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RESUMO

Por causa do crescente interesse na quimica da classe de moléculas denominadas chalconas, ja
que essas espécies demonstram uma ampla aplicabilidade farmacologica dependendo da
natureza quimica dos grupos ligados aos anéis A e B, a molécula N-{4'-[(E)-3-(4-fluorofenil)-
1-(fenil)-prop-2-en-1-ona]}-acetamida (PAAPF) foi recentemente sintetizada. Os célculos
quimicos quanticos foram feitos para uma caracterizacdo tedrica completa (propriedades
estruturais, espectroscopicas, eletronicas e oOticas nao-linares) empregando trés métodos da
Teoria do Funcional da Densidade (DFT) como B3LYP, mPWI1PW91l e M06-2X com o
conjunto de base 6-311++G(d,p). Apos todas as caracterizagdes, a atividade antioxidante foi
estudada por meio do mecanismo teorico utilizando os diferentes métodos de DFT. Em seguida,
utilizando calculos de acoplamento molecular, seis chalconas foram estudadas como potenciais
antivirais para inibicdo de enzimas importantes do SARS-CoV-2 por causa da emergéncia
sanitaria da pandemia da COVID-19 e a busca por novos candidatos a antivirais para uma
doenga nova que até entdo ndo possui tratamento eficiente. Todos os trés métodos DFT
estudados podem descrever com grande precisdo a chalcona PAAPF: os resultados da
espectroscopia de infravermelho e da blindagem isotropica de 'H e '*C demonstram estar em
excelente concordancia com os dados experimentais. Os resultados das propriedades oticas nao
lineares mostraram que a chalcona PAAPF pode ser usada em aparelhos o6ticos. Por fim, os
dados experimentais da atividade antioxidante mostraram uma taxa moderada de reagdo com a
molécula de DPPH (50,92%) e este fato foi comprovado com o mecanismo de Transferéncia de
Atomo de Hidrogénio (HAT) sendo o mais favoravel. Juntos, nossos resultados sugerem que a
chalcona PAAPF, juntamente com outras cinco nomeadas N-{4'-[(E,E)-5-(fenil)-1-(fenil)-
penta-2.4-dien-1-ona] }-acetamida denominada PAACN, N-{4'-[(E)-3-(fenil)-1-(fenil)-prop-2-
en-1-ona]}-acetamida denominada PAAB, N-{4'-[(E)-3-(4-dimetilaminofenil)-1-(fenil)-prop-
2-en-1-ona]}-acetamida denominada PAAPA, N-{4'-[(E)-3-(4-etoxifenil)-1-(fenil)-prop-2-en-
1-ona]}-acetamida denominada PAAPE e N-{4'-[(E)-3-(4-metoxifenil)-1-(fenil)-prop-2-en-1-
ona]}-acetamida denominada PAAPM inibem a intera¢do do virus com as células hospedeiras
humanas através da ligagdo a proteina ACE2 ou SPIKE, provavelmente gerando um
impedimento estérico. Além disso, as moléculas de chalconas apresentam afinidade por

enzimas importantes em processos pos-traducionais, interferindo na replicagado viral.

Palavras-chave: chalcona; teoria do funcional de densidade; acoplamento molecular; SPIKE;

ACE2.



ABSTRACT

Due to the growing interest in the chemistry of the class of molecules called chalcones, these
species demonstrate broad pharmacological applicability depending on the chemical nature of
the groups attached to the A and B rings, the molecule N-{4'-[(E)-3-(4-fluorophenyl)-1-
(phenyl)-prop-2-en-1-one]}-acetamide (PAAPF) was recently synthesized. The quantum
chemical calculations were made for the complete theoretical characterization (structural,
spectroscopic, electronic, and non-linear optical properties) applying three differents Density
Functional Theory (DFT) methods such as B3SLYP, mPW1PW91, and M06-2X with base set 6-
311++G(d,p). After the characterization, the antioxidant activity was studied by the theoretical
mechanisms using the different DFT methods. Then, using Molecular Docking calculations, six
chalcones were studied as potential antivirals for inhibiting important enzymes of SARS-CoV-
2 due to the health emergency of the COVID-19 pandemic and the search for antiviral
candidates for a new disease, which until the present date, it does not have efficient treatment.
All the three DFT methods used in this work can describe the PAAPF chalcone with great
precision: the results of infrared spectroscopy and 'H and '*C isotropic shielding demonstrate
to be in excellent agreement with the experimental data. The PAAPF chalcone can be used in
optical devices due to its results for non-linear optical properties. Finally, the experimental data
of antioxidant activity showed a moderate rate of reaction with the DPPH molecule (50.92%),
and this fact was proven theoretically by the Hydrogen Atom Transfer (HAT) mechanism being
the most favorable. Together, the results suggest that the PAAPF chalcone along with five others
derivates N-{4'-[(E,E)-3-(phenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide named PAACN,
N-{4'-[(E)-3-(phenyl)-1-(phenyl)-prop-2,4-dien-1-one] } -acetamide named PAAB, N-{4'-[(E)-
3-(4-dimethylaminophenyl)-1-(phenyl)-prop-2-en-1-one] } -acetamide named PAAPA, N-{4'-
[(E)-3-(4-ethoxyphenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide named PAAPE, and N-{4'-
[(E)-3-(4-methoxyphenyl)-1-(phenyl)-prop-2-en-1-one]}-acetamide named PAAPM inhibit the
virus interaction with human host cells through binding to the ACE2 or SPIKE protein, probably
generating a steric impediment. In addition, chalcone molecules have an affinity for important

enzymes in post-translational processes, interfering with viral replication.

Keywords: chalcone; density functional theory; molecular docking; SPIKE; ACE2.
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1 INTRODUCTION

The class of molecules denominated chalcone is considered open-chain molecules and
derived from flavonoids and isoflavonoids, which have a natural occurrence and are important
constituents of natural products such as tea, vegetables, fruits, and plants [1]. The molecular
structure of chalcone consists of at least two aromatic rings linked by three highly electrophilic
carbons and is called the o,B-unsaturated system (1,3-diaryl-prop-2-in-1-one) [2,3]. The
aromatic ring near to the carbonyl group is frequently called “ring A” and the other aromatic
ring is “ring B”. The molecular structure of the chalcone can assume two possible geometric
isomers: the £ and the Z structures. Thermodinamically, in most of cases, the E structure is

more stable. Hence, in Figure 1 is shown the basic chalcone structure using the £ isomer [4].

Figure 1 — The basic molecular structure of the chalcone molecule
30 ¢

F

Source: Author himself

The chalcones molecules can also be obtained through organic synthesis using several
methods. In the laboratory, although there are several methods of synthesis, in this thesis, a
specific method was used to synthetize these molecules, and this reaction is called Claisen-
Schmidt aldol condensation [5-7]. This reaction takes place between an acetophenone molecule
that has a single hydrogen and aromatic aldehydes. The general overall reaction can be seen in
Figure 2. The solvent used in this reaction should be polar, and a strong base, such as potassium
hydroxide (KOH), is used as a catalyst [8]. A scheme for the known mechanism is shown in

Figure 3.
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Figure 2 — The general overall reaction to obtain a chalcone from the Claisen-Schmidt reaction
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Source: Author himself

Initially, due to the basic medium, there is the formation of a carbanion ion (structure I)
from the acetophenone molecule by the attack of the hydroxide ion (OH™) and, because of the
tautomeric effect, it can obtain the enolate ion (structure II). Then, it occurs the attack of the
enolate ion (nucleophile) to the carbon atom of the aldehyde group (electrophile), generating
an alkoxide ion (structure III). Subsequently, the alkoxide ion attacks the polar solvent molecule
generating an aldol molecule (structure I'V), and finally, this molecule undergoes base-catalyzed
dehydration to yield the chalcone of interest (structure V). This reaction is considered one of
the most used methodologies in the laboratory for the synthesis of chalcones, its duration
depends on the nature of the substituent groups present in the precursor reagents, and the
reaction yield can reach up to 90% [9]. It is known that the Claisen-Schmidt condensation can
also be catalyzed using a strong acid, however, since the interested molecules for this thesis

were synthesized using the base-catalyzed method, the text was limited to this methodology.
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Figure 3 — The Claisen-Schmidt aldol condensation to obtain the chalcone molecules.
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Source: Author himself

Chalcones and their derivatives are substances of great chemical-pharmacological
interest and have received a great deal of attention mainly due to their relatively simple structure
and the diversity of pharmacological activity they present [10-12]. The existence of conjugated
double bonds between the two aromatic rings, the carbonyl group, and the olefinic bond (CaCp)
implies the delocalization of the m-electronic density within the whole molecular structure. This
special characteristic of chalcones makes these molecules have low reduction-oxidation
potentials and exhibit a high probability of participating in reactions with electronic density
transfer [13]. Furthermore, the fact that there is the possibility of anchoring different types of
substituent groups in aromatic rings leads to new biological activities for each new molecule
synthesized. Several recent studies in the literature show numerous pharmacological
applications such as antioxidant [14,15], antiviral [16-18], anti-cancer [15,19], anti-fungal [20],
antiparasitic [21], analgesic [22], anti-proliferative [23], antimicrobial [24], anticonvulsant [25],
antidiabetic [26,27], anti-inflammatory [15,28], neuroprotective [15,29], and anxiolytic [2,8,30]
activities. It was mentioned previously only a few examples of the most diverse application
possibilities of the chalcone derivates.

Within the huge class of chalcone molecules, it is possible to highlight the derivatives
whose substitution occurred in the para position of the A ring using the amino and acetamide
groups [31-36]. According to the literature, the presence of the amino group in the A ring

increases the positive charge on the carbon Cp, therefore, it increases the probability of this
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chalcone derivative acting as an electrophile and attack cancer cells [37]. Dimmock et al. [38]
and Romagnoli ef al. [39] synthesized the base structure of the aminochalcone, and the authors
measured the cytotoxicity against human cells and five cancer cell lines. The results obtained
by these authors were that the aminochalcone has a satisfactory potential in the treatment of
cancer, but it was found to be toxic for human cells. Since these derivatives are toxic, it was
proposed in the work by Tristao et al. [40] that when chemically transforming the amino group
into the acetamide group, there is a decrease in cytotoxicity and maintenance of the anticancer
potential. Therefore, a more in-depth study of these derivatives is necessary.

Among the mentioned applications, the possibility of using the chalcone derivatives as
potential antivirals can be highlighted. The current health emergency generated by the COVID-
19 pandemic caused by the new coronavirus (SARS-CoV-2) can be measured by the number of
cases and deaths confirmed by the disease globally. The number of total cases in the world is
higher than 241,000,000, the number of death higher than 4,900,000, and in Brazil, it has been
accounting for more than 21,000,000 in the total cases and almost 600,000 deaths [41]. About
a year and six months after the WHO declared that COVID-19 as a pandemic [42], until this
date, there is no drug or efficient treatment against this disease. The vaccination of the
population, the appropriate use of face masks, and social distancing are the only ways to slow
down the spread of the virus. Hence, there is an extreme need to search for new candidates for
antiviral drugs to be able to control the advance of COVID-19 [43].

It is widely known that the number of works involving computational methods is
increasing in the most diverse areas. In the initial months of the pandemic, it was possible to
notice an increase in the number of works that aim to study antiviral properties of different
types of molecules, which can be obtained from both natural and synthetic sources, against the
SARS-CoV-2. The use of computational calculations can speed up the discovery of new drugs
as it is possible to predict properties with good accuracy and thus take only the promising
molecules to carry out the experiments in the laboratory.

Among the computational methods most used in the literature, the Molecular Docking
and the quantum calculations using the Density Functional Theory (DFT) are highlighted. With
the use of those two methods, it is possible to study the chemical interactions between the
interested molecules and the target proteins of the virus. Due to the great interest in the
chemistry of chalcones and their known antiviral properties, this thesis aims to make a full
theoretical characterization using quantum calculations (DFT method) for a chalcone derivative
and subsequent application against three main target proteins of SARS-CoV-2 and the human

host receptor protein to which the virus binds for entry into cells (Molecular Docking).



18

Vijayakumar et al. [44] studied in silico twenty-three natural flavonoids and twenty-five
synthetic antituberculosis indole chalcones. The anti-SARS-CoV-2 activity was computed
using the Molecular Docking. The authors chose three target proteins for the Molecular
Docking calculations: the RNA-dependent RNA polymerase (rsrp), the Main protease (Mpro),
and the SPIKE protein. Only a few synthetic indol chalcones (C4, C8, C12, C16, C17, C20,
C22, and C23) demonstrated interaction with the RNA-dependent RNA polymerase, but it was
a natural flavonoid (Cyanidin) that had the best interaction free energy; the Chalconaringenin
and all the synthetic chalcones showed desirable interactions with the Mpro. The best
interaction occurs with the C23 and the aminoacid residues GLU288 and ASP289; The
Chalconaringenin and the indol chalcones C25 and C17 could interact with the SPIKE protein.
Therefore, it can be seen that chalcones derivates can be used as antiviral candidates according

to the in silico studies. The chemical structures of these chalcones are shown in Figure 4.

Figure 4 — Chemical structures for some chalcones derivates.
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Source: Author himself
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Duran et al. [45] studied eight new synthesized chalcones derivatives which were
expected to have anti-SARS-CoV-2 activity. The authors used the Molecular Docking method
with three target proteins: the RNA-dependent RNA polymerase, the Main protease (Mpro),
and the SPIKE protein. The results of this works show that the chalcone derivative (E)-1-(2,5-
Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one exhibited interaction energy of -
4.370 kcal/mol with the RNA-dependent RNA polymerase, interacting with the aminoacids
residues SER814 (hydrogen bond) and ASP760, ASP761, and ASP618 (negatively charged
interaction). The chalcone (E)-1-(2,5-Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-
one demonstrated the best affinity in the molecular docking calculation with the Mpro with an
interaction energy of -3.953 kcal/mol. This chalcone interacted with LY S5 by hydrogen bond,
with LEU286 by hydrophobic interactions, and with ASP289 and GLU290 by negatively
charged interaction. This chalcone was also the best candidate to interact with the SPIKE
protein with interaction energy of -4.127 kcal/mol, and the interactions with the aminoacid
residues ARG403 and GLY496 occurred by hydrogen bonds. The authors also discussed that
the chalcones (E)-1-(2,5-Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one, (E)-1-
(3,5-Difluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one, and (E)-1-(3,5-
Bis(trifluoromethyl)phenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one showed the best
antiviral activity among the eight that were tested. The authors concluded that the fluoro ligand
in different positions enhanced the antiviral activity of the chalcone derivative. The molecular
structure of the three chalcones derivates that exhibited best antiviral activity from the work of

Duran et al. [45] are shown in Figure 5.
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Figure 5 — Chalcone derivates chemical structures.
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Source: Author himself

So far, it has been seen only studies that apply the Molecular Docking methodology.
When the quantum calculation methodology is used, it is not possible to treat macromolecules
such as the target proteins of SARS-CoV-2. However, since the molecule is a quantum entity,
calculations using Density Functional Theory methodology can provide more accurate

information about how interactions with target proteins occur, for example, if there is any
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structural specificity of a series of candidate molecules that enhance antiviral activity. It was
seen in the work by Duran et al. [45] that the authors proposed that the addition of fluorine
groups (either the fluorine atom or the trifluoromethyl group) increase the anti-SARS-CoV-2
activity. If the authors had done quantum calculations based on the DFT, it would be possible
to begin to understand the relationship between electron density withdrawn-groups and antiviral

activity.

Clara et al. [46] used both DFT and Molecular Docking methodology to study the anti-
SARS-CoV-2 properties of the chalcone derivative named (E)-1-(4-aminophenyl)-3-(4-
benzyloxyphenyl)-prop-2-en-1-one (Figure 6). In this work, the chalcone derivative was
geometrically optimized using the B3LYP/6-31++G(d,p) computational level in the gas phase.
From the optimized structure, the full theoretical characterization was carried out: the
spectroscopy analysis (vibrational, '"H and '*C NMR, and UV-Vis), electronic properties,
thermodynamic properties, and charge analysis. Next, the Molecular Docking was done with
the 6LU7 COVID-19 protein, and the interaction was compared with the FDA-approved drug
against Covid-19, the ritonavir molecule. The authors showed that even the chalcone has a
higher electrophilic character, the main interactions with the 6LU7 COVID-19 protein occur
due to the hydrogen bonds with the aminoacids residues GLU16, ALA2, VAL3, and LEU4. The
authors also found out that the chalcone can bind more effectively with the SARS-CoV-2
protein when compared to the ritonavir molecule. Therefore, it can be seen that chalcones
derivatives have potential antiviral activity against the new coronavirus (SARS-CoV-2). This
theoretical research is only the first step of the complete study to develop a new drug. However,
it has extreme importance since it can select only the most probable candidates due to its
theoretical interaction energy (Molecular Docking), and it can be proposed some relation
between the molecular structure and the molecular properties to understand the chemical

interactions between the chalcone and the target protein.
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Figure 6 — The chemical structure of the chalcone (E)-1-(4-aminophenyl)-3-(4-
benzyloxyphenyl)-prop-2-en-1-one.

H,N o)

(E)-1-(4-aminophenyl)-3-(4-benzyloxyphenyl)-prop-2-en-1-one

Source: Author himself

From the chalcone biological applications, it can be highlighted another important use
for this class of molecules, which is the antioxidant activity. There are several recent works
from the literature [47-55] concerning the antioxidant activity of chalcone derivatives. The
chalcones, both natural and synthetic, have been shown excellent radical scavenging potential.
The molecules 2,3,4,6-tetrahydroxy-chalcone and 2'.4',3,4-tetrahydroxy-chalcone showed
higher antioxidant [47] activity than the reference compounds vitamin C [56] and a-tocopherol
[57]. Hence, it has been seen that the presence of the hydroxyl group can increase the radical

scavenging potential of a chalcone molecule [47,58].

In the work of Kostopoulou ef al. [47], the authors synthesized fifteen derivatives from
the 2'-hydroxy-chalcone, which has the hydroxyl group bonded to the ring A (phenol), to test
the antioxidant activity of those chalcones. According to them, four of the fifteen molecules
were synthesized for the first time. In the DPPH scavenging, the chalcones, which have the
methoxy group and the alkoxymethyl protection group (-OMOM) bonded in ring B,
demonstrated weak or inactive in the scavenging. However, the hydroxyl-chalcones “pure”
(ring B) derivatives showed excellent results. The authors considering that the original 2'-
hydroxyl group bonded in the ring A cannot react with the DPPH molecule since the existence
of a strong hydrogen bond between this group and the oxygen atom from the carbonyl group.

Hence, the other hydroxyl groups bonded in ring B can react with DPPH, and this enhances the
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antioxidant activity. The authors also discussed that the presence of the bromine atom as a
ligand can increase antioxidant activity. They showed that if they bond the bromine in position
5' (ring A), the lipid peroxidation inhibitory activity was improved about four times more when
compared to the same molecule without the bromine atom. Therefore, the chalcones molecules
can be excellent candidates for antioxidant molecules, which explains the reason to make more
studies about this biological activity in this class of molecules, since it can be obtained several

different compounds from a simple basic structure.

In the recent works of the literature, some chalcone derivatives were studied both
experimental and theoretical to understand biological activities, such as antioxidant activity. In
those works, the quantum chemical calculations were done using several computational levels:
B3LYP/6-31+G(d,p)/LanL2DZ for Pd(II) complexes with chalcone as ligands [59]; B3LYP/6-
311++G(d,p) for synthesized B-chalcones [60]; B3LYP using two bases set such as 6-311G(d,p)
and 6-311++G(d,p) for the new chalcone derivative 1-(4-(benzylideneamino)phenyl)-3-(furan-
2-yl)-prop-2-en-1-one [61]; TPSSh-D3/TZVP to obtained the optimized geometries, and the
vertical and adiabatic energies of excitation for the triplet state to study the antioxidant activity
against singlet oxygen [62]. Also, the quantum reactivity descriptors were computed to
understand the relation between the biological activity and the chemical structure. For three of
the four works, the antioxidant activity of the chalcone derivative was found to be low. However,
in the work of Arif et al. [60], the B-chalcone achieve great results in the DPPH radical scavenge
and Hydrogen peroxide scavenging, which show the structure-dependent of antioxidant activity.
Therefore, it can be noticed that the chalcone derivatives showed low to high antioxidant
activity, and it is important to understand how the structure can influence biological activity.
This study can be done more easily using quantum calculations based on the Density Functional

Theory method.

Therefore, after it has seen the importance of the chemistry of chalcones and the great
relevance of at least two of its applications, as well as the growing interest in these two, this
thesis aims to theoretically study a chalcone derivative making a complete characterization of
its structural, electronic, spectroscopic properties and the theoretical study of two applications

such as antiviral and antioxidant.
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Chapter 1

Characterization of the structural, spectroscopic, nonlinear optical,
electronic properties and antioxidant activity of the N-{4’-[(E)-3-
(Fluorophenyl)-1-(phenyl)-prop-2-en-1-one|}-acetamide
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RESUMO

A molécula N- {4'-[(E)-3-(Fluorofenil)-1-(fenil)-prop-2-en-1-ona]} chalcona (PAAPFBA) foi
recentemente sintetizada devido ao crescente interesse na quimica das chalconas. Os calculos
da quimica quantica foram realizados para fazer uma caracterizagdo teodrica completa
(propriedades estruturais, espectroscopicas, Opticas nao lineares e eletronicas) empregando trés
métodos da Teoria do Funcional da Densidade (DFT) como B3LYP, mPWI1PW91 e M06-2X
com conjunto de base 6-311++G(d,p). Apos todas essas caracterizagcdes, a atividade
antioxidante foi estudada utilizando a reagdo com o composto DPPH em solug¢ao de metanol e
o mecanismo foi investigado teoricamente. Todos os trés métodos de DFT usados podem
descrever com grande precisdo a chalcona PAAPFBA: os resultados da espectroscopia de
infravermelho e da blindagem isotropica de 'H e !*C demonstraram estar em excelente
concordancia com os dados experimentais. As propriedades Opticas nao lineares (NLO)
mostram que a chalcona de interesse desde trabalho pode ser usada com grande potencial em
dispositivos oticos e este resultado esta de acordo com a analise do Orbitais Naturais de Ligagao,
que mostra como a densidade eletronica esta deslocalizada por toda a molécula. Por fim, os
dados experimentais da atividade antioxidante mostraram uma taxa moderada de reacdo com a
molécula de DPPH (50,92%) e este fato estd de acordo com o mecanismo tedrico proposto

sendo o de Transferéncia de Atomo de Hidrogénio como o mais favoravel.

Palavras-chave: Energia de Dissociacao de Ligacdo; Condensacdo alddlica de Claisen-

Schmidt, Fungio de Fukui, Optica ndo linear, Orbitais naturais de ligagio.
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ABSTRACT
The  molecule  N-{4’-[(E)-3-(Fluorophenyl)-1-(phenyl)-prop-2-en-1-one]} chalcone
(PAAPFBA) was recently synthesized due to the growing interest in the chemistry of the
chalcone. The quantum chemical calculations were carried out to make a complete theoretical
characterization (structural, spectroscopy, nonlinear optical, and electronic properties)
employing three Density Functional Theory (DFT) methods like B3LYP, mPWI1PWO91, and
MO06-2X at 6-311++G(d,p) basis set. After all these characterizations, the antioxidant activity
was studied using the reaction with the compound DPPH in methanol solution and the
mechanism was investigated theoretically. All the three DFT methods used can describe with
great accuracy the PAAPFBA chalcone: the results of infrared spectroscopy and the 'H and *C
isotropic shielding demonstrate to be in excellent agreement with the experimental data. The
nonlinear optical (NLO) properties show that the title chalcone can be used with great potential
in NLO devices and this result is in good agreement with the Natural Bond Orbital (NBO)
analysis, which shows how the electronic density is delocalized within the molecule. Finally,
the experimental data of the antioxidant activity showed a moderate rate of reaction with the
DPPH molecule (50.92%) and this fact was proved by the theoretical mechanisms with the

Hydrogen Atom Transfer (HAT) mechanism more favorable.

Keywords: Bond Dissociation Energy, Claisen-Schmidt aldol condensation, Fukui Function,

Nonlinear Optical, Natural Bond Orbital.
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1 INTRODUCTION

Chalcones are natural products considered as the most important subgroup of the
flavonoid family. They are chemically characterized by the presence of an open chain with two
phenyl rings bonded by a,B-unsaturated carbonyl group (1,3-diphenyl-2-propen-1-ones). For
the chalcones, there are two possible isomers, the E (trans) and Z (cis), being that E isomer
occurs naturally and it is thermodynamically more stable [1]. The greatest interest in this class
of compound lies in the fact that chalcones have many hydrogen atoms that can be replaced,
thus generating the possibility of synthesis routes for several compounds with different possible
applications. The chalcone can be used as anti-leishmanial, antibacterial, antimicrobial,
immunosuppressive, antidepressant, anti-inflammatory, anti-obesity, hypnotic, and anti-cancer

[1-11].

Despite these several applications, the chalcones exhibits antioxidant properties. Some
examples about the great applicability of chalcone derivatives as antioxidants are given next.
Arif et al. [12] studied the antioxidant properties of the 3-(1H-indol-3-yl)-1-p-tolylprop-2-en-
1-one by DPPH radical scavenging and Hydrogen peroxide scavenging which demonstrated
high antioxidant activity, Ustabas et al. [13] used the chalcone derivative 1-(4-
(benzylideneamino)-phenyl-3-(furan-2-yl)prop-2-en-1-one as an antioxidant by the DPPH and
FRAP methods which demonstrated low antioxidant activity, Uddin et al. [14] studied six
chalcones derivates of the 3-(4-methoxyphenyl)-prop-2-en-1-one by the total phenolic content
which demonstrated good antioxidant properties, Polo et al. [15] studies several chalcone and
bis-chalcone derivates using sonication conditions during the synthesis and the antioxidant
activity was investigated by DPPH radical scavenging and ABTS radical scavenging which
demonstrated moderate antioxidant activity. Each chalcone’s derivative has different values for
antioxidant activity, which implies the importance of studying new derivatives in order to
correlate the relationship between that antioxidant properties and the chemical structure of the

chalcone’s derivatives.

