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RESUMO

As chalconas e seus derivados possuem uma grande diversidade de
aplicacbes como:  antioxidantes, potenciais  fungicidas, antivirais,
anticonvulsivante, entre outros, sendo que suas atividades podem ser moduladas
com diferentes grupos substituintes em seus anéis aromaticos. O composto, (E)-
1-(4-bromofenil)-3- (4-butilfenil)prop-2-en-1-ona tem sua estrutura caracterizada
por ressonancia magnética nuclear, infravermelho, Raman, espectroscopia de
massas, ultravioleta visivel, analise termogravimétrica , varredura diferencial de
calorimetria, calculo por teoria do funcional da densidade e 0 mapa de potencial
eletrostatico. Sendo avaliado posteriormente sua atividade larvicida para o Aedes
aegypti onde cada ensaio bioldgico consistiu em incubar 10 larvas (L3) em agua
destilada (20 ml), contendo diferentes concentracbes de chalcona (7,2 - 57,6
mg.L-1). O arranjo supramolecular foi estabilizado pelas interacdes C—H --- O e
C — H --- &, enquanto o calculo teérico apresentou uma energia de Gap com
pequeno valor de reatividade em comparagdo com outros derivados chalcona
EGAP (3,97 eV). O composto apresentou mortalidade de até 80% a 57,6 mg. L*
contra larvas de Aedes aegypti, sendo um resultado promissor em relacéo a outros
compostos reportados na literatura.

Palavras-chaves: Difracao de raios X, Aedes aegypti, larvicida, derivados

de chalconas.



ABSTRACT

The chalcones and their products have a wide range of applications as:
antioxidants, potential fungicides, antivirals, antioxidants, anticonvulsants,
among others, and their activities can be modulated with different substituent
groups in their aromatic rings. The compound, (E) -1-(4-bromophenyl)-3-(4-
butylphenyl)prop-2-en-1-one has its structure characterized by nuclear magnetic
resonance, infrared, Raman, mass spectroscopy, visible ultraviolet
thermogravimetric analysis, differential scanning calorimetry, density functional
theory calculation and the electrostatic potential map. Its anti-larvicide activity
for Aedes aegypti was subsequently evaluated where each biological assay
consisted of incubating 10 larvae (L3) in distilled water (20 mL), with different
chalcone nodes (7.2 - 57.6 mg.L-1). The supramolecular arrangement was
stabilized by C - H --- O and C - H --- 7 interactions, while the theoretical
calculation showed a Gap energy with small reactivity value compared to other
similar chalcone derivatives EGAP (3.97 eV). The compound has mortality of up
to 80% to 57.6 mg.L-1 against Aedes aegypti larvae, being a promising result
compared to other compounds reported in the literature.

Palavras-chaves: X-ray diffraction, Aedes aegypti, larvicidal, derivates of

chalcones.
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1 INTRODUCAO

Para descrever a estrutura atbmica de compostos é necessario um cuidado,
a cristalografia € uma area de estudo que investiga os cristais com uso da técnica
de difracdo de raios X. Ela se torna importante devido a incompatibilidade entre
0 comprimento de onda que nossos olhos conseguem observar (A = 4000 a 7000
A), e 0 tamanho dos &tomos que é da ordem de 1 A, sendo ento necessario o uso
de diferentes tecnicas para reproducdo de um modelo visual dos atomos e
moléculas (NAPOLITANO et al..., 2007). No meio cientifico, o conhecimento
estrutural molecular possibilita a obtencéo de diversos paramentos como simetria
cristalogréfica, interagdes intermoleculares disposicdo topoldgica dos atomos,
entre outros. Logo através do uso da difracdo de raio X por um cristal é possivel
obter a disposicdo tridimensional dos 4&tomos das moléculas que constituem a
mesma, identificando entdo a composicao e a localizacdo dos atomos da amostra
de interesse (BARBERATO, 1992).

O nlcleo da estrutura quimica das chalconas € um dos intermediarios mais
importantes e conhecidos, e € parte integrante de uma variedade de flavonoides e
agentes medicinais (MATHEW e colab., 2014). Elas possuem cadeia aberta e séo
abundantemente encontradas em plantas das familias Leguminosae, Compositae
e Moraceae, presente em frutas, vegetais, graos, raizes, flores, chés, vinhos,
produtos, entre outros (FERREIRA et al., 2018). Elas apresentam diversas
atividades bioldgicas, também potenciais fungicidas, antivirais, antioxidante
anticonvulsivante, entre outros (DIAZ-TIELAS et al., 2016; FERREIRA et al.,
2018). Na literatura encontramos derivados da chalcona como compostos anti-
juvenis entre 0os hormonios de regulacdo da metamorfose de insetos (antagonists
of the juvenile insect hormone) (LEE e colab., 2015). Esses derivados naturais sao
importantes interferentes nos processos fisiologicos dos insetos, podendo acorrer
na ecdise (troca do exoesqueleto), metamorfose reproducéo, entre outras (LEE e
colab., 2015).
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Devido a ampla aplicacdo das chalconas e seus derivados, foi realizado a
sintese e caracterizacdo estrutural da bromochalcona, nomeada como E) -3- (4-
butilfenil) -1- (4- bromofenil) -prop-2-en-1-ona (BBP), alem de ser um composto
com estrutural cristalografica inédita na literatura verifica-se a existéncia de uma
ampla aplicacbes para as bromochalconas como antimicrobiana, antioxidante
(MARCOVICZ, 2018), antibacterianas (THANIGAIMANI e colab., 2015) e em
parceria com o Instituto de Fisica de Sdo Carlos da Universidade de Sdo Paulo
(IFSC/USP), foi realizado o estudo da atividade anti larvicida para a BPP trazendo
um resultados promissores contra larvas do Aedes aegypti que é um mosquito
percursor de varias doencas endémicas como a Dengue, Zika e Chikungunya
(BORGES, 2018).

Neste trabalho alem da cristalografia foram utilizadas outras técnicas de
caracterizacdo para melhor compreensdo do comportamento da molécula, sendo
elas: ressonancia magnética nuclear (RMN), infravermelho (IR), Raman,
espectrometria de massa (EM), (UV-Vis), analise termogravimetrica (TG) ,
calorimetria diferencial de varredura (DSC) e o calculo tedrico por teoria do
funcional da densidade (DFT).
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2 REFERENCIAL TEORICO

2.1 CHALCONAS

As chalconas e seus derivados sdo bioprecursoras de flavonoides sendo
cetonas naturais consistindo de um sistema de carbonila a, f-insaturado que une
dois aneis aromaticos como mostra a Figura 1 (FERREIRA et al., 2018). Séo
compostos de ocorréncia natural, e podem ser sintetizadas, sendo o principal
responsavel pela sua atividade bioldgica a combinacéo de ligacdes duplas com o
grupo carbonila (BURMAOGLU et al., 2021).

Figura 1. Férmula estrutural bidimensional de uma chalcona.

Para sua sintese a mais classica e geral é a condensacéo de Claisen Schmidt
em meio basico e podem ser obtidos de fontes comerciais, atraves da condensacgéo
de um benzaldeido e uma cetona apropriada juntamente com um solvente polar
como mostra a Figura 2 (SECHINI e FLORIANOPOLIS, 2010).

O [0 0
CHy H KOH
+ ——
METANOL

Figura 2. Sintese de chalcona por condensacdo de Claisen Schmidt (SECHINI, 2010)
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A adicdo de grupo diferentes nos anéis aromaticos das chalconas tem
diferentes efeitos para a atividade do composto, as bromochalconas sdo reportadas
com uma diversa aplicagdo, sendo que as efetividades destas atividades podem
ser aumentadas ou ndo pela insercdo do bromo ao anel aromatico, logo estudos
devem ser frequentemente realizamos de modo a se obter esses resultados
(MARCOVICZ, 2018; THANIGAIMANI et al., 2015).

2.2 SIMETRIA

A simetria € geralmente vista como bela na natureza. Diz-se que um objeto
e simetrico se, apds algum movimento, real ou imaginario, seja indistinguivel, na
aparéncia e em outras propriedades discerniveis do que era inicialmente
(GLUSKER; TRUEBLOOQD, 2010). A simetria desempenha parte fundamental e
de extrema importancia na cristalografia, denotando a periodicidade dentro de um
cristal, sendo assim uma ferramenta importante que auxilia na caracterizagdo de
cristais. Para entender a periodicidade e natureza ordenada de cristais € necessario
conhecer as operacOes de simetria pelas quais a repeticdo de um objeto (atomos,
moléculas ou ions) é obtida (CHRISTOPHER HAMMOND, 2009).

Elementos de simetria sdo uma entidade geometrica como uma linha, um
plano ou um ponto com respeito a uma ou mais operacgdes de simetria podem ser
realizadas (COTTON, 1990). A propriedade essencial de tais operacoes € que elas
trazem o objeto para uma configuracdo equivalente (DAVIDSON, 1991).
Qualquer cristal pode ser considerado como sendo construido pela repeticéo
translacional tridimensional continua de algum padréo estrutural basico, que pode
consistir em um ou mais atomos (GLUSKER; TRUEBLOOD, 2010). E possivel
classificar a simetria de qualquer objeto em termos de operagdes de simetria que
podem ser executadas nesse objeto (DAVIDSON, 1991).

O elemento basico de um cristal € um poliedro tridimensional com seis

faces, cada paralelograma ¢ paralelo a uma face oposta de formato semelhante. A



16

“cela unitaria” que contém uma unidade de padrdo de repeticdo translacional. E
definida por trés vetores ndo-planares (0s eixos de cristal) a, b e ¢, com magnitudes
a, b e ¢, 0s angulos entre esses vetores sao a, 3, e y. Assim, o tamanho e a forma
da célula unitéria sdo definidos pelas dimensdes a, b, ¢ e o ,p, ¢ v (Figura .3)
(GLUSKER; TRUEBLOOD, 2010).

Figura 3. Representacdo de uma cela unitaria mostrando os elementos de simetria, axiais e

angulares.

Na simetria pontual, repeticdo periodica € descrita em torno de um ponto.
As operacdes de simetria possiveis sdo classificadas em proprias e improprias,
sendo os elementos de simetria improprios, o espelho e o centro de inversao, que
alteram a cada tipo de grupo pontual e as operacdes proprias sdo rotacdes de uma
determinada fracdo de 360° em torno de um eixo de rotacao, cada operagao possuli
sua propria caracteristica e um simbolo convencional (GIACOVAZZO, 2011).

Os elementos de simetria de ponto fixo que satisfazem as operacOes de
simetria de um sistema cristalino formam um grupo pontual (ou grupo de ponto)
quando combinados. Os sete sistemas cristalinos listados na Tabela 1 com todas
as possiveis combinacdes de simetrias conseguem gerar 32 grupos pontuais que
definem a classe do cristal (MELO, 2015).
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Tabela 1- Valores axiais e angulares dos sete sistemas cristalinos

Sistema cristalino Valores axiais e angulares
Triclinico a#zb#c; azB#y#90°
Monoclinico a#zb#c; a=y=90°# 8
Ortorrémbico a#b#c; a=p=y=90°
Tetragonal a=b#c; a=B=y=90°
Trigonal (romboédrico) a=b=c; a=B=y#90°
Hexagonal a=b#c; a=3=90°, y=120°
Cubico a=b=c; a=B=y=90°

2.3 DIFRACAO DE RAIO X

Em 1895 Wilhelm Conrad RoOntgen, um fisico alemdo realizava
experimentos com tubos de raios catodicos (feixes de elétrons acelerados), quando
observou que a colisdo dos elétrons com as paredes do tubo evacuado produzia
fluorescéncia em cristais e luminescéncia em gases. Ele conseguiu mostrar que 0s
raios se propagavam em linha reta e tinha grande poder de penetracdo. A natureza
desses raios era desconhecida, e assim foram chamados de raios X. Ao longo de
muitos anos foram estudados sua natureza, eram particulas neutras, sendo
sugerido entdo que fossem ondas eletromagnéticas como a luz, com comprimento
de onda na ordem de A (CHRISTOPHER HAMMOND, 2009).

Os raios-x sdao uma pequena faixa do espectro de ondas eletromagnéticas
que abrange de 0.1 a 100 A. Durante a interacdo entre os raios-x e o cristal 0s
elétrons dos atomos que compde este, absorvem e reemitem essa radiacdo
ocasionando o espalhamento da onda eletromagnética incidente. A intensidade
dos raios espalhados elasticamente por um elétron foi desenvolvida por J.J.
Thomson sendo para radiacédo incidente ndo polarizada (BARBERATO, 1992).

A analise estrutural do cristal comecou em novembro de 1912 como o

primeiro artigo de W. L. Bragg, espectroscopia de raios-X, trata da emisséo e
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absorcéo de raios-x pela e na matéria. Em particular, o trabalho inicial de Moseley
mostrou que os ja reconhecidos 'raios-X caracteristicos' eram um resultado direto
da estrutura atdbmica e podiam ser usados para identificar uma espécie atbmica, o
primeiro artigo de Niels Bohr apareceu no mesmo ano de 1913. Toda a ciéncias
da natureza foi beneficiada, hoje, o métodos altamente refinados de
experimentacao e discussao aproximam a pesquisa em espectroscopia de raios X
dos problemas de ligacdo quimica e estrutura de banda de energia de solidos
(PAUL, 1962).

A difracdo € um fendmeno de utilidade diversa na pesquisa cientifica. Suas
implicacdes sustentam o arcabouco teorico das técnicas difratometricas como, por
exemplo, a cristalografia de raios-X. A difracdo é verificada, por exemplo, quando
um feixe de fotons incide sobre um obstaculo contendo um ou mais orificios com
dimensdes da ordem de seu comprimento de onda, sendo assim uma evidéncia
conclusiva da natureza ondulatéria da luz (NAPOLITANO et al., 2007).

