelas caracteristicas estruturais de
cada composto, como grupos funcionais, tipo de interagfes etc., demonstrando
assim a importancia da compreensao estrutural para a analise da relacdo estrutura-
atividade. Partindo dessa premissa foram elucidados atraves da Difracao de raios-
X os flavonoides, epicatequina e chalcona terpenoide (o primeiro extraido da
planta Salacia crassifolia e 0 segundo obtido através da sintese de condensacao
de Claisen-Schmidt), obtendo-se parametros geométricos, analises topologicas e
calculos tedricos com base na mecanica quantica. Desta maneira essa dissertacéo
se torna importante devido a toda elucidacgdo estrutural apresentada, permitindo
estudos futuros como, a analise de relagdes estrutura-atividade dos compostos
apresentados nesta dissertacao, e de futuras estruturas homologas obtidas através

de sinteses.

Palavras-chave: flavonoides, cristalografia, analise topologica.



ABSTRACT
The general class of flavonoids has been the target of several studies due to

their pharmacological actions, such as anti-inflammatory, anti-carcinogenic,
antiviral, antifungal, antibacterial, antimicrobial and antioxidant, being used also
for treatments of cardiovascular diseases, allergies, among others. These
properties can be related to the structural characteristics of each compound, such
as functional groups, type of interactions, etc., thus demonstrating the importance
of structural understanding for the analysis of the Structure-Activity relationship.
Based on this premise the flavonoids, epicatechin, and terpenoid-like chalcona
(the first extracted from the Salacia crassifolia plant and the second obtained
through the Claisen-Schmidt synthesis) were elucidated through X-ray
diffraction, obtaining geometric parameters, topological analyzes, and theoretical
calculations based on quantum mechanics. In this way, this dissertation becomes
important due to all the structural elucidation presented, allowing future studies
such as the analysis of Structure-Activity relationships of the compounds
presented in this dissertation, and of future homologous structures obtained

through syntheses.

Keywords: flavonoids, crystallography, topological analysis.
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1 INTRODUCAO

A elucidacdo estrutural de compostos possui um importante papel no
trabalho cientifico, pois permite entender suas propriedades e a aplicabilidade de
forma interdisciplinar, nas &reas da biologia molecular, quimica, fisica,
farmacologia, geologia, ciéncias dos materiais, entre outras (KOVALCHUK,
2011; AITIPAMULA; VANGALA, 2017, BROOKS-BARTLETT; GARMAN,
2015). Dentre as diversas metodologias utilizadas para o conhecimento do arranjo
estrutural, a difracdo de raios-X € a mais adequada, devido a alta resolucdo que
permite descrever a densidade eletronica mediante a obtencdo indireta da
correspondente imagem (WATKIN, 2010).

Desta maneira, a necessidade de moléculas com acbes potencializadas de
aplicacdo pode ser suprida a partir do seu conhecimento estrutural, através da
cristalografia, como no caso dos flavonoides, que tem sido alvo de extensivos
estudos devido as suas expressivas a¢des farmacoldgicas (WANG,; LI; BI, 2018),
tais como anti-inflamatorias, anti-carcinogénicas, antiviral, antifingica,
bactericida, antimicrobiana, antioxidante, sendo utilizados também para
tratamentos de doencas cardiovasculares, alergias, entre outras (AGRAWAL,
2011; HARBORNE; WILLIAMS, 2000; HAVSTEEN, 1983; HAVSTEEN,
2002). Essas propriedades podem ser explicadas pela relacdo estrutura-atividade,
como grau de co-planaridade, presenca de diferentes grupos funcionais (que
devem ter sua disposicdo tridimensional favorecendo uma maior
complementariedade ao sitio de ligacdo bioldgico), tipo de interaces (uma vez
que as propriedades estdo diretamente relacionadas as forcas intermoleculares),
etc. (ARROIO; HONORIO; SILVA, 2010). Um exemplo de flavonoide que tem
sua atividade bactericida potencializada pela influéncia de um grupo funcional e
a chalcona, quando existe um grupo hidroxila C-4, um substituinte oxigenado C-
4’, ou uma cadeia lateral isoprendide C-3’ (Figura 1b) (SARBU et al., 2019). Os
flavonoides podem ser obtidos por extracdo vegetal, variando a composicéo de

acordo com a disponibilidade de agua, nutrientes e idade da planta, intensidade
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de luz solar e tipo de solo (GORNIAK; BARTOSZEWSKI; KROLICZEWSKI,
2018), e também por meio de varias rotas sintéticas, sendo a mais simples a
condensagao de 2’-hidroxiacetofenonas em condic6es &cidas ou basicas. (SARBU
etal., 2019).

A estrutura basica do flavonoide € constituida por dois anéis benzilicos,
unidos por uma ponte de trés carbonos que pode ou nao ser fechada em um anel
pirano (SHARMA; TULI; SHARMA, 2019), eles podem ser divididos partindo
do anel C como referéncia, onde as isoflavonas tém o anel B ligado na posigéo 3,
0s neoflavonoides tém o anel B ligados na posicdo 4, enquanto os flavanos tém
o0 anel B ligado na posicao 2, como demonstrado na Figura 1a. Os flavanos podem
ser subdivididos através de caracteristicas estruturais do anel C, sendo eles,
flavona, flavonol, flavonona, flavononais, catequinas, antocianinas e chalconas,
representados na Figura 1b (PANCHE; DIWAN; CHANDRA, 2016).

Figura 1.(a) Formula estrutural das classes flavonoides (b) Subclasse dos Flavanos.

Neoflavonodides Flavanos
(a)
® 0 $® 0 () O
OH OH
0 o 0]
Flavona Flavonol Flavonona Flavononois

0
0 [ J Og O
P 4
OH

Catequina Antocianina Chalcona

(b)
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A epicatequina € um composto polifenolico pertencente a classe dos
flavanos, sua estrutura basica é constituida de dois anéis aromaticos (A e B),
ligados por uma cadeia de trés carbonos, formando um heterociclico oxigenado
(anel C). Suas fontes naturais sao amplamente comuns em sementes de uva, maca,
gréos de cacau, entre outros (FRAGA; OTEIZA; GALLEANO, 2018; BABA et
al., 2002). A epicatequina possui resultados promissores contra doencas
cardiovasculares (PRAKASH; BASAVARAJ; MURTHY, 2019; FRAGA;
OTEIZA; GALLEANO, 2018; DOWER et al., 2015; SCHROETER et al., 2006),
neurodegenerativas (Alzheimer) (SCHROETER et al., 2007; STRINGER et al.,
2015) e neurologicas (ansiedade) (STRINGER et al., 2015), além disso apresenta
propriedade antitumoral, anti-inflamatoria, antimicrobiana (PRAKASH,;
BASAVARAJ; MURTHY, 2019), antioxidante (FRAGA; OTEIZA;
GALLEANO, 2018; ENGLER et al., 2013) e bactericida (XIA et al., 2010). As
chalconas sdo bioprecursoras dos flavondides e isoflavondides, seu ndcleo é
constituido de um sistema carbonilico a-p insaturado que une dois anéis
aromaticos (RAMMOHAN et al., 2020). Apresentam consideravel interesse
devido a sua estrutura relativamente simples, e suas atividades biolégicas como,
anti-inflamatoria (FUNAKOSHI-TAGO et al., 2015; HIRAI et al., 2007;
NOWAKOWSKA, 2007), antioxidante (CIOFFI et al., 2003; DOAN; TRAN,
2011), anti-leishmania (HERMOSO et al., 2003; RASHID et al.,, 2016),
antitubercular (GUANTAI et al., 2011), anticancer (WU et al., 2013; BHALE et
al., 2017; COSKUN et al., 2017), anti-HIV (RAMMOHAN et al., 2020;
GAONKAR; VIGNESH, 2017), bactericida (GO; WU; LIU, 2005), antimalarica,
antituberculose, antitllcera, antidiabética e antiprotozoaria (ROZMER; PERJESI,
2016; RAMMOHAN et al., 2020; GAONKAR; VIGNESH, 2017).

Considerando tal contexto a presente dissertacdo aborda a analise estrutural
dos flavonoides, epicatequina e chalcona terpendide, o primeiro extraido da planta
Salacia crassifolia (Celastraceae), e o segundo obtido sinteticamente pela

condensacdo de Claisen-Schmidt em meio béasico. O trabalho teve como objetivo
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a analise estrutural de ambos compostos, bem como as interagdes moleculares
através da topologia, e adicionalmente as propriedades dos 4&tomos ou regides
especificas de cada molécula atraves de calculos tedricos baseados na mecéanica
quéntica, proporcionando assim futuros estudos de relagdo estrutura-atividade

destes flavonoides e analogos sintéticos.
2 TOPICOS EM CRISTALOGRAFIA

O estado solido € encontrado na natureza em duas disposi¢fes: amorfa e
cristalina. Para o estado amorfo ndo existe um arranjo interno ordenado dos
atomos (STOCK et al., 2001; BORCHARDT-OTT, 2011), enquanto o estado
cristalino da matéria apresenta um padrao regular e periodico da disposi¢do dos
atomos e moléculas (ATINKS; JONES, 2012). A elucidacéo estrutural de um
composto é resultado da interacédo da radiagcdo com sua matéria constituinte, sendo
a resposta dessa interacdo dependente da distribuicdo espacial dos elétrons
presentes. Assim, para entender como isso € possivel, serdo apresentados 0s
conceitos de simetria cristalografica, difracdo de raios-X, densidade eletronica,

problema da fase, e superficie de Hirshfeld.

2.1 Simetria cristalografica

O entendimento da existéncia da regularidade e periodicidade da natureza
dos cristais se da pela simetria, que pode ser dividida em: translacional e pontual.
A simetria translacional se da ao fato das moléculas estarem em um padrdo
periédico de comprimento, area e volume no espaco por translacdo, o que
possibilita o fendbmeno da difracdo de raios-X, em contraponto a simetria pontual
descreve como a unidade assimétrica se acomoda na cela unitaria. A simetria
translacional ocorre para a totalidade do cristal, podendo definir o mesmo como
uma repeticdo tridimensional por translacdo da cela unitaria, que € a menor
unidade de volume do cristal, a qual carrega todas informacgdes contidas na

estrutura cristalina. A cela unitiria tem sua forma determinada por seis
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parametros: trés vetores ndo coplanares, denominados eixos cristalograficos (a, b,
C), que sdo escolhidos de modo que quando sequenciados formam um sistema
axial que segue a regra da mao direita, e trés angulares (a, B, y). Os angulos
formados entre os vetores axiais sao designados por o (entre b e ¢), p (entre a € ¢)
e v (entre a ¢ b) (STOUT; JENSEN, 1989; GLUSKER; TRUEBLOOD, 2010;
TILLEY, 2014). Da comutacdo desses parametros advém os sete sistemas

cristalinos!, conforme indica a Tabela 1.

Tabela 1. Sete sistemas cristalinos com seus parametros de cela

Sistema cristalino Valores axiais Valores angulares
Triclinico azb#c atB#£y#90°
Monoclinico azb+#c a=y=90°#p
Ortorrébmbico azb#c a=pB=y=90°
Trigonal (ou romboédrico) a=b=c a=B=vy#90°
Tetragonal a=b#c a=p=y=90°
Hexagonal a=b#c a=B=90°v=120°
Cubico a=b=c a=B=y=90°

A repeticdo periddica e tridimensional da cela unitéria é definida como rede
cristalina, e é representada por um padréo infinito de pontos em que cada ponto

tem as mesmas vizinhangcas € a mesma orientacdo, sendo, portanto, uma

construcdo matematica de magnitudes u, v, w nas direcGes dos vetores d, b e c,

como demonstrado na Equacgéo 1.