Given the huge and growing applicability and interest in the chemistry of chalcones, the
new  chalcone  N-{4’-[(E)-3-(Fluorophenyl)-1-(phenyl)-prop-2-en-1-one]} = acetamide
(PAAPFBA) was recently experimentally synthesized by Ferreira et al. [16]. This derivate had
the two hydrogens in the para position of the phenyl rings substituted respectively by the
acetamido group in ring A and the fluorine atom in ring B. This chalcone showed an excellent
result of nontoxicity and great potential for the treatment of anxiety induced by alcohol

withdrawal.
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Currently, it is widely known that the computational quantum chemical calculations are
an important tool to study the structural, electronic, optical properties, spectroscopy
characterization, and predict how the molecule behaves during a chemical reaction in different
media. Hegde et al. [7] studied theoretically the chalcone derivative 3-(2-methoxynaphthalen-
1-yl)-1-(thiophen-2-yl)-prop-2-en-1-one at DFT/B3LYP/6-311++G(d,p) to obtain the
geometrical optimization, the infrared characterization, the electronic properties, and the
excited states for the UV-Vis spectroscopy. Ramesh et al. [17] studied the 1-(3-Bromo-2-
thienyl)-3-[4-(dimethylamino)-phenyl]-prop-2-en-1-one  chalcone at  DFT/B3LYP/6-
311++G(d,p) to compute the geometrical optimization, the vibrational frequencies, the frontier
molecular orbitals, the excited states (UV-Vis spectrum), the molecular electrostatic potential,
and the Fukui functions. Thamarai ef al. [18] studied the (2E)-1-(3-bromo-2-thienyl)-3-(4-
chlorophenyl)-prop-2-en-1-one at B3LYP/B3PW91/M06-2 using the 6-311++G(d,p) basis set
to calculate the optimize molecular structure, the vibrational frequencies, the excited states, the
electronic properties, the molecular electrostatic potential, the Natural Bond Orbital (NBO)
analysis, and the thermodynamics properties. Chaouiki et al. [19] studied several chalcones
derivatives using DFT/B3LYP method at 6-311++G(d,p) basis set to determine the geometrical
optimization, the frontier molecular orbitals, and the quantum molecular descriptors. Therefore,
the importance of using the Density Functional Theory (DFT) method in the study of new

chalcones derivatives is demonstrated with these examples of recent works.

There are also several recent theoretical researches about the fact that chalcones can also
be used in optoelectronic devices and photochemical applications due to its m-electrons
delocalization and the m molecular orbitals overlapping. Their optical properties can be
controlled by donor or acceptor groups bonded in the two phenyl rings [7, 20, 21]. These are
some examples of theoretical researches about the optical properties of the chalcones derivates:
Custodio et al [22] studied the chalcone (E)-3-(2-bromophenyl)-1-{[(2-
phenylsulfonylamine)]-phenyl}-prop-2-en-1-one at DFT/CAM-B3LYP/6-311++G(d,p) level,
Kaya et al. [23] studied the derivate (E)-1-(3-hydroxyphenyl)-3-(2,4,6-trimethoxyphenyl)-
prop-2-en-1-one at DFT/B3LYP/6-311++G(d,p) level, Shukla et al. [24] studied the 1-(4-
chlorophenyl)-3-(5-methylfuran-2-yl)-prop-2-en-1-one chalcone derivative at DFT/B3LYP/6-
311++G(d,p) level. All authors concluded that the chalcone derivatives studied were excellent
candidates for use in optical devices, which implies increasing importance in the chemistry of

chalcones for optics in addition to biological applications.

In this work, the PAAPFBA chalcone was synthetized and characterized it by infrared
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spectroscopy, 'H and '3C spectroscopy and investigated its antioxidant potential. The main
objective of this work was to use quantum chemical calculations based on the Density
Functional Theory (DFT) at the ground state to understand the structural, nonlinear optical,
electronic properties and the antioxidant mechanism using three different DFT methods (B3LYP,

mPWIPWI1, and M06-2X).

2 Theoretical procedures

The quantum chemical calculations were done to characterize the chemical structure,
electronic, reactivity, non-linear optical properties, and the antioxidant activity of the chalcone
PAAPFBA and to simulate their vibrational and magnetic resonance spectra. The geometrical
optimization was carried out using the Becke’s three-parameter hybrid functional [25] with the
Lee-Yang-Parr correlation functional [26] (B3LYP), the Perdew Wang exchange-correlation
functional [27] adjusted by Adamo and Barone [28] (mPW1PWO91), and the Minnesota 06
hybrid meta exchange-correlation functional [29] (M06-2X) with the Gaussian basis set 6-
311++G(d,p) in Gaussian 09 program package [30] and GaussView 5.0.8 [31] to drawn the
input molecules. The optimization calculations were executed using the Polarizable Continuum
Model [32 — 33] with the Integral Equation Formalism [34] (IEF-PCM) for the solvation method
with methanol as an implicit solvent to simulate the chemical environment of the experimental
application for the antioxidant activity of the PAAPFBA molecule. The thermodynamics data
were obtained using the same levels of theory at temperature 298.15 K under 1 atm pressure
using methanol as an implicit solvent. The vibrational frequency calculations were done using
the three grounds state optimized geometries to guarantee the structures were in a global
minimum of energy. The calculated vibrational frequencies were multiplied by the following
scaling factors: 0.967 for the B3LYP, 0.957 for the mPW1PWO91, and 0.955 for the M06-2X at
the 6-311++G(d,p) levels of theory. The infrared vibrational assignments were made based on
the Potential Energy Distribution (PED) using the VEDA 4 [35] and, only the PED > 10%
were used to perform the final assignment of the molecular vibration.

The 'H and *C NMR isotropic chemical shift were calculated using Gauge Independent
Atomic Orbitals (GIAO) [36 — 39] proposal available in Gaussian. The correlation between the
theoretical and the experimental data was made by the comparison of the theoretical shielding

constant of both hydrogens (0 (cqic)) and carbons (¢ (caic)) atoms to the calculated shielding
constant (0y(rms) and d¢(rus)y) for the same elements presents in the reference compound

tetramethylsilane (TMS) following the rule: 8¢ = OyTmMs) — OH(calc) and 6¢ = O¢(rms) —

UC(calc) .
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The Non-linear optical (NLO) calculations, such as the dipole moment (), the
polarizabilities («), and the first order hyperpolarizabilities (f3) at the static state were calculated
at the same levels of theory. For comparison to the standard methodology available in the
literature, the NLO properties were also computed at CAM-B3LYP [40], LC-BLYP [41], and
®B97XD [42] with 6-311++G(d,p) levels of theory with methanol as an implicit solvent. These
three DFT methods belong to a short (CAM-B3LYP) [43,44] and long (LC-BLYP and ®B97XD)
[44,45] range separated hybrid functional. The CAM-B3LYP shows a correct 0.65 fraction of
nonlocal exchange at asymptotic distance [43,46]. The LC-BLYP and the ®B97XD show a
correct 1.00 fraction of nonlocal exchange [44,47].

The Frontier Molecular Orbitals (FMO) energies (Eyomo and E;yyo) and the global

electronic properties called quantum chemical descriptors such as the energy gap (AEgq,),

ionization potential (I), electron affinity (A), electronegativity (), global hardness (77), global
softness (S), electrophilicity (w), and nucleophilicity (¢) using the B3LYP, mPW1PWO91 and
MO06-2X at the 6-311++G(d,p) levels of theory.

To understand the chemical behavior of each atom, the Electronic Fukui functions were
calculated from the electronic density and the Condensed Fukui functions were computed from
the Hirshfeld charge population using the anionic, cationic and the radical species of the
PAAPFBA molecule. Therefore, the local electronic properties such as the local hardness (1),
local softness (sy), philicity index (wy,), dual descriptor (Af), and multiphilic index (Aw) were
estimated at the same levels of theory. The Molecular Electrostatic Potential (MEP) surface was
computed using the Gabedit 2.5.0 software [48] for the PAAPFBA molecule to complement the
investigation about the possibility of the electrophilic or nucleophilic reactive attack sites.

The Natural Bond Orbital (NBO) analysis was carried out by B3LYP, mPW1PW91 and
MO06-2X at 6-311++G(d,p) basis set to investigate the delocalization of the electron density
within the title molecule using the NBO 3.1 program [49] implement in Gaussian.

To understand the antioxidant activity of the title chalcone, there are in the literature
three mechanisms proposed to this analysis [50 — 54]. The Hydrogen Atom Transfer (HAT)
mechanism occurs when a free radical (R") extract a hydrogen atom from the antioxidant
molecule. The global process is shown in the equation (1). The second mechanism is called
Single Electron Transfer-Proton Transfer (SET-PT) and it occurs when an electron is removed
from the antioxidant and the following step is a proton transfer (equations 2a and 2b). The third
mechanism is the Sequential Proton Loss Electron Transfer (SPLET) and it occurs when the

proton is lost and followed by the transfer of an electron (equations 3a and 3b). All these
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mechanisms can occur simultaneously, but with different rates [50 — 54].

R*+XH - RH + X" (1)
R*+XH - R+ XH*' (2a)
R~ + XH* > RH+ X' (2b)

XH - X~ + H* (3a)

X"+ R - X'+ R- (3b)

R~ + H* > RH (3c)

In the HAT mechanism, the tendency of the reaction takes place can be predicted by the
Bond Dissociation Energy (BDE) of the X — H chemical bond (X = C or N in this work). The
lower the BDE value the higher is the reactivity of the antioxidant [50]. In the SET-PT
mechanism, the reactivity is described by the lonization Potential (IP) and the Proton
Dissociation Enthalpy (PDE) from the antioxidant cation radical (RH™") species. Molecules with
lower values of the IP and PDE are expected to be more reactive [50]. In the SPLET mechanism,
the propensity to react is computed by the Proton Affinity (PA) of the anionic species of the
antioxidant molecule (X) and the Electron Transfer Enthalpy (ETE) which corresponds to the
removal of the electron. The reactivity is measure by the lower values of the PA and ETE
quantities. The mathematical expressions for those quantities are shown respectively in
equations 4 — 8. The geometrical optimization of the cation radical, the radical and the anionic
species were carried out using the DFT methods B3LYP/mPWI1PW91/M06-2X at 6-
311++G(d,p) levels of theory with methanol as implicit solvent (IEF-PCM model). All those
enthalpies were calculated at 298.15 K and 1 atm of pressure. The values of the H-atom, proton

and electron solvation enthalpies in methanol were taken from the work of Rimarcik et al. [51].

BDE = H(X*) + H(H®) — H(XH) 4)
IP=HX*)+H(e™) — H(XH) 5)
PDE =H(X*)+ HH*Y) —H(X*) (6)
PA=H(X")+H(H") — H(XH) (7

ETE=HX") +H(e)—HX") (8)
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3 Experimental details

3.1 Synthesis of the PAAPFBA chalcone

The title chalcone was synthesized according to the methodology proposed by Ferreira
et al. [16]. The first step consisted in the reaction between p-Aminoacetophenone and p-
Fluorobenzaldehyde by the Claisen-Schmidt aldol condensation in basic medium. The second
step was the reaction with the acetic anhydride in acetic acid/sodium acetate medium at pH 4.5

under magnetic stirring at room temperature [16].

3.2 Fourier transform infrared spectroscopy (FT-IR)

The sample 2 mg chalcone PAAPFBA was powdered and mixed with 200 mg of KBr,
which then was pressed pellets and analysis in spectrophotometer model IRTracer-100
Shimadzu (Kyoto, Japan). The pellet was scanned, and spectra was recorded by summing 64

scans at a spectral range from 4000 to 400 cm™ and a resolution of 4 cm™ [21].

3.3 DPPH Free Radical Scan

A methanol solution of DPPH was added to the methanolic solutions of the samples of
chalcone (10 to 10.000 pg/mL). The test was performed in triplicate. After the 60-minute
interval, absorbance was measured in a UV-Vis spectrophotometer at 515 nm. The antioxidant
capacity was compared with a standard ascorbic acid curve and ECso was determined. The
control (-) was methanol and DPPH and the control (+) was done by adding standard solution
(Ascorbic acid) and DPPH. In the procedure, 1 mL of the DPPH solution at a concentration of

23.7 ng / mL was added to each concentration of the samples [55].

4 Results and Discussion

4.1 Geometrical Optimization and Thermodynamic properties

The theoretically forecasted optimized geometries for the PAAPFBA molecule using the
B3LYP/6-311++G(d,p), mPWI1PW91/6-311++G(d,p) and M06-2X/6-311++G(d,p) methods
are shown in Fig. 1. The optimized geometries for the three computational methods were
achieved by accepting the C1 point group symmetry.

The PAAPFBA molecule exhibited seventeen C-C bonds, thirteen C-H bonds, two C-O
and C-N bonds and single N-H and C-F bonds. The PAAPFBA structure can be derived from

an a, f-unsaturated carbonyl group which means a m-bond between the @ and [ carbons
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closer to a ketone group (R — C = C — CO — R,). Therefore, when R is equal to the 4-fluoro-
phenyl group and R is equal to the 4-acetamido-phenyl group, thus the PAAPFBA structure is
formulated. The C19-C20, C20=C22, C20-H23, C22-H25 and C19=021 bonds lengths from
the a, B -unsaturated carbonyl group are respectively 1.47960 A, 1.34736 A, 1.08111 A,
1.08703 A and 1.23322 A (B3LYP); 1.47459 A, 1.34377 A, 1.08123 A, 1.08714 A and 1.22733
A (mPWI1PW91); 1.48436 A, 1.33991 A, 1.08184 A, 1.08760 A and 1.22110 A (M06-2X). The
three DFT methods describe the molecule in a remarkably similar way, in which the highest
difference between the bond length is about 0.009772 A between mPW1PW91 and M06-2X
methods concerning the C19-C20 bond. The C20-H23 bond length predicted by the DFT
methods are almost the same value 1.08111 A (B3LYP), 1.08123 A (mPW1PW91) and 1.08184
A (M06-2X). Wu et al. [56], Cai et al. [57], and Prabuswamy et al. [58] studied, by
crystallographic methods, the following chalcone derivates: 1-Phenyl-3-(2,4,6-
trimethoxyphenyl)-prop-2-en-1-one [56], (E)-1-(4-Methoxyphenyl)-3-(2,4,6-
trimethoxyphenyl)-prop-2-en-1-one [57], and 1-(2-Fluorophenyl)-3-(2,4,6-trimethoxyphenyl)-
prop-2-en-1-one [58], respectively, which have similar structure (the «, f-unsaturated carbonyl
group and the two phenyl rings) to the molecule investigated in this work the PAAPFBA
chalcone. Hence, the values of the bonds obtained from the experimental data in the work of
Wu et al. [56], Cai et al. [57], and Prabuswamy et al. [58] are respectively C-C (1.4611 A,
1.4703 A, 1.4510 A), C=C (1.3317 A, 1.3435 A, 1.3450 A), C-H (0.93 A, 0.95 A, 0.93 A) and
C=0 (1.2244 A, 1.2275 A, 1.2251 A). These experimental results are in a good agreement with
the theoretical values computed from this work for the PAAPFBA chalcone.

The plane derivate by the a, f-unsaturated carbonyl group is the C19-C20-C22-C24
angle, and then its value is 179.66871° (B3LYP), 179.58072° (mPW1PWO91), and 179.26608°
(M06-2X). Therefore, the molecule is not planar due to the torsion angle C4-C19-C20-C22
(176.87920° for B3LYP, 176.55675 for mPW1PW91, and 172.20156° for M06-2X) differ from
the angle present in the a, f-unsaturated carbonyl group mainly for the M06-2X method that
showed the highest difference from the torsion angle (7.06452°), and it has the most deviation
from the planarity. The plane distortion can also be illustrated by the angles C4-C5-C19-C20
(9.90162° for B3LYP, 10.40151° for mPW1PWO91, and 18.08884° for M06-2X) and C20-C22-
C24-C26 (0.03126° for B3LYP, 0.34113° for mPWI1PW91, and 1.36783° for M06-2X). The
MO06-2X method predicted about 8.18722° more than B3LYP and 7.68733° more than
mPWI1PWO91 method in the plane defined by the 4-acetamido-phenyl group and about 1.05523°
more than B3LYP and 1.0267° more than mPWI1PW91 method in-plane delimited by the 4-
fluoro-phenyl group.



35

The two phenyl rings have the value of the C-C bonds within the expected range of 1.33
A (double bond) to 1.54 A (single bond) as is shown as following: C1-C2 (1.40524 A for B3LYP,
1.40108 A for mPWIPW91, and 1.40189 A for M06-2X); C1-C3 (1.38707 A for B3LYP,
1.38317 A for mPWIPW91, and 1.38631 A for M06-2X); C3-C4 (1.40323 A for B3LYP,
1.39835 A for mPWI1PWO1, and 1.39655 A for M06-2X); C4-C5 (1.40482 A for B3LYP,
1.39987 A for mPWI1PW91, and 1.39897 A for M06-2X); C5-C6 (1.38583 A for B3LYP,
1.38190 A for mPWI1PW91, and 1.38346 A for M06-2X), C6-C2 (1.40437 A for B3LYP,
1.40033 A for mPWI1PW9I, and 1.40123 A for M06-2X); C24-C26 (1.40835 A for B3LYP,
1.40342 A for mPW1PWO1, and 1.40238 A for M06-2X); C24-C27 (1.40649 A for B3LYP,
1.40156 A for mPW1PWO91, and 1.40023 A for M06-2X); C26-C28 (1.38785 A for B3LYP,
1.38366 A for mPW1PW91, and 1.38567 A for M06-2X); C27-C29 (1.39135 A for B3LYP,
1.38714 A for mPW1PW91, and 1.38940 A for M06-2X); C28-C30 (1.38911 A for B3LYP,
1.38592 A for mPW1PWO1, and 1.38655 A for M06-2X), C29-C30 (1.38477 A for B3LYP,
1.38167 A for mPW1PW91, and 1.38204 A for M06-2X). These values of bonds length are in
good agreement with the experimental data obtained from the work of Wu et al. [56], Cai et al.
[57], and Prabuswamy et al. [58] with the chalcone derivates 1-Phenyl-3-(2,4,6-
trimethoxyphenyl)-prop-2-en-1-one [56], (E)-1-(4-Methoxyphenyl)-3-(2,4,6-
trimethoxyphenyl)-prop-2-en-1-one [57], and 1-(2-Fluorophenyl)-3-(2,4,6-trimethoxyphenyl)-
prop-2-en-1-one [58] respectively.

The C30-F35 bond demonstrated to have about the same value even with the change of
DFT method: 1.35827 A (B3LYP), 1.34565 A (mPW1PW91), and 1.34612 A (M06-2X). In the
Prabuswamy et al. [58] work for the chalcone 1-(2-Fluorophenyl)-3-(2,4,6-trimethoxyphenyl)-
prop-2-en-1-one, the experimental bond value of the Cring-F is about 1.3624 A, which
demonstrate agreement between these calculations and the experimental data. The two
carbonyl groups showed the bond angle C13-C12-N11 (114.82525° for B3LYP, 114.72895° for
mPWIPWOI1, and 114.03896° for M06-2X) and C4-C19-C20 (118.88284° for B3LYP,
118.75276° for mPW1PWO91, and 118.40760° for M06-2X) expected approximated values to
this functional group due to the double bond between carbons and oxygen atoms. This
comparison between theoretical bond lengths and experimental data show that the used DFT
methods can describe the PAAPFBA molecule satisfactorily. The results displayed in this work
also show an excellent agreement in respect to the recent DFT calculations using similar
structures in the works of Ramesh et al. [17] with the chalcone 1-(3-Bromo-2-thienyl)-3-[4-
(dimethylamino)-phenyl]-prop-2-en-1-one at B3LYP/6-311++G(d,p), Thamarai ef al. [ 18] with
the chalcone (2E)-1-(3-bromo-2-thienyl)-3-(4-chlorophenyl)-prop-2-en-1-one at
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B3LYP/B3PW91/M06-2X/6-311++G(d,p), Kaya et al. [23] with the chalcone (E)-1-(3-
hydroxyphenyl)-3-(2,4,6-trimethoxyphenyl)-prop-2-en-1-one at DFT/B3LYP/6-311++G(d,p)
and Shukla et al. [24] with the chalcone 1-(4-chlorophenyl)-3-(5-methylfuran-2-yl)-prop-2-en-
I-one at DFT/B3LYP/6-311++G(d,p) level.

The thermodynamic data were obtained from the DFT methods (B3LYP, mPW1PWO1,
and M06-2X) at 6-311++G(d,p) basis set (T =298.15 K and P = 1 atm). The Electronic energies
(Ep) of the most stable geometry in each method of PAAPFBA molecule are — 961.57631892
Hartree (B3LYP), - 961.32942329 Hartree (mPW1PW91), and — 961.18171855 Hartree (M06-
2x). The zero-point vibrational energy (Ezpyg) calculated to the PAAPFBA molecule is
169.41171 kcal.mol™! (B3LYP), 171.01311 kcal.mol™! (mPW1PW91), and 171.16780 kcal.mol
' (M06-2X). These values for the ZPVE are similar, in which the B3LYP method describes a
slightly more stable molecule. The zero-point correction, the thermal correction to the internal
energy, the thermal correction to the enthalpy and the thermal correction to the Gibbs Free
Energy are respectively 0.269975, 0.288811, 0.289755, 0.219008 Hartree/particle (B3LYP);
0.272527,0.291261, 0.292205, 0.221810 Hartree/particle (mPW1PW91); 0.272773, 0.291615,
0.292559, 0.221334 Hartree/particle (M06-2X). Therefore, it can be possible to compute the
thermodynamic properties: the Internal Energy (U), the Enthalpy (H), the Entropy and the
Gibbs Free Energy (G) are respectively - -961.287508, -961.286564, 0.000237480068, -
961.357311 Hartree (B3LYP); -961.038162, -961.037218, 0.0002362982456, -961.107613
Hartree (mPW1PW91); -960.890103, -960.889159, 0.0002390845295, -960.960384 Hartree
(M06-2X). The Heat Capacity (C,) at constant volume was also calculated and its values are
70.602 cal.mol'K™! (B3LYP), 70.118 cal.mol'K-! (mPW1PW91), 70.185 cal.mol'K"! (M06-
2X). Finally, the rotation constants were calculated as 1.15767, 0.08097 and 0.07579 GHz
(B3LYP); 1.17178, 0.08161 and 0.07642 GHz (mPW1PW091); 1.14841, 0.08182 and 0.07669
GHz (M06-2X). Therefore, the three DFT methods can be used to characterize geometrically
the PAAPFBA chalcone.
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(a) B3LYP/6-311++G(d,p)

o@ HI N@ FU cd

Fig. 1 — Optimized geometries of the PAAPFBA chalcone using (a) B3LYP, (b) mPW1PW91
and (c) M06-2X at 6-311++G(d,p) levels of theory.

4.2 Structural spectroscopic analysis
The theoretical FT-IR vibrational spectra were obtained from the DFT methods
(B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) computational level and they are shown in
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Fig. S1 (supplementary material) together with the experimental FT-IR vibrational spectrum.
The absence of negative frequencies shows that the simulated molecule is in a truly global
minimum of energy for each functional. The PAAPFBA molecule is composed of 35 atoms
which corresponds to a total of 99 fundamental vibrations modes (3N - 6). The theoretical
results were scaled by 0.967 (B3LYP), 0.957 (mPWI1PW91), and 0.955 (M06-2X). The
Potential Energy Distributions (PED) were calculated and only the results with PED > 10%
were computed in the vibrational assignments. To compare the theoretical data with the
experimental wavenumbers, the linear fitting (Fig. 2) was made and the values of the R-squared
(R?) are respectively 0.99791 (B3LYP), 0.99779 (mPWI1PW91), and 0.99835 (M06-2X) with
the linear equation respectively y = 1.01316x — 8.24579 (B3LYP), y = 1.01385x — 6.6005
(mPW1PWO1),and y =1.01408x — 10.97107 (M06-2X). The calculated vibrational frequencies
are in excellent agreement with the experimental data and all the functionals used describe
accurately the PAAPFBA molecule. In Fig. S1 (supplementary material), all the Infrared
intensities for both theoretical and experimental were normalized assuming the most intense
peak one and the others were determined from this. The following discussion was made using
only the principal vibrational modes. To see more details about all the theoretical assignments
of the vibrational modes, present in the PAAPFBA molecule, they were computed in Tables S1
— S3 (supplementary material).

The strong polar bond between the nitrogen and hydrogen (N11 — H10) atoms showed
a theoretical vibrational stretching at 3609.18 cm™ (B3LYP), 3651.90 cm™ (mPW1PW91) and
3634.42 cm™ (M06-2X) against 3437.15 cm™! from the experimental data with PED of 100%
for each DFT method. There are differences of almost 200 cm™ at the theoretical to the
experimental data. Therefore, the scaling factor exhibits an important correction role: the
calculated frequencies change to 3490.08 cm™!, 3494.87 cm™ and 3470.87 cm™! respectively
with an appropriate scale factor to the DFT method. Another strong polar bond between the
fluorine and carbon atoms (F35 — C30) showed IR frequencies at 1220.91 cm™ (B3LPY), 771
cm! (mPWI1PWO1) and 1276.98 cm™ (M06-2X) with PED respectively 22%, 14% and 41%.

The well-known carbonyl (C = 0) stretching were assignment at 1711.73 cm™ (017 —
C12) and 1591.41 cm (021 — C19) for B3LYP, 1750.20 cm™ (017 —C12) and 1723.61 cm
1(021-C19) formPWI1PWO1,and 1776.21 cm™ (017 - C12) and 1756.69 cm™ (021 — C19)
for M06-2X with PED respectively 73%, 41%, 76%, 44%, 78% and 60%. These results show
the reason why this band is so important to characterize the carbonyl compounds since the
stretching mode is responsible for most of the potential vibrational energy.

The two N11 — C12 and N11 — C2 bonds showed modes at 966 cm™ (20%) and 1276.93
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cm! (25%) for B3LYP, 1259.17 cm™ (23%) and 1294.63 cm™! (26%) for mPW1PW91, 1267.66
cm! (22%) and 1286.67 cm™ (15%) for M06-2X. The unique methyl group present in the
PAAPFBA molecule showed characteristic C — H stretching at 3048.86 cm™ (symmetrical, 28%
for C13H14, 32% for C13H15 and 40% for C13H16), 3114.54 cm™' (asymmetrical, 45% for
C13H15 and 52% for C13H16) and 3131.75 cm™ (asymmetrical, 70% for C13H14 and 23%
for C13H15) for the B3LYP; at 3076.12 cm™ (symmetrical, 29% for C13H14, 31% for C13H15
and 39% for C13H16), 3153.41 cm™ (asymmetrical, 42% for C13H15 and 54% for C13H16)
and 3169.97 cm™! (asymmetrical, 27% for C13H15 and 67% for C13H14) for the mPW1PW91;
at 3080.75 cm’! (symmetrical, 17% for C13H15. 29% for C13H14 and 54% for C13H16),
3154.69 cm! (asymmetrical, 43% for C3H16 and 51% for C13H14) and 3193.18 cm
(asymmetrical, 20% for C13H14 and 77% for C13H15) for the M06-2X.

The symmetrical bending modes were assigned at 1397 cm™ and 1481.08 cm™ for
B3LYP; at 1395.65 cm™! and 1483.25 cm™! for mPW1PW91; at 1401.35 cm™! and 1483.18 cm™!
for M06-2X. The asymmetrical bending modes were assigned at 1052.98 cm™ (H15 and H16)
and 1464.38 cm™ (H15 and H16) for B3LYP; at 1051.85 cm™ (H15 and H16) and 1462.59 cm’
' (H15 and H16) for mPW1PWO1; at 1464.10 cm™! (scissoring H14 and H16 and twisting H15
and H16) for M06-2X.

The m-bond from the alkene C20=C22, the C — C and the two C — H stretching were
calculated respectively as 1690.20 cm™, 3218.56 cm™ (H23), 3152.73 cm™' (H25) for B3LYP;
as 1723.61 cm™, 3241.18 em™ (H23), 3177.42 cm™ (H25) for mPW1PWO1; as 1685.99 cm™,
3227.80 cm™! (H23), 3179.41 cm™ (H25) for M06-2X.