Max Laue, que pertencia ao grupo de Sommerfeld desde 1909 como
privatdozent (Livre docéncia), prop0s um experimento. Laue sugeriu disparar
raios-X em um cristal para obter efeitos de difracdo. A ideia de espalhar raios-X
de um cristal ndo era nova. O proprio Rontgen ja havia, em suas primeiras
investigacOes, estudado a dispersdo de raios-X por cristais (ECKERT, 2012),
Laue verificou que o fendmeno do espalhamento discreto poderia ser descrito em
termos da difracdo por uma rede tridimensional, demonstrando assim que 0s
cristais constituem uma rede natural para difracdo dos raios-X (NAPOLITANO
et al., 2007).A interagédo de interferéncia construtiva em amostras cristalinas foi
analisada por William Lawrence Bragg, que elaborou as primeiras estruturas de
cristal com seu pai, William Henry Bragg, durante o verdo de 1913. Bragg propos
uma equacdo Eq. (1) relativamente simples, que informa a direcdo dos feixes

difratados.
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2dp; senf = nA Eqg.(1)

Sendo dnk corresponde a distancia entre os planos hkl, 6 corresponde ao
angulo de incidéncia, A ao comprimento de onda do feixe incidente e n pode
assumir o valor de um multiplo inteiro (NAPOLITANO e colab., 2007).

Para que ocorra interferéncia construtiva em um feixe espalhado por duas
camadas adjacentes de planos reticulares é que a diferenca de caminho optico seja
um multiplo inteiro do comprimento de onda do feixe incidente estabelece-se
assim a lei de Bragg: A distribuicdo angular da radiagdo dispersa pode ser
entendida considerando-se que os feixes de raios X difratados se comportavam
como se fossem refletida a partir de planos que passam através de pontos da
estrutura cristalina (GLUSKER e TRUEBLOOD, 2010; NAPOLITANO et al.,

2007).
\ \eD/ /

dhkl

Figura 4. Representacdo esquematica da equacdo de Bragg.

De acordo com a formula, “0” ¢é o angulo entre o feixe de raios X incidente
e o plano difratado hkl. A diferenca de caminho entre as duas ondas espalhadas
por A e C é¢ AC + CB = 2dhklsend (CUNHA, 2017).
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2.4 FATOR DE ESTRUTURA E TRANSFORMADA DE FOURIER

O fator de estrutura F(hkl) e densidade eletrdnica é um efeito do
espalhamento de ondas nas direcdes de hkl, frente a um nimero especifico de
atomos na célula unitéria de uma estrutura (CUNHA, 2017). F(hkl), denominada
fator de estrutura, € a onda total espalhada pelo cristal. Sendo F(hkl) a
transformada de Fourier do conteudo da cela unitaria, que € uma fungédo continua
no espaco reciproco tomada apenas nos pontos da rede reciproca (BARBERATO,
1992).

N
F(hkl) = Zf}zni(hxj'i_kyj'i'lzj)

= Eq.2

A densidade eletronica p(r) relacionado com o fator estrutura por um
procedimento matematico chamado de transformada de Fourier, tal procedimento
€ uma transformada integral que expressa uma funcdo em termos de funcdes de
base senoidal, onde qualquer funcdo pode ser expandida em uma série de
harmonicos, seja por soma de senos e cossenos ou por exponenciais (GLUSKER
e TRUEBLOOD, 2010).

A transformada de Fourier permite relacionar a imagem de difracdo
coletada com a posicdo dos atomos dentro da estrutura cristalina, com seu fator
de estrutura podemos aplicar a transformada de Fourier inversa e assim obtemos
a densidade eletrénica do composto em estudo pela seguinte equagdo (GLUSKER
e TRUEBLOOD, 2010; MELO, 2015):

N

1 . .
p(r) = ;le(h)leZTEl(h-T)+l(bh Eq.3

j=1

Sendo F(h) o fator de estrutura na forma complexa e h-r correspondente ao
produto escalar entre o vetor espalhamento no espago reciproco h e o vetor
posicédo no espaco direto r (CHRISTOPHER HAMMOND, 2009).



21

2.5 SOLUCAO E REFINAMENTO

A determinacdo de uma estrutura cristalina consiste em varias etapas cujo
refinamento é quase o ultimo. No inicio, o cristal precisa ser crescido e montado
no difratbmetro de raios X. O proximo passo € a determinacao da célula unitaria
e da coleta de dados, de preferéncia a baixa temperatura (por exemplo, 100 K),
seguindo uma estratégia que fornece um conjunto completo de dados e uma alta
multiplicidade de observagdes (MULLER, 2006). As posi¢des atdmicas na
primeira solugdo néo sdo o resultado direto do experimento de difragcdo, mas uma
interpretacdo da densidade de elétrons calculada a partir das intensidades medidas
e dos angulos de fase inicial "de alguma forma determinada” (MULLER, 2006).

A resolucdo da estrutura é baseada na determinacéo das fases ¢ (hkl) a partir
das difracdes coletadas. O nome do arquivo de dados de reflex&o.hkl, contém h,
k, 1, F2 e 6 (F2) no formato SHELX padrdao que ¢ um programa para solugdo das
reflexdes. O programa mescla reflexbes equivalentes e elimina auséncias
sistematicas, e a ordem das reflex6es nesse arquivo ndo é importante. Dados de
cristal, instrucGes de refinamento e coordenadas atomos sao todos inseridos como
0 nome do arquivo.ins. As instrucdes aparecem no arquivo .ins como palavras-
chave de quatro letras seguidas por nomes de atomos, nimeros etc. em formato
livre. Existem valores padrdo sensiveis para quase todos 0s parametros NUMericos.
SHELXL é normalmente executado em qualquer sistema de computador
(MULLER, 2006).

2.6 ANALISE TOPOLOGICA

Utilizando os softwares Mercury (MACRAE et al., 2008) e Platon (SPEK,
2009) e possivel analisar as conformaces das interacdes moleculares. Onde por
meio do software Crystalexplorerl7 é possivel gerar graficos tridimensionais da
densidade eletronica das moléculas no estado cristalino ocupado (MOREIRA et

al., 2019). As superficies de Hirshfeld (SH) s&o construidas dividindo o espaco
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no cristal em regides onde a distribuicdo eletronica de uma soma de atomos
esféricos para a molécula onde domina a soma correspondente sobre o cristal
(MCKINNON et al., 2004). Uma ferramenta util ¢ a distdncia normalizada
mapeada com base em duas distancias denominadas dnorm € calculada pela a Eq. 1
sendo de é a distancia da superficie ao atomo externo mais préximo, di é a
distancia da superficie ao atomo interno mais proximo, distancia de contato
normalizada, definida em termos de de, di e van der waals vdW raios dos
atomos(SPACKMAN e JAYATILAKA, 2009).

di — pivaw di — revdWw

dnorm = Fivaw + VAW Eq.(4)

Considerando o ambiente cristalino, o shape index é um grafico importante
que possui propriedades muito Uteis onde duas formas se diferem apenas por uma
mudanca de sinal que representam pares complementares e, em fung¢ao, 0s mapas
de indice de forma na SH podem ser usados para identificar informacdes
complementares (SPACKMAN e JAYATILAKA, 2009).
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3 MATERIAIS E METODOS

3.1 RESOLUQAO DA ESTRUTURA

A amostra -(E)-1-(4-bromofenil)-3-(4-butilfenil)prop-2-en-1-ona foi obtida
atraves de fontes comerciais 4-butilbenzaldeido (1 mmol; 162.3 mg) e 4'-bromo-
acetofenona (1 mmol; 199.0 mg), foram adicionados em etanol (0,5 mL), tendo
rendimento de 95% (0,95 mmol; 326,0 mg). C19H19BrO (342,06 g/ mol); sélido
branco com ponto de fusdo em 109,8 °© C. O crescimento dos cristais se teve
através da recristalizada por difusdo de vapor de pentano em uma solucdo de
diclorometano e mantida em temperatura ambiente para evaporacao lenta por 72
h até a formacdo do cristal .

Para a coleta dos dados de difracdo foi selecionado uma cristal adequado
com tamanho de 0,226 x 0,197 x 0,044 mm?3, mantido a temperatura de 119,99 K,
e coletado em um difratbmetro Bruker APEX-II CCD com radiacdo de
comprimento de onda MoKa A= 0,71073 A. Através software Olex2 versdo 1.3
(DOLOMANOV et al., 2009), a estrutura foi resolvida por métodos diretos com
faseamento intrinseco e refinada com SHELXL (SHELDRICK, 2015) e todos os
atomos de hidrogénio foram fixados na posicéo calculada. Por meio do software
Platon (SPEK, 2009), foram verificadas as possiveis interacdes e ligacOes de
hidrogénio e em complemento foi realizado a verificagdo com a superficie de
Hirshfeld pelo software Crystal Explorer (WOLFF et al., 2012).

3.2 SUPERFICIE DE HIRSHFELD

A superficie de Hirshfeld representa regides de contatos entre &tomos é uma
ferramenta que permite a verificacdo das interacdes intermoleculares a partir da
determinacdo de localizagbes de contatos curtos com potencial para formar
ligacdes de hidrogénio podendo ser definido pela fungédo peso w(r) (MCKINNON
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et al., 2007) e calculado para cada atomo no cristal (SPACKMAN e
JAYATILAKA, 2009) pela equacao:

Zmolecula plqt (T‘) (1)
Zcristal plqt (T)

w(r) =

Onde p (r) é a densidade média da raz&o de varios atomos, no numerador
é a somatoria dos atomos na molécula de interesse e o0 denominador é a somatoria
nos cristais (SPACKMAN e JAYATILAKA, 2009).

3.3 CALCULO DA ESTRUTURA ELETRONICA

A partir dos dados obtidos experimentalmente pela difracdo de raios X, foi
possivél realizar os célculos eletrénicos. Utilizando o Software Gaussian 09
(FRISCH et al., 2009) foram realizados a otimizacdo da geometria e 0s modos
vibracionais por meio de DFT aplicando B3LYP /6-311 + G (d) * como funcional
e conjunto de base para confirmar a estabilidade associada com geometrias
otimizadas de moléculas, a escolha do conjuto do nivél de teorica foi definida com
base na literatura que reporta calculos teoricos utilizando DFT (CUSTODIO, Jean
M.F. e colab., 2018; HAROON e colab., 2019; SALLUM e colab., 2019), sendo
que um fator de escala de 0,9686 foi usado para mitigar os efeitos da
superestimacéo nos valores de vibracéo calculados via DFT, obtendo uma melhor
convergéncia com os valores experimentais. O orbital molecular mais alto
ocupado (HOMO), o orbital molecular mais baixo ndo ocupado (LUMO) e 0 mapa
de potencial eletrostatico molecular (MPE) foram representados graficamente
pelo software Gaussview 6.0 (MILLAM, 2016).

O mapa MPE ¢ util para identificar locais como ligacGes de hidrogénio e
regides onde ocorrem ataques eletrofilicos e também nucleofilicos E pode ser
visualizado refletindo os limites da molécula. Essas informacBGes podem ser
utilizadas por forgas eletrostaticas atuando em longas disténcias, explorando as
interagdes droga-receptor e enzima-substrato (OLIVEIRA et al., 2017). O

potencial eletrostatico molecular V (r) em um ponto r é definido pela Eq. (2):
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V() _ZIR —r| J(Irp(i rl)

Onde Zi ¢é a carga no nucleo I localizada em R ¢ p (r') é a densidade
molecular de elétrons em um ponto r” proximo a molécula (CHIDANGIL et al.,
1998).

3.4 TESTES LARVICIDAS

Os testes da atividade larvicida e suas respectivas analises foram realizados
no Instituto de Fisica de S&o Carlos da Universidade S&o Paulo pelos
pesquisadores Lucas D. Dias e Larissa M. de Souza utilizado com larvas do Aedes
aegypti (cepa Rockefeller) coletadas no terceiro estagio (L3).

Os testes seguiram Targanski et al (2021) (TARGANSKI e colab., 2021).
Cada bioensaio consistiu na incubacao de 10 larvas em agua destilada (20 mL),
contendo diferentes concentracdes de chalcona (7,2 - 57,6 mg.L-t). Um volume
equivalente a maior concentracéo testada (57,6 mg.L-1) foi usado como controle
negativo. A mortalidade larval (%) foi registrada apds 48 h. Todas as experiéncias
foram realizadas em triplicata. Os valores CL25, CL50 e CL75 de larvas de Ae.
Aegypti foram estimadas por regressao ndo linear, calculada usando o software
Origin 2020 (OriginLab Corp.).

(2)
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4 RESULTADOS

4.1 CARACTERIZACAO DO ESTADO SOLIDO

BBP tem um grupo butil ligado ao anel aroméatico A e um atomo de bromo
no anel aromaéticos B, ambos na posicdo para. Ela cristaliza no grupo espacial
Pbca com uma Gnica molécula na unidade assimétrica. A representacédo por Ortep
na figura 5 mostra os elipsoides atdbmicos com tamanhos semelhantes no qual
demonstra a auséncia de problemas de desordens (MOREIRA et al., 2019). Além
disso analises estatisticas realizadas no software Mogul software (COTTRELL et
al., 2012) confirmam a auséncia de distancias de ligacao, angulos de ligacdo e
tor¢cbes incomuns. Os principais dados de refinamento cristalografico sao

apresentados na Tabela 2.

Figura 5. Representacdo do Ortep com 50% de probabilidade, e esquema de numeracéo atbmica
para BBP.

Tabela 2. Dados estruturais da BBP

Formula empirica C19H10BrO
Peso molecular (g/mol) 343.25
Sistema cristalino Ortorrébmbico
Grupo espacial Pbca
Temperatura (K) 120
Dimens@es da cela unitaria 11.3065 (12), 8.1831 (9), 33.892 (4)
a, b, c(A)

Volume (A3) 3135.8 (6)
Z (niumero de moléculas na cela unitaria) 8

Tipo de radiacao Mo Ka
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Coeficiente de absorcdo (mm™) 2.62

Tamanho do cristal (mm) 0.23 x 0.20 x 0.04
Data collection

Difratometro Bruker APEX-Il CCD

Correc¢éo de absor¢ao Multi-scan

SADABS2016 / 2 (Bruker, 2016/2) foi usado
para corregéo de absorg&o. wR2 (int) foi
0,0455 antes e 0,0414 apds a correcao. A
relacdo de transmissdo minima para maxima
€ 0,7126. O fator de corregao A / 2 ndo esta

presente.

Tmin, Tmax 0662, 0929
Reflexdes medidas independentes e 42969, 3878, 2966
coletadas][l > 2o0(1)]

Rint 0.062
(sin B/AN)max (A™) 0.666
Refinamento

R[F? > 20(F?)], wR(F?), S 0.032, 0.068, 1.03
Numero de reflexdes 3878
NUmero de parametros 191
Tratamento do atomo de Hidrogénio Fixado
Maior e menor pico de densidade eletrénica 0.39, -0.39

residual (e A=)

A planaridade molecular é uma outra caracteristica relevante, ela esta
relacionada as interacBes doador aceitador através da cadeia principal de
chalconas, a conjugagdo m ao longo da transferéncia de carga ¢ as propriedades
Opticas ndo lineares. O angulo entre os anéis aromaticos do BBP ¢ 47,05 ° Figura
6.