L) = z S[7 — (ud + vb + wd)] Equacdo 1

! Os sete sistemas cristalinos sdo demonstrados em relagdo a sua métrica na Figura 2, onde estdo
representadas as redes de Bravais.
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Onde, § ¢ a funcdo delta de Dirac? e L(#) é a rede de difracdo (CLEGG et
al., 2009; GIACOVAZZO et al., 2011). Desse modo existem apenas cinco
reticulos cristalinos bidimensionais e 14 reticulos tridimensionais, que sdo as
redes de Bravais (TILLEY, 2014). As redes de Bravais podem ser classificadas
em celas primitivas e ndo primitivas, as primitivas possuem pontos somente nos
vértices, e pode ser representada por P para todos os sistemas cristalinos, exceto
para o trigonal o qual se usa especialmente R. As celas ndo primitivas possuem
pontos adicionais no interior ou nas faces, e sdo representadas pelos simbolos A,
B e C, que caracterizam centragem nas faces A, B ou C, respectivamente,
enquanto o simbolo F designa a rede em que todas as faces sdo centradas, e 0
simbolo I identifica a rede de corpo centrado(BORCHARDT-OTT, 2011).

Figura 2. Representacdo das 14 Redes de Bravais

= /] r
] 3!

Triclinica simples (P)  Monoclinica simples (P) Ortorrémbica (P)  Tetragonal simples (P)

@

e

Trigonal
romboédrica (R)

121
L = (]

Hexagonal (P) Cubica simples (P)
4L
b
)

Monoclinica Ortorrombica Ortorrémbica de Cubica de faces
centradaem C (C) centradaem C (C) faces centradas (F) centradas (F)
Ortorrombica de Tetragonal de corpo Cubica de corpo
corpo centrado (I)  centrado (I) centrado (T)

2 A funcio delta de Dirac ou funcédo & é um funcional (ou distribuicio) na reta real, sendo infinita no ponto
zero e nula no restante dessa reta.
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A simetria pontual é aquela que tem seu estudo fundamentado no interior
da cela unitaria, por operacGes matematicas, as quais sdo conhecidas como
operacdes de simetria, e podem ser divididas em proprias e improprias. As
operacOes de simetria proprias sdo representadas por 360/6 = n, onde © € 0
angulo minimo de rotacdo e n é conhecido como ordem do eixo de rotacdo,
podendo ser 1, 2, 3, 4, 6. Eixos de rotacdo de ordem 5 ou acima de 6 s&o incapazes
de atingir completamente um plano da cela unitaria, sendo que essa inexisténcia
pode ser explicada pelo teorema de restricdo cristalografica (CHATTERJEE,
2008). As operacOes de simetria impréprias sdo aquelas que provocam a
modificacdo da conectividade da estrutura, ela é constituida pelo centro de
inversao (/) e espelhos (m), um corpo tem um centro de inversado se seus pontos
correspondentes sdo localizados a distancias iguais a partir do centro de uma linha
tracada entre tais pontos, tendo assim sua configuracdo invertida, ja o espelho
converte o objeto em sua imagem especular (GLUSKER; LEWIS; ROSSI, 1994;
STOUT; JENSEN, 1989). E importante destacar que duas operacdes de simetria
geram uma terceira operacgao de simetria, por exemplo se um objeto apresenta dois
eixos de rotacdo propria, serd gerado um eixo de rotacdo improprio, se apresenta
dois eixos de rotacdo improprios, serd gerado um eixo de rotacdo propria, se um
eixo de rotacdo proprio intercepta um eixo de rotacdo de rotacdo improprio, sera
gerado um eixo de rotacdo improprio, formando 32 grupos pontuais
(SACZEWSKI et al., 2008). Qualquer simetria no empacotamento de objetos é
relacionada a simetria do seu padrdo de difracdo, podendo ser usado para indicar
a simetria cristalina, a fim de obtencéo do grupo espacial. Sendo assim combinada
com a Lei de Friedel®, que impde um padréo de difracdo centrossimétrico a toda
estrutura analisada, independente do cristal possuir ou ndo centro de simetria, da-

se origem aos 11 grupos de Laue, destacados na Tabela 2.

3 A Unica excecdo encontrada para a Lei de Friedel é se os 4tomos espalharem a radiacdo de forma
anémala.
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Tabela 2. Os 32 grupos pontuais (em destaque os 11 grupos de Laue)

Sistema cristalino Valores axiais

Triclinico 1; 1

Monoclinico 2;m; 2/m

Ortorrébmbico 222; mm2; mmm

Trigonal (ou romboédrico) 3;3;32;3m; 3m

Tetragonal 4; 4; 4/m; 422; 4mm; 42m; 4/mmm
Hexagonal 6; 6; 6/m; 622; 6mm; 6m2; 6/mmm
Cubico 23; m3; 432; 43m; m3m

Atraves da combinacéo das 14 Redes de Bravais com 0s 32 grupos pontuais,
originam-se 0s 73 grupos espaciais que quando combinados com 0s 157 grupos
originados pelos eixos helicoidais e planos de deslizamentos, obtém-se os 230
grupos espaciais* que toda matéria cristalina pode ser classificada
(GIACOVAZZO et al., 2011).

2.2 Difracéo de raios-X

Os atomos dos cristais se ordenam em planos cristalinos separados entre si
por distancias de ordem equivalente a distancia interatdmica (0,1 até 100 A) de
comprimento de onda dos raios-X, possibilitando assim a elucidacdo estrutural
sem nenhum conhecimento a priori, sendo necessario apenas que o feixe de raios-
X (colimado e monocromatico) para incidir na amostra cristalina (ALBERS et al.,

2002). Ao interagir com a matéria o raio-X produz trés fendmenos: absorgéo,

4 A representacdo de todos os 230 grupos espaciais pode ser encontrada na International Tables of
Crystallography Volume A.
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emissdo e espalhamento. A absorcdo ocorre quando um elétron interage com o
campo elétrico absorvendo o foton, passando do estado fundamental para o estado
de maior energia. A emissdo ocorre quando o elétron estd em um estado ativado
e volta para um estado de menor energia, ou seu estado fundamental. O
espalhamento € a radiacdo emitida pelas cargas aceleradas, provindas dos raios-X
incidentes, que quando combinado com o fenémeno de interferéncia origina-se

um fenémeno secundario chamado difracao.

O fendmeno de interferéncia gera maiores deslocamentos nos pontos em
que 0S maximos e minimos coincidem, assim as regifes de interferéncia
construtiva ou destrutiva exibem alternadamente, intensidades reforcadas ou
reduzidas, respectivamente (SACZEWSKI et al., 2008). A cristalografia se
restringe apenas ao espalhamento construtivo, também chamado de espalhamento
coerente, que segundo Thomson, se caracteriza com a deflexdo dos fétons na
amostra, sem perdas de energia, sendo assim o comprimento de radiacdo incidente
e espalhada possuem o mesmo valor (GIACOVAZZO et al., 2011).

Desta maneira o cristal em que a radiacéo incidente é espalhada € chamada

espaco direto e é definido pelo vetor # = xd + yb + z¢&, sendo o espaco direto
constituido pela rede cristalina e os eixos cristalograficos a, b, e ¢, produzindo

consequentemente um feixe espalhado no espaco reciproco com a localizacéo

fornecida pelo vetor S = ha* + kb* + Ic* , desta maneira os feixes de Bragg
difratados podem ser descritos no espaco reciproco, sendo constituidos pelos
eixos a*, b* e ¢*, onde h, k, | sdo indices de Miller (STOUT; JENSEN, 1989;
STOCK et al., 2001). Estabelecendo dois espalhamentos 1 e 2 distantes um do
outro pelo vetor 7 , e considerando um raio-X com comprimento de onda A, a
interferéncia construtiva entre ondas dispersas por 1 e 2, sera observada apenas se

estiverem em fases, como demonstrado na Figura 3. A diferenca de caminho

dptico é definida por 7#.S, onde S = (3— 5,)/4 onde, S, representa o feixe
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incidido e § o feixe difratado, sendo |s,| = |S| = 1/A4. A diferenca de fase das

duas ondas é dada por 6 = 2xS. 7.

Figura 3. Representacdo da condicdo de difracdo para dois planos distantes, como proposto
por Bragg. As ondas espalhadas s@o representadas pelos nimeros 1 e 2.

1

2

o5

Para a analise do espalhamento atbmico é necessaria uma relacéo
trigonométrica, em que a diferenca de caminho percorrido entre os planos é BC +

CD = &, em seguida relacionando os triangulos ABC e ACD, temos a Equacéo
2.

BC  ©D
Aoy Ak

sinf = Equacao 2

Reescrevendo a diferenca de caminho dptico temos 6 = 2d ) sin 6, a

condicdo para que a diferenca de caminho Optico seja construtiva, é o
comprimento de onda de um feixe incidente seja um multiplo inteiro, sobre essas
condicOes obtém-se a Lei de Bragg (BRAGG; BRAGG, 1913) que é representada
na Equacéo 3.

2dpypsin @ = nA Equacéo 3
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Como a densidade eletronica na cela unitaria de um cristal ndo esta
distribuida em planos, mas sim tridimensionalmente por toda a cela, a lei de Bragg
ndo retrata a realidade dentro do cristal. Entretanto sua contribuicdo para o
desenvolvimento da ideia de espaco reciproco e para a elucidacao de raios-X nao

pode ser ignorada.

2.3 Densidade eletrénica e o problema da fase

A caracterizacdo estrutural do trabalho cristalografico parte da construcéo
da densidade eletrdnica dos atomos a partir da amplitude e das fases e do fator de
estrutura conhecido como F (hkl), esse fator pode ser descrito em termos da
somatoria das contribui¢cbes individuais do espalhamento atémico f, que

influencia sua fungéo f; (WOOLFSON, 1997), o espalhamento do atomo em

relacdo a origem da cela unitaria, é dado pela Equacéo 4.

fi=f p2nrjs Equacéo 4

7

O fator de estrutura é constituido pela contribuicdo do espalhamento

atdbmico® para todas as dire¢Oes hkl, conforme demonstra a Equacdo 5, onde f;
descreve o espalhamento atdmico e x;, y;, z; , representam as coordenadas
fracionérias do 4&tomo j na cela unitaria.

f}' e (2mihxj+2mihy j+2mihzj)

n
j=1

Essa operacdo matematica é de extrema importancia dentro da

cristalografia, pois relaciona a imagem de difracdo coletada com a posi¢ao dos

> Probabilidade de encontrarmos os elétrons de um determinado 4&tomo em um determinado volume pode

ser relacionado com a densidade eletrénica, dado por: p, = |l|Jj|2, cuja transformada de Fourier é chamado de
fator de espalhamento atémico.
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atomos dentro da estrutura cristalina. Aplicando a transformada de Fourier, que é
a transformada integral onde qualquer funcdo pode ser expandida em uma série
harmonica de base de senoidal e cossenoidal, permite a relacdo da imagem de
difracdo coletada com a posicdo de cada atomo presente na estrutura. A densidade
eletrbnica pode ser determinada em qualquer ponto xyz da cela unitéaria através
da “transformada de Fourrier inversa”, que demonstra a maneira que os atomos

estdo distribuidos em um volume especifico (Equacao 6).

p(r) = % ZIF(hkl)I o 2Ti[h+kj+1z+(RKD)] Equacio 6
hkl

Sendo assim atraveés da densidade eletronica é possivel descrever a posicao
de cada atomo presente na estrutura (WOOLFSON, 1997; GIACOVAZZO et al.,
2011). Ao observar a Equacdo 5 é possivel identificar o problema da fase que
ocorre durante a sintese de Fourier para a caracterizacdo da densidade eletrénica.
Cada comprimento de onda espalhado € apresentado uma amplitude e fase, a
amplitude possui uma relacdo com os fétons que podem ser mensurados,
correspondendo a uma intensidade, ja as fases dos fatores de estrutura néo
possuem informacoes, quando € medido o padréo de difracdo é fornecido apenas
a intensidade (que pode ser transformada em amplitude), surgindo assim o
problema da fase ¢, sendo elas mais importantes que as amplitudes, para a
determinacéo da densidade eletronica p(r) (GIACOVAZZO et al., 2011; USON;
SHELDRICK, 1999). Surge entdo métodos estatisticos para a resolugdo do
problema da fase, tendo em destaque os metodos diretos pra resolucdo de
pequenas moléculas, e 0 método de Patterson para a resolucao de moléculas com
atomos pesados (PATTERSON, 1934; HAUPRMAN, 1986).
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2.4 Superficie de Hirshfeld