The 4-fluoro-phenyl ring shows characteristics frequencies of C — H stretching for C27
—H31 (3180.82 cm™!, 99%), C29 — H34 (3205.11 cm™, 77%; 3205.97 cm™!, 15%), C28 — H33
(3189.91 ecm™!, 21%; 3201.19 ecm, 10%; 3205.11cm™!, 12%; 3205.97 cm™, 55%) and C26 —
H32 (3190 cm-1, 73%; 3206 cm-1, 21%) for B3LYP; at C27 — H31 (3207.68 cm’!, 92%), C29
— H34 (3233.59 cm™, 60%; 3233.97 cm™!, 33%), C28 — H33 (3233.59 cm’!, 25%; 3233.97 cm
1, 52%; 3216.33 cm’!, 18%) and C26 — H32 (3233.59 cm™!, 11%; 3216.33 cm’!, 77%) for
mPWI1PWO1; at C27 — H31 (3211.52 cm™, 93%), C29 — H34 (3237.73 cm’!, 91%), C28 — H33
(3218.84 cm™, 11%, 3237.01 cm™!, 80%) and C26 — H32 (3237.01 cm™!, 11%; 3237.01 cm!,
74%) for M06-2X.

The C — C stretching were computed with higher value of PED at 1440.82 cm™ (C26C28,
18%), 1623.10 cm™ (C30C29, 13%), 834.89 cm™ (C28C30, 14%), 1122.21 cm™ (C29C27, 17%)
and 1623.10 cm™ (C27C24, 22%) for B3LYP; at 1671.13 cm™ (C26C28, 15%), 1644.57 cm™
(C30C29, 15%), 845.65 cm™ (C28C30, 13%), 1455.76 cm™ (C29C27, 21%) and 1652.69 cm™!
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(C27C24, 21%) for mPWI1PW91; at 1455.87 cm™ (C26C28, 19%), 1657.40 cm™ (C30C29,
28%), 1317.45 cm™ (C28C30, 19%), 1455.87 cm™ (C29C27, 18%) and 1317.45 cm™ (C27C24,
14%) for M06-2X. The C26-C24 stretching did not show the value of PED higher than 10%,
thus it was not computed. Finally, for the 4-acetamido-phenyl ring show C — H stretching at
3247.14 cm™ (H7, 99%), 3198.20 cm™ (HS, 98%), 3201.19 cm™ (H10, 45%) and 3172.21 cm’
' (H9, 95%) for B3LYP; at 3269.90 cm™ (H7, 98%), 3222.78 cm™ (HS, 98%), 3227.04 cm’!
(H10, 47%) and 3200.28 cm™!' (H9, 94%) for mPW1PW91; at 3282.60 cm™' (H7, 99%), 3224.10
cm’! (HS, 99%), 3227.80 cm™ (H10, 63%) and 3204.83 cm™ (H9, 91%) for M06-2X. The C —
C ring stretching were estimated as for the C1 — C3 bond at 1431.56 cm™ (22%, B3LYP),
1447.44 cm! (26%, mPW1PW91) and 1443.27 cm™ (21%, M06-2X); for the C6 — C5 bond
at 1431.56 cm™ (19%, B3LYP), 1447.44 cm™ (22%, mPW1PW91) and 1443.27 cm™ (17%,
MO06-2X); for the C2 — C6 bond at 1336.63 cm (19%, B3LYP), 1294.63 cm™ (15%,
mPWI1PWO1) and 1645.82 cm™ (24%, M06-2X); for the C4 — C3 bond at 1336.63 cm™ (17%,
B3LYP), 1057.63 cm™! (17%, mPW1PW91) and 1341.36 cm™' (16%, M06-2X); for the C5 — C4
bond 1336.63 cm™! (17%, B3LYP), 1663.72 cm™ (12%, mPW1PW91) and 1667.56 cm™ (11%,
MO06-2X). All the DFT methods can describe the vibrational spectrum of the PAAPFBA
molecule appropriately, as it was shown by the linear fitting calculation and the theoretical

assignments of fundamental modes.
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Fig. 2 — The Linear correlation of the experimental wavenumbers and theoretical wavenumbers
for the fundamental vibrational modes of the PAAPFBA molecule for the (a) B3LYP (b)
mPWIPWOI1 and (c) M06-2X at 6-311++G(d,p) computational levels.
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The H and C NMR chemical isotropic shifts analysis was carried out from the
optimized molecular geometry in methanol with IEF-PCM model of the PAAPFBA using the
DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) level of theory with GIAO
method by using the same chemical environment as the geometrical optimization. The
tetramethylsilane is the reference compound and it was optimized at the same level of theory
as the PAAPFBA molecule followed by the NMR calculation. The mean value of the calculated
isotropic shielding constants for the hydrogen (oyrus)) and carbon (o¢(rus)) atoms were
respectively: oy (rms) = 31.9640 ppm and o¢(rms) = 184.6196 ppm (B3LYP); oy(rms) =
31.8849 ppm and ocrysy = 189.1702 ppm (MPWI1PWO1); oy (rms) = 32.0609 ppm
and o¢(rys) = 189.6430 ppm (MO06-2X). In Table S4 (supplementary material) is shown the
values of the calculated isotropic shielding constants for the PAAPFBA molecule at DFT
methods, the experimental *H and *3C isotropic shifts from the Ferreira et al. [16] and the
calculated isotropic magnetic shielding for the hydrogens (64) and carbon (8.) atoms of
PAAPFBA compound. The experimental and the theoretical *H and **C spectra are shown in
Figs. S2 and S3 (supplementary material) respectively. These results show an excellent
agreement with the experimental data; hence the linear fitting was made using the calculated
isotropic magnetic shielding versus the experimental isotropic shifts (Fig. 3) and the values of
the R-squared (R2) for the DFT methods are respectively 0.99865 (B3LYP), 0.99860
(mPW1PW091) and 0.99844 (M06-2X) with the linear equation respectively y = 0.95561x +
0.02651 (B3LYP), y = 0.96623 — 0.16585 (mPW1PW91), and y = 0.86899x — 0.11064 (M06-
2X). The B3LYP and the mPW1PW91 methods can describe the NMR spectra almost similarly
and both are slightly better than the M06-2X method. However, all DFT methods can be used
satisfactorily to describe the *H and **C NMR spectra.
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Fig. 3 — Linear correlation with the experimental '"H and '*C isotropic shielding and the
calculated isotropic magnetic shielding by (a) B3LYP (b) mPW1PWO1 and (c) M06-2X at 6-

311++G(d,p) basis set.
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4.3 Nonlinear Optics Analysis

The research for high effectiveness nonlinear optical (NLO) materials has been
increasing due to its technological applicability, and the chalcone derivates are excellent
candidates due to its great optical transparency and elevated flexibility in the synthesis reactions.
Therefore, the NLO calculations for the PAAPFBA molecule were carried out using the DFT
methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) computational level employing the
IEF-PCM model with methanol as implicit solvent. It is necessary to compare the results
concerning to the reference substance with those calculated for the urea molecule, which is
commonly used for this type of analysis [59 — 67]. Hence, the urea molecule was optimized,
and its NLO properties were computed at the same level of theory as the PAAPFBA compound.
The dipole moment (u), the polarizabilities («) and the first order hyperpolarizabilities (f) at
the static state (w = 0) were calculated for each cartesian direction for urea and PAAPFBA
molecules.

The quantities used to determine the possible usefulness of the molecular candidate are
shown in the following equations (9 — 12). The hyperpolarizability is a 3D matrix with 27
elements (3 x 3 x 3), and this matrix can be reduced to only ten terms by the application of the
Kleinman theorem [68, 69] in which considerer that the permutations assume the same values
(Bxyy = Byxy = Byyx,--). The value of B, is often express in electrostatic units (1 a.u. =
8.6393 x 10"* esu). Thus, the results of dipole moment and polarizability are shown in Table

S5, and the results of the hyperpolarizability are shown in Table S6 (supplementary material).

1/2
fror = (p2 + p2 + u2) ©)
1
Otot = § (axx +ay, + azz) (10)
Aa = — — ay)? —a.,)? — . )2+ 6a2 +6a2, + 6a2,1"* (11
a = ﬁ[(axx ayy) + (ayy azz) + (azz axx) + 6ay, + Ay + ayz] ( )

1/2

Bo = [(Buxx + Bryy + Brz)? + (Byyy + Byaz + Byxa)® + (Bozz + Box + Bayy)’] (12)

It can be observed that the PAAPFBA molecule has the por, @ror, A, By respectively
1.399972, 8.27574, 20.54705 and 119.2839 (B3LYP), 1.398378, 8.291795, 20.11854 and
138.8324 (mPW1pw9l), 1.375916, 7.880764, 16.77039 and 163.4927 (M06-2X) times greater
than the same quantities of urea. Therefore, the chalcone PAAPFBA has a good NLO character
and it may be used as a nonlinear optical material.

The NLO properties were also computed using the short (CAM-B3LYP) and long (LC-
BLYP and ®B97XD) range separated hybrid methods. The results for the calculated NLO
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parameters are shown in Table S8 and S9. The total dipole moment (i ), the total
polarizability (@, ), and the parameters Ao and [, have the values respectively 8.61189 Debye
(CAM-B3LYP), 8.65791 Debye (LC-BLYP), and 8.54546 Debye (0B97XD); 318.5333 a.u.
(CAM-B3LYP), 298.5077 au. (LC-BLYP), and 317.9587 au. (#B97XD); 309.5469 a.u.
(CAM-B3LYP), 270.7678 a.u. (LC-BLYP), and 305.4882 a.u. («B97XD); 343.5688.10! esu
(CAM-B3LYP), 268.0074.10! esu (LC-BLYP), and 329.8977.10°! esu (oB97XD). These
parameters show that the PAAPFBA chalcone has a good NLO character. In Table S10 are
shown the ratios for each NLO properties between the BALYP/mPWI1PW91/M06-2X methods
and the short/long range separated methods (CAM-B3LYP/LC-BLYP/0wB97XD).

For the total dipole moment, the total polarizability and for the parameter Aa, the values
between the DFT methods are in good agreement. However, for the parameter Bo only the M06-
2X method shows a good agreement to the short/long range separated methods. Therefore, the
PAAPFBA chalcone has a good NLO character as can be seen in the results from the comparison
with the urea molecule and the (CAM-B3LYP/LC-BLYP/wB97XD) methods. All the three DFT
methods (B3LYP/mPW1PW91/M06-2X) can be used to describe appropriately the total dipole
moment, total polarizability, and the parameter Aa, however only the M06-2X method

described the parameter Bo with a good relation to the standard methods in the literature.

4.4 Quantum molecular properties analysis

The Highest Occupied Molecular Orbital (HOMO) and the Lowest Occupied Molecular
Orbital (LUMO) usually denominated Frontier Molecular Orbitals (FMO) play a very important
role in describing the electronic properties of the organic compounds, and it was recognized
firstly by Fukui [70] and explained from the DFT later [71]. The HOMO is related to the feature
of nucleophilicity, and the LUMO is associated with the electrophilicity. The less negative is
the value of the HOMO energy greater is the propensity of the molecule behave like a
nucleophilic or donate electronic density, and the more negative is the LUMO energy greater is
the tendency of the molecule to accept electronic density or behave like an electrophilic. In Fig.
4 is shown the FMOs calculated by the DFT methods (B3LYP/mPW1PW91/M06-2x) at 6-
311G++(d,p) computational level rendered by the ChemCraft trial version software [72], and
they are very identical with only a few differences in the mathematical signal of the
wavefunction, which does not affect the probabilistic interpretation.

The HOMO is mainly spread over the m-bonds present in both phenyl rings, the
C20=C22 bond, the dislocated electrons displayed over the amide group (O17-C12-N11) and
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the fluorine (F35) atom due to its higher value of electronegativity. The LUMO is principally
spread over the antibonding position of the m-bonds at the same set of atoms as mentioned
before. Therefore, it can be concluded that the transition HOMO-LUMO occurs between the
bonding molecular orbital to anti-bonding molecular orbital (r — m*). The calculated HOMO
energy varies according to the DFT method used: the B3LYP predicted the lowest value for the
HOMO energy of -6.58330 eV and the M06-2x method predicted the highest value for the
HOMO energy of -7.85 eV. The mPW1PW91 method estimated value in between of those two
(-6.81297 eV), however, the value is closer to the B3LYP (-6.81297 eV) with a difference of
0.22967 eV. The method dependence was also noticed with the values of the LUMO energies:
the tendency was the same as before, the B3LYP method predicted the lowest value of the
LUMO energy (-2.68007 eV), the M06-2X method the highest value for the energy (-1.73556
eV), and the mPWI1PWOI1 (-2.53367 eV) closer than B3LYP with the difference of 0.1464 eV.
Despite the FMO to indicate the possible chemical behavior (nucleophilic or electrophilic), the
Energy Gap (AEgq,) defined by the difference between the LUMO and the HOMO energies is
more used. The lowest is the value of the energy gap, the greatest is the
nucleophilic/electrophilic character of the molecule. This fact is supported by an important
theory: Pearson’s Hard Soft Acids Bases Theory (HSAB) [73]. The calculated Energy Gap was
ranked with method dependence: 6.114447 eV (M06-2x) < 4.279296 eV (mPWI1PW9I1l) <
3.903232 eV (B3LYP).



47

B3LYP mPW1PW91 M06-2X
ELumo = -1.73556 eV

ELumo = -2.53367 eV

ELumo = -2.68007 eV

A
AEcar = 3 903232 eV AEcar = 4 279296 eV AEcar = 6.114447 eV

EHOMO = -6. 58330 eV ‘m

Evomo = -6.81297 eV * !

Enomo = -7.85000 eV
Fig. 4 — Calculated Frontier Molecular Orbitals (FMO) for the PAAPFBA chalcone using the

B3LYP/mPW1PW91/M06-2X with 6-311++G(d,p) basis set.

To study more detail the molecular electronic properties, it is used the quantum chemical
descriptors, and they are computed from the values of the HOMO and LUMO (Table S11 -
supplementary material).

The Ionization Potential (I) and the Electrons Affinity (A) can be determinate from the
Koopmans’ theorem [74] as describe below by the equations (13) and (14) respectively.

I = —Eyomo (13)

A= —Eymo (14)

According to the results, the B3LYP method shows the lowest ionization potential (I =
6.583302 eV) and the highest electron affinity (A =2.68007 eV). The M06-2x method predicts
a higher ionization potential (I =7.85 eV) and lower electron affinity (A=1.735556 eV). These
descriptors mean that the valence electronic density is accessible to be donated, and if the
molecule receives electronic density, it will be favorable to the PAAPFBA to accommodate the

extra negative charge.
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The electronegativity () can be expressed mathematically as the negative of the
derivative of the energy in respect to the number of electrons at constant external potential
(equation 15) [75]. The electronic chemical potential (u) is the negative of the electronegativity
[76]. According to the work of Iczkowski and Margrave [77], both descriptors can be expressed
in function of the FMO energies (equation 16).

I+ A _ (EHOMO + ELUMO)

2 (16)

The natural flow of the electronic density is from the regions with low electronegativity
to the region with high electronegativity, thus the B3LYP method shows the lower value of
electronegativity (y =2.68007 eV) and the highest value of chemical potential (1 = - 2.68007
eV). The M06-2X method predicted the higher value of the electronegativity (y = 4.792779
eV) and the lowest value of the electronic potential (u = - 4.792779 eV). The mPWI1PWI1
method predicted a value in between of the other methods: y = 4.67332 eV and u = -
4.67332eV.

The global hardness (1) is defined as the second-order derivative of the energy in respect
do the number of electrons at constant external potential [78]. This descriptor can be expressed

in terms of the FMO energies as seen in equation 17 [79, 80].

— I - A — ELUMO - EHOMO
1 2 2 (17)

According to the Maximum Hardness Principle [81], the natural arrangement of the
molecule is toward the highest value of the hardness. The higher the value of the global hardness
the lower is the nucleophilic/electrophilic behavior due to the larger energy gap [82]. The global
hardness was computed as 1.951616 eV (B3LYP), 2.139648 eV (mPW1PW91), and 3.057223
eV (M06-2X). This order is the same as the increase of the energy gap. The global softness (S)
is defined as the inverse of the global hardness (equation 17) [78]. The B3LYP method computes
the highest value of the global softness (0.512396 eV™!) as expected from the lowest value of



49

global hardness, followed by the mPW1PW91 (0.467367 V') and the M06-2X (0.327094 eV-
.

The global electrophilicity index (w) [83] and the global nucleophilicity index () [84]
can be seen it mathematical expression in equations 18 and 19, respectively. These descriptors
are related to the electrophilic and nucleophilic character of the molecule, respectively. Thus, a
good nucleophilic is described by lower values of the w and higher values of &, and
consequently, a good electrophilic is described by higher values of w and lower values of «¢.
Unlike the previous results, the M06-2X method predicts the electrophilic and nucleophilic
characters for the PAAPFBA molecule with the lower value of w (3.756797 eV) and the higher
value of £ (0.266184 eV!) against 5.496091 eV and 0.181947 eV™! from B3LYP and 5.103625
eV and 0.195939 eV'! from mPW1PW91 method.

_ X 18
w_Zn (18)
1

e (19)

To complete the global analysis of the quantum molecular descriptors, it may be
necessary to use the electric dipole polarizability (a;,;) calculated at the nonlinear optical
properties. The mathematical expression is the same as seen in equation 10. The hardness is a
measure of chemical stability and the polarizability is a measure of chemical reactivity [85].
The Minimum Polarizability Principle [86] states that a chemical species will react until the
state of minimum polarizability which means higher the value of a;,; higher is the molecular
reactivity. Thus, according to this descriptor, the predicted for the polarizability is 308.5923 a.u.
(M06-2X), 330.815 a.u. (mPW1PWO1), and 341.5867 a.u. (B3LYP). Therefore, the three DFT
methods (B3LYP/mPW1PW91/M06-2X) can be used to describe the electronic distribution of
the FMO for the PAAPFBA chalcone and all the quantum molecular descriptors can be used to

describe appropriately the nucleophilic/electrophilic behavior of the title chalcone.

4.6 Electronic Fukui Functions and local reactivity descriptors

It is important to understand how each atom may act to contribute to describing the
entire chemical behavior of the molecular species. Along with the global quantum molecular
descriptors and the local analysis, it is possible to provide a unified treatment of the selectivity

and the reactivity for the compounds. The Electronic Fukui Functions can characterize the
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nucleophilic, the electrophilic, and the radical regions of the molecule. The electronic Fukui
function (f) is expressed by the derivate of the electronic density (p) for the number of electrons
at constant external potential (equation 20). The reactivity sites can be approximated by the

electronic density of the FMO as shown in equations 21 — 23.

_ (0p(1)
r= (G )vm 20)
f*= vymo 1)
f~ = Vhomo 22)
1
fo= > (veumo + Vnomo) (23)

The f* is related to the molecule acting as an electrophilic (susceptible to a
nucleophilic attack), the f~ is the molecule acting like a nucleophilic (susceptible to an
electrophilic attack) and the f° describe the propensity to a radical attack. They were
calculated using the Multiwtn software [87] and rendered by the VESTA software [88]. The
calculated isosurface of the Electronic Fukui functions for each DFT method are shown in Fig.
5. The green and the blue isosurface corresponds respectively to the positive and the negative
region of the Fukui function. The f* function appears remarkably similar in the different DFT
methods. The atoms C19, O21, and C22 are more susceptible to a nucleophilic attack (the
molecule acts as an electrophilic) due to the empty m* antibonding, these atoms show a strong
positive region for the f*. Other atoms like C2, C3, C5, C26, C27, and C30 are also susceptible
to a nucleophilic attack, but the positive regions are smaller than the C19, O21, and C22. For
the f~, the BALYP and the mPW1PW91 predicted functions are analogous with the atoms C1,
C2, C3, C4, C5, Co6, N11, C12, O17, C20, C22, C24, C26, C27, C28, C29 and C30 are
susceptible to an electrophilic attack (the molecule acts as a nucleophilic) due to the large
positive regions of the f~ and in these atoms are mainly spread the m bonding molecular
orbitals that can be used to donate electronic density. However, the M06-2X method only
predicts that the atoms C1, C2, C3, C4, C5, C6, N11, C12, O17, and O21 are susceptible to an
electrophilic attack. For the f°, the B3LYP and mPW1PW91 functions are almost the same
again. The atoms C1, C2, C3, C4, C5, C6,N11, C12,017, C19, C20, 021, C22, C26, C27, and
C30 are more susceptible to a radical attack due to the greater positive regions of the f°.

Besides, the M06-2X predicts only the atoms C1, C2, C3, C4, C5, C6,N11, C12,017, C19 and
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021 susceptible to a radical attack.

mPW1PW91

Fig. 5 — Calculated isosurfaces for the Electronic Fukui functions using the electronic density
and computed by the DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p) basis

set.

The Fukui Functions can be approximated for each atom using an atomic population
charge analysis and they are called Condensed Fukui Functions. In this work, it was used the

Hirshfeld population analysis and the mathematical equations 24 - 26 are shown as follows.

fi = a(N+1)— q(N) (24)

fi = ac(N) — qx(N —1) (25)

o W(N+1)— q(N—1) (26)
fi = >

The qx(N + 1), q,(N) and q, (N — 1) are respectively the atomic Hirshfeld charge
on the atom k in the anionic, neutral and cationic species. According to the results, the atoms
more susceptible to a nucleophilic attack are C1, C2, C4, C5, C6, N11, C12, C13, O17, C20,
C24, C28, C29, C30, and F35 (B3LYP); C1, C2, C4, C5, C6, N11, C12, C13, 017, C24, C29,
and F35 (mPW1PWO1); CI1, C2, C3, C4, C5, C6, N11, C12, C13, and O17 (M06-2X). The
following atoms are more susceptible to an electrophilic attack: C3, C19, 021, C22, C26, and
C27 (B3LYP); C3, C19, C20, 021, C22, C26, C27, C28, and C30 (mPW1PWI1); C19, C20,
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021, C22, C24, C26, C27, C28, C29, C30, and F35 (M06-2X). For the M06-2X method, the
atomic susceptibility for the electrophilic attack is the inverse when comparing to the analysis
of the Electronic Fukui function. For a radical attack the most susceptible atoms are as follows:
C12,C13, C24, C28,C29 and F35 (B3LYP); C12, C13, C24, C28, C29 and F35 (mPW1PWI1);
Cl12, C13, C24, C26, C27, C28, C29, C30 and F35 (M06-2X) (Table S12 - supplementary
material). The Condensed Fukui functions computed from the Hirshfeld charge population are
in good agreement with those Fukui functions calculated from the electronic density only for
the B3LYP and mPW1PWO91 methods.

Together with the global descriptors like hardness, softness and electrophilicity index,
it can be generated a set of new local descriptors like local hardness (1), local softness (sj)
and the philicity index (wy) to understand the reactivity in each atom. The equations 27 — 29

illustrates the relations of global descriptors and the Condensed Fukui functions.

77]]; = nfky (27)
s}{/ = kay (28)
w}g = wfky (29)

Where y =+, - and ° refer respectively to the nucleophilic, electrophilic and radical
attack, the indices k refers to the atoms, and 7, s, w refers to the global hardness, softness and
electrophilicity index respectively. The local hardness and softness are the measure of the
mainly contribution to the global hardness and softness during a chemical reaction (nucleophilic,
electrophilic or radical attack). The philicity index is the measure of the propensity of an atomic
site to favor a nucleophilic, electrophilic or radical site, thus the higher the value of w}, the
atomic site i1s most favorable to a nucleophilic attack, and the higher is the value of wy, the
atomic site is most favorable to an electrophilic attack. Consequently, the higher the value of
the wpy, the atomic site is favorable to a radical attack. For the B3LYP method (Table S13 -
supplementary material), the atoms that manly contribute to the global hardness are C1, C4,
N11, C12, C13, and O17 (nucleophilic attack); C13 and C19 (electrophilic attack); C12 (radical
attack). The atoms that contribute mainly to the global softness are C1, C2, C3, C4, C5, C6,
N11, C12, C13, 017, C24, C26, C27, C28, C29, and F35 (nucleophilic attack); C3, C5, C12,
C13, C19, 021, C24, C26, C27, C28, C29, and F35 (electrophilic attack); C1, C3, C5, C6, N11,
C12, C13,017,C24, C26, C27, C28, C29, and F35 (radical attack). The favorable atomic sites
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for the nucleophilic attack are C1, C2, C4, C5, C6, N11, C12, C13, 017, C24, C27, C28, C29,
and F35; for the electrophilic attack are C3, C5, C12, C13, C19, 021, C26, C27, C28, C29, and
F35; for the radical attack are C1, C3, C5, C6, N11, C12, C13, O17, C24, C26, C27, C28, C29,
and F35.

For the mPW1PW91 method, the atoms that contribute mainly to the global hardness
are C1, C4, C6,N11, C12,C13, 017, C24, C28, C29, and F35 (nucleophilic attack); C13, C19,
C28, and C29 (electrophilic attack); C12, C28, and C29 (radical attack). The atoms that
contribute mainly to the global softness are C1, C3, C4, C6, N11, C12, C13, O17, and C24
(nucleophilic attack); C13 and C19 (electrophilic attack); C12 and C13 (radical attack). The
favorable nucleophilic attack (electrophilic site) is C4, N11, C12, C13, and O17. The favorable
electrophilic attack (nucleophilic site) is C19, and the favorable radical attack is C13 (Table
S14-supplementary material).

For the M06-2X method, the set of atoms that contribute principally to the global
hardness are C4, N11, C12, C13, and O17 (nucleophilic attack); C13, C26, C27, C28, C29, C30
and F35 (electrophilic attack); C13, C28, C29, and F35. The global softness is described mainly
by Cl1, C4, N11, C12, C13, O17 (nucleophilic attack); C13, C20 C24, C26, C27, C28, C29,
C30, and F35 (electrophilic attack); C13, C28, C29, and F35 (radical attack). The suitable sites
for nucleophilic attack are C4, N11, C12, C13, and O17; for the electrophilic attack are C13,
C19, C24, C24, C26, C27, C28, C29, C30, and F35; for the radical attack are C13, C24, C28,
C29, and F35 (Table S15-supplementary material).

Finally, the Condensed Fukui functions can be used also to study the local reactivity and
they are called the dual (Af) [89] and the multiphilic (Aw) [90] descriptors. If both Af and Aw
are positive, the reactive site has an electrophilic character. If both Af and Aw are negative,

the site has a nucleophilic character.

A = fi —fi (30)

Aw = wAf (31)

The electrophilic sites of the molecule according to this analysis are C1, C2, C4, C5, C6,
N11, C12, C13, 017, C20, C24, C28, C29, and F35 (B3LYP); C1, C2, C4, C5, C6, N11, C12,
C13, O17, C24, and F35 (mPW1PW91); C1, C2, C3, C4, C5, C6, N11, C12, C13, and O17
(M06-2X). The nucleophilic sites are in atoms C3, C19, 021, C22, C26, and C27 (B3LYP); C3,
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C19, C20, 021, C22, C26, C27, C28, and C30 (mPW1PWI1); C19, C20, 021, C22, C24, C26,
C27,C28, C29, C30, and F35 (M06-2X) (Table S16 - supplementary material). This result is in
good agreement with the Fukui functions and the Condensed Fukui functions calculated

previously.