Figura 6. llustracdo da diferenca angular entre os aneis da BBP.

O arranjo supramolecular do BPP ¢ estabilizado por interagdes fracas

denominadas de ligacOes de hidrogénio ndo convencionais do tipo C — H --- O,
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com distancias H --- O de 2,67 A (JOHNSTON e CHEONG, 2013). Essas
interacOes estdo presentes nos atomos C5 — H5 --- O1 (d/ A, 0/°: 2,67 A, 148
°), cujo codigo de simetria é (i) x — 1/2, —y + 1/2, —z + 1, sendo a responsavel por
unir as moléculas de BPP em uma camada ao longo do eixo a Figura 7 (a), e a

Figura 7 (b) mostrando o empacotamento da estrutura.

(b)

Figura 7. Visualizacéo das interac6es do tipo C — H --- O (a) e empacotamento da BBP (b).
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Figura 8. O mapa da superficie de Hirshfeld mostrando as interagdes C5—H5---O1 encontradas
na BBP.

Em sequéncia para confirmacgéo das interaces encontradas foi feito a SH
que indica a particdo da densidade de elétrons do cristal em fragmentos
moleculares do espaco ocupado por uma molécula (SPACKMAN e
JAYATILAKA, 2009). Para verificacdo das regides doadoras e aceitadoras foi
realizada a dnorm, ela é baseada na funcéo normalizada de di (distancia do nucleo
mais proximo interno a superficie) e de (distancia do ponto ao nucleo mais
proximo externo a superficie), na Figura 8 os pontos vermelhos (1) indicam
regides doadoras e aceitadoras da interacdo C5— H5 --- O1, que € a Unica
interacdo na BBP. As interacdes C — H --- O séo fortes o suficiente para render o
controle completo da seletividade em reacdes sintéticas (JOHNSTON e
CHEONG, 2013), e a auséncia de outros pontos vermelhos na superficie dnorm
indica que essas interacdes sdo dominantes (VAZ et al., 2020),(AGUIAR et al.,
2020).
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Além dessas interacOes fracas de hidrogénio foram analisadas interagGes
n---mte C—H - 7, que também explicam a conformac&o observada da estrutura
molecular (BOLTON e colab., 2008; DOLOMANOV e colab., 2009). Para essa
verificacdo o mapa shape index da SH é indicado, mostrando a existéncia ou
auséncia dessas essas interacdes na estrutura. Na estrutura cristalina do BPP foi
encontrado no mapa uma interagdo C12 — H12 - © com distancia do centroide
ao doador de 2.804 A envolvendo o anel aromatico B (SPEK, 2009). Essa
interacdo é observada pela regido vermelha céncava sobre o anel aromaético B na

Figura 9.

Figura 9.Superficie de Hirshfeld shape index mostrando as interagdes C—H: - -n encontradas na
BBP.

Para verificar as contribuicbes de cada contato inter atbmico para a
estabilidade das estruturas foi realizado o estudo dos fingerprinsts (VAZ. et al.,
2020). Eles sdo a combinacdo de di e de em um grafico 2D que indicam a natureza
das interacGes apontando quantitativamente as contribuicdes de cada 4&tomo. Na
BBP a Figura 10 mostra os graficos de fingerprints variando do maior para o
menor percentual de interacdo de contato (MKAOUAR et al, 2016).



31

A intensidade azul que sdo as coordenadas de di e de, sendo a principal
interacdo em H — H de 50,04% seguidas por C — H com 21,6%, enquanto o
halogénio Br possui 12,4% de interacdo com H, e C— H (21,6%). As interacfes
C —H - m e a maioria de @ - 7 s3o representadas por C — C 3,6%, que é a

interacdo mais baixa, seguida por O — H com 6,8%.

| de |de
L 18
1.4 1.4
0 10
y H:--H 50,4 % di e C---H 21,6 % di
0.8 1.0 1.4 1.8 22 e 1.0 1.4 1.8 22
| de . de
L& 18
.4 14
1.0 1.0 0
y Br---H 12,4 % di .| O-H68% di C--C3,6% di

[AX:] 10 1.4 L8 22 kL] 1.0 14 13 22 U6 1.0 1.4 1.8

Figura 10.Gréficos de impressao digital da distancia interna mais proxima (di) versus a distancia
externa mais proxima (de) para BBP.

4.2 CALCULOS TEORICOS

A Figura 11 mostra o MPE calculado de BBP, mostrando regides que sédo
bem distintas. Regides com potencial eletrostatico negativo, isto €, grupos C = O,
sdo mostradas em vermelho; regides com potencial eletrostatico positivo sdo
mostradas em azul, o que significa a regido ao redor dos atomos de hidrogénio da
cetona o, P-insaturada. Este local tende a atrair espécies quimicas ricas em
elétrons, enquanto espécies pobres em elétrons serdo atraidas para a regido C = O
(MEDINA et al., 2016; SALLUM et al., 2019).
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-0.052 [ E s

Figura 11. Mapa de potencial eletrostatico molecular de BBP. A regido vermelha é rica em
elétrons e a azul é pobre em elétrons.

Os orbitais moleculares de fronteira (OMF) tambem desempenham um
papel importante na compreensdo dos mecanismos de reacdo quimica (AGUIAR
e colab., 2020). O LUMO e o HOMO de outros reagentes interagem entre si
durante o processo quimico (OLIVEIRA e colab., 2017). Eles séo (ELumo = -
2,57eV; Enomo = -6,54eV), e séo apresentadas na Figura 12.

HOMO 4

//
ol ﬁ*J

>

Egap =3.97 eV
Figura 12. Representacédo grafica do LUMO e HOMO e o gap de energia calculado para BBP
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A lacuna de energia entre HOMO e LUMO é um indice importante para a
estabilidade das moléculas, e uma pequena lacuna significa automaticamente
pequenas energias de excitacdo para a variedade de estados excitados. Portanto,
as moléculas moles, com um pequeno gap, serdo mais polarizaveis do que as
moléculas duras (VAZ, et al., 2016)). Aqui foram calculados Gap, dureza () e
suavidade (o) por meio das equagoes (CUSTODIO, et al., 2018).

3

Ecar = ELumo — Enomo )

_ —(Enomo — Erumo) (4)
= 2
-2

] ©

B (EHOMO - ELUMO)

Os valores de energia para essas propriedades sao: Ecap =3,97 eV, n=1,78
eV eo5=0,56 eV. Comparando Ecap de BBP com outras publicagdes de chalcona,
a molecula com cogido CCDC 1529799 tem EGAP = 6,4007 eV, e a molecula
CCDC 841293 possui Ecap = 6,2611 eV (CUSTODIO et al., 2017) e também a
molecula com codigo CCDC 1583021, que possue Ecap = 4,70 eV (MICHELINI
et al., 2018), a BBP apresenta um valor de Egap menor sendo ele 3,97 eV, logo

podemos concluir que ela € mais reativa do que essas outras chalconas.

4.3 ATIVIDADE ANTI LARVICIDA

Para a verificagdo da atividade larvicida, os compostos devem ser ativos em
concentracdes abaixo de 100 mg.L-1 (CHENG e colab., 2003; TARGANSKI e
colab., 2021; WHO AND SPECIAL PROGRAMME FOR RESEARCH AND
TRAINING IN TROPICAL DISEASES, 2009). A atividade larvicida do BBP
apos 48 h foi eficaz contra larvas L3 de Ae. Aegypti, mostrando como melhor

resultado a concentracéo letal 50% de mortalidade de 46 mg.L™.
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Além disso, nossos resultados mostraram que, assim como a letalidade entre
larvas de Ae. Aegypti, houve desenvolvimento larval anormal (inibicdo da ecdise)
quando as larvas foram expostas a concentragoes de BBP abaixo de 20 mg.L-*.
Embora nédo haja letalidade nessas concentracdes, as larvas expostas ao BBP por
48 h apresentaram reducédo gradual em sua mobilidade e letargia em relacéo ao
controle. A Figura 13 mostra a mortalidade larval (%) em fungédo da concentragédo
de BBP.

——m—Tratamento 48h

100 - =g Controle DMSO

*

80

60

40

Mortalidade %)

20

i/- —

04 &

T T T T T T
0 10 20 30 40 50 60
Concentragao (mg.L")

Figura 13. Mortalidade de larvas de Ae. Aegypti (%) em funcdo da concentracdo de BBP (mg.L-
1)

Foi observada uma taxa de mortalidade em fungéo da concentracao do BBP,
apresentando uma taxa de até 80% a 57,6 mg L-1, em 48 h. Em comparagdo com
a literatura, o derivado bromocalcona (BBP) apresentou maior atividade larvicida
do que outros derivados bromocalcona avaliados por Kalirajan et al (2015) em
Culex sp e Anopheles sp (R, 2015). Oito dessas moléculas apresentaram valores
de CL50-24 h maiores que 50 mg.L™. A Tabela 3 apresenta a relacéo estrutura-
atividade dos derivados bromocalcona em relacdo ao Ae Aegypti.
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Tabela 3. Relacdo estrutura-atividade de derivados bromo-chalcona em relagéo a Ae.
Mortalidade de larvas de Ae. Aegypti (%).

R Concentracdo | Mortalidade Ref
(mg L) (%)
O
=
AT T Uy
1 H 100 70 2021(TARGANSKI et
al., 2021)
2 NO:2 100 0 2021(TARGANSKI et
al., 2021)
3 OMe 100 0 2021(TARGANSKI et
al., 2021)
4 (CH2)sCHs 54.2 75 Este trabalho

Podemos observar na Tabela 3 que hd uma relacéo significativa entre a
estrutura molecular e a atividade larvicida dos derivados de bromochalconas.
Nossos resultados em comparacdo com a literatura demonstram que a presenca
do grupo (R = NO2) e o grupo doador (R = OMe) diminuiu a eficiéncia larvicida
quando comparada a chalcona ndo substituida (R = H). Enquanto que, nossos
estudos mostraram que a inser¢cdo do grupo butil na BBP R = (CH2) 3CH3
aumentou significativamente a atividade larvicida dos derivados bromocalcona,
podendo esse aumento da atividade larvicida do BBP estar relacionado ao
aumento em sua lipofilicidade.

Os resultados obtidos sdo promissores, sendo que derivados de bromo-
chalcona com grupos mais lipofilicos (por exemplo, butila) podem apresentar
caracteristicas importantes para o controle de insetos vetores, como o Ae. Aegypti.
Esses derivados de bromo-chalcona (um produto natural derivado) devem
continuar sendo estudados de forma que possa ser disponibilizado como um dos

larvicidas atualmente disponiveis.
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4.4 OUTROS RESULTADOS

Como demais resultados temos o artigo publicado na revista Journal of
Molecular Modeling “Synthesis, Characterization and Computational Study of a
New Heteroaryl Chalcone”, ele apresenta a sintese da molécula chalcona (E) -3-
(2,6-difluorofenil)-1-(furan-2-il)-prop-2-en-1-one, juntamente com a
caracterizacéo cristalogréafica e o estudo tedrico sobre propriedades eletronicas da
molécula. Sendo que as minhas contribui¢es diretas para o artigo foram as
andlises estruturais do composto com as interacGes intermoleculares, e a analise
da Superficie de Hirshfeld, o artigo na integra pode ser encontrado no Anexo .

Além desses trabalhos realizados um outro composto derivado de chalcona
com grupo metil como substituinte do bromo mostrado na Figura 14 esta sendo
investigado, no qual estd sendo realizado um estudo semelhante ao BBP
vislumbradas a possibilidade de realizar um comparativo e as diferencas
caracteristicas entre as duas moléculas O arquivo CIF reportado pode ser

encontrado no Anexo Il.

Figura 14. Ortep do (E) -3-(4-butilfenil) -1-(p-tolil) prop-2-en-1-ona, C2oH220.
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5 CONCLUSAO

Dada a importancia e ampla aplicacdo das chalconas e seus derivados este
projeto teve como principal objetivo caracterizar a estrutura cristalina da BBP e
observar sua aplicacdo como potencial agente antilarvicida o composto foi
sintetizado caracterizado, sendo a cristalografia utilizada como metodologia para
elucidacdo da estrutura cristalina se mostrou excelente, de forma que foi possivel
descrever a estrutura com precisdo a partir do conjunto de dados obtidos com a
difracdo de raios X. A caracterizacéo estrutural mostra que o estado solido da BBP
é estabilizado por interacdes intermoleculares C — H --- O e C - H --* «, sendo
sua conformacgdo molecular ndo planar. Os calculos tedricos juntamente com o
MPE indicam sitios eletrofilicos proximos a atomos de oxigénio e nucleofilicos
em torno do hidrogénio da cetona a, B-insaturada. O Ecap € 3,79 €V 0 que é mais
polarizavel do que estruturas semelhantes relatadas.

O composto apresentou ainda uma atividade larvicida promissora
(mortalidade de até 80% a 57,6 mg. L) contra o Ae. Aegypti. Estas percepcoes
estruturais descritas indicam que derivados de bromochalcona contendo grupos
lipofilicos atuam como antilarvicidas potenciais. Estudos complementares devem
ser realizados a fim de que a BBP possa se tornar um agente antilarvicida

disponivel no mercado.
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Abstract

This work presents the synthesis of the chalcone (E)-3-(2,6-difluorophenyl)-1-(furan-2-yl)-prop-2-en-1-one molecule through
the equimolar reaction between 1-(furan-2-yl)-ethenone and 2,6-difluorobenzaldehyde. The crystallographic characterization and
the extensive theoretical study regarding electronic properties were obtained. The supramolecular arrangement was described by
X-ray diffraction and Hirshfeld surfaces. Optimized geometrical structure was obtained by density functional theory, and the
electronic study for differences between the solid and gas phases was carried out with M062-X at 6-311++G(2d,2p) basis set.
Natural bond orbital, frontier molecular orbitals (HOMO-LUMO), and molecular electrostatic potential map were determined to
elucidate the information related to the charge transfer in the molecule. The theoretical and experimental vibrational spectra were
plotted, which included the IR intensities, the calculated and experimental vibrational frequencies, and the assigned vibrational

modes for the main groups of DTP.