A superficie de Hirshfeld é a analise e compreensdo das interacdes
intermoleculares realizadas através da distancia e curvatura molecular, tem sua
base no sistema particionado molecular da densidade eletronica e uma funcéo
peso, a fim de definir o espaco ocupado por uma molécula em um cristal, que é
definida na equacgédo 7 (SPACKMAN; JAYATILAKA, 2009).

wa ()= pm [ Y P Equagdo 7
ie molecula

onde, pft (r) sdo médias das densidades eletrdnicas dos varios atomos. As
funcdes de distancias sdo definidas por di e de, sendo que di analisa a distancia
entre os nucleos dos atomos internos até a superficie e de analisa a distancia de
um nucleo externo até a Superficie de Hirshfeld. Assim no mapa de potencial
eletrostatico, cores quentes representam locais onde as distancias sao menores, e
cores frias onde as distancias sdao maiores. Consequentemente as regides
vermelhas em di demonstram locais em que a molécula de comporta como
doadoras de contatos intermoleculares mais fortes, e regiées vermelhas em de
demonstram locais em que a molécula se comporta como receptora de contatos
de intermoleculares de maneira mais eficiente. A combinacéo de di e de, gera o
mapeamento normalizado dnorm, em funcgéo do raio de van der Waals (Equacéo
8), onde nas regides que apresentam coloracdo vermelha os contatos sao menores
que os raios de van der Waals, as regides de coloracdo branca apresentam contatos
com valores proximos da soma do raio de van der Waals, as regides com
coloracgéo azul representam valores com contatos maiores que a soma do raio de
van der Waals (MCKINNON; SPACKMAN; MITCHELL, 2004).

di — vdw de — rvaw
=(l i )+(e ) Equacéo 8

d
norm
rivdw revdw
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O mapeamento da forma indexada identifica intera¢6es hidrofobicas do tipo
n-7, € C-H &, indicadas por regies vermelhas concavas acima do anel aromatico
e regides azuis de curvatura convexa acima das regides C-H. O fingerprint é a
representacdo bidimensional, em que di se encontra na abscissa e de na ordenada,
com informagdes quantitativas das interacdes intermoleculares que contribuem
para o empacotamento cristalino (SPACKMAN; MCKINNON, 2002).
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3 RESULTADOS

3.1 Caracterizacao do estado solido da EPC

A EPC foi obtida por extracdo e cristalizacio a partir de
diclorometano/metanol, e possui habito prismatico laranja claro, com peso
molecular de 290,26 g.mol-1. O composto foi cristalizado em sistema
ortorrdmbico e grupo espacial ndo centrosimétrico P212121, com parametros
celulares a = 6,71050 A, b= 13,2880 A, ¢ = 14,2615 A, a = p =y = 90° e quatro

moléculas independentes por cela unitaria (Z = 4) (Figura 4).

Figura 4. Representagdes ORTEP com 50% de probabilidade, e esquema de numeragéo
atdbmica para EPC. Os atomos de hidrogénio sdo representados com raios arbitrarios.

O empacotamento cristalino é estabilizado por interagdes cléssicas tipo O—
H...O endo classicas do tipo C—H...O. As interagdes e os pardmetros geomeétricos
estdo representados na Tabela 3. Um tetrdmero intermolecular envolvendo O6—
H6...04, O4-H4...03, O3-H3...02, O2-H2...06 é observado, crescendo nas
direcBes dos eixos a e b, que pode ser descrito pelo anel R;(8) (Figura5a). Outras
interacOes intermoleculares observadas sdo O5-H5...01 ¢ C7-H7...03, que
contribuem para um zigzag de repeticdo na diregdo do eixo a, formando uma
cadeia infinita em C{ (7), e a interacéo intramolecular que é composta por atomos

06— He6...05, localizados na direcdo do eixo b (Figura 5b). Além disso, o
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composto possui interagOes intermoleculares bifurcadas C5-H5A...05 e C3—

H3B...05, na direcdo do eixo b em cadeira infinita, descritas como Cj(7),

(Figura 5c¢).

Tabela 3. Distancias das ligacdes de hidrogénio (A) e angulos (°) para EPC.

D-H-A D-H H-A DA D-H-A Symmetry code
06-H6--04 0.84 2.07 2.761 140 X, -1+y, z
05-H5-01 1.00 2.25 3.157 151 1/2+x,3/2-y,1-z
02-H2-06 0.89 2.01 2.807 149 -X,1/2+y,3/2-z
03-H3-02 0.87 1.83 2.694 176 1-x,1/2+y,3/2-z
04-H4--03 0.90 2.28 2.963 132 -14+X,Y, Z
06-H6-05 0.84 2.30 2.727 112 XY,z
C5-H5A-05 1.01 2.68 3.551 143 X, -1+y, z
C3-H3B+05 0.98 2.63 3.584 162 1/2 + x,1.5-y,1-z
C7-H7--03 0.98 2.82 3.291 110 1+X,y,2

Figura 5. InteragOes intermoleculares e intramoleculares da EPC (a) O6-H6...04, O4—
H4...03, 03-H3...02 e 02-H2...06; (b) O5-H5...01, C7-H7...03 e 06-H6...05; (c) C5-

HS5A...0O5 e C3-H3B...05.

(a)
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O HS é utilizado para confirmar as intera¢Ges intermoleculares no
empacotamento cristalino por analise topoldgica, através do raio de Van der
Waals. A dnorm HS (variando de -0,511 a 1,470 A) é mostrada na Figura 6. Os
pontos vermelhos (1), (3), (5) e (10) correspondem aos contatos de, indicando
onde as moléculas atuam como aceitadoras de O2-H2...06, O3-H3...02, O5—
H5...01, e O4-H4...03 respectivamente. Os pontos vermelhos (2), (4), (6) ¢ (9)
referem-se a contatos di, indicando onde as moléculas atuam como doadoras de
02-H2...06, O3-H3...04, O5-H5...01, e O6-H6...04 respectivamente. Os
pontos claros (7), (8) e (11) indicam interacGes fracas (devido a grande distancia

entre doador e aceitador) e atuam como aceitadores para C7-H7...03, C5-



30

HS5A...0O5 e C3-H3B... O5, respectivamente. Esta analise auxilia na descricdo

das interacdes que sdo as mais dominantes entre as moléculas.

Figura 6. A superficie de Hirshfeld indica interagdes intermoleculares de EPC. As interacGes
sdo representadas por linhas pretas pontilhadas.

(1) and (2) = 02-H2-06

(3)and (4) = 03-H3-02

(5)and (6) = 05-H5-01

(7)., (8) and (9) = C7-H7--03, C5-H5A~05 and 06-H6- 04
(10) and (11) = O4-H4--03 and C3-H3B-05

A impressdo digital € o grafico de di e de plotado bidimensionalmente,
obtendo-se 0os mapas completos de contatos presentes nas moléculas com suas
respectivas porcentagens. A impressao digital do EPC é mostrada na Figura 7. Por
ser uma molécula organica, possui maior porcentagem de contatos H-H (35,90%),

com as coordenadas di=de=1,4. O contato O—H tem uma porcentagem de 33,30%
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do total presente na molécula, indicando interacdes C-H...O e O-H...O. Além

disso, o contato C—H (25,3%) também representa a interacdo C-H... .

Figura 7. Quantificacdo de diferentes tipos de contatos e a impressdo digital do EPC
estabelecido.

mO0...H mH...H mC...H u Others

3.2 Calculos teoricos da EPC

A teoria quantica de &tomos em moléculas (QTAIM) é uma abordagem para
analisar diferentes interacdes intra e intermoleculares com base na densidade
eletronica do sistema molecular(GRABOWSKI, 2011). A ligacdo de hidrogénio
é caracterizada por ter um papel importante nos processos quimicos, fisicos e
bioquimicos. Essas interacdes podem ser descritas e visualizadas com a ajuda de
um grafico molecular, que mostra o caminho de ligacéo crucial que liga os atomos
receptores de prétons, conforme mostrado na Figura 8. As interacdes de ligacoes
de hidrogénio baseadas em energia (ROZAS; ALKORTA; ELGUERO, 2000) séo
fracas, médias e fortes quando as ligacdes de hidrogénio tém |EHb| < 12 kcal mol
112 kcal mol*? < |EHb| < 24 kcal mol™ e |EHb| > 24 kcal mol™?, respectivamente.
Trés interacdes homonucleares de hidrogénio classicas (O2-H2...06, O3—
H3...02 e 0O6-H6...05) foram classificadas como fortes. As interagdes
intermoleculares O6-H6...04 ¢ O5-H5...01 foram classificadas como de forca
média, embora as demais sejam classificadas como de forca fraca. O arranjo

supramolecular é estabilizado por ligagdes classicas de hidrogénio O-H...O e
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ligacbes ndo classicas de hidrogénio C-H...O. Além disso, a interagdo
hidrofébica C—H...n contribui para essa estabilidade estrutural. O maior valor de
EHB para O3-H3...02 ¢ atribuido a distancia proxima 2,694 A doador-aceptor e
a direcdo 176° para esta interacdo. Em contraste, o carater mais fraco de C7-
H7...03 ¢ devido a este compartilhamento de elétrons pelo O3 e a nenhuma

direcédo (110°).

Figura 8. Os graficos moleculares mostrando os BCPs como pontos amarelos.

As interacdes ligacdo-antiligacdo da analise do orbital de ligacdo natural
(NBO) séo levadas em consideracéo pela base de Lewis preenchida (doadora) e
acido de Lewis vazio (aceitador). O HOMO como o eletron doador esta localizado
na ligacdo p, que é caracteristica da regido nucleofilica. O resultado HOMO ¢
negativo (-180,85 kcal/mol) e aparece como um orbital de ligacdo p. O orbital
LUMO é um orbital antiligante p localizado no C11=C12 préximo ao grupo
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hidroxila (O5-H5). O LUMO para EPC ¢ positivo (29,81 kcal/mol). Esta analise

orbital indica que esta molécula é quimicamente estavel (Figura 9).

Figura 9. Orbitais moleculares de fronteira para EPC (a) o orbital de ligagdo HOMO e (b) o
orbital antiligante LUMO derivado da analise NBO no nivel de teoria M06-2X/6-311+ +G(d,p)
com o valor iso de 0,05 unidades atbmicas.

HOMO (-180.85 kcal/mol) LUMO (29.81 kcal/mol)

(@) (b)

O mapa potencial eletroestatico (MEP) € uma importante ferramenta fisico-
quimica que d& informacOes sobre a reatividade quimica da molécula. Para
entender o MPE feito para EPC usamos a representacdo tridimensional MEP
(Figura 10), onde amarelo-laranja especifica a regido mais negativa (atracéo
moderada) e esta localizada no atomo de oxigénio (O2) do grupo hidroxila de
heterociclico, com valor de cerca de 45,80 kcal/mol. Por outro lado, a regido azul
especificada o potencial mais positivo (repulsdo mais forte) e o energia potencial
isovalor de cerca de 32,63 kcal/mol esta em torno do atomo de hidrogénio (H5).
Nesta regido, o grupo hidroxila na posicdo para com o anel aromaético e

responsavel pelo efeito de retirada de elétrons.

Figura 10. A superficie de potencial eletrostatico molecular mapeada para EPC (a) a regido de
cor amarelo-laranja € rica em elétrons, (b) e a regido de cor azul é deficiente em elétrons.

e‘@*—ﬁd}-‘
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3.3 Caracterizacéo do estado solido da CHL-0

A Figura 1 mostra o esquema de numeracdo usado para CHL-o, que
cristaliza no grupo espacial ortorrémbico, centrossimétrico Pbca. O Anel A
(trimetilciclohexeno) é desordenado com dois sitios independentes para 0s &tomos
C14, C15 (67,4%) e C14°, C15° (32,6%). O anel B (nitrobenzeno) tem um grupo
p-nitro (Figura 11).

Figura 11. Representacdo Ortep do cristal CHL-0 com elipsdides de 50% de probabilidade.
Desordem em C14' e C15' omitido para maior clareza.