4.7 Molecular Electrostatic Potential (MEP)

The Molecular Electrostatic Potential (MEP) was calculated with the DFT methods
(B3LYP/mPWIPW91/M06-2X) at 6-311++G(d,p) level of theory. This analysis has great
importance concerning the nucleophilic and electrophilic reactive sites of the molecule. The
MEP is colored from red to blue. The red color represents a negatively charged region and the
blue color describes a positively charged region. The green color represents a neutral region,
the yellow-orange color characterizes a partially negative charged region, and the light blue
color is related to the partially positive charged region. The electrophilic interaction will occur
with the red-colored regions due to the negative charge and the nucleophilic interaction will
occur with the blue colored region due to the positive charge. As can be seen in Fig. 6 all the
three MEP computes from the DFT methods are very similar: the negative regions of PAAPFBA
molecule are over the oxygen atoms (O17 and O21) and the fluorine atom F35. This fact is
expected due to the higher values of electronegativity of these atoms; the orange-yellow color
regions appear over the m-bonds due to the electronic density; the green color regions describe
some carbon-carbon bonds due to equal value of the electronegativity and the methyl group
(C13), and the blue color regions are the hydrogen atoms and they are responsible to the
nucleophilic interaction due to the high electron deficiency. The Electronic Fukui functions
analysis predicts that the oxygen atoms are suitable to electrophilic attack and the hydrogen
atoms have isosurface with positive values of f~, thus this fact corroborates to these atoms are

suitable to nucleophilic interaction.

B3LYP mPW1PW91

-0.080 m—— — s 0.080 -0.050 m— e s 0.050  -0.050 m— e s 0.050

Fig. 6 — Calculated Molecular Electrostatic Potential (MEP) for the PAAPFBA chalcone.
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4.8 Natural Bond Orbital (NBO) analysis

The Natural Bond Orbital (NBO) analysis is widely used to understand how the bonding
and antibonding molecular orbitals can stabilize the entire chemical structure. It can be used to
compute the intramolecular and intermolecular interactions and the process of conjugative
interaction of bonds (delocalization of electronic density) within the molecule. To calculate the

stabilization energy (AE;;) from the donor-acceptor charge transfer process it is necessary to

use the second-order Fock-matrix as seen in equation 32 [24,91,92].

2
Fi j

Ej— &

AE;; = q;

(32)

Where the g; is the occupancy of the donor orbital, ¢ and ¢; are the off-diagonal
elements of the Fock matrix and F(Zi’ j) 1s the diagonal. The higher is the value of the
stabilization energy higher is the probability of the electron delocalization process. This process
can occur between the bonding molecular orbitals and lone pairs (occupied Lewis-type NBO)
and antibonding molecular orbitals and Rydberg orbitals (unoccupied non-Lewis NBO). The
NBO analysis was carried out using the DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-
311++G(d,p) levels of theory. The PAAPFBA molecule showed hyperconjugation interactions
of weak, moderate and strong intensity including ¢ - o*, 1 - n*, n* - n*, LP - ¢* and
LP — m* transitions.

For the B3LYP method, it can be seen in Table S17 (supplementary material) the results
of the perturbation theory energy analysis. The higher values of the stabilization energy were
due to delocalization of the #*(C2 — C6) — ©*(Cl1 —C3)and n*(C19 — 021) - ©*(C4 - C5)
transitions with 186.44 kcal.mol! and 196.44 kcal.mol™! respectively. This result shows how
strong is the interaction between the phenyl ring present in the 4-acetamido-phenyl group and
the carbonyl (C19=021) group and the stabilization of those carbons and oxygen atoms. Also,
there is moderate stabilization in this ring due to the transitions m — ©* with values in the
range of 15.38 kcal.mol™! to 24.30 kcal.mol™!. There is a weak stabilization from the o(C4 —
C19) to o*(C1 — C3), 6*(C19 — C20) and ¢*(C19 — 0O21) with the value of 2.22 kcal.mol,
0.86 kcal.mol ™! and 1.19 kcal.mol™! respectively. The moderate stabilization due to the m —» 7*
transition is also present in the phenyl ring of the 4-fluorine-phenyl group with values in the
range of 17.33 kcal.mol™! to 21.34 kcal.mol!. The o(C30 — F35) - ¢*(C28 — H33) transition

is responsible for a weak stabilization of 1.58 kcal.mol™'. The bond o(N11 — H18) can donate
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weakly electronic density to the ¢*(C1 — C2) and ¢*(C12 — O17) with the energy of 4.16
kcal.mol! and 4.59 kcal.mol! respectively. The lone pair (LP) of the nitrogen atom (N11) is
responsible to stabilize the carbonyl (C12=017) group about 59.71 kcal.mol™!. The lone pairs
of the two oxygen atoms can stabilize antibonding molecular orbital as follows: LP(O17) —
*(N11 — C12) with 24.48 kcal.mol'l, LP(017) - ¢*(C12 — C13) with 17.49 kcal.mol’,
LP(021) » ¢*(C4 — C19) with 18.09 kcal.mol™!, and LP(O21) - ¢*(C19 — C20) with 18.19
kcal.mol™!. The m-bond between C20 and C22 can transfer charge moderately to the *(C19 —
021) and *(C24 — C27) with 21.72 kcal.mol'and 11.55 kcal.mol 'respectively. The m*(C20
— C22) bond is stabilized by the donation of the 7*(C19 — 021) and ©*(C24 — C27) with the
energy of 52.58 kcal.mol™! and 88.45 kcal.mol! respectively. The electronic density of the o-
bonds of C20 — H23 and C22 — H25 have weakly spread over o™ molecular orbitals. Finally,
the methyl group is responsible for a weak stabilization due to the hyperconjugation o0 - ¢*
which the higher value for the energy is only 5.07 kcal.mol™! for the transition o(C13 — H16)
- 0*(C12—-017) (Table S17 - supplementary material).

For the mPWIPW91 method, the higher value of the stabilization energy is 193.42
kcal.mol! for the transition 7*(C2 — C6) » m*(C1 — C3). This value differs from the B3LYP
method of about 3.02 kcal.mol!. Nevertheless, this result shows how strong is the
delocalization of the electronic density in the phenyl ring. According to Table SI18
(supplementary material),, the values of the stabilization energy for the m — =™ transitions are
in the range 16.43 kcal.mol™! for m(C2 — C6) - m*(C1 — C3) to 26.43 kcal.mol™! for m(C2 —
C6) —» m*(C4—C5). The weak stabilization energies due to the g(C4 —C19) are 2.29 kcal.mol
I'(e* C1 - C3), 2.30 kcal.mol™! (¢* C3 — C4) and 2.45 kcal.mol™! (¢* C4 — C5). The phenyl
ring of the 4-fluorine-phenyl group shows a moderate stabilization from 18.42 kcal.mol™ (7
C29 — C30 » m* C26 — C28) to 23.42 kcal.mol! (m C29 — C30 - m* C24 — C27). The o-
bond between the carbon C30 and fluorine F35 shows a value of 1.66 kcal.mol to donate
electronic density to the o*(C28 — H33). The o (N11 —H18) bond donate its electronic density
to 0*(C1 — C2) and ¢*(C12 — O17) with the energy of 4.30 kcal.mol! and 4.72 kcal.mol’!
respectively. The lone pairs from the nitrogen and oxygen atoms participate to the following
charge transfer process: LP(N11) - 7*(C12-017), LP(O17) —» ¢*(N11 -C12),LP(O17) —»
0*(C12 - C13),LP(021) —» ¢*(C4 —C19), and LP(O21) = ¢*(C19 — C20) which the energy
values are respectively 62.85 kcal.mol!, 25.67 kcal.mol!, 18.43 kcal.mol!, 19.08 kcal.mol!
and 19.25 kcal.mol™'. The m (C20 — C22) can interact with the * (C19 — 021) and m*(C24 —
C27) with stabilization energy of 22.87 kcal.mol™ and 11.91 kcal.mol™!, thus the electronic
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density of the m-bond can spread over the resonance effect that reduces the total energy of the
molecule. The o-bonds C20 — H23 and C22 — H25 can slightly stabilize respectively the
0*(C22—H25) and o*(C20—H23) with the energy of 4.47 kcal.mol ™ and 5.73 kcal.mol™!. Also,
those bonds can interact with the ¢*(C20 — C22) with the energy of 1.73 kcal.mol! and 1.36
kcal.mol!. The methyl group is responsible for a weak donation of charge to the carbonyl
(C12=017) group with the transitions g (C13 —H14) - ¢* (C12 — O17) with 4.41 kcal.mol
Yand ¢ (C13 -H16) -» ©* (C12 — O17) with 5.63 kcal.mol™!.

For the M06-2X method (Table S19), the higher value of the stabilization energy is for
the transition of the lone pair of the nitrogen atom (N11) to the 7*(C12 — O17) with the energy
of 72.62 kcal.mol!. This result shows a great difference from the other methods. The
delocalization of the m electrons occurs due to the m — =©* as follow: C1 — C2 - C3 - C4
(35.76 kcal.mol™); C1 — C2 - C5 — C6 (23.11 kcal.mol'); C3 — C4 — C1 — C2 (25.01
kcal.mol!); C3 —C4 - C5—C6 (31.44 kcal.mol'); C3 —C4 -» C19 — 021 (21.79 kcal.mol
1); C5-C6 - C1—C2 (30.08 kcal.mol!); C5 - C6 — C3 —C4 (23.11 kcal.mol ™). There is a
weak donation of electronic density through the 4-acetamido-phenyl ring from the o (C4 —
C19) to the ¢*(C1 — C3), ¢"(C3 — C4) and o*(C4 — C5) with stabilization energy of 2.43
kcal.mol™!, 2.53 kcal.mol ™! and 2.58 kcal.mol™! respectively. The 4-fluorine-phenyl ring shows a
delocalization of the 7 electronic density over the m* molecular orbitals of the carbon atoms
of the ring and the C20=C22: C24 — C27 — C20 — C22 (19.37 kcal.mol"); C24 — C27 — C26
— €28 (29.02 kcal.mol™); C26 — C28 — C24 — C27 (24.52 kcal.mol™); C29 — C30 —» C24 —
C27 (31.26 kcal.mol); C29 — C30 —» C26 — C28 (24.32 kcal.mol!). The lone pair of the
nitrogen atom is responsible for the highest stabilization energy however, this non-bonding pair
can also interact with the 7*(C1 — C2) with the energy of 44.16 kcal.mol!. The lone pairs of
the oxygen atom O17 donate negative charge to the a* N11 — C12 (29.71 kcal.mol!) and ¢*
C12 — C13 (20.82 kcal.mol!). The lone pair of the O21 interact with the o* C4 — C19 (21.67
kcal.mol') and ¢* C19 — C20 (22.19 kcal.mol™!). The m C20 — C22 can stabilize the =* C19
— 021 (24.28 kcal.mol ™) and 7* C24 — C27 (12.19 kcal.mol™!). The o-bonds between the C20
—H23 and C22 — H25 can spread the electronic density through hyperconjugation respectively
with the o* C20 — C22 (2.14 kcal.mol!); o* C22 — H25 (4.95 kcal.mol™') and ¢* C20 — H23
(6.27 kcal.mol™); o* C24 — C26 (5.09 kcal.mol™!). The methyl group can donate electrons as
the following transition: ¢ C13 — H14 - ¢* C12 — 017 (3.99 kcal.mol!); ¢ C13 — H15 -
o* N11—C12 (4.42 kcal.mol™"); ¢ C13—H16 —» ¢* C12—-017 (7.59 kcal.mol!) (Table S19
-supplementary material). Despite the M06-2X did not predict any charge transfer process with
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a large value of AE;;, all the energies computed for this method are higher than for the others.

jo
All the results exhibit that the PAAPFBA molecule has delocalized electronic density
which agrees with the NLO properties, the FMO spread over the entire molecule, and the

difference of each atom behavior obtained in the Fukui functions analysis.

4.9 Antioxidant activity

The experimental data from the DPPH free radical scan reveal that the PAAPFBA
chalcone exhibit a moderate antioxidant activity of 50.92% when compared to the (+) control
of ascorbic acid. According to the results of the Fukui functions and the Condensed Fukui
functions show that there are several atoms are susceptible to a radical attack. Based on these
results and in the NBO analysis, to understand how the PAAPFBA molecule can behave as an
antioxidant compound the atoms N11, C13, C20, and C22 were chosen to compute the
parameters (equations 4 — 8) for each antioxidant mechanisms. The antioxidant mechanisms
were calculated using the DFT methods (B3LYP/mPW1PW91/M06-2X) at 6-311++G(d,p)
levels of theory. Each enthalpy value was computed at T =298.15 K and 1 atm of pressure. The
results of the BDE, IP, PDE, PA and ETE parameters for the bonds N11 — H18, C13 — H, C20
—H23 and C22 — H 25 are shown in Table 1.

For the HAT mechanism, the lower value of the BDE (96.98 kcal mol™! for the B3LYP,
96.79 kcal.mol! for the mPW1PW91, and 96.63 kcal.mol™! for the M06-2X) is for the radical
attack on the carbon atom (C13) of the methyl group. These results agree with the Condensed
Fukui functions, which predicts that the C13 is the most atom susceptible to a radical attack due
to the highest value of the f° for the three DFT methods. Also, it can be seen from the NBO
analysis, the stabilization due to the c-bonds from the methyl is very low when it is comparing
to the delocalization of the other bonds, thus the methyl can be the best target for a radical to
react. The carbon C20 shows the highest value of the BDE (105.97 kcal mol™! for the B3LYP,
105.82 kcal.mol! for the mPW1PW91, and 105.53 kcal.mol™! for the M06-2X) due to the lack
of the electronic delocalization process, the molecular geometry change when the bond C20 —
H23 break, thus this radical is the less stable. The nitrogen N11 (BDE = 96.98 kcal.mol™! for the
B3LYP, 98.77 kcal.mol! for the mPWI1PW91, and 99.99 kcal.mol! for the M06-2X) may
present stabilization of the radical structure by the resonance effect, but it has BDE values
higher than the BDE values for the methyl group because more atoms with high
electronegativity (oxygen and nitrogen) will have electron deficiency. The carbon C22 (BDE =
104.36 kcal.mol™' for the B3LYP, 104.36 kcal.mol™' for the mPW1PW91, and 105.13 kcal.mol"

! for the M06-2X), although it can also stabilize the radical structure through the resonance



59

effect, this relocation would occur with the phenyl ring of the 4-fluorophenyl group, in this case,
this ring has an electronic deficiency because it has a ligand with high electronegativity, the
which hinders the resonant effect and the radical is not as stable, thus showing high BDE values.

For the SET-PT mechanism, the first step is equal for the four bonds in each DFT method
(IP = 125.589 kcal.mol™! for the B3LYP, 126.958 kcal.mol™! for the mPW1PW91, and 131.699
kcal.mol! for the M06-2X) because it is the loss of the electron by the molecule. The second
step is the loss of the proton H™ for each bond: The methyl group shows the lower value of the
PDE in each method (16.064 kcal.mol™! for the B3LYP, 14.499 kcal.mol™! for the mPW1PW91,
and 9.605 kcal.mol! for the M06-2X) which agree with the HAT mechanism, but the PDE for
the nitrogen N11 is very similar to the methyl (16.583 kcal.mol™ for the B3LYP, 16.483
kcal.mol! for the mPWI1PWO1, and 12.962 kcal.mol™! for the M06-2X) since they have a
similar effect of electronic delocalization when the radical is formed. Also, the bond N11 — H18
is shorter than the C13 — H bond, thus more energy is needed to break the N — H bond which
explains the slightly higher value of the PDE for the nitrogen. The carbons C20 and C22 show
the PDE value of 25.050 kcal.mol! and 23.440 kcal.mol™! for the B3LYP; 23.537 kcal.mol!
and 22.075 kcal.mol™! for the mPW1PW91; and 18.498 kcal.mol! and 18.103 kcal.mol™! for the
MO06-2X respectively. These values reflect in the formation of the radical: for the C20 it is not
possible the stabilization due to the resonance effect, thus the radical for the C20 is less stable
and it shows the highest total energy (IP + PDE) for the SET-PT mechanism (150.639 kcal.mol
! for the B3LYP, 150.495 kcal.mol! for the mPW1PWO1, and 150.197 kcal.mol™!' for the M06-
2X) differing from the methyl of 8.986 kcal.mol™!, for the nitrogen of 8.467 kcal.mol™ and the
C22 atom of 1.610 kcal.mol! (B3LYP); for the methyl 9.038 kcal.mol™!, for the nitrogen of
7.054 kcal.mol! and the C22 atom of 1.462 kcal.mol! (mPW1PW91); for the methyl 8.893
kcal.mol™!, for the nitrogen of 5.536 kcal.mol ™ and the C22 atom of 0.395 kcal.mol! (M06-2X).

For the SPLET mechanism, the nitrogen N11 exhibited the lower value of the PA
(50.500 kcal.mol™! for the B3LYP, 51.935 kcal.mol™! for the mPW1PW91, and 49.074 kcal.mol"
! for the M06-2X). For the four atoms chosen, the nitrogen can accommodate better the negative
charge in the formation of the anion in the first step of this mechanism. When the carbanion is
formed in the methyl group (PA = 66.148 kcal.mol™! for the B3LYP, 67.629 kcal.mol™! for the
mPW1PWO1, and 64.975 kcal.mol™! for the M06-2X), this negative charge can be delocalized
over the carbonyl group (C12=017) with part of the extra charge spread over the oxygen atom.
The carbon C20 (PA = 73.200 kcal.mol™! for the B3LYP, 74.212 kcal.mol! for the mPW1PWO1,
and 70.301 kcal.mol™! for the M06-2X) shows the PA value lower than the carbon C22 (PA =
88.426 kcal.mol™!' for the B3LYP, 89.463 kcal.mol! for the mPW1PW91, and 84.546 kcal.mol
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! for the M06-2X) since in C20 the delocalization occurs with the carbonyl group (C19=021)
which spread the negative charge over the oxygen atom, but the C22 can spread the charge over
carbons atoms present in the 4-fluorine-phenyl ring. However, the loss of the electron in the
second step is more difficult to the nitrogen atom due to the higher stability of the anion
structure which corresponds to the higher value of ETE (91.672 kcal.mol! for the B3LYP,
91.507 kcal.mol™!' for the mPWI1PW91, and 95.586 kcal.mol™! for the M06-2X). The carbon
C22 shows the lower value of ETE (60.603 kcal.mol™! for the B3LYP, 59.571 kcal.mol™! for the
mPWI1PW91, and 65.255 kcal.mol™! for the M06-2X) due to the stabilization of the radical
when compared with the anion. The carbon atoms C13 and C20 exhibited similar ETE values
of 75.504 kcal.mol! and 77.439 kcal.mol! for the B3LYP, 73.828 kcal.mol! and 76.283
kcal.mol™!' for the mPWI1PWO91, and 76.328 kcal.mol! and 79.896 kcal.mol™! for the M06-2X
respectively. The total energy change (PA + ETE) of the mechanism increases in the order C13
< N11 < C22 < C20. This tendency is the same for all the three mechanisms and agreed with
the previous results of the Fukui functions and NBO.

The theoretical antioxidant activity analysis shows that the methyl group is the most
susceptible to the radical attack due to the lower values of the enthalpies for each mechanism.
The values of the global parameters (BDE; IP + PDE; PA + ETE) used in this discussion are
higher than 80 kcal.mol™!, thus it is expected that the PAAPFBA molecule exhibits a moderate
antioxidant activity. The most probable mechanism to explain the behavior of the title chalcone
is the Hydrogen Atom Transfer (HAT) due to the lower values of the enthalpies. All three DFT
methods used in this calculation present similar values of the thermodynamics parameters,

therefore the antioxidant activity can be evaluated independently of the method chosen.

Table 1 — Calculated enthalpy parameters: the Bond Dissociation Energy (BDE), the Ionization
Potential (IP) and the Proton Dissociation Enthalpy (PDE), the Proton Affinity (PA), and the
Electron Transfer Enthalpy (ETE) for the PAAPFBA chalcone wusing the
B3LYP/mPWI1PW91/M06-2X at 6-311++G(d,p) levels of theory.

Bond BDE 1P PDE PA ETE DFT
on
(kcal.mol')  (kcal.mol') (kcal.mol!) (kcal.mol') (kcal.mol')  Method
NI11 -HI18 97.50 125.589 16.583 50.500 91.672
C20-H23 105.97 125.589 25.050 73.200 77.439
B3LYP
C22 —H25 104.36 125.589 23.440 88.426 60.603
Cl13—-H 96.98 125.589 16.064 66.148 75.504
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NI11 -H18 98.77 126.958 16.483 51.935 91.507
C20-H23 105.82 126.958 23.537 74.212 76.283
mPWI1PWI1
C22 - H25 104.36 126.958 22.075 89.463 59.571
Cl13-H 96.79 126.958 14.499 67.629 73.828
NI11 -HI18 99.99 131.699 12.962 49.074 95.586
C20 - H23 105.53 131.699 18.498 70.301 79.896
MO06-2X
C22 - H25 105.13 131.699 18.103 84.546 65.255
Cl13-H 96.63 131.699 9.605 64.975 76.328

5 Conclusion

The DFT methods were capable to achieve the global minimum of the energy for the
PAAPFBA molecule. Also, they predicted that the molecule is not planar, in which the M06-
2X method showed the higher value of the distortion angle. According to the experimental
results and the comparison with the results of other calculations, the PAAPFBA molecule was
well-described by all DFT methods.

The thermodynamics properties predicted were similar independent of the method used.
Also, the infrared fundamental vibrational modes were in excellent agreement with the
experimental data regardless of the method. This fact was observed by the R-squared (R?) which
are respectively 0.99791 (B3LYP), 0.99779 (mPW1PW91), and 0.99835 (M06-2X). The 'H
and *C NMR also exhibited an excellent agreement with the experimental data with R-squared
(R?) of 0.99865 (B3LYP), 0.99860 (mPWI1PW91) and 0.99844 (M06-2X). The nonlinear
optical properties predicted by the DFT methods show that the PAAPFBA molecule can be used
as NLO material because of the higher values of the dipole moment, polarizability, and static
first hyperpolarizability. Although the Frontier Molecular Orbital (FMO) analysis predicted a
similar electronic density distribution of the HOMO and the LUMO among the methods, the
quantum molecular descriptors show very different values when the method is shifted due to
the change of the mathematical approximation within to the method itself.

To understand how each atom behavior during a chemical reaction, the Electronic Fukui
functions, the Condensed Fukui functions, the local descriptors, and the Natural Bond Orbitals
(NBO) were calculated. The B3LYP and mPW1PW91 methods could describe the molecule
very similarly, however, the M06-2X illustrates differences in the reactive sites (radical attack)
and the electronic density was predicted to be more delocalized (higher value of the stabilization
energy). According to those results, the antioxidant activity was carried out with the DFT

methods to investigate the three mechanisms: HAT, SET-PT, and SLET. All the global
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thermodynamic parameters computed (BDE, IP + PDE, PA + ETE) were higher than 80
kcal.mol! for every method used, which explains the moderate experimental value of 50.92%.
The mechanism thermodynamically favorable is the Hydrogen Atom Transfer (HAT) using each
method. Therefore, all the DFT methods (B3LYP, mPW1PW91, and M06-2X) used in this word
are in excellent agreement to a structural, electronic, nonlinear optical, and antioxidant activity

characterization.

Acknowledgment

This study was financed by two Brazilian agencies: Coordenagdo de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES) and Conselho Nacional de Desenvolvimento Cientifico
e Tecnologico (CNPq). Leonardo P. da Silva thanks CAPES for his scholarship. Francisco
Wagner Q. Almeida-Neto thanks CNPq for his grant. Pedro de Lima-Neto thanks the financial
support received from CNPq project: 304152/2018-8. The authors also thanks Centro Nacional
de Processamento de Alto Desempenho (CENAPAD) of the Federal University of Ceara (UFC)

for providing computational resources.

Reference

[1]  M.N. Gomes, E.N. Muratov, M. Pereira, J.C. Peixoto, L.P. Rosseto, P.V.L. Cravo, C.H.
Andrade, B.J. Neves, Chalcone Derivatives: Promising Starting Points for Drug
Design, (n.d.). doi:10.3390/molecules22081210.

[2]  S.F. Nielsen, S.B. Christensen, G. Cruciani, A. Kharazmi, T. Liljefors, Antileishmanial
Chalcones : Statistical Design , Synthesis , and Three-Dimensional Quantitative
Structure - Activity Relationship Analysis, (1998) 4819-4832.

[3] R. Selvam, The effect of anthracene-based chalcone derivatives in the resazurin dye
reduction assay mechanisms for the investigation of Gram-positive and Gram-negative
bacterial and fungal infection T, New J. Chem. (2017). doi:10.1039/C7NJ041251.

[4] Y.R. Prasad, P.R. Kumar, C.H.A. Deepti, Synthesis and Antimicrobial Activity of Some
Novel Chalcones of 2-Hydroxy -1-Acetonapthone and 3-Acetyl Coumarin, 3 (2006)
236-241.

[5] B.P. Bandgar, S.A. Patil, B.L. Korbad, S.H. Nile, C.N. Khobragade, Synthesis and
biological evaluation of b -chloro vinyl chalcones as inhibitors of TNF- a and IL-6 with
antimicrobial activity, Eur. J. Med. Chem. 45 (2010) 2629—
2633.doi:10.1016/j.ejmech.2010.01.050.



[6]

[10]

[11]

[12]

[13]

[14]

[15]

63

M. Liu, P. Wilairat, S.L. Croft, A.L. Tan, M. Go, Structure — Activity Relationships of
Antileishmanial and Antimalarial Chalcones, 11 (2003) 2729-2738.
doi:10.1016/S0968-0896(03)00233-5.

H. Hegde, R.K. Sinha, S.D. Kulkarni, N.S. Shetty, Journal of Photochemistry &
Photobiology A : Chemistry Synthesis , photophysical and DFT studies of naphthyl
chalcone and nicotinonitrile derivatives, J. Photochem. Photobiol. A Chem. 389 (2020)
112222. doi:10.1016/j.jphotochem.2019.112222.

C. Thirumurugan, P. Vadivel, A. Lalitha, S. Lakshmanan, Synthesis , characterization of
novel quinoline-2- carboxamide based chalcone derivatives and their molecular
docking , photochemical studies, Synth. Commun. 0 (2020) 1-9.
doi:10.1080/00397911.2020.1720737.

S. Khanapure, M. Jagadale, P. Bansode, P. Choudhari, Anticancer activity of
ruthenocenyl chalcones and their molecular docking studies, J. Mol. Struct. 1173
(2018) 142—147. doi:10.1016/j.molstruc.2018.06.091.

D. Kar, S. Kumar, V. Asati, S. Kumar, European Journal of Medicinal Chemistry
Perspectives of medicinally privileged chalcone based metal coordination compounds
for biomedical applications, Eur. J. Med. Chem. 174 (2019) 142—158.
doi:10.1016/j.ejmech.2019.04.032.

P. Singh, A. Anand, V. Kumar, European Journal of Medicinal Chemistry Recent
developments in biological activities of chalcones : A mini review, Eur. J. Med. Chem.
85 (2014) 758-777. doi:10.1016/j.ejmech.2014.08.033.