Keywords DFT - X-ray diffraction - Chalcone

Introduction

Chalcones are natural precursors of flavonoids which are sec-
ondary metabolites in plants [1, 2] and the yellow pigments of
flowers that can be found in various parts of plants [3].
Biologically, chalcones can be defined as a class of com-
pounds belonging to the family of phytoalexins produced dur-
ing the biosynthesis of flavonoids [1] with various biological
activities. In addition to natural sources, chalcones can be
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synthesized by different methods, such as Claisen-Schmidt
aldol condensation, Wittig reactions and Friedel-Crafts acyla-
tion [4] and substitution [5], isomerization [6], and oxidative
cycling methods [7]. Structurally, chalcones belong to 1,3-
diphenyl-2-propen-1-one skeleton group, with two aromatic
rings separated by an «,3-unsaturated ketone group (—C
(O)CH=CH-), which is related to their various biological ac-
tivities [8, 9], such as bactericide [9], fungicide [10], antiviral
[11], antiprotozoal [12, 13], insecticide [14], anthelminthic
[15], anti-inflammatory [9], enzymatic inhibition [16], antitu-
mor [17], cytotoxic [18], and chemopreventive [19, 20].

The knowledge of molecular conformation and supramolec-
ular arrangement is useful for understanding their chemical,
physicochemical, and biological properties [21, 22]. Several
techniques make it possible to understand the matter at the atomic
level, including X-ray diffraction (XRD) [23—29]. Thus, consid-
ering the importance of structural conformation organic com-
pounds as a precursor tool of structure-biological activity rela-
tionship, this study focuses on the synthesis, characterization,
crystallographic study, and theoretical calculations of (E)-
3-(2,6-difluorophenyl)- 1 -(furan-2-yl)-prop-2-en-1-one (DTP).

The functional density theory (DFT) was used for the mol-
ecule in gas phase, using the functional M062-X [30], in order
to obtain the geometric parameters, such as lengths and
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connection angles, and the theoretical data obtained were
compared with the experimental data. An analysis of the mo-
lecular boundary orbitals, HOMO (highest occupied molecu-
lar orbital) and LUMO (lowest unoccupied molecular orbital)
[31], was verified in order to provide a prediction of the chem-
ical bond type behavior occurring in the molecule, in addition
to predicting intramolecular bonds. Load transfer interactions
were analyzed by calculating natural bond orbitals (NBOs) in
order to observe molecular stability. Furthermore, analysis of
the map of molecular electrostatic potential (MEP) [32] was
performed to provide a prediction of the types of interactions
and acid-base behavior, through the charge distribution on its
electronic isodensity surface.

Experimental and computational approach
Synthesis and crystallization

The chalcone was prepared by equimolar reaction of 1-(furan-
2-yl)-ethenone and 2,6-difluorobenzaldehyde (Scheme 1) in a
minimum amount of absolute ethanol (0.5 mL). Then, pulver-
ized KOH was added. The reaction was carried out at room
temperature, and after KOH addition and few minutes of man-
ual shaking continues, the reaction was completed, and the
precipitate obtained was collected by vacuum filtration and
further purified by absolute ethanol crystallization. The prog-
ress of the reaction was monitored using thin layer chroma-
tography (TLC). A white and powdery product (90%) was
obtained. Fourier-transform infrared spectroscopy (FTIR),
mass spectrometry (MS), and 'H and '*C nuclear magnetic
resonance (NMR) data of the DTP chalcone are given as fol-
lows: C3HgF,0, (234.2 g/mol); white solid, 90% yield and
m.p. 102.1 °C; IR (KBr): 3048, 1650, 1580, 1390, 860, and
770 em™'; MS m/z: 234, 215, 139, and 95; "H NMR
(500 MHz, CDCl3) 6 7.86 (d, /J=16.2 Hz, 1H), 7.63 (d, J=
16.2 Hz, 1H), 7.58 (d, J=1.0 Hz, 1H), 7.28-7.19 (m, 2H),
6.87 (t, J=8.6 Hz, 2H), 6.51 (dd, J=3.5, 1.7 Hz, 1H); "*C
NMR (126 MHz, CDCl3) & 177.98 (s), 162.06 (dd, J=256.0,
6.8 Hz), 153.59 (s), 146.87 (s), 145.95 (s), 131.30 (t, J=
11.1 Hz), 129.79 (t, J=2.2 Hz), 126.82 (t, J=8.5 Hz),
118.03 (s), 112.56 (s), 111.91 (dd, J=21.4, 4.7 Hz). To grow
DTP single crystals used dichloromethane as a solvent. In a
conical flask with a known volume of the solvent, the finely
powdered sample was added. Then, the solution was kept at

Scheme 1 Synthesis of DTP F
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room temperature for slow evaporation for 72 h until the crys-
tal formation.

Crystallographic characterization

The XRD measurements were performed in a Bruker D8
Discover diffractometer. Monochromatic radiation from a
copper anode tube coupled to a Johansson monochromator
for K1 operating at 40 kV and 40 mA was used, with
Bragg Bryant configuration 6-26, one-dimensional detector
Lynxeye®, a range of 20 of 5 to 80°, with a pitch of 0.01°.
The samples were kept in rotation at 15 rpm during the mea-
surement. Origin was used to determine the observed diffrac-
tion peak positions. Moreover, using the Bruker APEX 11
CCD X-ray diffractometer (MoKa radiation 0.71073 A), at
room temperature, the single crystal XRD of DTP was col-
lected. The structure was solved using direct methods
(ShelXS) [34] and reflections were merged by SHELXL
[35] according to the crystal. DTP molecule crystallized in
P-1 triclinic space group, the parameters from the cell was
a=7.7210 9) A, b=7.7811 (9) A, ¢=17.877 (2) A; a=
88.108 (3)°, B3=88.579 (3)°, v=286.779 (3)°, the H atoms
where fixed, and the crystal was refined as a two-
components twin, giving a final BASF value of 0.14993.
Through the Olex2-1.3 software, it was obtained the ORTEP
diagram (Fig. 1) indicating two independent molecules in the
asymmetric unit.

Hirshfeld surface analyses

Molecular Hirshfeld surfaces (HS) are constructed by
partitioning space in the crystal into regions where the electron
distribution of a sum of spherical atoms for the molecule (the
promolecule) dominates the corresponding sum over the crys-
tal (the procrystal) [33]. Using the Crystalexplorerl7 software
was possible to provide a three-dimensional graphics of the
electronic density from the molecules in the crystalline state
occupied [34], in which a useful tool is the distance normal-
ized mapped based on two distances called d,,orm. Also, d, is
the surface distance to closer exterior atom and d, is the surface
distance to closer interior atom [35].

di—ri" ™ di—re" W
dnorm = rl-vdW revdW ( 1 )
O F
N0 KOH powder \O , =
_—
RT
F F
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Fig. 1 ORTEP diagram showing
two independent molecules in the
asymmetric unit (DTP-x and
DTP-) drawing with 50%
probability ellipsoids

Considering the crystalline environment, the shape index
identifies complementary hollows (red) and bumps (blue) where
two molecular surfaces touch one another [35]. The two-
dimensional plots show the representation for intermolecular in-
teractions, and the obvious characteristics of these plots are their
pseudo-symmetry about the diagonal where d; =d,, [36].

Theoretical calculation

The geometric properties of the DTP molecule were obtained
through DFT, implemented in the Gaussian09 software pack-
age [37], in gas phase. The correlation and exchange function-
al used on theoretical calculations were M062-X with 6-
311++G(2d,2p) basis set. The absence of imaginary frequency
showed that the structure finds in a minimum on the potential
energy hypersurface. Crystallographic DTP output was used
as input for theoretical calculations of HOMO-LUMO or-
bitals, MEP map, and NBO. The functional M062-X was
parameterized for non-metallic atoms and also recommended
for main thermochemical group applications, non-covalent
interactions, and electronically excited energies [30].
Frontier molecular orbitals play an important role to under-
stand the mechanisms of chemical reactions and to influence
the electrical and optical properties. The HOMO of chalcone
molecules interacts directly with LUMO characterizing poten-
tial interactions between donor and receptor electrons
throughout the reaction process. A large gap between these
orbitals corresponds to higher chemical stability and high ex-
citation energy of the chalcone [38, 39]. The analysis of inter-
action of NBO was carried out at M062-X/6-311++G(d,p)
level of theory, implemented in the program package

DTP-B

Gaussian09. The results obtained were displayed in a table,
where are found the second-order hyperconjugative interac-
tions between filled orbitals (donor) and empty orbitals (re-
ceiver), the stabilization energies, and the energy difference
between the donor and acceptor NBOs. The electron density
can be determined by the MEP map, and the potential V(r) ata
point r in space can be obtained by the following:

Zo_yor) o 2)

3

Vi) = % [Fo—r| ~|F—r|
where Z,, is the charge on nucleus « located at point r,,, and
p(r') is the charge density at point 7' in space. The first term
represents the electrostatic potential created by the nucleus,
and the second term is created by the electrons as a function
of electronic density [32].

Results and discussion
Solid state description

The DTP is a heteroaryl chalcone where benzenic ring has two
fluorine atoms bonded at orto position and the furan ring is
bonded to C atom of the carbonyl group. In the asymmetric
unit of DTP were observed two independent molecules,
named as, DTP-« and DTP-3 (Fig. 1), being non-
overlapping structures (Fig. 2). In terms of planarity, the
DTP-a molecule is more planar than DTP-(3, and the angle
between the aromatic rings is 2.37 and 8.06°, respectively.
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The disposition of the furan rings differs by the torsion Cg—
Co—C10—Cq: 179.96 and 177.42° and the angle Cg—Cy—C;:
115.68 and 117.11° for DTP-& and DTP-f3, respectively.
Moreover, for the torsion Cg—Cs—C+—C, they have a mini-
mum difference, = 1°. The main crystallographic data of
DTP are shown in Table 1.

The conformations and molecular interaction analysis [40,
41] indicate DTP forming the following two chains: C;;—
H;F,; C%(6) and C;,—H >0, C{ (9) that grow along to the
“a” axis (Fig. 3a). In the other hand, the molecular packing of
DTP has another two interactions, where DTP-3 molecules
form C,*-H,*-0* C}(9) and C, *-H, *F* C](9)
chains that grow along to the “c” axis (Fig. 3b). Finally, Fig.
3c represents the molecular packing of DTP, whereas observed
intermolecular interaction geometries are shown in Table 2.

A topological analysis from HS, using d,,,m representation,
confirms the interactions (1) C;;—H;;*~'F; and (2) C;»—H >
Oy, represented by two red dots in Fig. 4a. In the same way,
the interactions (3) C;*—H;*-"F* and (4) C,*—H;,*-O*
are represented in Fig. 4b. The absence of other red dots on
d,orm surface indicates that those interactions are dominant.
Furthermore, in the shape index representation, the red con-
cave region shows the presence of an interaction C—H--7t
involving the atoms C;3—H;3 and the centroid (Cgl) com-
posed for the O,*, Cio*, Ci1*, Cip*, Ci3* atoms from the

Fig. 2 Overlapping of two independent molecules of DTP

furan ring of DTP-f3 molecule (Fig. 4c). The same pattern is
observed for DTP-3 molecule, involving the atoms C3*, Hy*
and the centroid (Cg2) formed by the O,, C;g, C1;, Ci, and
C,3 atoms from de furan ring (Fig. 4d).

The fingerprint plot of DTP-« and DTP-3 is shown in
Figs. 5 and 6, respectively. The colors represent the number
of points that share the same di, de coordinate (light blue:
many; dark blue: few). The combination of di and de in the
fingerprint provides a summary of intermolecular contacts in
the crystal [42]. The major contribution is from C--H (24.5%)
DTP-« (Fig. 7) and C---H (23.8%) DTP-f3 (Fig. 8). This is
evidence that Van der Waals forces exert an important influ-
ence on the stabilization of the packing [43].

Table 1 Crystallographic data for
DTP Crystal data

Chemical formula
M,

Crystal system, space group
Temperature (K)
a, b, c(A)

o B,y ()

V(A%

A

Radiation type

p (mm ")

Crystal size (mm)
Data collection
Diffractometer
Tinins Tmax

No. of measured, independent, and observed [/> 20(/)] reflections

Ring

(S 0/N)max (A1)
RIF*>20(F*)], wR(F®), S
No. of reflections

No. of parameters
H-atom treatment

Apmaxs Apmin (€ Aig)

2(Cy3HsF,0,)

468.39

Triclinic, P1

296

7.7210 (9), 7.7811 (9), 17.877 (2)
88.108 (3), 88.579 (3), 86.779 (3)

10714 (2)

2

Mo Ko

0.12
0.45%x0.29x0.28
Bruker APEX-11 CCD
0.666, 0.745

27,070, 4373, 3707
0.044

0.627

0.058, 0.218, 1.14
4373

308

H-atom parameters constrained
0.23,-0.22
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Table 2 Intermolecular interactions for DTP The bond lengths of carbon atoms in the aromatic ring are
Atoms DH@A) H-AGR) D-AR) D- approximately equal. The C;;—C;, bond is slightly larger than
H-A(°) the other bonds (about 5.0% larger). C4—C- and Cg—Coy bonds
: are o bonds, while C;,—Cg is a 7 bond in the aliphatic structure.
Cn-H, 1"'F11. 0.93 238 32554 188 Regarding this difference, the C,—Cg bond is about 9.3% low-
Ci-Hip 0y ) 0.93 2.44 33454) 165 er than Cs—C; and Cg—Cq bond lengths. Compared with solid
(:12**1'112*“’01*_l_l 0.93 239 3.305(4) 168 state, the theoretical results showed small relative differences
Co*=Hy*F** 093 2.44 3351(4) 166 obtained by the expression

Symmetry codes: (1) x, y— 1, z; (i) x+ 1, y, z

Additionally, the crystalline state of DTP chalcone was
characterized by DSC and TG/DTG analysis. The DSC mea-
surement shows only one endothermic event centered at
102.1 °C for heating process (Fig. 7a), and absence of weight
loss detected before 125 °C (Fig. 8) indicates endothermic
event associated with a solid-liquid phase transition. This
transformation is reversible since there is a peak at 72.5 °C
during cooling cycle of DSC (associated to crystallization
process). The enthalpy variation (AH) calculated for fusion
and crystallization was —24.17 kJ mol ' and 28.95 kJ mol ',
respectively. The experimental UV—vis spectrum (Fig. 9)
showed an absorption maximum at 330 nm. The A, values
for these «, (-unsaturated carbonyl compound can be attrib-
uted to the m — 7™ transition of the carbonyl group [43].