(8]

N1

O3

O arranjo supramolecular de CHL-o0 tem uma interacdo C5-HS5...03
[D...A =3,449 A; codigo de simetria: 3/2-X, -1/2+y, z] envolvendo o grupo nitro
que contribui para uma repeticdo cruzada em zig-zag na direc¢ao do eixo b (Figura
12a), e a interacdo C8-HS...O1 [D...A = 3,305 A; cédigo de simetria: 1/2-X,
1/2+y, z] envolvendo o grupo carbonila em uma repeti¢do ao longo da direcédo do
eixo b (Figura 12b).
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Figura 12. Interagdes de CHL-o formadas por C5-H5...03 (a), e C8-H8...01 (b). Os
atomos de H nédo envolvidos nas interacdes foram omitidos.

1=C5-H5-03
2=C8-H8--01

(@) (b)

Os contatos C8-HS...0O1 e C5-H5...03 sdao observados através da analise
topoldgica HS por mapeamento dnorm convencional (variando de -0,511 a 1,470
A) (Figura 13a e Figura 13b) e podem ser descritos a partir da intensidade do di e
de contatos. Os pontos vermelhos (1d) e (2d) correspondem aos contatos di,
indicando que atuam como doadores para as interacbes C8-HS...01 e C5-
HS5...03, respectivamente, e os pontos vermelhos (1r) e (2r) correspondem aos
contatos de, indicando as regides aceitadoras das interagcdes C8 — H8... Ol e C5

— HS5...03, respectivamente.

Figura 13. HS dnorm mapeado para CHL-o indica contatos intermoleculares. As linhas pretas
pontilhadas representam ligagdes de hidrogénio.

(1d) and (1r) = C$8-H$-O1
2d) and 2r) = C5-H5-03

() (b)
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Além disso, os contatos foram analisados a partir de impressdes digitais
(Figura 14) com base no componente de desordem principal da molécula através
de um grafico 2D com di e de. Os contatos H...H tém uma porcentagem maior
(50,10%), os contatos O...H tém 25,90% e os contatos C...H tém 18,60%. A
auséncia de interacdes C...C indica que o arranjo ndo é estabilizado por interaces

T...Tt.

Figura 14. Impresséo digital e quantificacdo de interacGes totais em CHL-o.

de

di
0.6 1.0 14 1.8 2.2 2.6

mO..H EH..H EC..H M Others

3.4 Comparativo dos polimorfos CHL-0, CHL-m: e CHL-m;

Polimorfos de sistemas cristalinos monoclinicos foram obtidos atraves do
banco de dados CCDC [code: 1029766 (CHL-m;) and 818053 (CHL-m,)] e
comparados através do Gap de energia. O orbital ligante e o orbital antiligante sdo
caracterizados pelos niveis eletrénicos HOMO e LUMO, respectivamente
(GRANT; RICHARDS, 1996), e a diferenca entre os orbitais de energias é
chamada de energia GAP (ELUMO — EHOMO = EGAP). O GAP para CHL-0 é
531,8 kJ/mol, para CHL-m1 ¢é 581,3 kJ/mol enquanto para CHL-m2 é 520,7
kJ/mol.



37

A energia GAP tem sido utilizada como um simples indicador de
estabilidade cinética(SANTOS et al., 2014), esta estabilidade cinética pode ser
entendida como estabilidade relacionada ao complexo ativado de qualquer outra
reacdo quimica (MANOLOPOULOS; MAY; DOWN, 1991). Devido ao imenso
numero de reacdes quimicas, € muito complicado estimar o grau de estabilidade
cinética. Nesse sentido, o composto CHL-m; é o mais estavel entre os trés (581,3
kJ/mol) quando comparado ao CHL-0 e CHL-m; (em relacdo aos valores da fase
gasosa). Ao comparar as estruturas CHL-0 e CHL-m,, o valor GAP de CHL-0
(531,8 kJ/mol) indica que esta estrutura € mais estavel que CHL-m, (520,7
kJ/mol). Resumindo, temos uma ordem de estabilidade na fase gasosa de CHL-
m; > CHL-0 > CHL-m; (Figura 15).

Figura 15. Distribuicdes orbitais moleculares (HOMO-LUMO) para CHL-0, CHL-m;e CHL-
m2.

HOMO LUMO

CHL-o m
J“) 2 2251 kifmol -

-756.9 kJ/mol

P

799.9 kJ/mol
9

W4

e | J‘ > ©

-742.5 kJ/mol

W 2186 kI/mol
v

v
v

' Loy / (J

CHL-m, '.
200 ,° ) ‘
J J J‘J -221.8 kJ/mol



38

4 CONSIDERACOES FINAIS

O presente trabalho dedicou-se a caracterizacdo estrutural de duas
moléculas da classe dos flavondides, sendo a epicatequina obtida pela extracéo
da planta Salacia crassifélia, e a chalcona terpendide obtida através da sintese de
Claisen-Schimdt. Os compostos foram  estruturalmente  elucidados
cristalograficamente, através da difracéo de raios-X por monocristais, gerando 0s
seguintes depoésitos no CCDC 1948660 (epicatequina) e 2023065 (chalcona
terpendide). As interacdes intermoleculares, as analises topoldgicas e os calculos
tedricos obtidos (que tiveram por objetivo confirmar os resultados obtidos

experimentalmente) indicam a planaridade conformacional de ambos compostos.

A epicatequina tem arranjo supramolecular dominado por interacGes
intermoleculares classicas e uma interagdo intramolecular, interacfes semi-
classicas, e hidrofébicas — todas confirmadas por meio de analises topolégicas. A
anélise de QTAIM observou a topologia através do ponto critico de ligacéo
(BCP), associada a interacdo inter e intramolecular, que sdo consistentes com o
arranjo supramolecular cristalino. Calculos teéricos como FMO e HOMO/LUMO
demonstraram a estabilidade quimica da molécula, tendo os valores de HOMO, -
180,85 kcal/mol no orbital de ligagdo &, e LUMO, 29,81 kcal/mol no orbital anti-
ligante =. O MEP informou onde a molécula interage intermolecularmente
identificando os locais de ataque nucleofilicos e eletrofilicos, onde o atomo
denominado O2 apresentou moderada atracdo, enquanto o atomo H5 apresentou

uma forte repulsdo. O artigo na integra pode ser encontrado no Anexo I.

A chalcona terpendide cristalizou-se no grupo espacial ortorrombico com
arranjo supramolecular estabilizado por interagbes C-H-O e C-H-m. A
comparacdo do Gap de energia tedrico desta conformacdo com dois outros
polimorfos disponiveis no CCDC indicou que esta conformagéo observada nao
de menor energia. A andlise estrutural da chalcona terpendide (assim como da

epicatequina) permitem futuros estudos de relagdo estrutura-atividade visando
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aprimorar os modelos moleculares observados. O artigo na integra pode ser

encontrado no Anexo Il.
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A Comprehensive Topological Analysis of a Novel
Flavonoid Extracted from Brazilian Cerrado Plants

Marianna C. Silva,* Léide O. Sallum, Antoénio C. S. Menezes, Ademir J. Camargo, and

Hamilton B. Napolitano*™

Epicatechin is a bioactive compound that has several biological
functions, and can be found in a number of Brazilian Cerrado
plants. The compound (2R,3R)-2-(3,4-dihydroxyphenyl)-3,4-di-
hydro-2H-1-benzopyran-3,5,7-triol (EPC) was extracted from
Salacia crassifolia and its molecular architecture and
supramolecular arrangement were characterized by X-ray
diffraction and Hirshfeld Surface. Theoretical calculations such
as QTAIM, frontier molecular orbital, MEP and infrared spectra

Introduction

Brazilian flora has great molecular biodiversity, which comes
from secondary metabolites found in a number of species
present in the six biomes,™” namely the Amazon rainforest,
Cerrado, Caatinga, Atlantic forest, Pantanal and Pampas.”! The
cerrado is notable for its extension, as the second largest biome
of South America,” with more than 13,000 species of plants,”
and because of this diversity various compounds extracted
from natural products have strong potential for application.”
For example, Salacia crassifolia has been found in the Cerrado,
presenting a number of chemical compounds such as
polyphenols.” The polyphenolic compounds include various
substances, such as epicatechin, which belongs to the
flavonoid group.” The polyphenols formed in the Cerrado can
be explained by the tropical seasonal climatic conditions, with
long periods of rain and drought in the region.*” They are
present in foods like dark chocolate, apple, orange, and
grape,®® and can also be found in several parts of plants, such
as the stem of Metroxylon sagus, from which isolates have been
reported.”

The contribution of epicatechin to human health has been
studied and reported through in vitro and invivo assay,” in
which positive and promising results against cardiovascu-
lar, BP9 heyrodegenerative (Alzheimer's),®'? and neuro-
logical (anxiety)"'? diseases have been discovered. Furthermore,
antitumor,® anti-inflammatory,”® antimicrobial,”®
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assignments were calculated at M06-2X/6-311 + + G(d,p) basis
set. MEP revealed most positive region around hydrogen atoms
of the hydroxyl group. X-ray diffraction and QTAIM results
showed that EPC forms a tetramer linked by classical hydrogen
bonds O-HO due to the number of hydroxyl groups available.
The crystalline packing and supramolecular arrangement are
stabilized by non-classical hydrogen C-H+*O and C-H"m
interactions.
antioxidant,”'® and antibacterial activities'” have been re-
ported. Biological activities can be influenced by structural
conformation and the presence of functional groups; conse-
quently, understanding these structural aspects is important for
analyzing the structure-activity relationship in order to support
the study of future applications.>'®

Considering that the activities of epicatechin may be
influenced by the number of hydroxyls and functional groups
linked to this molecular structure, this work aims to study the
supramolecular architectures and topological studies of (2R,3R)-
2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3,5,7-tri-
ol (EPC) by single crystal X-ray diffraction, Hirshfeld surface (HS)
analysis and theoretical study at M06-2X/6-311+ + G(d,p) level
of theory. This paper also show frontier molecular orbital
(FMO), molecular electrostatic potential (MEP), vibrational
assignments and quantum theory of atoms in molecules
(QTAIM) for EPC with the purpose of investigating its molecular
properties.

Results and discussion
Solid state characterization

The Ortep diagram is shown in Figure 1. The EPC crystal was
obtained by extraction and crystallization from dichlorome-
thane/methanol, and it has a pale orange prismatic habit, with
molecular weight of 290.26 g.mol™". The compound was
crystallized unto orthorhombic crystal system and non-centro-
symmetric space group P2,2,2, with cell parameters a=
6.71050 A, b=13.2880A, c=14.2615A, a=Bf=y=90°, and
four independent molecules per unit cell (Z=4).

The molecule has an twisted heterocyclic ring (C1-O1 and
C8-01 with bond distances 1.44 A and 1.38 A, respectively) due
to conjugation effect on C8 atom, regarding eletronic reloca-
tion region.'” The heterocyclic conformation of half-chair is
evidenced by the dihedral angles O1-C1-C2-02 and C9-C3-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-9495-6614
https://doi.org/10.1002/slct.201903308
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fslct.201903308&domain=pdf&date_stamp=2019-12-18

:@2 ChemPubSoc
Drertd Europe

*

Chemist
SELECTV

Full Papers

Figure 1. ORTEP representations at 50% probability level with the atomic numbering scheme for EPC. The hydrogen atoms are represented with arbitrary radii.

C2-02 (62.9° and —77.6°, respectively) as shown in Table 1.
Also, the dihedral angle O1-C8-C9-C3 is almost coplanar, and
atoms C1 and C2 are out of the mean plane."® The molecular
structure of EPC has two chiral centers with configuration C1R
and C2R, with C1 bonded in an equatorial position and C2
bonded to the hydroxy group at axial position. The atoms C10-
C11-C12-C13-C14-C15 and O1-C1-C2-C3-C9-C8 define two
independent planes (Figure 2) with torsional angle of 48.74°.
Table 1 shows experimental and theoretical selected geometric
parameters in good agreement. The observed differences are
due to theoretical methods taken into gas phase and not
accounting for molecular interactions.