R. Arif, M. Rana, S. Yasmeen, S. Khan, M. Abid, M.S. Khan, Facile synthesis of
chalcone derivatives as antibacterial agents : Synthesis , DNA binding , molecular
docking , DFT and antioxidant studies, J. Mol. Struct. 1208 (2020) 127905.
doi:10.1016/j.molstruc.2020.127905.

R. Ustabas, N. Siileymanoglu, N. Ozdemir, N. Kahriman, E. Bektas, Y. Unver, New
Chalcone Derivative: Synthesis, Characterization, Computational Studies and
Antioxidant Activity, (2020) 46—53. do0i:10.2174/1570178616666181130163115.

M.N. Uddin, M.N.H. Knock, M. Uzzaman, M.M.H. Bhuiyan, A.F.M. Sanaullah, W.
Shumi, H.M. Sadrul, Amin, Microwave assisted synthesis , characterization , molecular
docking and pharmacological activities of some new 2 0 -hydroxychalcone derivatives,
J. Mol. Struct. 1206 (2020) 127678. doi:10.1016/j.molstruc.2020.127678.

E. Polo, N. Ibarra-arellano, L. Prent-pefialoza, A. Morales-bayuelo, J. Henao, A.
Galdamez, M. Gutiérrez, Bioorganic Chemistry Ultrasound-assisted synthesis of novel



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

64

chalcone , heterochalcone and bis- chalcone derivatives and the evaluation of their
antioxidant properties and as acetylcholinesterase inhibitors, Bioorg. Chem. 90 (2019)
103034. doi:10.1016/j.bioorg.2019.103034.

M.K.A. Ferreira, A.W. da Silva, F.C.O. Silva, C.L.A. Holanda, S.M. Barroso, J. dos R.
Lima, A.E. Vieira Neto, A.R. Campos, P.N. Bandeira, H.S. dos Santos, T.L.G. de
Lemos, S.M.C. Siqueira, F.E.A. Magalhaes, J.LE.S.A. de Menezes, Anxiolytic-like
effect of chalcone N-{(4'-[(E)-3-(4-fluorophenyl)-1-(phenyl) prop-2-en-1-one]}
acetamide on adult zebrafish (Danio rerio): Involvement of the GABAergic system,
Behav. Brain Res. 374 (2019) 3-8. doi:10.1016/j.bbr.2019.03.040.

P. Ramesh, M. Lydia Caroline, S. Muthu, B. Narayana, M. Raja, S. Aayisha,
Spectroscopic and DFT studies, structural determination, chemical properties and
molecular docking of 1-(3-bromo-2-thienyl)-3-[4-(dimethylamino)-phenyl]prop-2-en-
1-one, J. Mol. Struct. 1200 (2020) 127123. doi:10.1016/j.molstruc.2019.127123.

A. Thamarai, R. Vadamalar, M. Raja, S. Muthu, B. Narayana, P. Ramesh, S. Sevvanthi,
S. Aayisha, Molecular structure conformational analyses, solvent-electronic studies
through theoretical studies and biological profiling of (2E)-1-(3-bromo-2-thienyl)-3-(4-
chlorophenyl)-prop-2-en-1-one, J. Mol. Struct. 1202 (2020) 127349.
doi:10.1016/j.molstruc.2019.127349.

A. Chaouiki, H. Lgaz, R. Salghi, M. Cha, H. Oudda, K.S. Bhat, Assessing the impact of
electron-donating-substituted chalcones on inhibition of mild steel corrosion in HCI
solution : Experimental results and molecular-level insights, 588 (2020).
doi:10.1016/j.colsurfa.2019.124366.

D. Coskun, B. Gunduz, M. Fatih, Synthesis , characterization and signi fi cant
optoelectronic parameters of 1- ( 7-methoxy-1-benzofuran-2-yl ) substituted chalcone
derivatives, J. Mol. Struct. 1178 (2019) 261-267. doi:10.1016/j.molstruc.2018.10.043.

A. Praveen, A. Jayarama, H.J. Ravindra, Materials Today : Proceedings Investigation of
physical , spectral and thermal properties of a dimethoxy substituted chalcone for opto-
electronic device applications, Mater. Today Proc. (2020).
doi:10.1016/j.matpr.2020.02.543.

J.MLF. Custodio, C. Noda, C. Valverde, F.A.P. Osério, H.B. Napolitano, Enhanced
nonlinear optics properties of a bromine chalcone from a novel polymorph, Chem.
Phys. Lett. 738 (2020) 136852. doi:10.1016/j.cplett.2019.136852.

S. Kaya, H. Gokce, T. Arslan, G. Alpaslan, Synthesis, spectroscopic characterization,
DFT computations, nonlinear optical profile and molecular docking study of a novel
chalcone derivative, J. Mol. Struct. 1202 (2020) 1-11.



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

65

doi:10.1016/j.molstruc.2019.127270.

S. Shukla, A. Srivastava, K. Srivastava, P. Tandon, J. Jamalis, R.B. Singh, Non-
covalent interactions and spectroscopic study of chalcone derivative 1-(4-
chlorophenyl)-3-(5-methylfuran-2-yl) prop-2-en-1-one, J. Mol. Struct. 1201 (2020)
127145. doi:10.1016/j.molstruc.2019.127145.

A.D. Becke, Density functional thermochemistry. I. The effect of the exchange only
gradient correction, J. Chem. Phys. 96 (1992) 2155-2160. doi:10.1063/1.462066.

C. Lee, W. Yang, R.G. Parr, Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density, Phys. Rev. B. 37 (1988) 785-789.
doi:10.1103/PhysRevB.37.785.

K. Burke, J.P. Perdew, Y. Wang, Derivation of a Generalized Gradient Approximation:
The PW91 Density Functional, Electron. Density Funct. Theory. (1998) 81-111.
doi:10.1007/978-1-4899-0316-7 7.

C. Adamo, V. Barone, Exchange functionals with improved long-range behavior and
adiabatic connection methods without adjustable parameters: The mPW and mPWI1PW
models, J. Chem. Phys. 108 (1998) 664—675. doi:10.1063/1.475428.

Y. Zhao, D.G. Truhlar, The M06 suite of density functionals for main group
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and
transition elements: Two new functionals and systematic testing of four M06-class
functionals and 12 other function, Theor. Chem. Acc. 120 (2008) 215-241.
doi:10.1007/s00214-007-0310-x.

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,
G. Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. Marenich,
J. Bloino, B.G. Janesko, R. Gomperts, B. Mennucci, H.P. Hratchian, J. V. Ortiz, A.F.
Izmaylov, J.L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J.
Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V.G. Zakrzewski, J. Gao,
N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J.A.
Montgomery, J.E. Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin,
V.N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell,
J.C. Burant, S.S. Iyengar, J. Tomasi, M. Cossi, J.M. Millam, M. Klene, C. Adamo, R.
Cammi, J.W. Ochterski, R.L. Martin, K. Morokuma, O. Farkas, J.B. Foresman, D.J.
Fox, Gaussian 09, Revision A.02, (2009).

R. Dennington, T. Keith, J. Millam, GaussView, Version 5, (2009).



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

66

J. Tomasi, R. Cammi, Remarks on the Use of the Apparent Surface Charges (ASC)
Methods in Solvation Problems: Iterative versus Matrix-Inversion Procedures and
Renormalization of the Apparent Charges, J. Comput. Chem. 16 (1995) 1449—-1458.

B. Mennucci, E. Cancés, J. Tomasi, Evaluation of solvent effects in isotropic and
anisotropic dielectrics and in ionic solutions with a unified integral equation method:
Theoretical bases, computational implementation, and numerical applications, J. Phys.
Chem. B. 101 (1997) 10506—10517. doi:10.1021/jp971959k.

E. Cances, B. Mennucci, J. Tomasi, A new integral equation formalism for the
polarizable continuum model: Theoretical background and applications to Isotropic and
anisotropic dielectrics, J. Chem. Phys. 107 (1997) 3032-3041. doi:10.1063/1.474659.

Michal, H. Jamroz, Vibrational Energy Distribution Analysis VEDA 4, (2010).

R. McWeeny, Perturbation Theory for the Fock-Dirac Density Matrix, Phys. Rev. 126
(1962) 1028-1034. doi:10.1103/PhysRev.126.1028.

R. Ditchfield, Self-consistent perturbation theory of diamagnetism I. A gauge-invariant
LCAO method for N.M.R. Chemical shifts, Mol. Phys. 27 (1974) 789-807.
doi:10.1080/00268977400100711.

K. Wolinski, J.F. Hinton, P. Pulay, Efficient Implementation of the Gauge-Independent
Atomic Orbital Method for NMR Chemical Shift Calculations, J. Am. Chem. Soc. 112
(1990) 8251-8260. doi:10.1021/ja00179a005.

J.R. Cheeseman, A comparison of models for calculating nuclear magnetic resonance
shielding tensors, J. Chem. Phys. 104 (1996) 5497-5509. do1:10.1063/1.471789.

T. Yanai, D.P. Tew, N.C. Handy, A new hybrid exchange-correlation functional using
the Coulomb-attenuating method (CAM-B3LYP), Chem. Phys. Lett. 393 (2004) 51-57.
doi:10.1016/j.cplett.2004.06.011.

H. likura, T. Tsuneda, T. Yanai, K. Hirao, A long-range correction scheme for
generalized-gradient-approximation exchange functionals, J. Chem. Phys. 115 (2001)
3540-3544. doi:10.1063/1.1383587.

J. Da Chai, M. Head-Gordon, Long-range corrected hybrid density functionals with
damped atom-atom dispersion corrections, Phys. Chem. Chem. Phys. 10 (2008) 6615—
6620. doi:10.1039/b810189b.

N. Kosar, K. Shehzadi, K. Ayub, T. Mahmood, Theoretical study on novel superalkali
doped graphdiyne complexes: Unique approach for the enhancement of electronic and



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

67

nonlinear optical response, J. Mol. Graph. Model. 97 (2020) 107573.
doi:10.1016/j.jmgm.2020.107573.

H. Sajid, K. Ayub, T. Mahmood, Exceptionally high NLO response and deep ultraviolet
transparency of superalkali doped macrocyclic oligofuran rings, New J. Chem. 44
(2020) 2609-2618. doi:10.1039/c9nj05065e.

H. Tahir, N. Kosar, K. Ayub, T. Mahmood, Outstanding NLO response of
thermodynamically stable single and multiple alkaline earth metals doped C20
fullerene, J. Mol. Liq. 305 (2020) 112875. doi:10.1016/j.molliq.2020.112875.

A. Boruah, M.P. Borpuzari, R. Kar, Performance of Range Separated Density
Functional in Solvent Continuum: Tuning Long-range Hartree—Fock Exchange for
Improved Orbital Energies, J. Comput. Chem. 41 (2020) 295-304.
doi:10.1002/jcc.26101.

S. Munsif, Maria, S. Khan, A. Ali, M.A. Gilani, J. Igbal, R. Ludwig, K. Ayub,
Remarkable nonlinear optical response of alkali metal doped aluminum phosphide and
boron phosphide nanoclusters, Elsevier B.V, 2018. doi:10.1016/j.molliq.2018.08.121.

A.R. Allouche, Gabedita - A graphical user interface for computational chemistry
softwares, J. Comput. Chem. 32 (2010) 174-182. doi:10.1002/jcc.21600.

E.D. Gledening, A.E. Reed, J.E. Carpenter, F. Weinhold, NBO Version 3.1, (n.d.).

Y. Xue, Y. Zheng, L. An, Y. Dou, Y. Liu, Density functional theory study of the
structure — antioxidant activity of polyphenolic deoxybenzoins, FOOD Chem. 151
(2014) 198-206. doi:10.1016/j.foodchem.2013.11.064.

J. Rimarcik, V. Lukes, E. Klein, M. Ilcin, Journal of Molecular Structure :
THEOCHEM Study of the solvent effect on the enthalpies of homolytic and heterolytic
N — H bond cleavage in p -phenylenediamine and tetracyano- p -phenylenediamine,
952 (2010) 25-30. doi:10.1016/j.theochem.2010.04.002.

Y. Zheng, G. Deng, Q. Liang, D. Chen, R. Guo, R. Lai, Antioxidant Activity of
Quercetin and Its Glucosides from Propolis: A Theoretical Study, Sci. Rep. (2017) 1-
11. doi:10.1038/541598-017-08024-8.

J. Chen, J. Yang, L. Ma, J. Li, N. Shahzad, C.K. Kim, Structure-antioxidant activity
relationship of methoxy, phenolic hydroxyl, and carboxylic acid groups of phenolic
acids, (2020) 1-9.

D.Q. Huong, T. Duong, P.C. Nam, An experimental and computational study of



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

68

antioxidant activity of N-phenylthiourea and N-phenylselenourea analogues, 57 (2019)
469-479. doi:10.1002/vjch.201900091.

S.M. Morais, K.S.B. Lima, S.M.C. Siqueira, E.S.B. Cavalcanti, M.S.T. Souza, J.E.S.A.
Menezes, M.T.S. Trevisan, Correlagao entre as atividades antiradical ,
antiacetilcolinesterase e teor de fenois totais de extratos de plantas medicinais de
farmécias vivas, (2013) 575-582.

J. Wu, L. Zhang, J. Wang, S. Yang, X. Li, 1-Phenyl-3-(2,4,6-trimethoxy-phen-yl)prop-
2-en-1-one, Acta Crystallogr. Sect. E Struct. Reports Online. 65 (2009).
doi:10.1107/S1600536809041877.

Y. Cai, Z. Wang, Z. Li, M. Zhang, J. Wu, (E)-1-(4-Meth-oxyphenyl)-3-(2,4,6-trimeth-
oxyphenyl)prop-2-en-1-one, Acta Crystallogr. Sect. E Struct. Reports Online. 67
(2011). doi:10.1107/S1600536811017788.

M. Prabuswamy, S. Madan Kumar, D. Bhuvaneshwar, C.S.S.S. Murthy, N.K.
Lokanath, 1-(2-Fluorophenyl)-3-(2,4,6-trimethoxyphenyl)prop-2-en-1-one, Acta
Crystallogr. Sect. E Struct. Reports Online. 68 (2012).
doi:10.1107/S1600536812043139.

LN. Ribeiro, R.L.G. de Paula, P.R.S. Wenceslau, F.S. Fernandes, V.S. Duarte, W.F. Vaz,
G.R. Oliveira, C. Valverde, H.B. Napolitano, B. Baseia, Growth and characterization of
a new chlorine substituted chalcone: A third order nonlinear optical material, J. Mol.
Struct. 1201 (2020) 127137. doi:10.1016/j.molstruc.2019.127137.

D.A. Zainuri, M. Abdullah, S. Arshad, M.S.A. Aziz, G. Krishnan, H. Bakhtiar, I.A.
Razak, Crystal structure, spectroscopic and third-order nonlinear optical susceptibility
of linear fused ring dichloro-substituent chalcone isomers, Opt. Mater. (Amst). 86
(2018) 32-45. doi:10.1016/j.0ptmat.2018.09.032.

D. Haleshappa, A. Jayarama, R. Bairy, S. Acharya, P.S. Patil, Second and third order
nonlinear optical studies of a novel thiophene substituted chalcone derivative, Phys. B
Condens. Matter. 555 (2019) 125-132. doi:10.1016/j.physb.2018.11.046.

J.M.F. Custodio, J.J.A. Guimaraes-Neto, R. Awad, J.E. Queiroz, G.M.V. Verde, M.
Mottin, B.J. Neves, C.H. Andrade, G.L.B. Aquino, C. Valverde, F.A.P. Osério, B.
Baseia, H.B. Napolitano, Molecular modelling and optical properties of a novel
fluorinated chalcone, Arab. J. Chem. 13 (2020) 3362-3371.
doi:10.1016/j.arabjc.2018.11.010.

P.P. Vinaya, A.N. Prabhu, K. Subrahmanya Bhat, V. Upadhyaya, Synthesis, growth and
characterization of a long-chain n-conjugation based methoxy chalcone derivative
single crystal; a third order nonlinear optical material for optical limiting applications,



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

69

Opt. Mater. (Amst). 89 (2019) 419—429. doi:10.1016/j.0ptmat.2019.01.061.

C. Valverde, F.A.P. Osorio, T.L. Fonseca, B. Baseia, DFT study of third-order nonlinear
susceptibility of a chalcone crystal, Chem. Phys. Lett. 706 (2018) 170-174.
doi:10.1016/j.cplett.2018.06.001.

E. Mathew, V. V. Salian, I. Hubert Joe, B. Narayana, Third-order nonlinear optical
studies of two novel chalcone derivatives using Z-scan technique and DFT method,
Opt. Laser Technol. 120 (2019) 105697. doi:10.1016/j.optlastec.2019.105697.

S.R. Maidur, J.R. Jahagirdar, P.S. Patil, T.S. Chia, C.K. Quah, Structural
characterizations, Hirshfeld surface analyses, and third-order nonlinear optical
properties of two novel chalcone derivatives, Opt. Mater. (Amst). 75 (2018) 580-594.
doi:10.1016/j.0optmat.2017.11.008.

S. Veeramanikandan, H.B. Sherine, A. Dhandapani, S. Subashchandrabose, Synthesis,
solid state structure, Hirshfeld surface, nonlinear optics and DFT studies on novel
bischalcone derivative, J. Mol. Struct. 1180 (2019) 798-811.
doi:10.1016/j.molstruc.2018.12.045.

K.S. Thanthiriwatte, K.M. Nalin de Silva, Non-linear optical properties of novel
fluorenyl derivatives - Ab initio quantum chemical calculations, J. Mol. Struct.
THEOCHEM. 617 (2002) 169-175. doi:10.1016/S0166-1280(02)00419-0.

D.A. Kleinman, Nonlinear dielectric polarization in optical media, Phys. Rev. 126
(1962) 1977-1979. doi:10.1103/PhysRev.126.1977.

K. Fukui, Role of frontier orbitals in chemical reactions, Science (80-. ). 218 (1982)
747-754. doi:10.1126/science.218.4574.747.

R.G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford
University Press, Oxford, 1989.

Chemcraft - graphical software for visualization of quantum chemistry computations.,
(2004).

R.G. Pearson, Hard and Soft Acids and Bases, J. Am. Chem. Soc. 85 (1963) 3533—
3539. doi:10.1021/ja00905a001.

T. Koopmans, Uber die Zuordnung von Wellenfunktionen und Eigenwerten zu den
Einzelnen Elektronen Eines Atoms, Physica. 1 (1934) 104—113. doi:10.1016/S0031-
8914(34)90011-2.

H. Chermette, Chemical reactivity indexes in density functional theory, J. Comput.



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

70

Chem. 20 (1999) 129-154. doi:10.1002/(SICI)1096-987X(19990115)20:1<129::AID-
JCC13>3.0.CO;2-A.

L.H. Mendoza-Huizar, C.H. Rios-Reyes, Chemical reactivity of Atrazine employing
the Fukui function, J. Mex. Chem. Soc. 55 (2011) 142—147.

R.P. Iczkowski, J.L. Margrave, Electronegativity, J. Am. Chem. Soc. 83 (1961) 3547—
3551. doi:10.1021/ja01478a001.

W. Yang, R.G. Parr, Hardness, softness, and the fukui function in the electronic theory
of metals and catalysis., Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 6723-6726.
doi:10.1073/pnas.82.20.6723.

J.F. Janak, Proof that OE/0ni = €i in density-functional theory, Phys. Rev. B. 18 (1978)
7165—-7168. doi:10.1103/PhysRevB.18.7165.

L. Von Szentpaly, Studies on electronegativity equalization. Part 1. Consistent diatomic
partial charges, J. Mol. Struct. THEOCHEM. 233 (1991) 71-81. doi:10.1016/0166-
1280(91)85055-C.

R.G. Parr, P.K. Chattaraj, Principle of Maximum Hardness, J. Am. Chem. Soc. 113
(1991) 1854-1855. doi:10.1021/ja00005a072.

R.G. Pearson, Recent advances in the concept of hard and soft acids and bases, J.
Chem. Educ. 64 (1987) 561-567. doi:10.1021/ed064p561.

R.G. Parr, L. V. Szentpdly, S. Liu, Electrophilicity index, J. Am. Chem. Soc. 121 (1999)
1922-1924. doi:10.1021/j2983494x.

P.K. Chattaraj, S. Giri, S. Duley, Update 2 of: Electrophilicity index, Chem. Rev. 111
(2011). do1:10.1021/cr100149p.

[.B. Obot, D.D. Macdonald, Z.M. Gasem, Density functional theory (DFT) as a
powerful tool for designing new organic corrosion inhibitors: Part 1: An overview,
Corros. Sci. 99 (2015) 1-30. doi:10.1016/j.corsci.2015.01.037.

P.K. Chattaraj, S. Sengupta, Popular electronic structure principles in a dynamical
context, J. Phys. Chem. 100 (1996) 16126—16130. doi:10.1021/jp961096f.

T. Lu, F. Chen, Multiwfn : A Multifunctional Wavefunction Analyzer, (2011).
doi:10.1002/jcc.22885.

K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal ,
volumetric and morphology data, (2011) 1272—-1276.



[89]

[90]

[91]

[92]

71

do0i:10.1107/S0021889811038970.
C. Morell, A. Toro-labbe, New Dual Descriptor for Chemical Reactivity, (2005) 205—
212.

J. Padmanabhan, R. Parthasarathi, M. Elango, V. Subramanian, B.S. Krishnamoorthy,
D.R. Roy, P.K. Chattaraj, Multiphilic descriptor for chemical reactivity and selectivity,
(2007) 9130-9138.

S. Shahab, M. Sheikhi, L. Filippovich, M. Atroshko, M. Drachilovskaya, Quantum-
chemical modeling, spectroscopic (FT-IR, excited states, UV Vis, polarization, and
Dichroism) studies of two new benzo[d]oxazole derivatives, J. Mol. Struct. 1202
(2020) 127352. doi:10.1016/j.molstruc.2019.127352.

A. Viji, V. Balachandran, S. Babiyana, B. Narayana, V. V Saliyan, Molecular docking
and quantum chemical -calculations of 4-methoxy-{2-[3-(4-chlorophenyl)-5-(4-
(propane-2-yl) PHENYL)-4, 5-dihydro-1H-pyrazol-1-yl]- 1, 3-thiazol-4-yl}phenol, J.
Mol. Struct. 1203 (2020) 127452. doi:10.1016/j.molstruc.2019.127452.



Supplementary Material
1.0
0.8 -
s
© 0.6 W\[‘
S
gg 0.4 4
w
|—
=
0.2 4
—— PAAPFBA (EXPERIMENTAL)|
\[ Al }
0.2 4 (\/,\/P\jd\/N
s
® 0.4+
gg 0.6
w
|—
=
0.8 -
| —— PAAPFBA (B3LYP)|
0.0 \/ ~
0.2 4
S
d 0.4
>
=
gg 0.6
L
[
=
0.8 -
1[——PAAPFBA (mPW1PW91)]
0.0 \I ~
0.2 -
S
d 0.4
>
=
gg 0.6
w
[
=z
0.8 -
1[—— PAAPFBA (M062X)|
1.0

T T T T T T T T
4000 3500 3000 2500 2000

T T
1500

Wavenumber (v /cm™)

Fig. S1 — Experimental and calculated Infrared Spectra of the PAAPFBA chalcone using the
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Table S1 — Calculated, scaled and experimental wavenumbers for the Infrared spectra using the

B3LYP/mPWI1PW91/M06-2X at 6-311++G(d,p) basiss set.

B3LYP mPW1PW91 MO06-2X
Calculated  Scaled | Calculated  Scaled | Calculated  Scaled Experimental
410.18  396.6441 | 413.41  395.6334 | 414.71  396.0481 | 412.76662
523.71  506.4276 | 537.56  514.4449 | 538.27 514.0479 | 513.06506
600.17  580.3644 | 605.87 579.8176 | 626.56  598.3648 | 597.93296
649.77  628.3276 | 654.38  626.2417 647.7 618.5535 | 630.72283
684.38  661.7955 | 695.27  665.3734 | 688.91  657.9091 | 677.01442
761.21  736.0901 | 771.38  738.2107 | 769.88  735.2354 | 721.37718
769.63  744.2322 | 775.86 742.498 773.41  738.6066 | 746.45179
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846.13 818.2077 853.49 816.7899 857.57 818.9794 | 823.60443
1024.8 990.9816 1025.5 981.4035 | 1031.86 985.4263 | 985.62498
1044.1 1009.645 | 1057.63  1012.152 | 1060.55 1012.825 | 1033.84538
1174.43  1135.674 | 1180.59 1129.825 | 1180.39 1127.272 | 1120.6421
1198.23  1158.688 1204.1 1152.324 | 1230.85 1175.462 | 1168.8625
1220.91 1180.62 1230.62 1177.703 | 1253.61 1197.198 | 1180.43539
1242.27 1201.275 | 1250.31 1196.547 | 1276.98 1219.516 | 1224.79816
1336.63  1292.521 | 1320.15 1263.384 | 1320.19 1260.781 | 1263.37448
1369.68 1324.481 | 1385.47 1325.895 | 1373.76 1311.941 | 1319.31014
1440.82  1393.273 | 1447.44 1385.2 1443.27 1378.323 | 1373.31699
1464.38 1416.055 | 1462.59 1399.699 1464.1 1398.216 | 1409.9645
1481.08  1432.204 | 1483.25 1419.47 1483.18 1416.437 1446.612

1539.5 1488.697 | 1560.59 1493.485 | 1563.61 1493.248 | 1512.68112
1591.41 1538.893 | 1628.25 1558.235 | 1645.82 1571.758 | 1539.19517
1616.01 1562.682 | 1644.57 1573.853 1671.4 1596.187 | 1595.13083
1711.73  1655.243 1750.2 1674.941 | 1776.21  1696.281 | 1654.92413
3048.86  2948.248 | 3076.12 2943.847 | 3080.75 2942.116 | 2931.80032
3172.21 3067.527 | 3200.28 3062.668 | 3211.52 3067.002 | 3066.81744
3201.19 3095.551 | 3233.59 3094.546 | 3237.73 3092.032 | 3113.10902
3205.97 3100.173 | 3233.97 3094.909 | 3244.58 3098.574 | 3192.19048
3218.56 3112.348 | 3241.18 3101.809 3282.6 3134.883 | 3309.84826
3609.18  3490.077 3651.9 3494.868 | 3634.42 3470.871 | 3437.15011

Table S2 — Theoretical assignments for the fundamental vibrational modes of the PAAPFBA
chalcone using B3LYP/6-311++G(d,p) level of theory.