Molecular modeling analysis

The structural properties of DTP molecule obtained by the
DFT are shown in Tables 3 and 4. It is observed a planar
structure due to the presence of many 7t interaction systems.

(a)
Fig.3 (a) Interaction C;;—H;,-~'F; forming C{ (9) chain, and C;,—H;,"-O; forming C} (6) chain. (b) Interaction C;,*—H,*F;* forming C} (9) chain,
and Cjp*-H,,*O0,* forming C} (6) chain. (¢) Molecular packing of DTP

Bxrp—B
A - [Bxeo=Borr| | o0 3)
Bxrp

remaining in the range of 0.06 to 1.93%. Here, Bygp is the
bond length obtained experimentally by XRD and Bpgris the
bond length obtained theoretically by DFT. Figure 10 presents
the graph of comparison between the results of the bond
lengths obtained experimentally and theoretically. This shows
that the dispersion between these results is small, where the
values are in the vicinity of the line f{x) = x. The bond length
values and their relative differences (AB) can be seen from
Table 3.

Similarly, the relative difference found for the bond angles

Axpp—A
a4 = o= Arrl g, (4)
Axrp

of the results obtained by DFT compared with ones obtained
experimentally, are in the range of 0.00 to 0.87%. Here, Axzp
is the angle obtained experimentally by X-ray diffraction and
Aprr 1s the angle obtained theoretically by DFT. The carbon

J
“'\/_\

4

]

<

A

4
. P} y,
Nt

D¢

(b) ()
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Fig.4 (a) dyom, surface of DTP-o¢
showing interactions 1 (Cy—
Hip+Fyp) and 2 (Cp-Hyp0y).
(b) dporm of DTP-f3 surface inter-
actions 3 (C;*~H; *-F;*) and 4
(Co*=H;5*-O1*). (¢) Shape in-
dex Ci3—Hj3> Cgl (d) Shape
index C3*-Hj3* > Cg2

atoms directly attached to the fluorine atoms on aromatic ring
have slightly larger bond angles (about 4.6%). Figure 11

presents a comparison between the experimental and the the-
oretical results of obtained bond angles, where the values are

de de

de

22 22 22
1.8 1.8 1.8
1.4 1.4 14
1.0 1.0 1.0
All interactions . C---H 24,5% . H---H 23,0% .
0.6 di 0.6 di 0.6 di
06 10 14 18 22 06 10 18 22 06 10 14 18 22

de

de

22 22 22 et !
1.8 1.8 18 &}
1.4 1.4 14
1.0 1.0 4 1.0
O---H 18,3% . F---H 16,0% . C--C 59% .
0.6 di 0.6 di 0.6 di
06 10 14 18 22 06 10 18 22 06 10 14 18 22

Fig. 5 Fingerprint graphical representation of DTP-oc
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de de de

22 22 22

18 18 18

14 14 14

10 Y 10 10
All interactions . C---H 23,8% . H---H 23,6% .

0.6 di 0.6 di 0.6 di
06 10 14 18 22 06 10 14 18 22 06 10 14 18 22
de de de

22 22 22

18 18 18 ﬁ'

14 14 14

10 7 10 10

O---H 18,1% ) F--H 15,7% . C-C 54% .

0.6 di 0.6 di 0.6 di

06 10 14 18 22 06 10 14 18 22 06 10 14 18 22

Fig. 6 Fingerprint graphical representation of interactions of DTP-3

in the vicinity of the line f{x) = x. The graph in Fig. 11 shows
that there is a proximity between the theoretical and experi-
mental results, whose dispersion is small. The bond angle
values and their relative differences (AA) can be seen on
Table 4.

The HOMO energy is equal — 8.082 eV and LUMO energy
is — 1.684 eV, and the gap energy between these two orbitals
is 6.398 eV (Fig. 12). Throughout these orbitals, it is observed
that Cz—C3, C3—C4, CI—C6, C5—C6, C7—C8, ClO—C“, and CIZ_
C,3 are considered 7t ligand bonds, while C,—C,, C4—Cs, C¢—
C;, Cg—Cy, C1;—C;3, and C;(—O, are considered 7t anti-
ligating bonds.

DSC (mW/mg) Flow (ml/min)
Lexo
6 DSC 250
—— Flow (purge: N2) 102.1°C
***** Flow (protective: N2)
5 200
4
150
3
100
2
)]
) 50
Area136dg ) | s
ol 0
20 40 60 80 100 120

Temperature (°C)

(a)

Fig. 7 DSC thermogram of DTP for (a) heating and (b) cooling cycle

NBO analysis is a powerful tool to analyze interactions in
molecular system. The NBO algorithm takes the wave func-
tion derived from DFT-KS calculation to generate a set of
natural atomic orbitals (NAO). The NAO orbitals are then
hybridized and combined linearly to build the NBOs, which
are orthonormal and localized. These orbitals have a maxi-
mum occupancy and most resemble the Lewis structure. The
small departure from the strong localized NBO orbitals
resulting from a small charge transfer from filled orbital
(Lewis orbital) to empty orbital (non-Lewis orbitals) contrib-
ute to lowering the energy of the system. The

DSC (mW/mg) Flow (ml/min)
lexo
Area: -103.2 2
0 - g 250
%
/
2
DSC
7 Flow (purge: N2) 20
7 Flow (protective: N2)
150
6
8 100
-10 12
112 1 50
A2
N5
14 0
20 40 60 80 100 120
Temperature (°C)

(b)
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Fig. 8 TG/DTG of DTP 100 2584
90-_ 20 !
80 1 115 |
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hyperconjugation energy can be estimated using the second-
order perturbation formula given by

A2
oi|Flo; 2
2 < ilFl f> F
= N, =n
Ej*_ffi

l—>] o Ej* —; (5)

where (0| Flo) * or Fj is the Fock matrix element between
the 7 and j natural bond orbitals. £+ is the energy of the antibond-
ing orbital ¥, and &, is the energy of the bonding orbitals o. n,
stands for the population occupation of the o donor orbital. The
larger the £ value, the more intense is the electron density de-
localization, i.e., more intense, will be the hyperconjugation be-
tween the electron donors and the electron receptors.

The hyperconjugative interactions for donor and acceptor
NBOs in DTP molecule obtained from the second order distur-
bance theory of the Fock matrix are shown in the Table 5.
Through the data in the table, it is possible to observe that the
7 bonding orbitals of the lone pairs of the O4 atom (hybrid

2.0
—— Ethanol

1.5
Q
Q
f=1
=3
S 1.04
w
e
<

0.5

0 T T T T T T T T
200 300 400 500 600

Wavelength (nm)
Fig.9 UV-vis spectra of DTP-chalcone in ethanol at 1 M concentration

@ Springer

Temperature (°C)

sp") hyperconjugate strongly with the 7* antibonding orbitals
of the C;,—C;3 and C,o—C,; bonds (hybrids sp'*%), that is,
l’lz(Oz)-’?T*(C]z_C]j,) and nz(Oz)—Vﬂ'*(C]O_C] 1), whose stabi-
lization energies are 40.28 and 37.86 kcal mol ', respectively.
The antibonding orbital 7" in C;,—C,3 has an occupancy equal
to 0.2520¢ and the antibonding orbital 7* in C;o—C;;, 0.2928e.
These values show that 7 electrons are strongly relocated in
these bonds. On the other hand, it is observed that the o bond-
ing orbitals of the isolated pairs of the O, atom hyperconjugate
weakly with the C,—C;3 and C;y—C; antibonding orbitals o™
(hybrids sp' and sp"**). In these interactions, the stabilization
energies are low, 4.89 and 4.31 kcal mol *, respectively, and
occupancy 0.0196e and 0.0143e. For this reason, o bonds have

Table 3  Atomic bond length of DTP molecule

Atoms MO062-X (A) XRD (A) AB (%)
F,-C, 1.338 1.349 0.80
C—Cs 1.398 1.397 0.06
CeCs 1.396 1.390 0.45
Cs—Cy 1.378 1.377 0.08
CsCs 1.388 1.371 1.27
C—C, 1.387 1.371 1.14
C-C 1.379 1.378 0.07
F,—Cs 1.340 1.358 1.29
CeCy 1.459 1.456 0.21
CCg 1.336 1.326 0.72
Cg—Co 1.488 1.482 0.38
Co—0y 1.211 1.218 0.57
Co—Cyo 1.471 1.454 1.16
CioCpy 1.365 1.360 0.35
Ci1—Cy2 1.423 1.412 0.79
Ci>Ci3 1.358 1.332 1.93
Ci3-0, 1.342 1.353 0.81
0,—Cyg 1.354 1.356 0.13
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Table 4 Bond angles of DTP molecule

Atoms MO062-X (°) XRD (°) AA (%)
F1-C-Cs 118.03 117.40 0.53
F1-C,—Cs 117.94 118.40 0.39
C-Co-Cs 118.47 118.40 0.05
C,-C5-C4 120.40 120.40 0.00
C5—C4—Cs 118.77 119.40 0.53
C4—C5—C 123.77 123.50 0.22
C5-CsC, 114.56 113.90 0.58
Cs-Cs-C5 125.95 126.80 0.67
C,-C,—Cs 124.03 124.30 021
C4CsF, 117.64 118.20 047
Cs—Cs—F, 118.59 118.30 0.24
C-Cs-C; 119.49 119.20 0.24
Cs-C7Cg 128.38 129.50 0.87
CrCg-Co 118.53 119.00 0.39
Cs—CoCio 115.82 117.10 1.09
Cg-Co-O; 123.02 122.10 0.75
C10-Co-O; 121.16 120.70 038
Cy—C10-0> 117.08 116.90 0.15
Co—C1o-C11 133.13 133.60 035
C11-C19-0, 109.80 109.40 0.36
C10-C11-C12 106.34 106.70 0.34
C11-C1-Ci3 105.56 106.00 041
C1»-C15-0, 111.04 111.40 0.32
C10-0-C13 107.27 106.50 0.72

a reduced length in the molecule (1.358 A in C;,—C;3 and
1.365 A in C,4—Cy;), with a large displacement of 7 electrons,
causing a stabilization in the structure and leading to a great
tendency to act as a generalized Lewis base. These
hyperconjugative interactions described above are related to
the resonance effect in this region of the molecule, in which

1.50 fix)=x
[ ]

1.45
1.40 -
1.35

1.30

1.25

Bonds length obtained from DFT (A)
0

1.20

T T T T T T
1.20 1.25 1.30 1.35 1.40 1.45 1.50
Bonds length obtained from XRD derived model (A)

Fig. 10 Comparison between the bond length obtained using DFT
method (M062-X) and experimental result

140

fx)=x
135 4
<
£ °
a
= 125 °
=]
= [ )
T 120
=
g 4
2 115
-
s
2 1104
<
105 4
100 T T T T T T T
100 105 110 115 120 125 130 135 140

Angles obtained from XRD derived model (°)

Fig. 11 Comparison between the angles obtained using DFT method
(M062-X) and experimental result

the negative charge transits from the O, atom to C;,—C;3 and
Cy0—C;; through an electron donation from the donor atom’s
orbital to the accepting antibonding orbitals.

In aromatic ring, three important hyperconjugative interac-
tions occur. First, bonding orbital 7 of C,—C;
hyperconjugated with the antibonding orbital 7 of C,—Cs,
m(Cy—C3)—7*(C,—Cy), and with the antibonding orbital 7*
of C4—Cs, m(C,—C3)—7"(C4—Cs5), whose stabilization

Enomo = -8.082 eV
(a)

J 0 J
Erumo =-1.684 eV

(b)
Fig. 12 Structures of the (a) HOMO and the (b) LUMO for the DTP
molecule, using M062-X/6-311++G(2d,2p) level of theory
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Table 5  Second-order perturbation theory analysis in NBO basis obtained at M062-X/6-311++G(d,p) level of theory. See Figure for the atomic