The crystal packing is stabilized by classical interactions
type O-H~O and non-classical type C-H~O. The interactions
and geometric parameters are represented in Table 2. An
intermolecular tetramer involving O6-H604, O4-H403, 03—
H302, 02-H206 is observed, increasing in the a and b axis
directions, which can be described by the ring R}(8) (Figure 3a).
Other intermolecular interactions observed are O5-H501 and
C7-H7--03, which contribute to a repetition zigzag in the a axis
direction, forming an infinite chain in C;(7), and intramolecular
interaction is composed of atoms 06-H60O5, which are in the
direction of the b axis (Figure 3b). In addition, the compound
has intermolecular bifurcated C5-H5A~05 and C3-H3B05

Table 2. Hydrogen bond distances (A) and angles (°) for EPC.

D-H-A D-H H"A D"A D-H"A  Symmetry code
06-H604 0.84 207 2761 140 X —1+4y,z

05- H5-01 1.00 225 3157 151 1/2+x%3/2y,1z
02-H2-06 0.89 201 2807 149 X,1/24y,3/2-2
03-H3-02 0.87 183 2694 176 1-%,1/2+y,3/22
04-H4-03 0.90 228 2963 132 4%y, z
06-H6-05 0.84 230 2727 112 XY,z
C5-H5A"05  1.01 268 3551 143 X —14y,z
C3-H3B-05 098 263 3584 162 172 4 x,1.5,1-z
C7-H7-03 0.98 282 3291 110 14x,y,z

interactions, in the direction of the b axis in infinite chair,
described as C}(7) (Figure 30).

In order to compare the structure of EPC with other
flavonoids, mainly with regard to the intramolecular interac-
tions on site 06-H6...05, three structures were selected from
CCDC:  2-(3,4-dihydroxyphenyl)-7-hydroxy-8-methoxy-2,3-dihy-
dro-4H-chromen-4-one (FVD |, code 935091),"" 4-((2-(3,4-dihy-
droxyphenyl)-5,7-dihydroxy-4-oxo-3,4-dihydro-2H-chromen-3-
yl)oxy)-4-oxobutanoic acid (FVD Il, code 1487557),%” and 2-(3,4-
dihydroxyphenyl)-5-hydroxy-7-methoxy-2,3-dihydro-4H-chro-
men-4-one (FVD |ll, code 778613).”" From the common
flavonoid moiety, search in CCDC database used unsolvated

Table 1. Relevant experimental and theoretical geometric parameter for EPC. Bond distances (A), angles (°) and torsion angles (°).

Experimental Theoretical Experimental Theoretical
o1-C1 1.445 (4) 1.428 01-C1-C2-02 62.9 (3) 58.2
C1-C2 1527 (5) 1.538 C8-01-C1-C2 44.5 (3) 51.2
C7-C6 1.385 (4) 1.385 C9-C3-C2-C1 46.5 (3) 45.7
C3-C2-C1 109.9 (3) 108.5 C15-C10-C1-C2 91.0 (3) 91.8
C14-C13-C12 120.1 (3) 119.2 01-C1-C2-C3 -61.5 (3) -65.3
C9-C3-C2-02 -77.6 (3) -76.9 C9-C4-03-H3 -163 (3) -177.8
ChemistrySelect 2019, 4, 14012-14020 Wiley Online Library 14013 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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¢ Plane of heterocyclic

@® Plane of C10-C15

Figure 2. Representation of dihedral angles formed by planes of aromatic rings: 6 =48.74°

Figure 3. Intermolecular and intramolecular interactions of EPC hydrogen
bond (a) 06-H604, 04-H4-03, 03-H3-02 and 02-H206; (b) O5-H501,
C7-H7-03 and 06-H605; (c) C5-H5 A~05 and C3-H3B~05.

ChemistrySelect 2019, 4, 14012-14020 Wiley Online Library
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structures. Flavonoids molecular skeleton consists of fifteen
carbon atoms formed by the union three rings, with two
benzene rings connected by a pyran ring."® They have a great
structural diversity explained by hydroxylation, methoxylation,
glycosylation, sulphation and acylation patterns of ring
substitutions."® Compound FVD | is almost planar (2.49°
difference between planes) and has the intramolecular inter-
action on site 06-H605 [D"A=2.673 A; D-HA=115°] which
is in the direction of the b axis. Structure FDV Il has an angle of
85.80° from one plane to the other and shows intramolecular
interactions on site 06-H605 [DA=2.668 A; D-H~A=114°]
in the direction of b axis. Structure FDV Il has two independent
molecules in the asymmetric unit, with only one conformer
displaying an intramolecular interaction on site 06-H605 [D~
A=2.684 A; D - H"A=112°] in a zigzag at a axis direction.

Topological analysis

The HS is used to confirm the intermolecular interactions in
crystal packing by topological analysis, through the Van der
Waals radius. The dnorm HS (ranging from —0.511 to 1.470 A) is
shown in Figure 4. Different levels of color intensity in HS
indicate the different intensity of interactions, where blue
indicates weak interactions, and red indicates strong interac-
tions. The red dots (1), (3), (5) and (10) correspond to de
contacts, indicating where the molecules act as acceptors of
02-H2+06, 03-H3+02, 05-H5-01, and 0O4-H4-03 respec-
tively. The red dots (2), (4), (6) and (9) refer to di contacts,
indicating where the molecules act as donors of 02-H206,
03-H304, 05-H5+01, and 0O6-H604 respectively. The pale
red dots (7), (8) and (11) indicate weak interactions (due to the
large distance between donor and acceptor) and act as

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(1) and (2) = 02-H2-06
(3) and (4) = 03-H3-02
(5) and (6) = 05-H5-01
(7), (8) and (9) = C7-H7-03,
C5-H5A~05 and 06-H6~04
(10) and (11) = 04-H4--03 and
C3-H3B-05

Figure 4. Hirshfeld surface indicates intermolecular interactions of EPC. Interactions are represented by dotted black lines.

acceptors for C7-H7--03, C5-H5 A~0O5 and C3-H3B~05, re-
spectively. This analysis assists in the description of the
interactions which are the most dominant among molecules.

The hydrophobic interactions (C-H wt and m ~m) can be
described throughout shape index, which is used to identify
complementary (red) and bumps (blue) on final analysis of the
intermolecular contacts (Figure 5). The interactions are indi-
cated by significant depressions on the aromatic ring and red
regions of the concave. EPC has additional stability through C-
Hm interactions, involving Cg1 (gravity center of the aromatic
ring, formed by atoms C10, C11, C12, C13, C14, C15), with C1-
H1-Cg1 interactions (H1Cg1= 3.286 A, D-HA= 146.41) and
C11-H11Cg1 (H11Cg1= 2.837 A, D-H"A = 147.70) as shown
in Figure 5a and 5b respectively, and also by C -H"=m
interaction, involving Cg2 (gravity center of the aromatic ring,
formed by atoms C4, C5, C6, C7, C8, C9) with C14-H14Cg2
interaction (H14Cg2= 2.651 A, D-H~A= 128.57), shown in
Figure 5c.

The fingerprint is the graph of di and de plotted two-
dimensionally, obtaining the complete maps of contacts
present in molecules with their respective percentages. The
fingerprint of EPC is shown in Figure 6. As it is an organic
molecule, it has a higher percentage of H-H contacts (35.90%),
with the coordinates di=de= 1.4. The O-H contact has a
percentage of 33.30% of the total present in the molecule,
indicating C-HO and O-HO interactions. In addition, the C-H
contact (25.3%) also represents the C-H 7t interaction.

The QTAIM is an approach to analyze different intra and
intermolecular interactions based on the electron density of
molecule system.”? The wavefunction was obtained at M06-2X/
6-311+ +G(d,p) level of theory using the GO9 program. The
hydrogen bond is characterized by having an important role in
the chemical, physical and biochemical processes. The Multiwfn

ChemistrySelect 2019, 4, 14012-14020 Wiley Online Library
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program (version 3.7)** was used for the QTAIM analysis. These
interactions can be described and visualized with the help of a
molecular graph, which appears the crucial bond path linking
the proton-acceptor atoms, as shown in Figure 7 and Table 3.

The EPC is formed by eleven intermolecular interactions
and one intramolecular O4,—H¢O; interaction. The stationary
point between these hydrogen donors atoms and the accept-
ors atoms is described by bond critical point (BCP)*¥ as a
confirmation of the existence of hydrogen bonding interac-
tions. The positive Laplacian and the negative total energy
density E(r) for O,-H,Og, Og-Hg 0, O,~H,; 05, O5-H;0,, Os—
H5; 0y, Og-Hg 05, Cs—Hspa 05, Cip-Hiym, Cyy-Hyym, C-Hyom
and GC-H;3O; are observed for partially covalent
interactions,”? while the positive Laplacian and the total
energy density E(r) positive for C,-H,~O; is observed for
closed-shell systems (the depletion of electron charge within
the atom-atom region) like hydrophobic and hydrogen bonds.

The hydrogen bond energy (E.g) is the energy obtained
from the interaction energy. According to Espinosa-Mollins-
Lecomte® the electron density at the BCP permits the
correlation of E; to the potential energy of the electrons V
(fbep), @s shown in Equation 1:

V(Foep) (1)

1
Evsg= 2

The hydrogen-bonding interactions based on energy® is

weak, medium and strong when hydrogen bonds have |EHb| <
12 kcalmol™, 12 kcalmol =" < |EHb| < 24 kcalmol™" and |EHb|
> 24 kcalmol™, respectively. Three classical hydrogen homo-
nuclear interactions (O,-H, O O;—H; 0, and Og—H¢Os) were
classified as strong in strength. The O,—Hg O, and Os-H; O,
intermolecular interactions were classified as medium in

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Hirshfeld surface shape index of EPC evidencing C-Hr interactions, corresponding to (a) C1-H1*Cg1, (b) C11-H11"Cg1 and (c) C14-H14Cg2.

Table 3. Topological parameters of EPC describing intermolecular interactions (electron density at BCP (p(r)), Laplacian (Y/°p(r)), the potential electron energy
density (V(r)), the kinetic electron energy density (G(r)), the total electron energy density (E(r), and bond energy (E;).

BCP Interaction p(r)? Vp(r? V(r) G(r)? E(r)® Ep”

1 02-H2+06 0.07771 0.29396 -0.08635 0.07992 -0.00643 -27.092
2 06-H6 04 0.07592 0.11424 -0.07325 0.05090 -0.02234 -22.982
3 04-H4-03 0.04511 0.05143 -0.02840 0.02063 -0.00777 -8.9106
4 03-H3+02 0.11163 0.51278 -0.16811 0.14815 -0.01995 -52.745
5 C5-H5 A~05 0.02926 0.03241 -0.01423 0.01116 -0.00306 -4.4647
6 C7-H7-03 0.04062 0.08257 -0.01798 0.01931 0.00133 -5.6413
7 C14-H14~nt 0.04356 0.04663 -0.02008 0.01587 -0.04213 -6.3001
8 05-H5+01 0.08566 0.10839 -0.06334 0.04522 -0.01825 -19.873
9 C11-H11"®t 0.04425 0.04838 -0.01617 0.01413 -0.00203 -5.0734
10 C1-H1"x 0.05463 0.06336 -0.02603 0.02093 -0.00509 -8.1670
11 C3-H3B05 0.03380 0.04877 -0.01353 0.01286 -0.00066 -4.2450
12¢ 06-H605 0.10638 0.21080 -0.09308 0.07289 -0.02019 -29.204

(a) =atomic units; (b) =kcal/mol; (c)=intramolecular interaction.

ChemistrySelect 2019, 4, 1401214020 Wiley Online Library 14016 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Quantification of different types of contacts and the fingerprint of
EPC established.

Figure 7. The molecular graphs showing the BCPs as yellow points.

strength, although the others are classified as weak in strength.
The supramolecular arrangement is stabilized by hydrogen
classical bonds O-HO and hydrogen non-classical bonds C-
H~O. In addition, the hydrophobic interaction C-Hx contrib-
utes for this structural stability. The highest E.; value for O;—
H,~0, is attributed to the close distance 2.694 A donor-
acceptor and to the direction 176° for this interaction. In
contrast, the weaker character of C,—~H,"O; is due to this
electron sharing by the O3 and to no direction (110°).