B3LYP
Wavenumber (cm™) IR intensity (a.u.) Vibrational Mode Assignment
17.45 0.0406 @C22C20C19C4 (41) + C27C24C22C20 (30)
21.89 5.7283 @C20C19C4C3 (63)
39.06 1.0267 5C22C20C19 (24) + 6C24C22C20 (24) + 6C20C19C4 (15)
44.88 3.3198 @C12N11C2C6 (57) + (C27C24C22C20 (10)
@C13C12N11C2 (32) + H16C13C12N11 (13) + H15C13C12N11 (12) + C12N11C2C6
52.44 7.4709 (10)




67.01
74.39
102.46
119.69
157.10
176.72
201.05
208.74
281.46
311.05
324.55
374.57

375.51
410.18
418.73

423.15
451.43
502.05
512.48
523.71
537.74
581.76
600.17
646.69
648.21
649.77
684.38
689.21
726.46
761.21
769.63

822.04
834.30
834.89
846.13

2.2451
3.1048
1.2831
1.0245
3.1688
4.4692
0.1823
6.7583
13.8688
2.4092
7.8480
7.7686

1.3332
19.9843
0.1533

0.2900
2.7693
61.7623
11.8655
70.6939
32.5287
8.1310
46.5726
6.8324
0.3446
45.6116
48.9127
12.0318
3.2605
5.9635
3.4377

0.4647
74.6343
66.7129

127.2174
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©C29C27C24C22 (17) + @C22C20C19C4 (11)

©C29C27C24C22 (23) + C24C22C20C19 (18)

C27C24C22C20 (19) + 9C22C20C19C4 (14)

5N11C2C1 (22) + 5C12N11C2 (20) + 5C19CACS (11)
C13C12N11C2 (21) + $C19C3C5C4 (16)
5C20C19C4 (11) + 5C27C24C22 (10)
C24C22C20C19 (27) + @C28C30C29C27 (24) + GF35C28C29C30 (14)
§C22C20C19 (15) + 5C12N11C2 (14)
5021C19C20 (16) + 5C19CACS (16) + 5C13C12N11 (16) + 5C22C20C19 (12)
$C19C3C5C4 (17) + pC2C6C5C4 (16)
$C19C3C5C4 (11) + pC2C6C5C4 (10)
8N11C2C1 (30) + 5C13C12N11 (23)
$F35C28C29C30 (25) + pC29C27C24C22 (23) + pC26C28C30C29 (15) + C24C22C20C19
(14)
8F35C30C29 (50)

@C1C3CACS (32) + @C6C5CAC3 (28) + @H10C5CHC2 (16) + @H8C3C1C2 (11)
C26C28C30C29 (24) + pC28C30C29C27 (21) + pC29C27C24C22 (13) + pH32C26C28C30
(11) + @H31C27C29C30 (11)
5017C12C13 (21) + vC19C4 (15) + 5C27C24C22 (10)
5C20C19C4 (19)
$F35C28C29C30 (15) + N11C6CLC2 (14)
$F35C28C29C30 (17) + N11C6C1C2 (16)
5C24C20C22 (22) + 5C20C19C4 (13) + 5C29C27C24 (12) + §C27C24C22 (10)
5017C12C13 (29) + vC3C12 (13)

@H18N11C2C6 (35) + pO17C13N11C12 (35)
5C6C5C4 (25) + 5C1C3C4 (14)
5C30C29C27 (26) + 5C29C27C24 (17) + 5C26C28C30 (14)
@H18N11C2C6 (56) + O17C13N11C12 (31)
vC13C12 (14) + 6021C19C20 (14)
$021C4C20C19 (27) + ¢C30C29C27C24 (10)
C30C29C27C24 (35) + pC26C28C30C29 (14) + C28C30C29C27 (13)
VF35C30 (15) + 5C29C27C24 (14) + vC24C22 (12)
$N11C6CIC2 (23) + $C19C3C5C4 (10)

H33C28C30C29 (31) + pH34C29C30C28 (29) + H32C26C28C30 (21) + pH31C27C29C30
(18)

@HIC6C2N11 (47) + @H10C5CHC2 (34)
vC28C30 (14) + VF35C30 (13) + vC29C30 (12)
H31C27C29C30 (12) + GF35C28C29C30 (11) + pH32C26C28C30 (11)



857.75
871.25
898.43
904.72

958.05
965.69
973.68

976.43
1006.72
1018.59
1022.21
1024.80

1026.30
1044.10
1052.98

1122.82
1141.56
1174.43
1198.23
1220.91
1231.03
1327.82
1242.27
1276.93
1314.10
1321.07
1329.49
1336.63
1351.49
1369.68
1397.41
1431.51
1440.82
1464.38

9.2057
21.8480
1.8102
1.6187

2.8431
9.0205
1.6863

0.0275
0.7803
47.9133
3.8340
206.8406

29.0454
176.0769
12.9373

14.1112
69.0745
332.6504
732.4341
192.3285
280.2440
52.0783
289.1947
157.8015
156.3930
9.4844
20.9898
495.4703
73.8365
213.6758
72.3858
137.1281
184.3337
14.0702
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5C3CACS (23)
@H7C1C2N11 (35) + @H8C3C1C2 (21) + eH23C20C22C24 (10)
H23C20C22C24 (53) + $021C4C20C19 (12)
5C22C20C19 (15) + 5C28C30C29 (12) + 5021C19C20 (10)
@H31C27C29C30 (24) + H32C26C28C30 (21) + H34C29C30C28 (17) + H33C29C30C28
(16)
vC13C12 (28) + VN11C12 (20)

H10C5C6C2 (28) + HIC6C2N11 (27) + @C2C6C5CA (26)
H32C26C28C30 (24) + H31C27C29C30 (23) + H33C28C30C29 (23) + H34C29C30C28
(20)

@H8C3C1C2 (39) + H7C1C2N11 (35) + C1C3CACS (13)
@H25C22C24C26 (63) + 9C30C29C27C24 (10)
5C1C3C4 (28) + 5C6C5C4 (15) + 5C3CACS (11)

@H16C13C13N11 (18) + @H15C13C12N11 (16)
5C26C28C30 (36) + 5C27C29C30 (21) + 5C28C29C30 (14) + 5H33C28C30 (11) +
5H34C29C30 (11)
vC19C20 (34) + vC3C4 (17)
®H14C13C12N11 (51) + $O17C13N11C12 (19) + SH15C13H14 (14) + SH14C13H16 (12)
5H34C29C30 (21) + vC29C27 (17) + SH33C28C30 (16) + 5H32C26C28 (12) + SH31C27C29
(11) + vC2628 (10)

SH8C1C3 (32) + SH7C3C1 (25)
5H33C28C30 (18) + 5H34C29C30 (16) + vC30F35 (11)
5H10C5C6 (25) + BHIC6C2 (21)

VC30F35 (22) + 5H31C27C29 (15) + 5H25C22C24 (11)
vC22C24 (17) + vC4C19 (13)
vC30F35 (11)
vN11C12 (16)

VN11C2 (25) + vC2C6 (15) + SH18N11C2 (12)
vC22C24 (14) + vC27C29 (10) + vC27C24 (10)
5H23C20C22 (11) + SHIC6C2 (11) + SH10C5C6 (11) + SHBC3C1 (10)
5H32C26C28 (17) + H31C27C29 (15)
vC2C6 (19) + vC3C4 (17)
vC24C27 (11) + 6H25C22C24 (11) + vC20C22 (10)
5H23C20C22 (39)
8H16C13H15 (60) + SH14C13H16 (47) + SH15C13H14 (33)
vC1C3 (22) + vC6C5 (19) + SH10C5C6 (10)
vC26C28 (18) + vC27C29 (18) + 5H34C29C30 (10)
5H14C13H16 (47) + SH15C13H14 (33) + H14C13C12N11 (11)
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5H15C13H14 (33) + SH16C13H15 (22) + SH14C13H16 (16) + @H15C13C12N11 (14) +
1481.08 40.0927 ®H16C13C12N11 (10)
1532.26 428.9511 5H31C27C29 (16) + 6 H33C28C30 (15) + 5 H32C26C28 (14) + 5H34C29C30 (12)
1536.84 261.9342 5H7C1C3 (17) + SH18N11C2 (10) + vC3C4 (10)
1539.50 267.8041 SH18N11C2 (29) + SHIC6C2 (18) + SH10C5C6 (14) + vCACS (13)
1591.41 366.4863 v021C19 (41) + vC20C22 (12)
1616.01 804.5153 vC2C6 (13) +vC30C29 (12)
1623.10 246.4152 vC27C24 (22) + vC30C29 (13) + vC28C30 (11)
1634.15 138.0322 vC26C28 (16)
1641.15 206.9205 vC1C3 (14)
1690.20 298.6628 vC19021 (34) + vC20C22 (32)
1711.73 426.0448 vC12017 (73)
3048.86 6.5719 VC13H16 (40) + vC13H15 (32) + vC13H14 (28)
3114.54 6.2898 VC13H16 (52) + vC13H15 (45)
3131.75 21.0337 vC13H14 (70) + vC13H15 (23)
3152.73 3.4070 vC22H25 (99)
3172.21 17.8251 VC6HO (95)
3180.82 7.3486 VvC27H31 (92)
3189.91 5.8248 VC26H32 (73) + vC28H33 (21)
3198.20 4.0832 VC3HS (98)
3201.19 1.3071 VC5H10 (45) + vC20H23 (41) + vC28H33 (10)
3201.15 4.5052 VC29H34 (77) + vC28H33 (12)
3205.97 5.0553 VC28H33 (55) + vC26H32 (21) + vC29H34 (15)
3218.56 18.7668 VC20H23 (53) + vC5H10 (43)
3247.14 2.8826 VC1H7 (98)
3609.18 68.7200 vN11H18 (100)

Table S3 — Theoretical assignments for the fundamental vibrational modes of the PAAPFBA
chalcone using mPW1PW91/6-311++G(d,p) level of theory.

mPW1PW91
Wavenumber (cm™?) IR intensity (a.u.) Vibrational Mode Assignment

19.64 0.357 C22C20C19C4 (34) + C27C24C22C20 (23) + (C20C19C4C3 (17) + @C12N11C2C6 (10)
23.62 5.8794 C20C19C4C3 (46) + @C27C24C22C20 (19) + C22C20C19C4 (11)
39.25 1.279 6C22C20C19 (24) + 6C24C€22C20 (23) + 6C20C19C4 (15)
45.88 1.2095 @C12N11C2C6 (46)

@C13C12N11C2 (29) + C12N11C2C6 (19) + H16C13C12N11 (13) + @H15C13C12N11
51.89 8.2907 (13)




65.52
74.55
103.23
120.82
157.31
178.38
203.82
209.23
281.24
312.79
327.55
374.84

380.62
413.41
419.53

424.26
453.41
504.55
516.09
527.51
537.56
586.83
605.38
645.87
648.43
654.38
690.23
695.27
7311
771.38
775.86

830.46
840.78
845.65
853.49

1.9323
3.4877
1.4588
0.964
3.1372
4.2315
0.1677
6.38
15.1113
1.8206
7.7818
7.7623

1.3024
19.2293
0.0904

0.3376
1.9719
59.7191
11.3754
73.1005
32.6061
5.5681
45.1366
6.8085
0.0937
46.0957
51.0633
12.7835
3.6955
4.5388
3.824

0.7233
8032364
58.4184
134.017
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C14C13C12N11 (11) + @C29C27C24C22 (10)
C29C27C24C22 (28) + pC24C22C20C19 (17) + 9C20C19C4AC3 (10)
C27C24C22C20 (15) + pC22C20C19C4 (14)
5N11C2C1 (22) + 5C12N11C2 (19) + 5C19CACS (10)
@C13C12N11C2 (21) + $C19C3C5C4 (15)
5C20C19C4 (11)

C24C22C20C19 (26) + @C28C30C29C27 (24) + GF35C28C29C30 (13)
§C22C20C19 (16) + 5C12N11C2 (14)
5021C19C20 (16) + 5C19CACS (16) + 5C13C12N11 (16) + 5C22C20C19 (12)
$C19C3C5C4 (18) + pC2C6C5C4 (16)
$C19C3C5C4 (10)
8N11C2C1 (31) + 5C13C12N11 (25)
$F35C28C29C30 (24) + pC29C27C24C22 (24) + pC26C28C30C29 (17) + C24C22C20C19
(16)
5F35C30C29 (51)

@C1C3C4C5 (31) + pC6CSCAC3 (27) + pH10C5C6C2 (15) + pHBC3C1C2 (10)
C28C30C29C27 (21) + pC26C28C30C29 (17) + pC29C27C24C22 (15) + pH31C27C29C30
(11) @H32C26C28C30 (10)
5017C12C13 (22) + vC19C4 (14) + 5C27C24C22 (10)
5C20C19C4 (20)

HN11C6CIC2 (18) + HF35C28C29C30 (12)
$F35C28C29C30 (19) + N11C6CLC2 (13)
5C24C20C22 (22) + 5C20C19C4 (12) + 5C29C27C24 (13) + 5C27C24C22 (10)
5017C12C13 (27) + vC3C12 (12)

@H18N11C2C6 (36) + pO17C13N11C12 (33)
5C6C5C4 (28) + 5C1C3C4 (16) + 5C2C6CS (11) + vCACS (10)
5C30C29C27 (29) + 5C29C27C24 (18) + 6F35C30C29 (10)

@H18N11C2C6 (36) + O17C13N11C12 (32)
5021C19C20 (14) + vC13C12 (13)
$021C4C20C19 (25) + pC30C29C27C24 (10)

C30C29C27C24 (35) + pC26C28C30C29 (14) + C28C30C29C27 (13)
5C29C27C24 (15) + vF35C30 (14) + vC24C22 (12)
$C21CAC20C19 (24) + GN11C6C1C2 (10)

H33C28C30C29 (30) + pH34C29C30C28 (29) + H32C26C28C30 (21) + pH31C27C29C30
(17)

@HIC6C2N11 (47) + @H10C5CHC2 (34)
vC29C30 (13) + vC28C30 (13) + VF35C30 (12)

@H31C27C29C30 (12) + GpF35C28C29C30 (11) + pH32C26C28C30 (11) + @HSC3C1C2 (10)



869.28
877.47
905.26
912.77

962.28
978.23
982.35

988.17
1012.15
1025.5
1026.42
1030.63
1031.61
1051.85
1057.63
1126.21
1143.17
1180.59
1204.1
1230.62
1250.31
1259.17
1260.99
1294.63
1320.15
1328.74
1337.03
1355.85
1372.32
1385.47
1395.65
1447.44
1455.76
1462.59
1483.25

13.1275
19.0684
1.981
1.6239

2.4958
2.0963
8.0275

0.0203
0.8573
51.1463
4.017
75.4853
59.3394
15.5571
210.0214
13.9725
41.9534
202.5512
453.5349
62.2979
667.022
213.3767
112.8575
138.7782
8.4467
119.9946
217.8104
85.9839
64.3798
476.7799
143.2562
152.4646
155.84
15.991
52.2478
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+ @H7C1C2N11 (10)
5C3CACS (22)
@H7C1C2N11 (34) + @H8C3CIC2 (21)+ @H23C20C22C24 (10)
@H23C20C22C24 (52) + $H7C1C2N11 (10)
§C22C20C19 (13) + 5C28C30C29 (13)
@H31C27C29C30 (24) + H32C26C28C30 (22) + @H33C29C30C28 (18) + H34C29C30C28
(16)

@H10C5C6C2 (27) + HIC6C2N11 (25) + @C2C6C5CA (24)

vC13C12 (24) + N11C12 (19)
@H31C27C29C30 (24) + H32C26C28C30 (23) + @H33C28C30C29 (22) +
H34C29C30C28 (20)
H8C3C1C2 (38) + H7C1C2N11 (35) + C1C3CACS (12)
@H25C22C24C26 (64)
5C1C3C4 (15) + H15C13C12N11 (15) + @H16C13C12N11 (17)
5C1C3C4 (14) + 5C6C5C4 (10) + eH16C13C12N11 (10)
5C26C28C30 (27) + 5C30C29C27 (16) + 5C28C29C30 (10)
H14C13C12N11 (51) + $O17C13N11C12 (19) + SH15C13H14 (15) + SH14C13H16 (12)
vC19C20 (37) + vC2C6 (17)
5H33C28C30 (17) + vC29C27 (15) + SH31C27C29 (12) + 5H32C26C28 (12) + vC2628 (10)
SH8C1C3 (34) + SH7C3C1 (27)
5H33C28C30 (20) + 5H34C29C30 (17) + SH31C27C29 (12) + 5H32C26C28 (12)
SH10C5C6 (27) + SHIC6C2 (26)
8H25C22C24 (25) + 6H31C27C29 (15) + 5H23C20C22 (12) + vC27C24 (10)
VCAC19 (25) + vC22C24 (11) + SH7C1C3 (11)
VN11C12 (23) + vC13C12 (13)
VF35C30 (35) + vC26C24 (11) + 5H32C26C28 (10)
VN11C12 (26) + vC2C6 (15) + SH18N11C2 (15)
vC22C24 (14) + vC27C29 (10) + vC27C24 (10)
5H32C26C28 (11) + 6H8C3C1 (10)
5H25C22C24 (16) + 5H31C27C29 (14) + vC28C30 (10)
5H23C20C22 (16)
vC3C4 (15) + vC27C24 (12) + vC2C6 (10) + 5H25C22C24 (10)
5H23C20C22 (24)
5H16C13H15 (59) + 5H14C13H16 (15) + SH15C13H14 (10)
vC1C3 (26) + VC6C5 (22)
vC26C28 (22) + vC29C27 (21) + 5H34C29C30 (10)
5H14C13H16 (48) + SH15C13H14 (32) + H14C13C12N11 (12)
8H15C13H14 (35) + SH16C13H15 (21) + SH14C13H16 (16) + H15C13C12N11 (13)



1549.06
1552.79
1560.59
1628.25
1644.57
1652.69
1663.72
1671.13
1723.61
1750.2
3076.12
3153.12
3169.97
3177.42
3200.28
3207.68
3216.33
3222.78
3227.04
3233.59
3233.97
3241.18
3241.18
3651.9

335.9576
128.1346
648.056
255.2234
712.7984
284.179
349.7252
170.1567
302.5793
472.8702
4.6056
4.4776
16.8996
3.0005
15.7295
6.1675
5.3671
3.8936
0.7493
0.9627
6.956
17.2718
3.9369
74.8179
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SH31C27C29 (16) + & H33C28C30 (14) + 6 H32C26C28 (13) + SH34C29C30 (11)
SH9C6C2 (20) + 5H10C5C6 (16) + SH18N11C2 (15)
SH18N11C2 (27) + SH7C1C3 (11) + vN11C12 (10)

v021C19 (30) + vC2C6 (13) + vC20C22 (10)
vC30C29 (15) + vC22C20 (10)
vC27C24 (21) + vC30C29 (12) + vC28C30 (10)
vC1C3 (15) + vC5C4 (12) + vC26C28 (10)

vC26C28 (15) + vC30C29 (12) + vC20C22 (10)
vC19021 (44) + vC20C22 (27)

vC12017 (76)

VC13H16 (39) + vC13H15 (31) + vC13H14 (29)
VC13H16 (54) + vC13H15 (42)
vC13H14 (67) + vC13H15 (27)

vC22H25 (99)

VC6HO (94)
vC27H31 (92)
VC26H32 (77) + vC28H33 (18)
VvC3HS (98)
VCSH10 (47) + vC20H23 (43)

VC28H33 (52) + vC29H34 (33) + vC26H32 (11)
VC29H34 (60) + vC28H33 (25) + vC26H32 (11)
VC20H23 (52) + vC5H10 (43)

VC1H7 (98)
vN11H18 (100)

Table S4 — Theoretical assignments for the fundamental vibrational modes of the PAAPFBA
chalcone using M06-2X/6-311++G(d,p) level of theory.

M06-2X

Wavenumber
16.66
22.77
36.41
39.24
49.01
53.67

69.02

IR intensity
0.1018
5.7404
2.4991
6.6737
1.5714
3.1674

1.0944

Vibrational Mode Assignment
C27C24C22C20 (46) + (C22C20C19C4 (38)
C20C19C4C3 (49) + @C27C24C22C20 (12) + C12C11C2C6 (12)
6C22C20C19 (19) + 6C24C22C20 (17) + 6C20C19C4 (15)
@C20C19C4C3 (49) + @C12N11C2C6 (12)

H16C13C13N11 (35) + @H14C13C12N11 (26) + H15C13C12N11 (11)
@C13C12N11C2 (16) + C6C5CAC3 (13) + (pC27C24C22C20 (11) + C19C3C5C4 (10)
C29C27C24C22 (28) + (pC22C20C19C4 (18) + C13C12N11C2 (13) + C24C22C20C19
(11)



96.28
126.16
14491
14491
201.19
215.84
282.58
300.97
331.11
373.81

380.41
414.71
418.84

422.46
454.21
501.21
516.41
526.16
538.27
580.94
594.62
626.56
644.88
647.7
688.91
695.73
728.19
769.88
773.41

839.52
844.01
846.47
857.57
867.67
876.64

4.2346
0.7788
3.0503
2.9313
0.3588
8.2082
12.4542
0.384
6.8743
5.9592

1.9725
18.8068
1.1789

0.4102
1.5128
44.5784
12.7879
79.43
24.9425
59.7852
14.5426
23.0304
5.8009
0.0903
40.9909
30.3251
4.0628
6.7462
4.0624

1.2492
89.8635
51.668
132.2999
17.4108
17.685
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C20C19CA4C3 (10) + 9C24C22C20C19 (10) + ¢C22C20C19C4 (10)
SN11C2C1 (19) + 5C12N11C2 (14) + 5C19CACS (10) + pC13C12N11C2 (10)
@C13C12N11C2 (20) + $C19C3C5C4 (15) + 5C12N11C2 (13)
5C20C19C4 (11)
C24C22C20C19 (29) + 9C28C30C29C27 (25) + GpF35C28C29C30 (13)
5C12N11C2 (16) + 5C22C20C19 (13) + 5C13C12N11 (10)
5C19C4CS (15) + 5C13C12N11 (16) + §021C19C20 (13) + 5C22C20C19 (11)
$C19C3C5C4 (21) + C2C6C5C4 (14)
$C19C3C5C4 (11)
8N11C2C1 (32) + 5C13C12N11 (24)
@C29C27C24C22 (26) + GF35C28C29C30 (24) + C26C28C30C29 (17) + pC24C22C20C19
(15)
5F35C30C29 (37)
C1C3CACS (22) + C6C5CAC3 (21) + 5F35C30C29 (18) + pH10C5C6C2 (10)
@C28C30C29C27 (23) + C26C28C30C29 (23) + pC29C27C24C22 (15) + pH31C27C29C30
(11) @H32C26C28C30 (11)
vC19C4 (25) + 5017C12C13 (19) + 5C27C24C22 (11)
$N11C6CIC2 (16) + 5C20C19C4 (15)
$F35C28C29C30 (19)
$N11C6CIC2 (15) + GF35C28C29C30 (11)
5C24C20C22 (19) + 5C20C19C4 (15) + 5C29C27C24 (10)
H18N11C2C6 (50) + pO17C13N11C12 (16) + pH15C13C12N11 (11)
@H18N11C2C6 (36) + pO17C13N11C12 (33)
5C17C12C13 (19) + vC13C12 (10) + pH18N11C2C6 (10)
5C6C5C4 (28) + 5C1C3C4 (16) + 5C2C6CS (10) + vC5C4 (10)
@H18N11C2C6 (36) + O17C13N11C12 (32)
5C30C29C27 (30) + 5C29C27C24 (18) + 5C26C28C30 (16)
vC13C12 (13) + 6021C19C20 (10)
C30C29C27C24 (35) + pC26C28C30C29 (14) + C28C30C29C27 (12)
5C29C27C24 (15) + vF35C30 (14) + vC24C22 (12)
$C21C4C20C19 (11)
H33C28C30C29 (30) + @H34C29C30C28 (27) + H32C26C28C30 (20) + pH31C27C29C30
(16)
@HIC6C2N11 (44) + H10C5C6C2 (34)
vC28C30 (10) + VF35C30 (10)
@H7C1C2N11 (13) + @H8C3C1C2 (12) + eH31C27C29C30 (12) + GF35C28C29C30 (11)
5C3CA4CS (19)
@H7C1C2N11 (35) + @H8C3C1C2 (21)



909.91
914.66

971.01
984.62
986.91

997.91
1014.09
1020.73
1026.64
1029.57
1031.86
1057.81
1060.55
1123.85
1151.62
1180.39
1204.02

1230.85
1253.61
1267.66
1276.98
1286.67
1317.45
1320.19
1330.4
1341.36
1354.01
1373.76
1401.35
1443.27
1455.87
1464.1
1483.18
1554.7
1556.21

1.6226
3.0362

2.8316
9.723
5.9355

0.0209
0.8854
24.3477
54.5151
85.1374
55.9812
16.4466
194.0859
12.7495
18.4365
118.9829
422.2817

24.8096
552.5258
140.1719
137.5165
120.6389

51.1358

6.4841
27.2177
479.764

96.24
281.0456
103.1562
266.2137
118.1555

25.8261

35.5159
131.8311

249.85
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©H23C20C22C24 (48) + $O21CAC20C19 (11)
§C22C20C19 (12) + 5C28C30C29 (12)
@H32C26C28C30 (23) + H31C27C29C30 (22) + H33C29C30C28 (20) + pH34C29C30C28
(14)
vC13C12 (18) + @H10C5C6C2 (12) + @HIC6C2N11 (11) + GC2C6C5C4 (11) + vC11C12 (10)
@H10C5C6C2 (22) + pC2C6C5CA (18) + HICEC2N11 (15)
@H31C27C29C30 (27) + H32C26C28C30 (21) + @H33C28C30C29 (21) +
H34C29C30C28 (21)
@H8C3C1C2 (37) + pH7C1C2N11 (33) + pC1C3CACS (11)
@H16C13C12N11 (20) + @H14C13C12N11 (13)
C25C22C24C26 (60)
5C6C5C4 (28) + 5C1C3C4 (16)
5C26C28C30 (25) + 5C30C29C27 (14)
H14C13C12N11 (25) + $O17C13N11C12 (25) + eH15C13C12N11 (19)
vC19C20 (35) + vC4C3 (16)
5H33C28C30 (18) + vC29C27 (17) + 5H32C26C28 (11) + 5H31C27C29 (11) + vC2628 (11)
SH8C1C3 (31) + SH7C3C1 (24) + vC1C3 (10)
5H33C28C30 (20) + 5H34C29C30 (18) + SH31C27C29 (13) + 5H32C26C28 (13)
SH10C5C6 (25) + 5HIC6C2 (23)
5H25C22C24 (22) + vC27C24 (14) + vC22C24 (13) + SH31C27C29 (12) + §H23C20C22
(11)
vCAC19 (25) + 5H23C20C22 (11)
vN11C12 (22) + vC13C12 (13) + yN11C12 (12)
VF35C30 (41) + vC26C28 (12)
vC2C6 (19) + VN11C2 (15) + SH18N11C2 (11)
vC28C30 (19) + vC27C29 (15) + vC27C24 (14) + vC22C24 (11)
5H32C26C28 (18) + 6H31C27C29 (15) + 5H33C28C30 (10)
SHOCEC2 (15) + SH10C5C6 (14) + SHS8C3C1 (14) + SH7C1C3 (12)
VCAC3 (16) + vC2C6 (14) + VN11C2 (14) + vC6CS (11)
5H25C22C24 (42)
5H23C20C22 (40)
SH16C13H15 (39) + SH14C13H16 (33)
vC1C3 (21) + vC6C5 (17) + SH10C5C6 (10)
vC26C28 (19) + vC29C27 (18) + 5H34C29C30 (10)
5H14C13H16 (44) + SH16C13H15 (24) + H16C13C12N11 (12)
8H15C13H14 (62) + SH16C13H15 (15) + H15C13C12N11 (15)
5H9C6C2 (11)
SH9C6C2 (10)
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1563.61 648.5509 5H18N11C2 (35)

1645.82 177.5135 vC2C6 (24) + vC5C4 (11) + SH18N11C2 (11)
1657.4 184.6935 vC30C29 (28) + vC27C24 (13)
1667.56 210.9449 vC1C3 (11) + vC5C4 (10)

1671.4 447.4624 vC26C28 (16) + vC1C3 (12)

1685.99 404.7131 vC22C20 (29) + v021C19 (14) + vC29C30 (10)
1756.69 330.9729 vC19021 (60) + vC20C22 (19)
1776.21 529.2085 vO17C12 (78)

3080.75 0.571 VC13H16 (54) + vC13H14 (29) + vC13H15 (17)
3154.69 4.5557 VC13H14 (51) + vC13H16 (43)
3179.41 1.2164 VC22H25 (99)

3193.18 6.3067 VC13H15 (70) + vC13H14 (20)
3204.83 10.0958 VC6HO (91)

3211.52 3.4218 vC27H31 (93)

3218.84 3.942 VC26H32 (74) + vC28H33 (11) + vC20H23 (10)
3224.1 1.7992 VC3H8 (99)

3227.8 0.8915 VC5H10 (63) + vC20H23 (19)
3237.01 0.4018 vC28H33 (80) + vC26H32 (11)
3237.73 2.5757 VC29H34 (91)

3244.58 9.4052 VC20H23 (68) + vC5H10 (22)

3282.6 6.597 VC1H7 (99)

3634.42 90.7483 vN11H18 (100)

Table S5 — Experimental isotropic shifts (8,,p), calculated isotropic shielding (0.q;c), and

calculated isotropic magnetic shielding ( 6.4, ) for the PAAPFBA chalcone using the
B3LYP/mPWI1PW91/M06-2x at 6-311++G(d,p) basis set.