numbering used

Donor (7) ED (i) Acceptor (j) ED () E? (kcal.mol ) E;—E; (au.) F(,j) (au.)
o(F1—Cy) 1.9932 Ry; (Ce¢) 0.0039 2.13 3.17 0.073
o (Cy—C3) 0.0123 1.33 1.74 0.043
o*(C5~Cy) 0.0334 1.54 1.72 0.046
o(F,—Cs) 1.9933 " (C1—Ce) 0.0310 1.46 1.72 0.045
0" (C5—Cy) 0.0123 1.34 1.74 0.043
m(01—Cy) 1.9709 7 (C7—Cyg) 0.0873 3.87 0.52 0.041
7 (C10—Cy1) 0.2928 5.79 0.50 0.051
0(0,—Cy3) 1.9890 *(Co—Cio) 0.0716 3.71 1.50 0.068
(Co—Cyo) 1.9817 Ry} (Oy) 0.0029 2.29 2.24 0.064
Ryl (Cyy) 0.0036 3.81 3.01 0.096
Ry, (Cy1) 0.0008 2.44 4.12 0.090
0*(0,—Cy3) 0.0153 2.60 1.19 0.050
o*(C7—Cy) 0.0108 2.10 1.44 0.049
" (Ci15—Cy1) 0.0196 3.06 1.38 0.058
o(Cy—Cg) 1.9775 Ryz (&) 0.0064 3.49 2.32 0.081
Ry, (Cyo) 0.0058 2.30 2.53 0.068
7" (0,~Cy0) 0.0261 3.60 1.16 0.058
o (C7—Ce) 0.0207 5.67 1.24 0.075
7" (C7—Cy) 0.0108 2.03 1.41 0.048
o(Cy—C3) 1.9770 Ry; (&) 0.0045 2.10 2.76 0.068
o*(F1—C)) 0.0254 4.67 1.15 0.066
o (C1—Cy) 0.0237 2.00 1.40 0.047
m(Cy—C3) 1.6750 7(C1—Ce) 04152 35.52 0.35 0.101
7(C4—Cs) 0.3522 23.41 0.35 0.082
a(C1—Cy) 1.9831 Ry; (Ce) 0.0039 2.28 2.85 0.072
Ry, (C3) 0.0023 225 3.15 0.075
o (Cy—C3) 0.0123 2.19 1.42 0.050
*(Cs—C>) 0.0207 3.19 1.33 0.058
c*(C1—Ce) 0.0310 3.15 1.40 0.059
o(Cs—C7) 1.9738 0" (Cg—Co) 0.0637 2.83 1.23 0.053
o (C1—Cy) 0.0237 3.05 1.36 0.057
" (C7—Cy) 0.0108 2.30 1.44 0.052
" (C5—Ce) 0.0334 3.06 1.34 0.057
" (C1—Ce) 0.0310 2.57 1.34 0.052
" (C4—Cs) 0.0233 2.62 1.36 0.053
o(C7—Cyg) 1.9836 Ryr (Ce) 0.0058 2.19 3.18 0.075
o (Cs—C7) 0.0207 2.23 1.35 0.049
m(C7—Cg) 1.8681 7(0;—Co) 0.1932 22.27 0.40 0.085
7(C1—Ce) 04152 13.16 0.036 0.067
0(C10~Cyq1) 1.9845 " (Co=Cyp) 0.0716 2.48 1.30 0.051
m(C10~C11) 1.8036 7*(0;—Co) 0.1932 23.40 0.39 0.086
7(C1,—Cy3) 0.2520 20.47 0.38 0.080
o(Cs—Cg) 1.9746 Ry; (&) 0.0043 4.19 3.37 0.107
Ry;i (Cy) 0.0009 333 4.45 0.109
Ryg (C) 0.0045 2.12 2.76 0.069
Ry, (Cy) 0.0023 2.07 2.66 0.067
o*(F1—Cy) 0.0254 4.49 1.15 0.064
" (Cs—C7) 0.0207 3.15 1.32 0.058
" (C1—Ce) 0.0310 2.20 1.39 0.049
0" (C4—Cs) 0.0233 3.42 1.41 0.062
o(C1—Ce) 1.9738 Ry;; (&) 0.0023 2.13 2.60 0.067
Rylr (&) 0.0064 2.14 2.39 0.064
Ry, (C7) 0.0009 2.65 4.45 0.098
Ry, (Cs) 0.0044 2.49 2.80 0.075
o*(F,—Cs) 0.0270 483 1.14 0.066
" (C;—Cy) 0.0237 3.17 1.40 0.059
" (Cs—C7) 0.0207 2.55 1.32 0.052
0*(C5~Cy) 0.0108 2.56 1.48 0.055
c*(Cs—Ce) 0.0334 2.04 1.39 0.048
m(C;—Cg) 1.9738 7 (Cy—C3) 0.3490 24.03 0.36 0.083
7 (C7—Cyg) 0.0873 17.60 0.40 0.081
7 (C4—Cs) 0.3522 33.61 0.36 0.098
o(C4—Cs) 1.9832 Ryz (Ce) 0.0058 2.89 3.16 0.086
Ry, (C3) 0.0023 2.20 3.15 0.075
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Table 5 (continued)

Donor (i) ED (i) Acceptor (f) ED (j) E? (kecal.mol ™) E,—E; (au.) F(,)) (au.)
*(Cs—C) 0.0207 3.46 1.33 0.061
*(Cs—Cq) 0.0334 3.37 1.40 0.062
*(C5—Cy) 0.0123 2.18 1.42 0.050
m(C4~Cs) 1.6696 7(C—Cs) 0.3490 32.99 0.37 0.098
7(C,—Ce) 0.4152 22.68 0.36 0.082
0(C5—Cy) 1.9770 Ry; (Cs) 0.0044 2.09 2.80 0.069
o*(F—Cs) 0.0270 457 1.14 0.065
0*(C4—Cs) 0.0233 2.00 1.40 0.047
0(Cy1—C1) 1.9716 *(0~C10) 0.0261 2.01 1.19 0.044
0*(0,-C13) 0.0153 2.08 1.19 0.045
*(Co—C1o) 0.0716 6.68 1.25 0.082
7(C1—Ci3) 1.9880 7(C10-C11) 0.2928 23.57 0.39 0.088
m(F)) 1.9890 Ry} (C)) 0.0075 7.81 2.51 0.125
ny(F)) 1.9697 *(C1—C») 0.0237 6.92 1.13 0.079
*(C1—Cy) 0.0310 7.81 111 0.083
n3(Fy) 1.9287 Ry; (C)) 0.0030 2.79 2.32 0.073
7(C1—Cy) 0.4152 22.50 0.55 0.110
m(Fy) 1.9886 Ry} (Cs) 0.0072 7.99 2.50 0.126
1n5(Fs) 1.9706 *(Cs—Cy) 0.0334 7.13 L.12 0.080
0*(C4—Cs) 0.0233 6.87 1.14 0.079
n3(F») 1.9287 Ry; (Cs) 0.0026 261 2.48 0.073
7*(C4—Cs) 0.3522 22.02 0.57 0.108
n,(0y) 1.9812 Ry, (Co) 0.0135 15.63 2.15 0.164
*(Cy—Cho0) 0.0716 2.02 127 0.054
o*(Cg—Co) 0.0637 2.77 127 0.054
n(0y) 1.8842 *(Cy—Cho) 0.0716 26.72 0.83 0.134
o*(Cg—Co) 0.0637 24.53 0.81 0.127
1(0,) 1.9663 Ry] (Cy3) 0.0042 3.49 2.12 0.077
*(C10-C11) 0.0196 4.89 1.31 0.072
*(C1—C13) 0.0143 431 1.30 0.067
12(05) 1.6961 Ryg (C1o) 0.0025 2.38 1.63 0.060
Ry; (C13) 0.0025 3.26 1.75 0.073
7(C1o-C11) 0.2928 37.86 0.46 0.117
7(C1~C13) 0.2520 40.28 0.45 0.122

E* & a energia de hiperconjugagio interativa (energia de estabilizagdo)
E;— E; ¢ a diferenca entre as energias dos orbtais NBO doador e acceptor

F(i,)) ¢ o elemento da matriz de Fock entre os orbitais NBO i e j

energies (35.52 and 23.41 kcal mol™') and occupancies
(0.4152¢ and 0.3522¢) in the acceptor orbitals. Second, bond-
ing orbital 7 of C,—Cg4 hyperconjugated with the antibonding
orbitals 7 of C,—C3, (C;—Cs)—7"(C,—C3) and with the
antibonding 7" of C4—Cs, m(C;—Cg)—7"(C4—Cs), whose sta-
bilization energies (24.03 and 33.61 kcal mol ") and occupan-
cies (0.3490e and 0.3522¢) in the acceptor orbitals. And final-
ly, the hyperconjugated bonding orbital 7 of C4—Cs with an-
tibonding orbital m of C,—C3, m(C4—Cs)—n"(Cs—Cs), and
C,—Cq, m(C4—Cs5)—7"(C;—Cs), whose stabilization energies
(32.99 and 22.68 kcal mol™!) and occupancies (0.3490e and
0.4152¢) in the acceptor orbitals. All orbitals mentioned in
these interactions are hybrid sp'°° hybrids. No
hyperconjugative interactions were observed between the m
ligand orbitals of the C,—C,, C5—C¢ and C3—C, bonds with
other antibonding orbital 7" in the ring. The bonding orbital o
of C;—C, hyperconjugated with antibonding orbital o* of
C,—C3, 0(C—C5)—0"(C,—C3), and with the antibonding

orbitals o of C;—Cs, 0(C1—C5)—0"(C,—Cy), with stabiliza-
tion energies equal to 2.19 and 3.15 kcal mol " and occupan-
cies 0.0123¢ and 0.0310¢; bonding orbitals o of C3—Cy
hyperconjugated with antibonding ¢* of C,—Cs,
0(C3—C4)—0"(C,—C3), and with antibonding orbitals "
of C4—Cs, 0(C3—C4)—0"(C4—Cs), with the stabilization en-
ergies equal to 1.91 and 2.00 kcal mol ™! and occupancies
0.0123e and 0.0233e¢; finally, bonding orbitals o of Cs—Cg
hyperconjugated with antibonding ¢* of C;—Cg,
0(Cs—C4)—0"(C—Cg), and with antibonding orbitals *
of C4—Cs, 0(C5—Cg)—0*(C4—Cs), with stabilization ener-
gies equal to 2.20 and 3.42 kcal mol™' and occupancies
0.0310e and 0.0233e. Both the values of stabilization ener-
gies and occupancies for these interactions are low. The
above-mentioned values indicate a large displacement of 7t
electrons in the aromatic ring and localized o electrons,
justified by the resonance effects that stabilize the aromatic
ring in the DTP molecule.
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Bonding orbital o of F;—C; hyperconjugates weakly with
antibonding orbitals o™ of C,—C3, o(F,—C;)—0c"(C,—C3), and
Cs—Cs, o(F;—C;)—0"(Cs—Cs), with stabilization energies
equal to 1.33 and 1.54 kcal mol ™' and occupancies 0.0123¢
and 0.0334e. The lone pairs of F; orbitals, n, interact
hyperconjugatively with antibonding orbital ¢* of C;—C,,
Vlz(Fl) —>U*(C1_C2), and CI_CG’ nz(Fl)HU*(Cl_C@), with
stabilization energies 6.92 and 7.81 kcal mol ! and occupan-
cies 0.0237e and 0.0310e. On the other hand, lone pairs of F;
also strongly hyperconjugate with antibonding orbital 7" of
C,—Cs, ny(F)—7*(C,—Cs), with a stabilization energy equal
to 22.50 kcal mol ™' and occupancy 0.4152e. These results
show that 7 electron lone pairs in F; are delocalization, con-
tributing to the resonance effect existing in the aromatic ring.
Similarly, it is observed that bonding orbital o of F,—Cs
hyperconjugates weakly with antibonding orbitals of C,—Cg,
0(F>;—Cs)—0"(C,—Cq), and C3—Cy4, o(F,—Cs)—0"(C5—Cy),
with stabilization energies equal to 1.46 and
1.34 kcal molfl, and occupancies 0.0310e and 0.0123e.
Lone pairs of F, hyperconjugate weakly with antibonding
orbitals ¢* of Cs—Cg, n2(F,)—0"(Cs—Cg) and C4—Cs,
n,(F,)—0"(C4—Cs), with stabilization energies 7.13 and
6.87 kcal mol ™" and occupancies 0.0334¢ and 0.0233¢; lone
pairs of F; also interact strongly with antibonding orbital 7" of
C4—Cs, n3(F,)—7"(C4—Cs), with a hyperconjugative energy
equal to 22.02 kcal mol ' and occupancy high (0.3522¢).
Likewise, lone pairs of F, also resonate with aromatic ring
of the DTP in order to stabilize this site. Therefore, the reso-
nance effect on the F; and F, atoms promotes a delocalization
in the lone pair electrons, as predicted, making them slightly
Lewis bases.

Bonding orbital m of C;—C¢ hyperconjugate strongly
with antibonding orbital 7* of C;—Cg, ™ (C;—Cg)—
7" (C;—Cg), with a stabilizing energy equal to
17.60 kcal molfl, however, with a low occupancy
(0.0873¢); however, bonding orbital o of C;—Cg interact
weakly with antibonding orbital o* of C;—Cg, o(C;—C¢)—
c"(C,—Cg), with a hyperconjugation energy of
2.56 kcal mol™' and low occupancy (0.0108e). On the
other hand, C;—Cg bond interacts hyperconjugatively,
through its bonding orbital 7 with antibonding orbital 7"
of C;—Csg, m(C7—Cg)—7"(C;—Cg), with an energy of sta-
bilization equal to 13.16 kcal mol ' and high occupancy
(0.4152¢), and with antibonding orbital #* of O;—Co,,
m(C7—Cg)—7"(0,—Cy), with an energy of stabilization
equal to 22.27 kcal mol ' and high occupancy
(0.4152¢). These results indicate that there are 7 electrons
delocalized in the aliphatic region of DTP molecule, sta-
bilizing this region through the resonance effect. As the
O3 atom has delocalized electrons, the region of this atom
is conducive to acting as a Lewis base.

MEP reflects the electronic boundaries of the molecule and
is used to identify regions for electrophilic attacks,

@ Springer
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Fig. 13 MEP surface at the p(r) =4.0 x 10 electrons/bohr® contour of
the total SCF electronic density for the DTP molecule, using M062-X/6-
3114+ G(2d.2p) level of theory

nucleophilic reactions and hydrogen bonds. MEP explores
long distance electrostatic forces, and can be determined by
experimental X-ray diffraction parameters or by computation-
al models [44].

The MEP shows DTP molecule with predominant electron-
ic affinity on region of oxygen and fluorine atoms, given by
the red and yellow colors (Fig. 13), whereas ionization energy
is prominent around hydrogen atoms. The electronic affinity
energies for the oxygen and fluorine atoms in the molecule are
approximately —0.510 eV for F; and — 0.164 ¢V for F,, and —
1.556 eV for Oy and —1.272 eV for O,. The regions of high
electronic affinity (red and yellow) indicate high electronic
density at electrophilic region, and acts as a Lewis base (basic
character). The other regions (green and blue) have low elec-
tronic density being considered nucleophilic regions, and acts
as Lewis acid.

The theoretical and experimental vibrational spectra were
plotted, overlapped, in Fig. 14. Comparing the experimental
and theoretical values for the vibrational bands a scaling factor
equal to 0.931 was calculated and applied in theoretical
wavenumbers to correct overestimated values obtained with
DFT. In Table 6 are listed the IR intensities, the calculated and
experimental vibrational frequencies, and the assigned vibra-
tional modes for the main groups of DTP.

Table 6 Experimental and theoretical and vibrational assignments of

DTP

Vibrational mode IR¢ Unscaled® Scaled®
V(CH)a, 3048 3231-3222 3008-2999
V(C-C)ar 1941-1743 1699-1655 1581-1540
v(C=C) 1580 1706 1588
v(C=0) 1650 1795 1671
V(CaF) 1390 1050 ¢ 1335 977-1242

Scale factor=0.931

®IR intensities (K mmol ')

CCII'fl
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Fig. 14 The experimental (black) and theoretical (red) overlay of infrared
spectra of DTP

It is known that CH stretching vibrations in aromatic rings
usually occur in the range of 3050 to 3010 cm ' [46]. For
DTP, this mode arises, experimentally, at 3048 cm ! and it
is calculated in the range of 3008 to 2999 cm™'. The weak
absorptions around 2000 to 1667 cm ™" are assigned to the C =
C stretching in aromatic rings with substituents. For the mol-
ecule DTP, these bands occur at 1941 to 1743 cmﬁl, experi-
mentally, and are calculated at 1581 to 1540 cm” . For the
vinyl group, a weak band about 1680 to 1600 cm " is assigned
to the stretching vibrational mode. In FT-IR, these bands ap-
pear at 1580 cm” !, while in theoretical spectra, it is calculated
at 1588 cm .