ChemistrySelect 2019, 4, 14012-14020 Wiley Online Library
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Frontier molecular orbitals

The root of the mean squared (RMS) value, predicted using
Mercury, which compared calculated and experimental geo-
metries by structural overlapping, was 0.00934 for EPC as
shown in Figure 8. The overlay shows a good agreement of
geometric parameters. The aromatic ring (Cg2) exhibits an
experimental dihedral twist C9-C4-03-H3 of —163.0° that
differ by theoretical dihedral angles, which value is —177.8°
(Table 1).

The FMO, shown in Figure 9, obtained from NBO analysis
for EPC were carried out at M06-2X/6-311+ +G(d,p) level of
theory. The canonical orbitals resulting from the electronic
structure are transformed into the most localized orbitals from
one-center (lone pair) and two-centers (bonds). At first, canon-
ical orbitals are transformed into natural atomic orbitals
(NAOs). The NAOs are then transformed into hybrid natural
orbitals (NHOs) and then into natural bond orbitals (NBOs). The
advantage of NBO orbitals is that they closely resemble the
structures of Lewis, which correspond very much to the
chemists’ intuition. The NBO analysis bond-antibond interac-
tions are taken into consideration by filled (donor) Lewis base
and empty (acceptor) Lewis acid. The HOMO as the electron
donor is localized on the m bonding, which is characteristic of
the nucleophilic region. The HOMO result is negative
(-180.85 kcal/mol) and appears as a m bonding orbital. The
LUMO orbital is a & antibonding orbital localized on the C11=
C12 nearby the hydroxyl group (O5-H5). The LUMO for EPC is
positive (29.81 kcal/mol). This orbital analysis indicates that this
molecule is chemically stable.

The NBO analysis was performed at the M06-2X/6-311+G
(d,p) (the non-hydrogen atoms were taken from the crystallo-
graphic data while the hydrogens atoms were optimized) level
of theory. The hyperconjugative interaction energy can be
estimated from the second-order perturbation,”” as described
in Equation 2:

(o[F|o)? FS
—— — n

E(z): —Ng € — & - OE

Figure 8. Overlapping of M06-2X/6-311+ +G(d,p) level of theory (black) and
X-ray (green) structures from EPC.
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HOMO (-180.85 kcal/mol)

(a)

LUMO (29.81 kcal/mol)

(b)

Figure 9. Frontier molecular orbitals for EPC (a) the HOMO bonding orbital and (b) the LUMO antibonding orbital derived from NBO analysis at M06-2X/6-

311+ +G(d,p) level of theory with the isovalue of 0.05 atomic units.

where (0|F|o)? is the Fock matrix element betweer; theiand j
NBO orbitals. €, and g, are the energies of 0 and 6 NBO'’s and
n, is the population of the donor o orbital. NBO analysis
provides a method for studying hyperconjugative interaction in
molecular system. The increase the E(2) value, more intensive
is the interaction between electrons donor and acceptor,
respectively. The results of intramolecular interactions are
presented in Table 4.

The intramolecular hyperconjugative interaction of C—C to
the anti C—C bond of the aromatic rings suggest to stabilization
of parts of the rings. The intramolecular interactions energy,
related to the resonance in the molecule, is electron donating
from the LP (2) O1, LP (2) 04, LP (2) O3, LP (2) 06 and LP (2) O5
to the antibonding acceptor BD*(2) C8 - C9, BD*(2) C7 - C6,
BD*(2) C5 - C4, BD*(2) C14 - C13 and BD*(2) C11 — C12. The
most interaction energy, related to the aromatic ring, is
electron donating from the BD*(2) C11 - C12, BD*(2) C11 - C12
and BD*(2) C14 - C13 to the acceptor BD*(2) C10 — C15, BD*(2)

Table 4. The major intramolecular interactions NBO analysis using DFT
wavefunctions for EPC.

Donor (i) Acceptor (j) EQ°  EG-EG™ Ry
BD (2) C7 - C6 BD*(2) C8 - C9 3485 036 0.103
BD(2)C10-C15  BD*2)C11-C12 2854 034 0.089
BD(2)C10-C15  BD*2)C14-C13 2744 035 0.088
BD (2) C8 - C9 BD*(2) C5 - C4 3519 036 0.102
BD(2)C14-C13  BD*2)C10-C15 2925 037 0.093
BD(2)C14-C13  BD*2)C11-C12 2895 035 0.091

BD (2) C5 - C4 BD*(2) C7 - C6 3567 036 0.104
LP® (2) O1 BD*(2) C8 - C9 3047 046 0113
LP (2) 04 BD*(2) C7 - C6 3326 046 0119
LP (2) 03 BD*(2) C5 - C4 3324 046 0119
LP (2) 06 BD*(2)C14-C13 3146 045 0.114
LP (2) 05 BD*2)C11-C12 2723 047 0.109
BD¥(2) C11-C12  BD*2)C10-C15  181.82 002 0.096
BD*(2)C11-C12  BD*2)C14-C13 36309 001 0.096
BD*(2)C14-C13  BD*2)C10-C15 35214 001 0.096

(a) kcal/mol; (b) atomic units; (c) Energy difference between donor and
acceptor i and j NBO orbitals; (d) F(i,j) is the Fock matrix element between i
and j NBO orbitals; (e) LP(n)A is a valence lone pair orbital (n) on A atom; (f)
(*) denotes antibonding.
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C14 - C13 and BD*(2) C10 - C15 leading to high stabilization
energy.

Electrostatic potential surface

The MEP is an important physicochemical tool that gives
information about chemical reactivity of the molecular
systems.”®3% The electrostatic potential can be calculated
through Equation 3, as follows:

Z, p(r) .
VO | ®

where V(r) is the potential energy by a positive unit charge at
r; Z, is the nuclear charge a located at R,, and p(r) is the
electron density at point r'. To understand the MEP done for
EPC we used the tridimensional MEP representation (Figure 10),
where yellow-orange specifies the most negative region
(moderate attraction) and is localized on the oxygen atom (02)
of the hydroxyl group of heterocyclic, with value about
—45.80 kcal/mol. On the other hand, the blue region specified
the most positive potential (strongest repulsion) and the
isovalue potential energy of about 32.63 kcal/mol is around the

ez T

f‘éﬁ&f@:—‘

Figure 10. The molecular electrostatic potential surface mapped for EPC (a)
the yellow-orange colored region is rich in electron, and (b) the blue-colored
region is electron depleted. The density isovalue of 4.0 x 10~* electrons/bohr?
was used to generate the molecular electrostatic potential surfaces.
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hydrogen atom (H5). In this region, the hydroxyl group at the
para position with the aromatic ring is responsible for the
electron withdrawing effect. These results inform where EPC
interacts intermolecularly and identify the electrophilic and
nucleophilic attacks.

Vibrational assignments

The principal IR absorptions bands are in Table5 and the
experimental and calculated IR-FT spectra are shown in Fig-
ure 11. These values in vibrational frequencies were scaled by
0.943BY for the results obtained at M06-2X/6-311+ 4 G(d,p)
level of theory. Thus, the theoretical measurements obtained in
the gas phase, the hydroxyl group absorb in the 3706-
3647 cm™', while the experimental measurements, in which the
decrease of the vibration frequency value occurs due to the
molecular hydrogen interaction, absorbs in 3508-3277 cm™'.5?
Experimentally, the aromatic appears in 1516 cm™" and
1463 cm™, while for the theoretical measurements it appears
in 1601 cm™", 1500cm™' and 1480 cm™'. The C-O (ether)
stretch appears at 1258 cm™' and 1050 cm™' for experimental
measurements, while the theoretical measurements appear at
1264 cm™" and 1051 cm™'. The vibrational band of stretching
mode C-H,., which is related to heterocyclic ring, has value of
2852 cm™', while in DFT, this band is 2863 cm™". The IR spectra

Table 5. Theoretical and experimental vibrational assignments for EPC.
Vibrational mode Exp. Freq®. Scaled Freg®.
v OH 3508-3277 3706-3647
v =C,* 1516;1463 1601; 1500; 1480
v C-0 1258; 1050 1264;1051
Voym C-Higel® 2852 2863
Voym CH, 2920-2888 2935-2873
Voym C-Ha 2954-2927 3011-2966
v=stretching; a) cm'; b) Scale factor 0.943; ¢) Ar=aromatic ring; d)
Het = heterocyclic
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Figure 11. The experimental (black) and theoretical (red) overlapped IR-FT
spectrum of EPC.
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stretching mode of the CH, group is in the range of 2920-
2888 cm™', while the computed wavenumbers are in the range
of 2935-2873 cm™". The experimental wavenumbers of stretch-
ing vibration C-H,, appears at the range of 2954-2927 cm™',
while the computed wavenumbers are in the range of 3011-

2966 cm™.

Conclusions

In this paper, the extraction route, crystallization and compre-
hensive characterization of the compound C;sH;,0, from
Salacia crassifolia were described. The planarity of the molecule
and the formation of a half chair in one of the rings were
observed on molecule architecture. The tetrameric
supramolecular arrangement occurs through the classical O-H
O and non-classical C-H~O and C-H"m interactions, which
were all confirmed through topological analysis. Additionally,
theoretical calculation (FMO, HOMO and LUMO) confirmed
chemical stability and observed experimental molecular struc-
ture. MEP is consistent with the susceptible nucleophilic attack
around hydrogen atoms of hydroxyl groups. The theoretical IR
absorptions bands are consistent with the experimental IR-FT
bands. Finally, QTAIM successfully analyzed the observed
topology through BCP associated with inter and intramolecular
interaction, which are consistent with the crystalline
supramolecular arrangement. A comprehensive topological
analysis of a novel EPC from Brazilian Cerrado constitutes a
new insight to understand the biodiversity of polyphenols from
Cerrado Bioma.

Supporting Information Summary

The details of experimental and computational procedures,
including crystal data and structure refinement are provided in
the Supporting Information.
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ABSTRACT

Chalcones constitute an important class of flavonoids, which are naturally or synthetically obtained with
relevant biological activities such as anti-inflammatory, antioxidant, antileishmanial, antitubercular, an-
ticancer, anti-HIV, antibacterial, antimalarial, antituberculosis, and antiulcer. Conformational differences
in these compounds influence their physical-chemistry properties, and the comparative structural anal-
ysis is relevant to describe changes in their properties. In this way, we aim to evaluate the conforma-
tional changes of three (1E,4E)-1-(4-nitrophenyl)-5-(2,6,6-trimethylcyclohex-2-en-1-yl)penta-1,4-dien-3-
one (CHL) crystal structure polymorphs. In addition, Hirshfeld surfaces and theoretical calculations were
used to analyze intermolecular interactions responsible for the supramolecular arrangement and molec-
ular stability. The molecular packing of these terpenoid-like chalcones is stabilized by semi-classical C-
H--O interactions, and hydrophobic C-Hessr interactions. The HOMO-LUMO gap confirmed the order of
kinetic stability in the gas phase CHL-m; > CHL-o > CHL-m; showing the difference that polymorphism
can cause; these differences can affect the properties of the compound and thus influence its applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Chalcones belong to the flavonoid class of compounds and
are composed of an aromatic ketone. They are bio-precursor
agents of flavonoids and isoflavonoids. Its basic structure, 1,3-
diphenyl-2-propen-1-one, consists of a conjugated three-carbon
o,B-unsaturated carbonyl system (which makes the compound bi-
ologically active) linking two aromatic rings [1,2]. They can be ob-
tained through the isolation of natural products, found in greater
abundance in plants of the Asteraceae, Moraceae, Fabaceaee, and
Aristolochiaceae families [1,3,4], and by synthetic routes, such as
the Aldol condensation reaction, the Suzuki reaction, the Heck re-
action, and the Claisen-Schmidt reaction (the most classic, being
performed in high-alkaline medium or using a Lewis acid) [2,5].