B3LYP/6-311++G(d,p) mMPW1PW91/6-311++G(d,p) M06-2X/6-311++G(d,p)

Atom ey O calc Scaic Ocalc Scaic O calc Scaic
H7 7.73 22.9245 9.039492 22.709 9.175942 22.3799 9.681025
HS 8.07 23.2891 8.674892 23.0822 8.802742 22.9013 9.159625
H9 7.73 24.7941 7.169892 24.6525 7.232442 24.3834 7.677525
H10 8.07 23.5558 8.408192 23.3751 8.509842 23.0701 8.990825
H14 2.16 30.074 1.889992 30.0075 1.877442 29.7816 2.279325
H15 2.16 29.7364 2.227592 29.6696 2.215342 30.0501 2.010825
H16 2.16 29.6222 2.341792 29.5367 2.348242 29.4645 2.596425
H23 7.72 23.842 8.121992 23.6543 8.230642 23.3454 8.715525




H25
H31
H32
H33
H34
C1
C2
C3
C4
C5
C6
Cl2
C19
C20
C22
C24
C26
C27
C28
C29
C30

7.81

7.76

7.76

7.16

7.16

122.9
144.9
131.1
132.1
131.1
122.9
172.1
190.8
120.4
144.5
133.1
131.1
131.1
116.9
116.9
164.0

23.7028
24.1087
23.5393
24.4801
24.5014
60.7972
32.0822
45.4927
43.8748
47.588
60.8753
6.1025
-9.1641
61.1729
30.6146
45.7068
49.4334
40.3391
61.1196
61.8149
8.5405

8.261192
7.855292
8.424692
7.483892
7.462592
123.8224
152.5374
139.1269
140.7448
137.0316
123.7443
178.5171
193.7837
123.4467
154.005
138.9128
135.1862
144.2805
123.5
122.8047
176.0791

23.4983
23.9288
23.3835
24.34
24.3593
66.3324
38.8985
50.5401
50.8205
52.8628
66.3921
12.6887
-2.4186
66.2502
35.4162
52.9449
54.5879
45.7316
66.3878
67.0439
16.2018

8.386642
7.956142
8.501442
7.544942
7.525642
122.8378
150.2717
138.6301
138.3497
136.3074
122.7781
176.4815
191.5888
122.92
153.754
136.2253
134.5823
143.4386
122.7824
122.1263
172.9684

23.1819
23.5802
22.8584
24.0319
24.0974
51.3253
23.1826
35.0692
34.1681
36.8379
51.9725
-2.2202
-22.9224
49.9848
19.4458
37.0038
39.2171
29.8093
51.9394
52.3784
2.5654
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8.879025
8.480725
9.202525
8.029025
7.963525
138.3178
166.4605
154.5739
155.475
152.8052
137.6706
191.8633
212.5655
139.6583
170.1973
152.6393
150.426
159.8338
137.7037
137.2647
187.0777

Table S6 — Calculated the dipole moment in each cartesian direction (uy, iy, and u,), the total

dipole moment (1, ), the polarizabilities (a), the total polarizability and the parameter Aa for

the urea and the PAAPFBA molecules using the DFT methods at 6-311++G(d,p) levels of theory.

B3LYP mPWIPW91 MO06-2X  B3LYP  mPWI1PW91  M06-2X

(Urea) (Urea) (Urea) (PAAPFBA) (PAAPFBA) (PAAPFBA)
1. (Debye) | -0.7045 20.6834 07554 | -0.6323 20.6556 11,0366
u, (Debye) | -2.2931 12.2943 22731 | -7.8316 ~7.8099 17,5466
u, (Debye) | -5.0778 15,0730 15,0282 0.2815 0.3268 0.8367
(Ditl;’;e) 5.6159 5.6095 5.5696 7.8621 7.8442 7.6633
a, @u) | 30276 29211 28.627 | 544.710 523.220 461.326
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a,, (a.u.) 45.968 44.386 43.450 303.915 296.662 288.710
a,, (a.u.) 47.583 46.093 45.396 176.135 172.563 175.741
ay, (a.u.) -3.257 -3.137 -3.149 93.649 89.815 80.301
@y, (a.u.) -0.548 -0.514 -0.540 -6.981 -6.298 -3.519
a,, (a.u.) 1.278 1.323 1.497 5.971 5.861 3.492
Qror (a.U.) 41.276 39.897 39.158 341.587 330.815 308.592
Aa (a.u.) 17.65827 17.16578 17.02058 362.8255 345.3505 285.4418

Table S7 — Calculated hyperpolarizabilities and the parameter [, for the urea and the
PAAPFBA molecules using the DFT methods at 6-311++G(d,p) levels of theory.

B3LYP mPW1PW91 MO06-2X  B3LYP  mPW1PW91  MO06-2X

(Urea) (Urea) (Urea) (PAAPFBA) (PAAPFBA) (PAAPFBA)
Buwe (@.U)) | 25.3491 229450 247271 | 188.783 -37.9062 -408.116
Bu, (a.U) | 288211 0438257  -1.5407 | -290.073 -251.678 15211
B (L) | -0231099  -1.10871  -2.18118 | 176.651 146.499 63.277
Bryy (AU | 120.884 116906  128.746 | -37.373 -51.0298 -16.4008
By (au) | -114.26 -108.795  -108.38 | 251.888 228.164 164.065
Bo (aU) | -22.6641 203658  -19.2649 |  5046.49 4583.74 3327.27
B (@U) | -19.6227  -16.8157  0.747332 | 48.9393 42.0916 39.0853
B (AU | 419774 367625  -33.351 | 469.301 372.16 122.925
B,y (a.U) | 31.2634 303821 37.0017 | -41.6402 37.2174 -16.9461
B (aU) | 14.0277 142156 154876 | 1134.16 1036.04 783.983
Bo(x 10" esu) | 3.82635 297322 1.85649 | 456.422 412.779 303.523

Table S8 — Calculated the dipole moment in each cartesian direction (iy, iy, and p,), the total

dipole moment (1, ), the polarizabilities (o), the total polarizability (a;,;) and the parameter
Aa for the PAAPFBA molecules using the DFT methods (CAM-B3LYP/LC-BLYP/ wB97XD)
at 6-311++G(d,p) levels of theory.

CAM-B3LYP LC-BLYP wB97XD
(PAAPFBA) (PAAPFBA) (PAAPFBA)
U, (Debye) -0.98830 -1.18890 -0.94200
uy (Debye) | g 55780 -8.57300 -8.49140
u, (Debye) -0.19380 -0.22270 -0.18360



Htot
(Debye)
ayy (a.u.)
a,, (a.u.)
az; (a.u.)
Az (a.U.)
ayy (a.u.)
a,, (a.u.)
Aror (@.U.)

Aa (a.u.)

8.61189

487.5960
296.1750
171.8290
81.0930
-5.1540
59170
318.5333
309.5469

8.65791

442.6690
286.8250
166.0290
71.8110
-3.4460
5.9100
298.5077
270.7678

8.54546

484.5330
296.5080
172.8350
80.0830
-5.0620
5.8950
317.9587
305.4882
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Table S9 — Calculated hyperpolarizabilities and the parameter [, for the PAAPFBA molecules
using the DFT methods (CAM-B3LYP/LC-BLYP/ wB97XD) at 6-311++G(d,p) levels of theory.

CAM-B3LYP  LC-BLYP  wB97XD

(PAAPFBA)  (PAAPFBA) (PAAPFBA)

Bree (@.U.) -587.7070 -624.7830  -642.3580
Bryy (a.U) -191.7550 -123.7450  -177.4900
Buyr (a.U.) 81.1264 45.4119 71.4209
B,y (a.u.) -48.6281 -71.1506 -52.4783
By (a.U.) 189.7430 151.0590 183.0880
Brw (@U) | 37703700 29404500  3611.3600
B, (aU.) 20.9908 6.5433 16.4644
Boee (@.U.) 171.5280 88.5672 144.4450
B,y (a.U.) -26.2299 -13.6268 -23.0985
Beye (aU) 854.0880 674.8040 818.0620
Bo(x 10" esu) | 343.5688 268.0074 329.8977

Table S10 — Computed ratio between the BALYP/mPWI1PW91/M06-2X methods and the range
separated methods (CAM-B3LYP/LC-BLYP/ wB97XD) at 6-311++G(d,p) levels of theory for
the PAAPFBA molecule.

Uror (Debye) e (a.U.) Aa (a.u.) Bo(x 103" esu)
CAM-B3LYP
B3LYP 1.0954 0.9325 0.8532 0.7527
mPW1PW91 1.0979 0.9629 0.8963 0.8323
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M06-2X | 1.1238 1.0322 1.0844 1.1319
LC-BLYP

B3LYP 1.1012 0.8739 0.7463 0.5872

mPW1PW91 1.1037 0.9023 0.7840 0.6493

M06-2X 1.1298 0.9673 0.9486 0.8830
wB97XD

B3LYP 1.0869 0.9308 0.8420 0.7228

mPW1PW91 1.0894 0.9611 0.8846 0.7992

M06-2X 1.1151 1.0304 1.0702 1.0869

Table S11 — Calculated quantum reactivity descriptors for the PAAPFBA chalcone using the
DFT methods (B3ALYP/mPWI1PW91/M06-2X) at 6-311++G(d,p) levels of theory.

Quantum reactivity descriptor B3LYP mPW1PW91 MO06-2X
HOMO (EyomoleV) -6.5833 -6.81297 -7.85000

LUMO (E ymoleV) -2.68007 -2.53367 -1.73556

Energy Gap (AE,,,/eV) 3.903232 4.279296 6.114447
lonization Potential (I/eV) 6.583302 6.812968 7.850002
Electron Affinity (A/eV) 2.68007 2.533672 1.735556
Electronegativity (y/eV) 4.631686 4.67332 4.792779
Electronic Chemical Potential (u/eV) -4.63169 -4.67332 -4.79278
Global Hardness (n/eV) 1.951616 2.139648 3.057223
Global Softness (S/eV") 0.512396 0.467367 0.327094
Electrophilicity index (w/eV) 5.496091 5.103625 3.756797
Nucleophilicity index (e/eV-") 0.181947 0.195939 0.266184
Electric Dipole Polarizability (a.u.) 341.5867 330.815 308.5923

Table S12 — Condensed Fukui functions calculated by the Hirshfeld charge population for the

PAAPFBA molecule.
B3LYP mPW1PW91 MO06-2X
Atom fi f f fi f ¥ fi fi f¥
C1 -0.02015 -0.04606 -0.03311 | -0.01961 -0.05155 -0.03558 | -0.01779 -0.07173 -0.04476
Cc2 -0.03638 -0.05047 -0.04343 | -0.03612 -0.05725 -0.04668 | -0.03327 -0.08173 -0.0575
Cc3 -0.03875 -0.03317 -0.03596 | -0.03851 -0.03638 -0.03745 | -0.0361 -0.04704 -0.04157
C4 -0.01727 -0.06216 -0.03971 | -0.01634 -0.0715 -0.04392 | -0.01382 -0.10939 -0.0616




C5
(65
H7
H8
H9
H10
N11
C12
C13
H14
H15
H16
017
H18
C19
C20
021
C22
H23
C24
H25
C26
C27
Cc28
C29
C30
H31
H32
H33
H34
F35

-0.02948
-0.02137
-0.01163
-0.02248
-0.01309
-0.01462
-0.00948
-0.01506
-0.00495
-0.00324
-0.00496
-0.00503
-0.01888
-0.00731
-0.10152
-0.06057
-0.11403
-0.0987
-0.02636
-0.02142
-0.03941
-0.03767
-0.03484
-0.02237
-0.02333
-0.04021
-0.01699
-0.01775
-0.01348
-0.01384
-0.02291

-0.03058
-0.04323
-0.02042
-0.01884
-0.0206
-0.0165
-0.05274
-0.0247
-0.00908
-0.00652
-0.0092
-0.00923
-0.04946
-0.02138
-0.01601
-0.06226
-0.02828
-0.0427
-0.0178
-0.03801
-0.01848
-0.03135
-0.03298
-0.02569
-0.02765
-0.04444
-0.01578
-0.01414
-0.01444
-0.01496
-0.03048

-0.03003
-0.0323
-0.01602
-0.02066
-0.01685
-0.01556
-0.03111
-0.01988
-0.00702
-0.00488
-0.00708
-0.00713
-0.03417
-0.01435
-0.05876
-0.06142
-0.07116
-0.0707
-0.02208
-0.02972
-0.02895
-0.03451
-0.03391
-0.02403
-0.02549
-0.04233
-0.01638
-0.01595
-0.01396
-0.0144
-0.0267

-0.02944
-0.02065
-0.01129
-0.02192
-0.0127
-0.01449
-0.00934
-0.01412
-0.00466
-0.00305
-0.00467
-0.00475
-0.01793
-0.00709
-0.10448
-0.06235
-0.11703
-0.1011
-0.02692
-0.02087
-0.03954
-0.03749
-0.03498
-0.02185
-0.02269
-0.04008
-0.0168
-0.01746
-0.01316
-0.01347
-0.02266

-0.03362
-0.04995
-0.02245
-0.02034
-0.02303
-0.0181
-0.06095
-0.02725
-0.01002
-0.00723
-0.01022
-0.01026
-0.05574
-0.02406
-0.0148
-0.05238
-0.02706
-0.03938
-0.01533
-0.03144
-0.01667
-0.02672
-0.02839
-0.02151
-0.0231
-0.03789
-0.01338
-0.01189
-0.01209
-0.01253
-0.02544

-0.03153
-0.0353
-0.01687
-0.02113
-0.01787
-0.0163
-0.03514
-0.02069
-0.00734
-0.00514
-0.00744
-0.0075
-0.03683
-0.01557
-0.05964
-0.05737
-0.07204
-0.07024
-0.02112
-0.02616
-0.02811
-0.0321
-0.03168
-0.02168
-0.02289
-0.03899
-0.01509
-0.01467
-0.01263
-0.013
-0.02405

-0.02783
-0.01799
-0.01039
-0.02041
-0.01141
-0.01484
-0.00818
-0.01062
-0.00365
-0.00271
-0.00334
-0.00349
-0.01465
-0.00637
-0.11205
-0.06522
-0.1252
-0.1111
-0.02922
-0.01991
-0.04288
-0.03781
-0.03505
-0.02099
-0.02153
-0.04008
-0.01692
-0.01768
-0.01275
-0.01296
-0.02142

-0.0425
-0.08289
-0.03119
-0.02727
-0.03467
-0.02497
-0.09792
-0.03633
-0.01417
-0.01124
-0.01406
-0.01367
-0.08037
-0.03721
-0.01796
-0.00324
-0.04711
-0.01876

-0.005
-0.00237
-0.00819
-0.00505
-0.00611
-0.00361
-0.00377
-0.00659
-0.00289
-0.00224
-0.00227
-0.00242
-0.00396

&9

-0.03517
-0.05044
-0.02079
-0.02384
-0.02304
-0.01991
-0.05305
-0.02348
-0.00891
-0.00698
-0.0087
-0.00858
-0.04751
-0.02179
-0.065
-0.03423
-0.08615
-0.06493
-0.01711
-0.01114
-0.02554
-0.02143
-0.02058
-0.0123
-0.01265
-0.02333
-0.00991
-0.00996
-0.00751
-0.00769
-0.01269
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Table S13 — Calculated local reactivity descriptors for the title chalcone using the B3LYP/6-

311++G(d,p) basis set.
B3LYP
Atom | ¢ Mk Mk Sk Sk Sk Wy W Wy
C1 -0.03933 -0.0899 -0.06461 -0.01033 -0.0236 -0.01696 -0.11076 -0.25317 -0.18196
C2 -0.071 -0.0985 -0.08475 -0.01864 -0.02586 -0.02225 -0.19995 -0.27739 -0.23867
C3 -0.07563 -0.06473 -0.07018 -0.01986 -0.01699 -0.01843 -0.21299 -0.18229 -0.19764
ca -0.0337 -0.12131 -0.07751 -0.00885 -0.03185 -0.02035 -0.0949 -0.34164 -0.21827
G5 -0.05754 -0.05968 -0.05861 -0.01511 -0.01567 -0.01539 -0.16204 -0.16808 -0.16506
Cé -0.04171 -0.08437 -0.06304 -0.01095 -0.02215 -0.01655 -0.11745 -0.2376 -0.17752
H7 -0.02269 -0.03985 -0.03127 -0.00596 -0.01046 -0.00821 -0.0639 -0.11224 -0.08807
H8 -0.04386 -0.03677 -0.04032 -0.01152 -0.00965 -0.01059 -0.12352 -0.10356 -0.11354
HO -0.02555 -0.04021 -0.03288 -0.00671 -0.01056 -0.00863 -0.07197 -0.11323 -0.0926
H10 -0.02853 -0.03221 -0.03037 -0.00749 -0.00846 -0.00797 -0.08034 -0.09071 -0.08552
N11 -0.01849 -0.10293 -0.06071 -0.00486 -0.02703 -0.01594 -0.05208 -0.28988 -0.17098
C12 -0.02938 -0.04821 -0.0388 -0.00771 -0.01266 -0.01019 -0.08275 -0.13576 -0.10925
C13 -0.00967 -0.01772 -0.01369 -0.00254 -0.00465 -0.00359 -0.02722 -0.0499 -0.03856
H14 -0.00632 -0.01272 -0.00952 -0.00166 -0.00334 -0.0025 -0.01779 -0.03583 -0.02681
H15 -0.00968 -0.01796 -0.01382 -0.00254 -0.00471 -0.00363 -0.02727 -0.05057 -0.03892
H16 -0.00981 -0.01802 -0.01392 -0.00258 -0.00473 -0.00365 -0.02764 -0.05074 -0.03919
017 -0.03685 -0.09653 -0.06669 -0.00967 -0.02534 -0.01751 -0.10377 -0.27185 -0.18781
H18 -0.01427 -0.04173 -0.028 -0.00375 -0.01096 -0.00735 -0.04019 -0.11752 -0.07886
C19 -0.19812 -0.03124 -0.11468 -0.05202 -0.0082 -0.03011 -0.55795 -0.08797 -0.32296
C20 -0.11822 -0.12151 -0.11986 -0.03104 -0.0319 -0.03147 -0.33292 -0.34219 -0.33756
021 -0.22254 -0.0552 -0.13887 -0.05843 -0.01449 -0.03646 -0.62672 -0.15544 -0.39108
C22 -0.19263 -0.08332 -0.13798 -0.05057 -0.02188 -0.03623 -0.54248 -0.23466 -0.38857
H23 -0.05145 -0.03474 -0.0431 -0.01351 -0.00912 -0.01132 -0.14489 -0.09785 -0.12137
C24 -0.04181 -0.07419 -0.058 -0.01098 -0.01948 -0.01523 -0.11774 -0.20893 -0.16334
H25 -0.07691 -0.03607 -0.05649 -0.02019 -0.00947 -0.01483 -0.21658 -0.10159 -0.15909
C26 -0.07351 -0.06119 -0.06735 -0.0193 -0.01606 -0.01768 -0.20702 -0.17231 -0.18966
C27 -0.06799 -0.06436 -0.06618 -0.01785 -0.0169 -0.01737 -0.19148 -0.18125 -0.18637
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C28 | -0.04366  -0.05013  -0.04689 | -0.01146  -0.01316  -0.01231 | -0.12296 -0.14117 -0.13206
C29 -0.04552 -0.05397 -0.04975 -0.01195 -0.01417 -0.01306 -0.1282 -0.15199 -0.14009
C30 | -0.07848 -0.08674  -0.08261 | -0.0206 -0.02277  -0.02169 | -0.22101 -0.24426 -0.23264
H31 | .0.03315 -0.03079  -0.03197 | -0.0087 -0.00808  -0.00839 | -0.09336 -0.08671 -0.09003
H32 | .0.03465  -0.0276  -0.03112 | -0.0091  -0.00725  -0.00817 | -0.09758  -0.07772 -0.08765
H33 | .0.02631 -0.02818  -0.02724 | -0.00691 -0.0074  -0.00715 | -0.0741 -0.07935 -0.07672
H34 -0.02701 -0.02919 -0.0281 -0.00709 -0.00766 -0.00738 -0.07607 -0.0822 -0.07914
F35 | .0.04471  -0.05949  -0.0521 | -0.01174  -0.01562  -0.01368 | -0.12591 -0.16754 -0.14672
Table S14 — Calculated local reactivity descriptors for the title chalcone using the
mPW1PW91/6-311++G(d,p) basis set.
mPW1PW91
Atom | 7 Mk Mk Sk Sk Sk W Wi g
C1 -0.04195 -0.11029 -0.07612 -0.00916 -0.02409 -0.01663 -0.10007 -0.26307 -0.18157
C2 -0.07728 -0.12249 -0.09989 -0.01688 -0.02676 -0.02182 -0.18434 -0.29217 -0.23826
c3 -0.0824 -0.07784 -0.08012 -0.018 -0.017 -0.0175 -0.19655 -0.18567 -0.19111
ca -0.03496 -0.15298 -0.09397 -0.00764 -0.03342 -0.02053 -0.0834 -0.3649 -0.22415
c5 -0.063 -0.07193 -0.06747 -0.01376 -0.01571 -0.01474 -0.15027 -0.17158 -0.16092
C6 -0.04418 -0.10688 -0.07553 -0.00965 -0.02335 -0.0165 -0.10537 -0.25495 -0.18016
H7 -0.02416 -0.04803 -0.03609 -0.00528 -0.01049 -0.00788 -0.05763 -0.11457 -0.0861
H8 -0.04689 -0.04352 -0.0452 -0.01024 -0.00951 -0.00987 -0.11185 -0.1038 -0.10782
H9 -0.02718 -0.04928 -0.03823 -0.00594 -0.01077 -0.00835 -0.06483 -0.11756 -0.09119
H10 -0.03101 -0.03872 -0.03487 -0.00677 -0.00846 -0.00762 -0.07397 -0.09236 -0.08317
N11 -0.01999 -0.1304 -0.0752 -0.00437 -0.02848 -0.01643 -0.04769 -0.31104 -0.17936
C12 -0.03021 -0.05831 -0.04426 -0.0066 -0.01274 -0.00967 -0.07206 -0.13908 -0.10557
C13 -0.00997 -0.02143 -0.0157 -0.00218 -0.00468 -0.00343 -0.02378 -0.05111 -0.03745
H14 -0.00653 -0.01547 -0.011 -0.00143 -0.00338 -0.0024 -0.01559 -0.03689 -0.02624
H15 -0.00999 -0.02187 -0.01593 -0.00218 -0.00478 -0.00348 -0.02382 -0.05216 -0.03799
H16 -0.01015 -0.02195 -0.01605 -0.00222 -0.0048 -0.00351 -0.02422 -0.05236 -0.03829
017 -0.03837 -0.11925 -0.07881 -0.00838 -0.02605 -0.01721 -0.09151 -0.28445 -0.18798
H18 -0.01516 -0.05147 -0.03332 -0.00331 -0.01124 -0.00728 -0.03616 -0.12277 -0.07947
C19 -0.22355 -0.03167 -0.12761 -0.04883 -0.00692 -0.02787 -0.53322 -0.07554 -0.30438
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C20 -0.13342 -0.11207 -0.12274 -0.02914 -0.02448 -0.02681 -0.31823 -0.26731 -0.29277
021 -0.2504 -0.0579 -0.15415 -0.05469 -0.01265 -0.03367 -0.59726 -0.1381 -0.36768
C22 -0.21632 -0.08426 -0.15029 -0.04725 -0.0184 -0.03283 -0.51598 -0.20098 -0.35848
H23 -0.05759 -0.0328 -0.04519 -0.01258 -0.00716 -0.00987 -0.13737 -0.07823 -0.1078
C24 -0.04466 -0.06727 -0.05596 -0.00975 -0.01469 -0.01222 -0.10652 -0.16046 -0.13349
H25 -0.0846 -0.03567 -0.06013 -0.01848 -0.00779 -0.01314 -0.2018 -0.08507 -0.14344
C26 -0.08021 -0.05716 -0.06869 -0.01752 -0.01249 -0.015 -0.19132 -0.13635 -0.16383
C27 -0.07484 -0.06074 -0.06779 -0.01635 -0.01327 -0.01481 -0.17852 -0.14487 -0.1617
C28 -0.04676 -0.04602 -0.04639 -0.01021 -0.01005 -0.01013 -0.11153 -0.10977 -0.11065
€29 -0.04854 -0.04942 -0.04898 -0.0106 -0.0108 -0.0107 -0.11578 -0.11789 -0.11683
C30 -0.08576 -0.08107 -0.08342 -0.01873 -0.01771 -0.01822 -0.20456 -0.19338 -0.19897
H31 -0.03595 -0.02862 -0.03229 -0.00785 -0.00625 -0.00705 -0.08575 -0.06828 -0.07701
H32 -0.03735 -0.02544 -0.0314 -0.00816 -0.00556 -0.00686 -0.08909 -0.06069 -0.07489
H33 -0.02816 -0.02587 -0.02702 -0.00615 -0.00565 -0.0059 -0.06718 -0.0617 -0.06444
H34 -0.02883 -0.02681 -0.02782 -0.0063 -0.00586 -0.00608 -0.06876 -0.06395 -0.06635
F35 -0.04849 -0.05443 -0.05146 -0.01059 -0.01189 -0.01124 -0.11566 -0.12984 -0.12275
Table S15 — Calculated local reactivity descriptors for the title chalcone using the M06-2X/6-
311++G(d,p) basis set.
M06-2X
Atom | ni M up Sk Sk Sk Wi Wi Wy
C1 -0.05438  -0.21931  -0.13684 -0.00582  -0.02346  -0.01464 | -0.06682  -0.26949  -0.16816
Cc2 -0.10172  -0.24986  -0.17579 -0.01088 -0.02673 -0.01881 -0.125 -0.30704  -0.21602
C3 -0.11035  -0.14381  -0.12708 -0.01181 -0.01539 -0.0136 -0.1356 -0.17671 -0.15616
C4 -0.04224  -0.33442  -0.18833 -0.00452  -0.03578 -0.02015 -0.05191  -0.41094  -0.23143
C5 -0.08509  -0.12994  -0.10751 -0.0091 -0.0139 -0.0115 -0.10456  -0.15968  -0.13212
cé6 -0.05499 -0.2534 -0.1542 -0.00588  -0.02711 -0.0165 -0.06757  -0.31139  -0.18948
H7 -0.03175  -0.09537  -0.06356 -0.0034 -0.0102 -0.0068 -0.03902  -0.11719 -0.0781
H8 -0.0624 -0.08338  -0.07289 -0.00668  -0.00892 -0.0078 -0.07668  -0.10246  -0.08957
H9 -0.03489  -0.10601 -0.07045 -0.00373 -0.01134 -0.00754 | -0.04288  -0.13026  -0.08657
H10 -0.04537  -0.07634  -0.06086 -0.00485  -0.00817  -0.00651 -0.05575  -0.09381 -0.07478
N11 -0.02502  -0.29935  -0.16218 -0.00268 -0.03203 -0.01735 -0.03075  -0.36785 -0.1993