The band in which a C = O stretch appears is affected if it is
combined with a C=C group, in this case the stretch mode is
displaced to the range of 1675 to 1680 cm™'. For DTP, the
band noticed at 1650 cmﬁl, experimentally, and the calculated
band at 1671 cm™" are recognized as the v(C = O) vibration.
Finally, the v(C —F) vibrational mode can occur at the range
0f 13601000 cm !, once this vibration suffers effects of near-
by atoms or groups. In the experimental spectra this vibration
appears at 1390 cm™ ' while the calculated frequency appears
at the range of 977 and 1242 cm ™.

Conclusions

The chalcone DTP was synthetized via Claisen-Schmidt con-
densation with excellent yield and purity using small amount
of solvent and powered KOH as catalyst, the compound was
completely characterized by spectroscopy methods (NMR,
FTIR, MS) and thermal analyze (DSC). The DTP molecule
crystallizes on centrosymmetric triclinic space group with two
independents planar molecules, with structural differences lo-
cated on aromatic rings. The supramolecular arrangement was

stabilized by non-conventional H-bonds (C—H--‘F and C—H-
O) that create two almost perpendicular chains growing along
100 and 001 directions. These chains are kept together by C—
H---7t interactions observed on topological analysis. Also, the
DFT results for geometric parameters, MEP map, frontier mo-
lecular orbitals and NBO indicate a good agreement with DTP
experimental parameters. The assignments of the vibrational
spectra were assisted by DFT calculations with the use of a
scale factor of 0.931, applied to avoid the systematically over-
estimation of the calculated. When it was done, we obtained a
better convergence with the experimental values.
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ANEXO I

O arquivo CIF do composto (E) -3-(4-butilfenil) -1-(p-tolil) prop-2-en-1-ona

data_gbh20188
_audit_creation_date 2019-10-10

_audit_creation_method

Olex2 1.2

(compiled 2018.05.29 svn.r3508 for OlexSys, GUI svn.r5506)

_shelx_SHELXL_version_number  '2014/7'

_audit_contact_author_address  ?
_audit_contact_author_email ?
_audit_contact_author_name

_audit_contact_author_phone ?
_publ_contact_author_id_orcid ~ ?
_publ_section_references

Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H.
(2009), J. Appl. Cryst. 42, 339-341.

Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

_chemical_name_common ?
_chemical_name_systematic ?
_chemical_formula_moiety 'C20 H22 O'
_chemical_formula_sum 'C20H22 O'
_chemical_formula_weight 278.37
_chemical_melting_point ?

loop_

_atom_type_symbol

_atom_type_description

_atom_type_scat_dispersion_real

_atom_type_scat_dispersion_imag

_atom_type_scat_source

'C''C'0.0033 0.0016 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
‘H' 'H' 0.0000 0.0000 ‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'0"'0' 0.0106 0.0060 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'

_shelx_space_group_comment
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The symmetry employed for this shelx| refinement is uniquely defined
by the following loop, which should always be used as a source of
symmetry information in preference to the above space-group names.

They are only intended as comments.

_space_group_crystal_system ‘orthorhombic'

_space_group_IT_number 61
_space_group_name_H-M_alt Pbca'
_space_group_name_Hall '-P 2ac 2ab'
loop_

_space_group_symop_operation_xyz
Y, 2

“x+1/2, -y, z+1/2"

X, y+1/2, -z+1/2'

'x+1/2, -y+1/2, -7'

"X, -y, -2
'x-1/2,y, -z-1/2'

X, -y-1/2, z-1/2"

x-1/2,y-1/2, 7'

_cell_length_a 11.341(3)
_cell_length_b 8.1445(19)
_cell_length_c 33.628(8)
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 90
_cell_volume 3106.2(12)
_cell_formula_units_Z 8

_cell_measurement_reflns_used 4423
_cell_measurement_temperature  273(2)
_cell_measurement_theta_max 23.849
_cell_measurement_theta_min 242
_shelx_estimated_absorpt_T_max ?
_shelx_estimated_absorpt_T_min ?
_exptl_absorpt_coefficient_ mu  0.071
_exptl_absorpt_correction_T_max 0.7457
_exptl_absorpt_correction_ T_min 0.6772
_exptl_absorpt_correction_type  multi-scan
_exptl_absorpt_process_details

'SADABS-2016/2 (Bruker,2016/2) was used for absorption correction. wR2(int) was 0.0584 before and 0.0528 after correction.
The Ratio of minimum to maximum transmission is 0.9081. The \I/2 correction factor is Not present.’

_exptl_absorpt_special_details ?
_exptl_crystal_colour ‘colourless'
_exptl_crystal_density_diffrn  1.191
_exptl_crystal_density_meas ?

_exptl_crystal_density_method  ?



exptl_crystal_description ‘plaque’
exptl_crystal_F_000 1200
exptl_crystal_size_max ?
exptl_crystal_size_mid ?
exptl_crystal_size_min ?

exptl_transmission_factor max ?
exptl_transmission_factor_min  ?
diffrn_reflns_av_R_equivalents 0.1074
diffrn_reflns_av_unetl/netl 0.0431
diffrn_reflns_Laue_measured_fraction_full 1.000
diffrn_reflns_Laue_measured_fraction_max 0.993
diffrn_reflns_limit_h_max 15
diffrn_reflns_limit_h_min -15
diffrn_reflns_limit_k_max 10
diffrn_reflns_limit_k_min -10
diffrn_reflns_limit_I_max 45
diffrn_reflns_limit_I_min -44
diffrn_reflns_number 56448
diffrn_reflns_point_group_measured_fraction_full 1.000

diffrn_reflns_point_group_measured_fraction_max 0.993

diffrn_reflns_theta_full 25.242
diffrn_reflns_theta_max 28.541
diffrn_reflns_theta_min 2.166

diffrn_ambient_temperature 273.15
diffrn_detector_area_resol_mean ?
diffrn_measured_fraction_theta_full 1.000
diffrn_measured_fraction_theta_max 0.993
diffrn_measurement_device_type 'Bruker APEX-1I CCD'
diffrn_measurement_method ‘\f and \w scans'
diffrn_radiation_type MoK\a
diffrn_radiation_wavelength ~ 0.71073

diffrn_source ?
diffrn_standards_number 0
reflns_Friedel_coverage 0.000

reflns_Friedel_fraction_full
reflns_Friedel_fraction_max
reflns_number_gt 2577
reflns_number_total 3924

reflns_special_details

Reflections were merged by SHEL XL according to the crystal

class for the calculation of statistics and refinement.

_reflns_Friedel_fraction is defined as the number of unique
Friedel pairs measured divided by the number that would be

possible theoretically, ignoring centric projections and
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systematic absences.

_reflns_threshold_expression 'l > 2\s(l)'
_computing_cell_refinement 'SAINT V8.38A (?, 2016)'
_computing_data_collection ?

_computing_data_reduction 'SAINT V8.38A (?, 2016)'
_computing_molecular_graphics  'Olex2 (Dolomanov et al., 2009)'
_computing_publication_material 'Olex2 (Dolomanov et al., 2009)'
_computing_structure_refinement 'ShelXL (Sheldrick, 2015)'
_computing_structure_solution  'ShelXT (Sheldrick, 2015)'
_refine_diff_density_max 0.278

_refine_diff_density_min -0.284

_refine_diff_density_rms 0.049

_refine_ls_extinction_coef

_refine_Is_extinction_method  none
_refine_Is_goodness_of fit_ref 1.025
_refine_Is_hydrogen_treatment  constr

_refine_ls_matrix_type full

_refine_ls_number_parameters 192

_refine_ls_number_refins 3924

_refine_Is_number_restraints 0

_refine_Is_R_factor_all 0.0972
_refine_Is_R_factor_gt 0.0545
_refine_ls_restrained_S_all 1.025
_refine_ls_shift/su_max 0.001

_refine_ls_shift/su_mean 0.000

_refine_ls_structure_factor_coef Fsqd
_refine_ls_weighting_details
'W=1/[\s" 27 (F0”2M)+(0.0836P)"2/+0.7149P] where P=(Fo/ 2/ +2Fch27)/3"

_refine_ls_weighting_scheme calc

_refine_Is_wR_factor_gt 0.1346
_refine_Is_wR_factor_ref 0.1576
_refine_special_details ?

_olex2_refinement_description
1. Fixed Uiso

At 1.2 times of:

All C(H) groups, All C(H,H) groups

At 1.5 times of:

All C(H,H,H) groups
2.a Secondary CH2 refined with riding coordinates:
C17(H17A,H17B), C18(H18A,H18B), C19(H19A,H19B)
2.b Aromatic/amide H refined with riding coordinates:
C6(H6), C12(H12), C13(H13), C4(H4), C10(H10), C9(H9), C16(H16), C3(H3),
C7(H7), C15(H15)

2.c ldealised Me refined as rotating group:
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C1(H1A,H1B,H1C), C20(H20A,H20B,H20C)

_atom_sites_solution_hydrogens geom
_atom_sites_solution_primary  dual
_atom_sites_solution_secondary  ?
loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_U_iso_or_equiv

_atom_site_adp_type

_atom_site_occupancy

_atom_site_site_symmetry_order

_atom_site_calc_flag

_atom_site_refinement_flags_posn
_atom_site_refinement_flags_adp
_atom_site_refinement_flags_occupancy
_atom_site_disorder_assembly

_atom_site_disorder_group

01 0 0.13908(10) 0.20304(15) 0.51212(4) 0.0258(3) Vani 11d.....
C5 C 0.30923(14) 0.1311(2) 0.54846(5) 0.0183(3) Vani 11d.. ...
C14 C 0.43109(14) 0.5980(2) 0.35271(5) 0.0207(4) Vani11d.....
C11 C 0.32741(14) 0.4276(2) 0.41693(5) 0.0192(4) Uani 11d. .. ..
C6 C 0.24625(14) 0.0986(2) 0.58318(5) 0.0209(4) Vani11d.....
H6 H 0.1682 0.1323 0.5853 0.025 Uiso 1 1 calc R . . . .

C12 C 0.43566(14) 0.5083(2) 0.42127(5) 0.0213(4) Vani11d.....
H12 H 0.4744 0.5056 0.4456 0.026 Uiso 1 1 calcR.. ...

C13 C 0.48566(14) 0.5921(2) 0.38972(5) 0.0212(4) Vani11d.....
H13 H 0.5573 0.6457 0.3933 0.025 Uiso 1 1 calcR . . ..

C4 C 0.42561(14) 0.0795(2) 0.54591(5) 0.0207(4) Vani11d.....
H4 H 0.4698 0.1041 0.5234 0.025 Uiso 1 1 calcR . . ..

C2 C 0.41448(15) -0.0408(2) 0.61159(5) 0.0209(4) Uani 1 1d. .. ..
C10 C 0.27035(14) 0.3388(2) 0.44931(5) 0.0212(4) Vani11d.....
H10 H 0.1925 0.3075 0.4452 0.025 Uiso 1 1 calcR . . ..

C9 C 0.31763(14) 0.2977(2) 0.48425(5) 0.0219(4) Vani11d.....
H9 H 0.3959 0.3237 0.4896 0.026 Uiso 1 1 calcR . . . .

C16 C 0.27206(14) 0.4361(2) 0.37982(5) 0.0229(4) Vani 1 1d .. ...
H16 H 0.1996 0.3848 0.3762 0.027 Uiso 1 1 calcR.. . ..

C3 C 0.47643(14) -0.0084(2) 0.57678(5) 0.0228(4) Uani 1 1d. .. ..
H3 H 0.5533 -0.0465 0.5741 0.027 Uiso1 1 calcR . . ..

C8 C 0.24674(14) 0.2112(2) 0.51460(5) 0.0203(4) Vani 1 1d.. ...
C7 C 0.29907(15) 0.0165(2) 0.61441(5) 0.0234(4) Vani11d.....
H7 H 0.2568 -0.0009 0.6377 0.028 Uiso 1 1 calcR . . ..

C15 C 0.32304(15) 0.5195(2) 0.34827(5) 0.0234(4) Vani11d.....
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H15 H 0.2845 0.5230 0.3239 0.028 Uiso 1 1 calc R . . . .

C17 C 0.48894(15) 0.6829(2) 0.31796(5) 0.0232(4) Uani 1 1d. . . . .
H17A H 0.5498 0.7561 0.3277 0.028 Uiso 1 1 calcR . . . .

H17B H 0.4307 0.7487 0.3041 0.028 Uiso 1 L calcR . . ...

C18 C 0.54343(16) 0.5606(2) 0.28898(5) 0.0264(4) Uani 1 1d. . . ..
H18A H 0.4831 0.4832 0.2808 0.032 Uiso 1 1 calcR . . . .

H18B H 0.6042 0.4991 0.3028 0.032 Uiso 1 1 calcR . . . .

C19 C 0.59728(18) 0.6384(2) 0.25194(6) 0.0318(4) Uani 1 1d.. . . . .
H19A H 0.6221 0.5517 0.2340 0.038 Uiso 1 1 calcR . . . .

H19B H 0.5371 0.7021 0.2385 0.038 Uiso 1 1 calcR . . . .

C1 C 0.46963(16) -0.1361(2) 0.64502(6) 0.0294(4) Uani 11d . . ...
H1A H 0.4312 -0.2406 0.6475 0.044 Uiso 1 1 calc GR . . . .

H1B H 0.4611 -0.0759 0.6694 0.044 Uiso 11 calc GR. . . .

H1C H 0.5518 -0.1526 0.6395 0.044 Uiso 1 1 calc GR . . . .

C20 C 0.7014(2) 0.7482(3) 0.26045(7) 0.0465(6) Uani 1 1d . . . . .
H20A H 0.7346 0.7861 0.2358 0.070 Uiso 1 1 calc GR . . . .

H20B H 0.7599 0.6878 0.2750 0.070 Uiso 1 1 calc GR. . . .