Chalcones and their derivatives have several biological activities
such as anti-inflammatory [6-8], antioxidant [9,10], antileishma-
nial [11,12] antitubercular [13], anticancer [14-16], anti-HIV [2,5],
antibacterial [17-19], antimalarial, antituberculosis, antiulcer, an-
tidiabetic, antiprotozoal [1,2,5] and nonlinear optical (NLO) prop-

* Corresponding authors at: Grupo de Quimica Tedrica e Estrutural de Andpolis,
Universidade Estadual de Goias, Anapolis, GO, Brazil.
E-mail addresses: silva.c.marianna@gmail.com (M.C. Silva),
hbnapolitano@gmail.com (H.B. Napolitano).

https://doi.org/10.1016/j.molstruc.2020.129743
0022-2860/© 2020 Elsevier B.V. All rights reserved.

erties. B-ionone (4- [2,6,6-trimethyl-1-cyclohexen-1-yl]-3-buten-2-
one) is the basic nucleus structure of retinoic acid, retinol, S-
carotene, and vitamin A. Similar to chalcones, this phytochemical
compound is found in many fruits and vegetables and its analogs
have several biological properties, such as anti-carcinogenic and
antitumor activities [20,21]. Among these analogs, we can mention
the terpenoid-like chalcone, which is formed by the condensation
of the B-ionone nucleus with an aromatic aldehyde. This class of
chalcones has some activities described in the literature, such as
antiandrogens, antimicrobial, and antiproliferative agents [20,22-
24].

Bis-chalcones are «, 8 unsaturated ketones capable of absorb-
ing UV-VIS light due to extensive conjugation. Its chromophore can
be fine-tuned through intramolecular charge-transfer processes.
These phenomena are characteristic of a highly delocalized 7 elec-
tron system and the absorption maximum (Amax) is usually shifted
to longer wavelengths as the amount of delocalization increased
[25]. This phenomenon is dependent on aromatic ring type and
substitution pattern, leading to a small energy gap between the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) [25,26].

It is known that changing the crystal packing affects the
chemical, physical, material science, and biological properties of
the compound [27]. In this sense, analyzing polymorphs (com-
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Scheme 1. Synthesis of (1E,4E)-1-(4-nitrophenyl)-5-(2,6,6-trimethylcyclohex-2-en-1-yl)penta-1,4-dien-3-one.

pounds with the same molecular structure but different crys-
talline phases and lattice energy) is important when consider-
ing different physicochemical and/or biological properties [28].
In this article, conformational polymorphs (with molecular twists
associated with long-range ordering) [28] of three polymorphs
of chalcone (1E,4E)-1-(4-nitrophenyl)-5-(2,6,6-trimethylcyclohex-2-
en-1-yl)penta-1,4-dien-3-one (CHL) were analyzed. Structural elu-
cidation analysis was performed in terms of molecular geometry
and intermolecular interactions. The supramolecular arrangement
of all structures was characterized by the Hirshfeld surface (HS)
[29-31] while the electronic study was carried out using density
functional theory (DFT) to generate the frontier molecular orbitals
(FMO) [32].

2. Experimental and computational procedures
2.1. Synthesis and crystallization

Chemicals and solvents required for orthorhombic CHL (CHL-
o) synthesis were obtained from commercial sources and used
without further purification. 1 mmol (192.3 mg) of (3E)-4-(2,6,6-
trimethylcyclohex-1-enyl) but-3-en-2-one (8-ionone, C;3H,70) and
1 mmol (1511 mg) of 4-nitrobenzaldehyde (C;H5NO3) were
added in ethanol (1 mL). Then, pulverized KOH (1 mmol;
56.1 mg) was added to the reaction mixture and manually
shaken for 2 min. at 29815 K. The reaction’s progress was
monitored by TLC (Silica gel 60 UV254) plate using a mix-
ture of solvent (ethyl acetate/hexane 3:7) as eluent (Scheme
1). Finally, a yellow precipitate was obtained and collected by
vacuum filtration followed by a crystallization process using
ethanol as solvent. (1E,4E)-1-(2,6,6-trimethylcyclohex-1-enyl)-5-(4-
nitrophenyl)penta-1,4-dien-3-one was obtained in 92% yield (0.92
mmol; 299.36 mg), fusion range 399,15-401,15 K. From the analysis
of the GC chromatogram, a single peak is observed at 11.78 min,
whose mass spectrum is characteristic for CHL-o fragments (m/z
44, 102, 130, 176, 207, 268, 310 and 325).

Crystals of CHL-o were obtained from a dichloromethane solu-
tion of the chalcone in a conical flask with the mixture kept at
298.15 - 303.15 K for slow evaporation for 72 h until the crys-
tals formed. A Bruker Avance 500 MHZ nuclear magnetic resonance
(NMR) spectrometer was used to obtain 'H- and '3C-NMR spectra
(Figures S1 and S2) with TMS as internal standard and CDCl3 as
solvent. The corresponding shifts reveal the purity and structural
conformation of the compound. The infrared (IR) spectra (Figure
S3) were recorded using a Perkin Elmer 8400S FT-IR spectrome-
ter. The chalcone was analyzed by the Fourier transform infrared
(FTIR) transmission technique as KBr pellets and the spectra were
collected in the middle infrared spectral range (4000-400 cm™1).
TH NMR (500 MHz, CDCl3) § 8.28 (d, J=8.9 Hz, 2H), 7.76 (d, J=8.9
Hz, 2H), 7.70 (d, J=15.9 Hz, 1H), 7.59 (dd, J=16.0, 6.3 Hz, 1H),
713 (d, J=15.9 Hz, 1H), 6.50 (d, J=16.0 Hz, 1H), 2.16 - 2.11 (m
2H), 1.87 (s, 3H), 1.71 - 1.62 (m, 2H), 1.55-1.51 (m, 2H), 1.15 (s,
6H).; 3C NMR (126 MHz, CDCl3) § 188.33, 148.39, 144.29, 141.23,
139.47, 138.33, 136.46, 129.17, 129.13, 128.82, 124.21, 39.86, 34.21,
33.90, 28.90, 22.00, 18.83.

2.2. Gas chromatography-mass spectrometry

The gas chromatogram (Figure S4) and mass spectrum (GC-
MS) (Figure S5) of the synthesized compound were recorded in
a Shimadzu QP2010 Ultra equipped with capillary column CBP-
5 (30 x 0.25 x 0.25), with an injection volume of 1.0 uL, in Split
Mode and Helium as drag gas with 1.0 mL.min~! flow. The analy-
sis was carried out with injector temperature at 553.15 K and the
detector at 583.15 K. The initial oven temperature was 373.15 K
(held for 2 min), followed by a heating ramp of 303.15 K .min~!
till 573.15 K (held for 10 min).

2.3. Crystallographic characterization

The single crystal CHL-o data were obtained from X-ray diffrac-
tion on a Bruker APEX-II CCD diffractometer, with graphite-
monochrome MoK radiation (A =0.71073 A), at 120 K. The
molecular structure was solved by direct methods using ShelXS
[33], and refined by full-matrix least-squares method on F? using
ShelXL [34] software, incorporated into Olex2 [35]. Free anisotropic
parameters were adopted for non-hydrogen atoms, and fixed
isotropic parameters for hydrogen atoms [Ujs, (H)=1.2 Ueq (methy-
lene group) or 1.5 Ueq (methyl group)]. Hydrogen atoms were con-
strained to 0.93 A (Csp? -H), 0.96 A (Csp> -H in CH3 groups), 0.97
A (Csp® -H in CH; groups) and 0.98 A (Csp® -H in CH groups) ac-
cording to the riding model. The programs Ortep [36] and Mer-
cury [37] were used for interpreting molecular and supramolecu-
lar arrangements. Potential hydrogen-bond interactions were veri-
fied through Platon [38] software. The crystallographic information
file (CIF) was deposited at Cambridge Crystallographic Data Centre
(CCDC) [39] under deposition code 2023065. The CIF of the other
two monoclinic polymorphs, [code: 1029766 (CHL-m;) [22] and
818053 (CHL-my) [40]], were extracted from the CCDC database.

HS can be understood as crystal partition space with regions
where there is electron distribution of a sum of spherical atoms
[41] [42], constructed through Equation 1:

Wr)= > pa®)/ Y. Ppa() (1)

acmolecule aecrystal

where W(r), is a weight function with W(r) > 0.5, the numerator
is the promolecule (summed over the atoms in the molecule of in-
terest), the denominator is from the procrystal (summed over the
atoms in the crystal of interest) [42] [29]. The electron density of
the atomic fragment p, (r) is defined in Equation 2:

Pa (r) =W, (r)p™(r) (2)

where, p™(r) indicates molecular electron density [43]. The nor-
malized contact distances (dnorm) (Equation 3) are defined from di
(indicates a donor region of intermolecular contacts and distance
between the nucleus of an internal atom to the surface) and de (in-
dicates an acceptor region of intermolecular contacts and distance
between an external nucleus to the surface) [29].

= (= F0) [0 & (1 209) i @)
where, '@ is the van der Waal (vdW) radius. The red and blue

colors are associated with shorter and longer distances greater
than the van der Waals intermolecular contact, respectively [29].
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Fig. 1. Ortep representation with 50% probability ellipsoids, of the CHL-o crystal. Disorder at C14’ and C15’ omitted for clarity.

The shape index surface identifies hydrophobic donor and accep-
tor interactions, by red concave regions and blue convex regions,
respectively. The 2D fingerprint is a map of all contacts present in
the molecule that are unique to each compound. This map uses
the chemical environment and is unique for each molecule [44].
Crystal Explorer [45] was used to calculate HS and 2D fingerprint
plots.

2.4. Theoretical calculation

Theoretical calculations were performed for CHL-o, CHL-m;, and
CHL-m,, from the experimental data (X-ray data). The geome-
try determined from the X-ray data were optimized in the gas
phase using the Density Functional Theory (DFT) [46] by Gaus-
sian09 [47] software applying the M06-2X [48] functional and 6-
311++G(d,p) [49,50] basis set, because it has shown good results
in the literature [49,51-54], is indicated for noncovalent interac-
tions [48,55], and considers electronic correlation. Based on the re-
sults generated, we performed a comparative analysis between the
structures (CHL-o, CHL-mq, and CHL-m,) through the FMO, with
the highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) [56,57].

3. Results and discussion
3.1. Solid-state characterization of CHL-o

Figure 1 shows the numbering scheme used for CHL-o, which
crystallizes in the orthorhombic, centrosymmetric space group
Pbca. The Ring A (trimethylcyclohexene) is disordered with two in-
dependent sites for atoms C14, C15 (67.4%) and C14’, C15’ (32.6%).
Ring B (nitrobenzene) has a p-nitro group (Figure 1). The crystallo-
graphic data of the structural refinement are described in Table 1.

Figure 2 shows the planes formed by rings A and B (0=
30.25°). CHL has a half-chair conformation evidenced by the di-
hedral angles C13-C14-C15-C16 [-65.1 (6)°] and C17-C16-C15-C14
[51.3 (5)°]. Ring A shows syn-clinal orientation due to the torsion
angles around C10-C11-C12-C13-C17. Table 2 shows selected geo-
metrical parameters for CHL-o.

The supramolecular arrangement of CHL-o has a C5-H5-+03 in-
teraction [D--A=3.449 A; symmetry code: 3/2-x, -1/2+y, z] involv-
ing the nitro group that contributes to a zig-zag cross-repetition in
the direction of the b axis (Figure 3a), and the C8-H801 inter-
action [D-+A=3.305 A; symmetry code: 1/2-x, 1/2+y, z] involving
carbonyl group into a repetition along the b axis direction (Figure
3b).

Table 1
Crystal structure and refinement data of CHL-o.
Parameter CHL-o
Chemical CyoHz3NO3
formula
Formula 325.39
weight

Crystal system, Orthorhombic, Pbca

space group

Temperature 120 (2)

(K)

Unit cell a=13.9380 (6) o =90°

dimensions A B =90°
b=10.6202 (5) y =90°
A
c=23.4713
(14) A

Volume 34743 (3)

Radiation type Mo Ko

Absorption 0.083

coefficient

(mm 1)

F (000) 1392

Final R indices 0.0457, wR, =0.1026

[F2 > 20 (F?)]

R indices (all 0.0813, wR; =0.1181

data)

Goodness-of-fit 1.017

on F?