H20C H 0.6760 0.8407 0.2759 0.070 Uiso 1 1 calc GR. . . .

loop_

_atom_site_aniso_label

_atom_site_aniso_U_11

_atom_site_aniso_U_22

_atom_site_aniso_U_33

_atom_site_aniso_U_23

_atom_site_aniso_U_13

_atom_site_aniso_U_12

01 0.0156(6) 0.0310(7) 0.0306(7) 0.0014(6) 0.0006(5) 0.0007(5)
C50.0179(7) 0.0162(8) 0.0209(8) -0.0030(7) 0.0001(6) -0.0026(6)
C14 0.0215(8) 0.0163(8) 0.0243(9) -0.0014(7) 0.0007(7) 0.0021(6)
€11 0.0170(7) 0.0177(8) 0.0230(9) -0.0015(7) 0.0000(6) 0.0014(6)
C6 0.0155(7) 0.0197(8) 0.0274(9) -0.0018(7) 0.0028(7) -0.0006(6)
C12 0.0178(7) 0.0236(9) 0.0226(9) -0.0005(7) -0.0038(7) 0.0005(6)
C130.0160(7) 0.0208(8) 0.0268(9) -0.0029(7) -0.0009(7) -0.0009(6)
C40.0185(8) 0.0216(8) 0.0219(9) -0.0032(7) 0.0033(7) -0.0017(7)
C2 0.0224(8) 0.0170(8) 0.0232(9) -0.0012(7) -0.0022(7) -0.0024(7)
C10 0.0168(7) 0.0203(8) 0.0264(9) -0.0027(7) 0.0004(7) -0.0003(7)
€9 0.0163(7) 0.0238(9) 0.0255(9) -0.0005(7) 0.0001(7) -0.0023(7)
C16 0.0157(8) 0.0243(9) 0.0286(10) -0.0027(7) -0.0036(7) -0.0022(7)
C30.0176(8) 0.0224(9) 0.0283(9) -0.0027(7) 0.0004(7) 0.0005(6)
€8 0.0190(8) 0.0192(8) 0.0227(9) -0.0037(7) 0.0007(7) 0.0002(6)
C70.0237(8) 0.0238(9) 0.0227(9) 0.0008(7) 0.0051(7) -0.0039(7)
C15 0.0225(8) 0.0248(9) 0.0229(9) -0.0005(7) -0.0056(7) 0.0006(7)
C17 0.0247(8) 0.0195(9) 0.0255(9) 0.0015(7) -0.0014(7) -0.0002(7)
C180.0313(9) 0.0214(9) 0.0265(10) 0.0002(7) 0.0010(8) -0.0025(7)
€19 0.0398(11) 0.0302(10) 0.0254(10) 0.0016(8) 0.0038(9) 0.0007(8)
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C10.0299(9) 0.0283(10) 0.0302(10) 0.0047(8) -0.0022(8) 0.0007(8)
€20 0.0426(12) 0.0507(13) 0.0464(14) 0.0100(11) 0.0094(10) -0.0093(11)

_geom_special_details

All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving |.s. planes.
loop_

_geom_bond_atom_site_label_1

_geom_bond_atom_site_label_2

_geom_bond_distance

_geom_bond_site_symmetry_2

_geom_bond_publ_flag

01 C81.226(2) . ?

C5C61.394(2) . ?

C5C41.388(2) . ?

C5C81.492(2) .?

C14 C131.391(2) . ?

C14 C151.390(2) . ?

C14 C17 1.508(2) . ?

C11C121.400(2) . ?

C11C101.458(2) . ?

C11 C16 1.399(2) . ?

C6 C71.382(2) . ?

C12C131.383(2) . ?

C4C31.386(2) .7

C2C31.391(2) .7

C2C71.393(2).?

C2C11502(2) .2

C10C91.334(2) .2

C9C81.478(2) .7

C16 C151.386(2) . ?

C17 C181.524(2) . ?

C18 C191.525(3) . ?

C19 C20 1.509(3) . ?

loop_
_geom_angle_atom_site_label_1
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3

_geom_angle
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_geom_angle_site_symmetry 1
_geom_angle_site_symmetry_3
_geom_angle_publ_flag

C6 C5C8118.62(14) ..?

C4 C5C6118.78(16) . . ?

C4 C5C8122.49(15) . .7
C13C14 C17 121.03(15) .. ?
C15C14 C13 118.21(16) .. ?
C15 C14 C17 120.74(16) . . ?
C12 C11C10122.96(15) .. ?
C16 C11C12 117.59(15) .. ?
C16 C11 C10 119.45(15) .. ?
C7 C6 C5120.43(15) . . ?
C13C12 C11 120.75(16) .. ?
C12 C13 C14 121.39(15) .. ?
C3C4 C5120.36(16) .. ?
C3C2C7117.95(16) . .?
C3C2C1121.17(16)..7?

C7 C2C1120.88(16) .. ?

C9 C10 C11 127.13(16) . . ?
C10 C9 C8120.60(15) . . ?
C15 C16 C11 121.34(15) .. ?
C4C3C2121.21(16) .. ?

01 C8C5120.10(15) .. ?
01C8C9121.39(16) .. ?
C9 C8C5118.50(14) .. 7

C6 C7 C2121.18(16) ..7?
C16 C15 C14 120.71(16) . . ?
C14C17 C18111.85(14) ..?
C17 C18 C19 114.39(15) . . ?
C20C19C18113.88(17)..7?

_iucr_refine_instructions_details

gb20188.res created by SHELXL-2014/7

TITL gh20188_a.res in Pbca

REM Old TITL gh20188_a.res in Pbca

REM SHELXT solution in Pbca: R1 0.146, Rweak 0.006, Alpha 0.024
REM <lI/s> 0.422 for 475 systematic absences, Orientation as input
REM Formula found by SHELXT: C20 O

CELL 0.71073 11.3414 8.1445 33.6277 90 90 90

ZERR 8 0.0026 0.0019 0.0077 000

LATT 1



SYMM 0.5-X,-Y,0.5+Z
SYMM -X,0.5+Y,0.5-Z
SYMM 0.5+X,0.5-Y,-Z
SFACCHO

UNIT 160 176 8

L.S.1000

PLAN 20

TEMP 0

BOND

list 4

fmap 2 53

ACTA

OMIT002

REM <olex2.extras>

REM <HKISrc "%.\\GB20188.hkl">

REM </olex2.extras>

WGHT 0.083600 0.714900

FVAR  0.33922

Ol 3 0.139079 0.203038 0.512117 11.00000
0.03064 0.00145 0.00058 0.00075

C5 1 0.309231 0.131105 0.548462 11.00000
0.02089 -0.00297 0.00013 -0.00257

Cl14 1 0.431086 0.597981 0.352708 11.00000
0.02431 -0.00137 0.00068 0.00208

C11 1 0.327413 0.427588 0.416931 11.00000
0.02304 -0.00151 -0.00003 0.00137

C6 1 0.246254 0.098568 0.583175 11.00000
0.02738 -0.00181 0.00277 -0.00058

AFIX 43

H6 2 0.168184 0.132345 0.585328 11.00000

AFIX 0

C12 1 0.435659 0.508333 0.421270 11.00000
0.02258 -0.00054 -0.00377 0.00051

AFIX 43

H12 2 0.474365 0.505576 0.445642 11.00000

AFIX 0

C13 1 0.485660 0.592131 0.389725 11.00000
0.02683 -0.00289 -0.00092 -0.00086

AFIX 43

H13 2 0557281 0.645699 0.393337 11.00000

AFIX 0

C4 1 0.425613 0.079521 0.545913 11.00000
0.02191 -0.00319 0.00328 -0.00168

AFIX 43

0.01561

0.01785

0.02146

0.01696

0.01553

-1.20000

0.01777

-1.20000

0.01604

-1.20000

0.01855

0.03101 =

0.01617 =

0.01629 =

0.01768 =

0.01970 =

0.02362 =

0.02081 =

0.02162 =
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H4 2 0.469761 0.104082 0.523379 11.00000

AFIX 0

C2 1 0.414482 -0.040785 0.611591 11.00000
0.02318 -0.00117 -0.00224 -0.00238

C10 1 0.270347 0.338843 0.449314 11.00000
0.02638 -0.00269 0.00038 -0.00028

AFIX 43

H10 2 0.192471 0.307480 0.445153 11.00000

AFIX 0

C9 1 0.317626 0.297722 0.484254 11.00000
0.02547 -0.00053 0.00011 -0.00227

AFIX 43

H9 2 0.395905 0.323734 0.489561 11.00000

AFIX 0

C16 1 0.272059 0.436113 0.379820 11.00000
0.02864 -0.00266 -0.00362 -0.00217

AFIX 43

H16 2 0.199579 0.384792 0.376243 11.00000

AFIX 0

C3 1 0.476427 -0.008430 0.576776 11.00000
0.02828 -0.00269 0.00041 0.00051

AFIX 43

H3 2 0.553346 -0.046482 0.574145 11.00000

AFIX 0

C8 1 0.246737 0.211219 0.514598 11.00000
0.02271 -0.00369 0.00068 0.00022

C7 1 0.299069 0.016458 0.614407 11.00000
0.02271 0.00085 0.00507 -0.00388

AFIX 43

H7 2 0.256791 -0.000898 0.637728 11.00000

AFIX 0

C15 1 0.323038 0.519502 0.348266 11.00000
0.02291 -0.00047 -0.00562 0.00061

AFIX 43

H15 2 0.284542 0.522985 0.323862 11.00000

AFIX 0

C17 1 0.488945 0.682872 0.317956 11.00000
0.02553 0.00150 -0.00135 -0.00022

AFIX 23

H17A 2 0.549846 0.756139 0.327717 11.00000 -1.20000
H17B 2 0.430710 0.748658 0.304083 11.00000 -1.20000

AFIX 0

-1.20000

0.02236

0.01677

-1.20000

0.01635

-1.20000

0.01573

-1.20000

0.01758

-1.20000

0.01903

0.02373

-1.20000

0.02247

-1.20000

0.02468

0.01702 =

0.02031 =

0.02382 =

0.02426 =

0.02241 =

0.01921 =

0.02383 =

0.02477 =

0.01947 =

C18 1 0.543435 0.560564 0.288982 11.00000 0.03128 0.02141 =

0.02648 0.00020 0.00102 -0.00253
AFIX 23

H18A 2 0.483099 0.483243 0.280781 11.00000 -1.20000
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H18B 2 0.604235 0.499106 0.302767 11.00000 -1.20000

AFIX 0

C19 1 0.597282 0.638353 0.251943 11.00000 0.03982 0.03023 =
0.02540 0.00164 0.00379 0.00074

AFIX 23

H19A 2 0.622119 0.551722 0.234009 11.00000 -1.20000

H19B 2 0.537085 0.702107 0.238473 11.00000 -1.20000

AFIX 0

Cl 1 0.469627 -0.136084 0.645022 11.00000 0.02987 0.02829 =
0.03018 0.00470 -0.00224 0.00068

AFIX 137

H1A 2 0.431181 -0.240606 0.647475 11.00000 -1.50000

H1B 2 0.461083 -0.075926 0.669402 11.00000 -1.50000

H1C 2 0.551850 -0.152612 0.639549 11.00000 -1.50000

AFIX 0

C20 1 0.701431 0.748240 0.260452 11.00000 0.04259 0.05069 =
0.04638 0.00996 0.00943 -0.00933

AFIX 137

H20A 2 0.734574 0.786085 0.235835 11.00000 -1.50000

H20B 2 0.759925 0.687800 0.274995 11.00000 -1.50000

H20C 2 0.676036 0.840730 0.275939 11.00000 -1.50000

AFIX 0

HKLF 4

REM gb20188_a.res in Pbca
REM R1 = 0.0545 for 2577 Fo > 4sig(Fo) and 0.0972 for all 3924 data

REM 192 parameters refined using 0 restraints
END
WGHT 0.0618 1.5177

REM Highest difference peak 0.278, deepest hole -0.284, 1-sigma level 0.049
Q1 1 0.5418-0.0736 0.6609 11.00000 0.05 0.28
Q2 1 0.4569 0.6434 0.3404 11.00000 0.05 0.25
Q3 1 0.5049-0.2420 0.6396 11.00000 0.05 0.23
Q4 1 0.3786 0.4743 0.4222 11.00000 0.05 0.21
Q5 1 0.3177 0.4142 0.4016 11.00000 0.05 0.21
Q6 1 0.2798 0.0922 0.5590 11.00000 0.05 0.20
Q7 1 0.4543 0.5379 0.3977 11.00000 0.05 0.20
Q8 1 0.2747 0.1858 0.5426 11.00000 0.05 0.20
Q9 1 0.2937 0.4038 0.4402 11.00000 0.05 0.19
Q10 1 0.4454 0.0449 0.5585 11.00000 0.05 0.18
Q11 1 0.2845 0.2606 0.4992 11.00000 0.05 0.18
Q12 1 0.4553 0.0030 0.6022 11.00000 0.05 0.17
Q13 1 0.2877 0.0629 0.6010 11.00000 0.05 0.16



Q14 1 0.2261 0.4201 0.3002 11.00000 0.05 0.16
Q15
Q16

1

1 0.4418 -0.1009 0.6202 11.00000 0.05 0.16

1
Q17 1 0.5213 0.6192 0.3008 11.00000 0.05 0.16

1

1

1

0.3109 0.3005 0.4598 11.00000 0.05 0.16

Q18
Q19
Q20

0.4291 -0.1573 0.6691 11.00000 0.05 0.15
0.3418 0.2729 0.5620 11.00000 0.05 0.15
0.3048 0.4608 0.3592 11.00000 0.05 0.15

REM The information below was added by Olex2.

REM

REM R1 = 0.0545 for 2577 Fo > 4sig(Fo) and 0.0972 for all 60888 data
REM n/a parameters refined using n/a restraints

REM Highest difference peak 0.28, deepest hole -0.28

REM Mean Shift 0, Max Shift 0.001.

REM +++ Tabular Listing of Refinement Information +++
REM R1_all =0.0972

REM R1_gt = 0.0545

REM wR_ref = 0.1576

REM GOOF = 1.025

REM Shift_max = 0.001
REM Shift_mean =0

REM Reflections_all = 60888
REM Reflections_gt = 2577
REM Parameters = n/a

REM Hole = -0.28

REM Peak = 0.28

REM Flack = n/a

_olex2_submission_special_instructions 'No special instructions were received'
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