No. of 3419

reflections

No. of 239

parameters

A)maxs D)min 0.20, -0.23

(e A3)

@ Plane of trimethylcyclohexane

@ Plane of nitrobenzene

Fig. 2. Dihedral angle of CHL-o formed by planes of A (red) and B (gray) rings. H
atoms have been omitted.
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1=C5-H5-03
2=C8-H8-01
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(b)

Fig. 3. Interactions of CHL-o formed by C5-H503 (a), and C8-H801 (b). H atoms not involved in interactions have been omitted.

(@)

(1d) and (1r) = C8-H8--O1
(2d) and (2r) = C5-H5-03 (®)

Fig. 4. HS dnorm mapped for CHL-o indicates intermolecular contacts. Dotted black lines represent hydrogen bonds.

Table 2
Selected geometrical parameters for CHL-o.

CHL-o Bond lengths
C13-C14 1.548 (7) A
C14-C15 1.515 (9) A
C15-C16 1.541 (4) A
Bond angle
C14-C15-C16 107.3 (4) °
Dihedral angle
C10-C11-C12- -358 (3) °
C17

The contacts C8-H8:+-01 and C5-H5--03 are observed through
the HS topological analysis by conventional dnorm mapping (rang-
ing from -0.511 to 1.470 A) (Figure 4a and Figure 4b) and can be
described from the intensity of the di and de contacts. The red dots
(1d) and (2d) correspond to di contacts, indicating that they act
as donors for the interactions C8-H8~-01 and C5-H5--03, respec-
tively, and the red dots (1r) and (2r) correspond to the de contacts,
indicating the acceptor regions of the interactions C8 - H8- 01
and C5 - H5--03, respectively.

HS shape index is a tool used to recognize hydrophobic inter-
actions (77 and C-H- 1), indicated by red concavities over aro-
matic rings. Compound CHL-o has a C-H-'7r interaction involving
Cg1 (center of gravity of the aromatic ring formed by the atoms
C1, C2, C3, C4, C5, and C6) with the C18-H18B--Cg1 (D-H=0.98 A,

Fig. 5. HS shape index evidencing the interaction C-H-m of CHL-o.

H-Cgl 2.88 A, DCg1=3.66 A, D - H~Cg1=138° and symmetry
code: 1/2-x,-1/2+y,z), shown in Figure 5.

Furthermore, the contacts were analyzed from fingerprints
(Figure 6) based on the major disorder component of the molecule
through a 2D graph with di against de. The H~H contacts have
a higher percentage (50.10%), the O-H contacts have 25.90% and
C~H contacts have 18.60%. The absence of C-C interactions indi-
cates that the arrangement is not stabilized by 7 interactions.
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mO..H HH..H mC...H W Others

Fig. 6. Fingerprint and quantification of total interactions in CHL-o.

3.2. Comparative polymorphic analysis

The crystallization of polymorphic compounds CHL-m; and
CHL-m, occurred in the monoclinic, centrosymmetric space group
P2¢/c. CHL-m; has an occupational disorder involving the ring A.
For CHL-m;, the classical harmonic model was used. In this model,
the atomic displacement is represented with only one site instead
of the split-position model (without convergence), obtaining elon-
gated ellipsoids at the site of the disorder (Figure 7a). CHL-m, also
has an occupational disorder in ring A, which was refined through
the split-position model. Figure 7b is presented with the disorder
omitted, for better visualization.

Examining the two mean planes for rings A (trimethylcyclo-
hexene) and B (nitrobenzene) resulted in angles of ©,=86.64°
and ©3=64.41° for CHL-m; (Figure 8a) and CHL-m, (Figure 8b),
respectively. The conformational differences are associated with
ring A orientation (torsion angles about C10-C11-C12-C17). The
trimethylcyclohexene rings in CHL-m; and CHL-m, have an anti-

C16 9

(b)

Fig. 7. Ortep representation with 50% displacement ellipsoids of the (a) CHL-m; and (b) CHL-m, crystal.

Journal of Molecular Structure 1228 (2021) 129743

Table 3
The experimental (X-ray) parameters for CHL-m; and CHL-m,.

CHL-m, Bond lengths
C13-C14 1.510 (9) A
C14-C15 1.458 (14) A
C15-C16 1.437 (16) A
Bond angle
C14-C15-C16 114.5 (9) ©
Dihedral angle
C10-C11-C12-C17 116.9 (5) °
CHL-m, Bond lengths
C13-C14 1.529 (11) A
C14-C15 1.550 (3) A
C15-C16 1.434 (3) A
Bond angle
C14-C15-C16 1174 (12) °
Dihedral angle
C10-C11-C12-C17 -42.4 (3)°

clinal and a syn-clinal orientation, respectively. The overlay of CHL-
m; and CHL-m, with CHL-o shows their conformational differ-
ences (Figure 8). In addition, the half-chair conformation is ob-
served in the compounds CHL-m; and CHL-m;, (Table 3).

The supramolecular arrangement of CHL-m; and CHL-m, is sta-
bilized by semi-classical C-H:-O interactions, whose geometric pa-
rameters are shown in Table 4. The CHL-m; presents regular in-
teractions (involving C6-H6--02 atoms) running parallel to the c-
direction, and a bifurcated hydrogen bond (involving C8-H801
and C11-H11--01 atoms) (Figure 9a). In comparison, CHL-m, has
interactions involving C16-H16A--01, and C8-H8--03 also running
parallel to the c-direction (Figure 9b). The only interaction that is
common to CHL-o and its polymorphs is the C8-H8---0O1 hydrogen
bond. However, their values are divergent. The packing of CHL-m;
(Figure 10a) and CHL-m, (Figure 10b) consists of a zigzag form in
the a-direction, and ribbons in ¢ direction. The centrosymmetric
crystal packing of CHL-o (Figure 10c) consists of a ribbon motif.
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Fig. 8. Overlapping of CHL-o/CHL-m; (a) and CHL-o/CHL-m, (b), showing CHL-m; (©,) and CHL-m; (©3) formed by planes of A (red) and B (gray) rings. H atoms have been

omitted.

Table 4

Geometric parameters of intermolecular interactions of CHL-m; and CHL-m;.

D -H"A D-H H~A DA D -H-A Symmetry code
CHL-m, C8-H8-01 0.92 2.60 3.531 175 X,1/2-y,-1/2+z
C11-H11-01 0.93 2.62 3.493 155 x,1/2-y,-1/2+z
C6-H6--02 0.92 2.67 3.418 137 x,14y,z
CHL-m, C16-H16A-01 0.96 2.62 3.378 134 x,1/2-y,-1/2+z
C8-H8-03 0.93 2.55 3.394 150 X,-1/2-y,-1/2+z

1=C6-H6-02
2=C8-H8-01
3=C11-H11--01
4= C16-H16A...01
5= C8-H8...03

Fig. 9. Intermolecular interactions of CHL-m; (a) and CHL-m; (b). H atoms not involved in interactions have been omitted.

The intermolecular interactions of the CHL-m; and CHL-m,
compounds are observed and interpreted through the topologi-
cal analysis of HS by dnorm mapping, where donor and accep-
tor regions of contacts are represented. Interactions of CHL-m; are
shown in Figure 11a, while interactions of CHL-m, are presented
in Figure 11b. For CHL-m; compound, di contacts (donor) and de
contacts (receptor) are represented by (1d/r), (2d/r)/ and (3d/r) in-
dicating the C8-H8--01, C11-H11-+-01 and C6-H6--02 interactions,
respectively. The C8-H8-01 and C11-H11--O1 are bifurcated in-

teractions and are more intense, contributing to the stabilization
supramolecular arrangement. For CHL-m,, the (4d/r) and (5d/r) re-
gions indicate the C16-H16A-+-01 and C8-H8--03 interactions, re-
spectively.

CHL-m; and CHL-m, present a hydrophobic interaction C-H-m,
represented by the red concave curvature on the shape index
surface. CHL-m; has an interaction involving Cgl (gravity center
of the aromatic ring formed by the atoms C1 - C6) with C14-
H14A-Cgl (D-H= 0.97 A, H-Cg1 2.92 A, D--Cgl= 3.77 A and D-
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Fig. 10. The crystal packing of CHL-m; (a), CHL-m;, (b), and CHL-o (c). H atoms
have been omitted.

aA

(b)

(1d) and (1r) = C8-H8-01
(2d) and (2r) = C11-H11-01
(3d) and (3r) = C6-H6-02

(@)

(4d) and (4r) = C16-H16A-01
(5d) and (5r) =C8-H8-03
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H--Cgl= 147°) (Figure 12a). The compound CHL-m, has an interac-
tion involving Cgl (C1 - C6) with the C18-H18A--Cgl (D-H= 0.96
A, H~Cgl 3.73 A, D--Cgl= 4.57 A and D - H~Cgl= 148°) (Figure
12b).

The fingerprint plot represents the contact percentages of CHL-
my (Figure 13a) and CHL-m, (Figure 13b) polymorphs with an
unique patterns. The O--H contacts are represented by the C-
H--O interactions, and the percentage of O-H contact in CHL-m;
(26.70%) is greater than CHL-m; (25.00%) because there is one
more semi-classic interaction. This difference can be noticed in the
di | de region around 1.4 with a greater intensity for the CHL-m;
compound (Figure 13a).

The HOMO orbital is similar for all three terpenoid-like chal-
cones. The HOMO of all three compounds is spread over aromatic
ring B and the LUMO is associated with the trimethylcyclohexene
ring A (Figure 14). The bonding orbital and the antibonding or-
bital are characterized by electronic levels HOMO and LUMO, re-
spectively [57], and the difference between the energies orbitals
is called GAP energy (Erumo - Enomo = Ecgap)- The GAP for CHL-o is
531.8 kJ/mol, for CHL-m; is 581.3 k]J/mol while for CHL-m, is 520.7
kJ/mol.

The energy GAP has been used as a simple indicator of kinetic
stability [58,59,68-70,60-67], this kinetic stability can be under-
stood as stability related to the activated complex of any further
chemical reaction [69,71]. According Manolopoulos et al. (1991),
[69] large GAP values are associated with high kinetic stability be-
cause 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. Due to
the immense number of chemical reactions, it is very complicated
estimate the degree of kinetic stability. In this sense, the com-
pound CHL-m; is the most stable among the three (581.3 kJ/mol)
when compared to CHL-o and CHL-m, (regarding gas phase val-
ues). When comparing structures CHL-o and CHL-mj;, the GAP
value of CHL-o (531.8 kJ/mol) indicates that this structure is more
stable than CHL-m; (520.7 kJ/mol). Summarizing this, we have an
order of stability in the gas phase of CHL-m; > CHL-o > CHL-m,.

Fig. 11. HS dnorm mapped indicates intermolecular contacts for CHL-m; (a) and CHL-m; (b). Dotted black lines represent hydrogen bonds.
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(a)

(b)

Fig. 12. Hirshfeld surface shape index evidencing the interaction C-Hm of CHL-m; (a) and CHL-m, (b).

(@)

14 18 22 26

EC..H u Others

Fig. 13. Fingerprint and quantification of total interactions in CHL-m; (a) and CHL-
m; (b).

HOMO

CHL-o

J‘\‘ 4‘) -225.1 kJ/mol
9

4. Conclusions

CHL-o crystallizes in the orthorhombic space group Pbca while
CHL-m; and CHL-m, crystallized in the monoclinic space group
P2¢/c. The CHL-o is more planar than CHL-m; and CHL-m,,
measured by the angles formed by rings A and B. Ring A for
CHL-o, CHL-m;, and CHL-m; has a half chair conformation. The
supramolecular arrangement for all three CHL compounds is stabi-
lized by C-H~-O and C- Heeerr interactions and CHL-m; presented
one additional C-H--O interaction. According to the GAP energy
calculated for the three molecules in the gas phase, the order of
stability is CHL-m; > CHL-o > CHL-m,, indicating the structure
with no disorder instead of the split-position model as the most
stable. All parameters presented indicate the importance of the
comparative study of polymorphs for future pharmacological ap-
plications. This is due to the ability of physical-chemical properties
to be altered by small differences in the crystalline arrangement
and stability of the CHL.

-756.9 kJ/mol

-799.9 kJ/mol

411

-742.5 kJ/mol

Fig. 14. Molecular orbital distributions (HOMO- LUMO) for CHL-0, CHL-m; and CHL-mj,.
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