c12
C13
H14
H15
H16
017
H18
C19
€20
021
€22
H23
C24
H25
C26
c27
C28
€29
C30
H31
H32
H33
H34
F35

-0.03247

-0.01114

-0.0083

-0.0102

-0.01067

-0.04479

-0.01948

-0.34255

-0.1994

-0.38275

-0.33965

-0.08934

-0.06086

-0.13111

-0.11559

-0.10715

-0.06416

-0.06582

-0.12254

-0.05174

-0.05405

-0.03899

-0.03961

-0.06549

-0.11108

-0.04331

-0.03437

-0.043

-0.04179

-0.24572

-0.11375

-0.05492

-0.00991

-0.14403

-0.05735

-0.01528

-0.00724

-0.02503

-0.01542

-0.01868

-0.01104

-0.01151

-0.02013

-0.00882

-0.00683

-0.00695

-0.0074

-0.01211

-0.07178

-0.02723

-0.02133

-0.0266

-0.02623

-0.14525

-0.06662

-0.19873

-0.10465

-0.26339

-0.1985

-0.05231

-0.03405

-0.07807

-0.06551

-0.06291

-0.0376

-0.03867

-0.07133

-0.03028

-0.03044

-0.02297

-0.02351

-0.0388

-0.00347  -0.01188  -0.00768 -0.0399 -0.1365
-0.00119  -0.00463  -0.00291 | -0.01369  -0.05322
-0.00089  -0.00368  -0.00228 -0.0102 -0.04224
-0.00109 -0.0046 -0.00285 | -0.01254  -0.05284
-0.00114  -0.00447  -0.00281 -0.01311  -0.05135
-0.00479  -0.02629  -0.01554 | -0.05504  -0.30194
-0.00208  -0.01217  -0.00713 | -0.02394  -0.13978
-0.03665  -0.00588  -0.02126 | -0.42093  -0.06749
-0.02133  -0.00106 -0.0112 -0.24503  -0.01218
-0.04095  -0.01541 -0.02818 | -0.47033  -0.17698
-0.03634  -0.00614  -0.02124 | -0.41738  -0.07047
-0.00956  -0.00163 -0.0056 -0.10978  -0.01877
-0.00651  -0.00077  -0.00364 | -0.07478 -0.0089
-0.01403  -0.00268  -0.00835 | -0.16111  -0.03076
-0.01237  -0.00165  -0.00701 | -0.14204  -0.01895
-0.01146 -0.002 -0.00673 | -0.13166  -0.02295
-0.00686  -0.00118  -0.00402 | -0.07884  -0.01357
-0.00704  -0.00123  -0.00414 | -0.08088  -0.01414
-0.01311 -0.00215  -0.00763 | -0.15058  -0.02474
-0.00554  -0.00094  -0.00324 | -0.06358  -0.01084
-0.00578  -0.00073  -0.00326 | -0.06642 -0.0084
-0.00417  -0.00074  -0.00246 | -0.04791  -0.00854
-0.00424  -0.00079  -0.00251 | -0.04868  -0.00909
-0.00701 -0.0013 -0.00415 | -0.08048  -0.01488
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-0.0882
-0.03346
-0.02622
-0.03269
-0.03223
-0.17849
-0.08186
-0.24421

-0.1286
-0.32366
-0.24393
-0.06428
-0.04184
-0.09593

-0.0805
-0.07731

-0.0462
-0.04751
-0.08766
-0.03721
-0.03741
-0.02822
-0.02888

-0.04768

Table S16 — Calculated the Dual (Af) and the multiphilic descriptors (Aw) for the PAAPFBA

chalcone.
B3LYP mPW1PW91 MO06-2X
Atom Af Aw Af Aw Af Aw
Cl | 0.025911 0.142409 | 0.031938 0.16300 | 0.053947 0.202668
c2 0.01409 0.07744 | 0.021128 0.10783 | 0.048456 0.182039
Cc3 -0.00559 -0.0307 -0.00213 -0.01088 | 0.010943 0.041111




ca
cs
C6
H7
H8
H9
H10
N11
C12
13
H14
H15
H16
017
H18
c19
C20
021
22
H23
c24
H25
26
c27
c28
c29
C30
H31
H32
H33
H34

0.044895
0.001099
0.02186
0.008795
-0.00363
0.007508
0.001886
0.043267
0.009645
0.004126
0.003284
0.00424
0.004203
0.030582
0.01407
-0.08551
0.001687
-0.08575
-0.05601
-0.00856
0.016591
-0.02092
-0.00632
-0.00186
0.003313
0.004329
0.004231
-0.00121
-0.00361
0.000955
0.001115

0.246747
0.00604
0.120145
0.048338
-0.01997
0.041265
0.010366
0.237799
0.05301
0.022677
0.018049
0.023303
0.0231
0.168081
0.07733
-0.46998
0.009272
-0.47128
-0.30782
-0.04705
0.091186
-0.11499
-0.03471
-0.01023
0.018209
0.023793
0.023254
-0.00665
-0.01986
0.005249
0.006128

0.055157
0.004177
0.029307
0.011157
-0.00158
0.010331
0.003603
0.051601
0.013132
0.005356
0.004174
0.005553
0.005515
0.037804
0.01697
-0.08968
-0.00998
-0.08997
-0.06172
-0.01159
0.010569
-0.02287
-0.01077
-0.00659
-0.00035
0.000414
-0.00219
-0.00342
-0.00556
-0.00107
-0.00094

0.28150
0.02132
0.14957
0.05694
-0.00805
0.05273
0.01839
0.26335
0.06702
0.02734
0.02130
0.02834
0.02815
0.19294
0.08661
-0.45768
-0.05092
-0.45916
-0.31500
-0.05915
0.05394
-0.11673
-0.05497
-0.03365
-0.00176
0.00211
-0.01118
-0.01747
-0.02840
-0.00548
-0.00481

0.095568
0.014671
0.064901
0.020808
0.006864
0.023261
0.010131
0.089731
0.025711
0.010521
0.008529
0.010727
0.010179
0.065721
0.030836
-0.09408
-0.06198
-0.07809
-0.09234
-0.02423
-0.01754
-0.0347
-0.03276
-0.02894
-0.01737
-0.01777
-0.0335
-0.01404
-0.01545
-0.01048
-0.01054

0.35903
0.055116
0.24382
0.078171
0.025787
0.087387
0.03806
0.337101
0.096591
0.039525
0.032042
0.040299
0.03824
0.2469
0.115845
-0.35344
-0.23285
-0.29335
-0.3469
-0.09101
-0.06589
-0.13035
-0.12309
-0.10871
-0.06527
-0.06674
-0.12584
-0.05274
-0.05802
-0.03938
-0.03959
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F35 | 0.007574 0.041627

0.002778

0.01418

-0.01746 -0.0656
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Table S17 — Natural Bond Orbital (NBO) results of the significant donor-acceptor transitions

and the second-order perturbation theory analysis of the Fock matrix for the PAAPFBA
chalcone using the B3LYP/6-311++G(d,p) basis set.

Type Donor Type Acceptor AE; j(kcal.mol'1 Ejy— Eqg (au) Fgj (au)
o Cl-C2 o* Cl1-C3 2.6 1.28 0.052
n Cl1-C3 m* C2-Co 23.2 0.27 0.072
n Cl1-C3 T C4-Cs5 17.03 0.28 0.063
n C2-C6 m* Cl-C3 15.38 0.29 0.062
n C2-C6 m* C4-Cs5 24.3 0.29 0.075
n C4-C5 T Cl-C3 20.99 0.29 0.071
n C4-C5 m* C2-C6 18.65 0.27 0.064
n C4-C5 T C19-021 20.97 0.27 0.069
o C4-C19 RY* C20 1.32 1.65 0.042
o C4-C19 RY* 021 0.8 1.46 0.031
o C4-C19 o* Cl-C3 2.22 1.23 0.047
o C4-C19 o* C19-C20 0.86 1.09 0.028
o C4-C19 o* C19-021 1.19 1.21 0.034
o C4-C19 o* C20-C22 1.61 1.28 0.041
o C5-C6 o* C2-C6 3.07 1.26 0.056
o C5-Ceo o* C2-N11 3.6 1.13 0.057
o C5-C6 o* C4-Cs 3.25 1.28 0.057
o C5-Ceo o* C4-C19 3.24 1.14 0.055
o C5-C6 o* C5-HI10 1.02 1.16 0.031
o C5-Ce6 o* C6 - H9 1.21 1.15 0.033
o NI11 - H18 o* Cl-C2 4.16 1.21 0.064
o NI11 - H18 o* C12-017 4.59 1.25 0.068
o C12-017 o* NI1 - HI18 1.13 1.46 0.036
o C12-017 o* Ci2-C13 1.2 1.44 0.038
n C12-017 m* Cl12-017 0.86 0.38 0.017
o C13-Hl14 o* NI1-Cl12 0.58 0.96 0.021




LP (1)
LP (1)
LP (1)
LP (2)
LP (2)
LP (1)
LP (2)

C13 -H14
C13 -HI15
C13 - HI5
Cl13 -Hl6
C13 - Hl6
C19-C20
C19-021
C19 - 021
C19 - 021
C20-C22
C20-C22
C20 - H23
C20 - H23
C20 - H23
C22 - H25
C22 - H25
C22 - H25
C22 - H25
C24 - C27
C24 - C27
C26 - C28
C29 - C30
C29-C30
C30 - F35
NI11
N11
017
017
017
021
021

Cl12-017
N11-Cl12
Cl12-017
N11-Cl12
Cl12-017
C22-C24
C4-C5
C4-GC5
C20-C22
C19-021
C24 - C27
C19-021
C20-C22
C22 - H25
C19-C20
C20-C22
C20 - H23
C24 - C26
C20-C22
C26 - C28
C24 - C27
C24 - C27
C26 - C28
C28 - H33
C2-Co6
Cl12-017
Cl12
N11-Cl12
Cl12-C13
C19
C4-CI19

4.78
2.06
4.18
1.56
5.07
3.93
1.33
4.35
3.55
21.72
11.55
3.88
1.59
4.35
0.6
1.27
5.49
4.88
17.65
20.65
17.33
21.34
17.32
1.58
35.2
59.71
16.55
24.48
17.49
13.3
18.09

1.1
0.95
0.51
0.95
0.51
1.14
1.61

0.4
0.41
0.29

0.3
1.09
1.15

0.95
1.14
0.95
1.07
0.29
0.28
0.29
0.3
0.3
5.56
0.29
0.28
1.72
0.71
0.64
1.6
0.69
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0.065
0.04
0.044
0.035
0.049
0.06
0.042
0.041
0.035
0.072
0.055
0.058
0.038
0.059
0.021
0.034
0.065
0.065
0.069
0.069
0.064
0.072
0.065
0.084
0.091
0.117
0.151
0.119
0.097
0.13
0.101



LP (2)
T[*
T[*

T[*

021
C2-C6
C19-021
C19 - 021

o* C19-C20
n* Cl1-C3
n* C4-C5
n* C20-C22

18.19
186.48
196.44
52.58

0.7
0.01
0.01
0.02
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0.102
0.081
0.072
0.073

Table S18 — Natural Bond Orbital (NBO) results of the significant donor-acceptor transitions

and the second-order perturbation theory analysis of the Fock matrix for the PAAPFBA
chalcone using the mPW1PW91/6-311++G(d,p) basis set.

Type Donor Type Acceptor AEij(kcal.mol'l) Ejy— Eg (au)  Fgj (auw)
o} Cl-C2 o* Cl1-C3 2.79 1.32 0.054
Tt Cl-C2 o* Cl -H7 1.18 1.21 0.034
o} Cl-C2 o* C2-C6 4.2 1.29 0.066
T Cl1-C3 m* C2-C6 25.01 0.29 0.077
1 Cl1-C3 m* C4-C5 18.28 0.3 0.067
T C2-C6 m* Cl1-C3 16.43 0.31 0.065
1 C2-C6 m* C4-Cs5 26.43 0.3 0.08
1 C4-C5 * Cl1-C3 22.63 0.3 0.076
1 C4-C5 m* C2-C6 19.75 0.29 0.068
T C4-C5 * C19 - 021 21.75 0.29 0.073
o} C4-C19 o* Cl-C3 2.29 1.27 0.048
o C4-C19 o* C3-C4 2.3 1.24 0.048
o] C4-C19 o* C4-C5 2.45 1.26 0.05
o} C5-C6 o* C2-Co6 3.27 1.3 0.058
o] C5-C6 o* C2-NI11 3.65 1.17 0.059
o NI11-HI18 RY* C2 1.83 2.13 0.056
o] N11 - H18 RY* Cl12 1.49 2.57 0.055
o NI11-HI18 o* Cl-C2 4.3 1.25 0.066
o] N11 -H18 o* Cl12-017 4.72 1.3 0.07
o Cl13 -Hl14 RY* Cl12 0.72 242 0.037
o] Cl13-Hl14 o* NI1-C12 0.65 1 0.023
o] Cl13-Hl14 o* Cl12-017 4.97 1.14 0.067




LP (1)
LP (1)
LP (1)
LP (2)
LP (2)

C13-HI5
C13 - H15
C13 - HIl6
C13 - Hl6
C13 - Hl6
C20-C22
C20-C22
C20-C22
C20-C22
C20-C22
C20-C22
C20-C22
C20-C22
C20-H23
C20 - H23
C20-H23
C22 - H25
C22 - H25
C22 - H25
C22 - H25
C24 - C27
C24 - C27
C26 - C28
C29 - C30
C29 -C30
C30-F35
NI11
NI11
017
o17
017

N11-Cl12
C12-017
Cl12
N11-Cl12
Cl12-017
C4-C19
C19-C20
C20 - H23
C22-C24
C22 - H25
C24 - C27
C19-021
C24 - C27
C19-021
C20-C22
C22 - H25
C19-C20
C20-C22
C20 - H23
C24 - C26
C20-C22
C26 - C28
C24 - C27
C24-C27
C26 - C28
C28 - H33
C2-C6
Cl12-017
Cl12
N11-Cl12
Cl12-Cl13

2.19
4.41
0.54
1.54
5.63
2.01
2.49
1.75
3.23
1.27
2.04

22.87

11.91
3.97
1.73
4.47
0.67
1.36
5.73
4.99

18.48

22.29

18.52

23.42

18.42
1.66

37.54

62.85

16.67

25.67

18.43

0.99
0.54
1.81
0.99
0.54
1.21
1.22
1.22
1.26
1.26
1.34
0.31
0.31
1.13
1.19
1.03
0.98
1.17
0.98
1.11
0.31
0.3
0.3
0.31
0.32
5.65
0.3
0.3
1.79
0.74
0.68

98

0.042
0.046
0.028
0.035
0.052
0.044
0.05
0.041
0.057
0.036
0.047
0.077
0.058
0.06
0.041
0.061
0.023
0.036
0.067
0.066
0.073
0.074
0.068
0.077
0.069
0.087
0.096
0.124
0.154
0.125
0.102
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LP (1) 021 RY* C19 13.44 1.65 0.133
LP (2) 021 o* C4-CI19 19.08 0.73 0.106
LP (2) 021 o* C19-C20 19.25 0.74 0.108
LP (1) F35 RY* C30 8.1 2.26 0.121
m* C2-C6 n* Cl-C3 193.42 0.02 0.084
m* C19-021 m* C20-C22 59.03 0.02 0.075
m* C24 - C27 n* C20-C22 84.83 0.02 0.069
Table S19 — Natural Bond Orbital (NBO) results of the significant donor-acceptor transitions
and the second-order perturbation theory analysis of the Fock matrix for the PAAPFBA
chalcone using the M06-2X/6-311++G(d,p) basis set.
Type Donor Type Acceptor AE; j(kcal.mol'l) Ejy— Eg (auw)  Fgj (au)
o} Cl1-C3 o* Cl-C2 3.45 14 0.062
o Cl1-C3 o* Cl1-H7 1.55 1.32 0.041
o} Cl1-C3 o* C2-NI11 4.99 1.27 0.071
o} Cl1-C3 o* C3-C4 4.11 1.39 0.068
Tt Cl-C2 ¥ C3-C4 35.76 0.36 0.101
n Cl-C2 n* C5-C6 23.11 0.36 0.083
o C2-C6 o* Cl-C2 4.45 14 0.071
o} C2-C6 o* Cl1-H7 2.37 1.33 0.05
o] C2-C6 o* C2 -Nl11 1.23 1.27 0.035
o C2-C6 o* C5-C6 3.36 1.43 0.062
o} C2-C6 o* C5-HI10 2.33 1.31 0.049
o C2-C6 o* C6 - H9 11 1.29 0.034
o} C2-C6 o* NI11-CI12 3.36 1.29 0.06
T C3-C4 1% Cl-C2 25.01 0.34 0.083
n C3-C4 n* C5-Co6 31.44 0.35 0.095
T C3-C4 1% C19 - 021 21.79 0.36 0.083
o} C4-C5 o* C3-C4 4.63 1.39 0.072
o C4-C5 o* C3 - H8 2.56 1.31 0.052
o C4-C5 o* C4-C19 1.95 1.27 0.045




C4-CI19
C4-C19
C4-CI19
C4-GC5
C5-C6
C5-C6
C13 -H14
C13 -H14
C13 -H14
C13 - HI5
C13 -HI15
C13 - HI5
Cl13 -Hl6
C13 - HIl6
C20-C22
C20-C22
C20 - H23
C20 - H23
C20 - H23
C22 - H25
C22 - H25
C22 - H25
C22 - H25
C24 - C26
C24 - C26
C24 - C26
C24 - C27
C24 - C27
C26 - C28
C29 - C30
C29 - C30

Cl-C3
C3-C4
C4-C5
C5-C6
Cl-C2
C3-C4
Cl12
C12-017
C12-017
N11-Cl12
C12-017
Cl12-017
C12-017
Cl12-017
C19 - 021
C24 - C27
C19-021
C20-C22
C22 - H25
C19-C20
C20-C22
C20 - H23
C24 - C26
C22-C24
C24 - C27
C26 - C28
C20-C22
C26 - C28
C24 - C27
C24 - C27
C26 - C28

2.43
2.53
2.58
3.41
30.08
23.11
0.53
3.99
2.76
4.42
0.63
0.78
1.05
7.59
24.28
12.19
4.01
2.14
4.95
0.79
1.63
6.27
5.09
3.13
4.15
3.21
19.37
29.02
24.52
31.26
24.32

1.37
1.34
1.36
1.43
0.36
0.36
2.52
1.26
0.64
1.08
1.26
0.63
1.26
0.63
0.4
0.38
1.25
1.29
1.15
1.07
1.27
1.09
1.21
1.31
1.4
1.43
0.38
0.35
0.36
0.37
0.37

100

0.052
0.052
0.053
0.062
0.094
0.083
0.033
0.063
0.04
0.063
0.025
0.021
0.033
0.066
0.089
0.065
0.063
0.047
0.067
0.026
0.041
0.074
0.07
0.057
0.068
0.061
0.083
0.092
0.085
0.097
0.086



LP (1)
LP (1)
LP (1)
LP (2)
LP (2)
LP (1)
LP (2)
LP (2)
-

T[*

N11
NI1
017
017
017
021
021
021
C19 - 021
C24 - C27

Cl-C2
C12-017
Cl12
N11-Cl12
Cl12-C13
C19
C4-CI19
C19-C20
C20-C22
C20-C22

44.16
72.62
18.27
29.71
20.82
14.76
21.67
22.19
62.86
52.62

0.37
0.37
1.84
0.85
0.79
1.74
0.83
0.84
0.02
0.03

101

0.115
0.15
0.164
0.143
0.116
0.143
0.121
0.123
0.078
0.073
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Chapter 2

In silico study of the potential interactions of 4’-acetamidechalcones with

protein targets in SARS-CoV-2

4'-acetamidechalcones FJC inhibitor
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RESUMO
A emergéncia sanitaria gerada pela pandemia da COVID-19 instiga a busca de estratégias
cientificas para mitigar os danos causados pela doenca a diferentes setores da sociedade. A
doenca causada pelo coronavirus, SARS-CoV-2, j4 atingiu 216 paises/territorios, onde cerca de
20 milhdes de pessoas foram notificadas com a infeccdo. Destes, mais de 740.000 morreram.
Diante da situagdo, as estratégias envolvendo o desenvolvimento de novas moléculas antivirais
sdo extremamente importantes. O presente trabalho avaliou, por meio de ensaios de docking
molecular, as interacoes dos derivados da 4'-acetamide-chalcona com alvos enzimaticos e
estruturais do SARS-CoV-2 e com a ACE2 do hospedeiro, que ¢ reconhecida pelo virus,
facilitando assim sua entrada nas células. Portanto, observou-se que, em relacdo as interagdes
das chalconas com a protease principal (Mpro), a chalcona N-(4'-[(2E)-3-(4-fluorofenil)-1-
(fenil) prop-2-en-1-ona]) acetamida (PAAPF) tem potencial para se acoplar na mesma regido
que o inibidor natural FJC por meio de fortes ligagdes de hidrogénio. A formagao de duas fortes
ligagdes de hidrogénio entre N-(4’-[(2E)-3-(fenil)-1-(fenil)-prop-2-en-1-ona]) acetamida
(PAAB) e o heterodimero NSP16-NSP10 metiltransferase também foi observada. As chalconas
N-(4’-[(2E) -3- (4-metoxifenil)-1- (fenil)-prop-2-en-1-ona]) acetamida (PAAPM) e N-(4’-[(2E)
-3-(4-etoxifenil)-1- (fenil) prop-2-en-1-ona]) acetamida (PAAPE) mostraram pelo menos uma
forte interacdo com a proteina SPIKE. A chalcona N-(4’-[(2E)-3-(4-dimetilaminofenil)-1-
(fenil)-prop-2-en-1-ona]) acetamida (PAAPA) teve melhor afinidade com ACE2 do hospedeiro
humano, mostrando fortes interagdes via ligacdo de hidrogénio. Nossos resultados sugerem que
as 4'-acetamida-chalconas inibem a intera¢do do virus com as células hospedeiras através da
ligagao a proteina ACE2 ou SPIKE, provavelmente gerando um impedimento estérico. Além
disso, as chalconas apresentam afinidade por enzimas importantes em processos pos-

traducionais, interferindo na replicacao viral.

Palavras-chave: Chalconas, Docking molecular, SPIKE, ACE2.
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ABSTRACT
The sanitary emergency generated by the pandemic COVID-19, instigates the search for
scientific strategies to mitigate the damage caused by the disease to different sectors of society.
The disease caused by the coronavirus, SARS-CoV-2, reached 216 countries / territories, where
about 20 million people were reported with the infection. Of these, more than 740,000 died. In
view of the situation, strategies involving the development of new antiviral molecules are
extremely important. The present work evaluated, through molecular docking assays, the
interactions of 4" -acetamidechalcones with enzymatic and structural targets of SARS-CoV-2
and with the host's ACE2, which is recognized by the virus, facilitating its entry into cells.
Therefore, it was observed that, regarding the interactions of chalcones with Main protease
(Mpro), the chalcone N-(4’ [(2E)-3-(4-flurophenyl)-1-(phenyl)prop-2-en-1-one]) acetamide
(PAAPF) has the potential for coupling in the same region as the natural inhibitor FJC through
strong hydrogen bonding. The formation of two strong hydrogen bonds between N-(4[(2E)-3-
(phenyl)-1-(phenyl)-prop-2-en-1-one]) acetamide (PAAB) and the NSP16-NSP10 heterodimer
methyltransferase was also noted. N-(4[(2E)-3-(4-methoxyphenyl)-1-(phenyl)prop-2-en-1-
one]) acetamide (PAAPM) and N-(4-[(2E)-3-(4-ethoxyphenyl)-1-(phenyl)prop-2-en-1-one])
acetamide (PAAPE) chalcones showed at least one strong intensity interaction of the SPIKE
protein. N-(4[(2E)-3-(4-dimetilaminophenyl)-1-(phenyl)-prop-2-en-1-one)) acetamide
(PAAPA) chalcone had a better affinity with ACE2, with strong hydrogen interactions. Together,
our results suggest that 4’ -acetamidechalcones inhibit the interaction of the virus with host
cells through binding to ACE2 or SPIKE protein, probably generating a steric impediment. In
addition, chalcones have an affinity for important enzymes in post-translational processes,

interfering with viral replication.

Keywords: Chalcone, Molecular Docking, SPIKE, ACE2.
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1 Introduction

The health problem caused by the COVID-19 pandemic can be measured by the numbers
of cases and deaths confirmed by the disease globally. In Brazil, community transmission is
observed, with the collapse of the Health System in some regions. As it is an infection triggered
by a new coronavirus (SARS-CoV-2), the pathophysiology of COVID-19 is little known and

there is no specific treatment for the disease [1,2].

The search for new candidates for antiviral drugs has made great progress in recent years
with the discovery of molecular targets, the development of organic synthesis and the discovery
of new bioactives substances. A big number of techniques have been used in the search for new
antiviral drugs. Despite the great progress, the arsenal of antiviral drugs is still small [1]. In this
sense, strategies involving the development and validation of new antiviral molecules have been

considered.

Chalcones, known as o, B-unsaturated ketones (1,3-diaryl-2-propene-1-one) are a class
of naturally occurring compounds belonging to the flavonoid family. They can be obtained from
natural sources or by synthesis, and are widely distributed in fruits, vegetables, and tea [3]. The
double connection together with carbonyl group are possibly responsible for diverse biological
activities such as antibacterial, antioxidant, anti-inflammatory and antiparasitic [4].

Antiviral properties of chalcones have been recorded in studies with plant viruses and
human rhinoviruses [5]. Antiviral studies [6] with chalcones containing hydroxy and methoxy
groups, confirm that the activity is dependent on the nature of the group and its positions in the
aromatic rings. Santos [7] reports in a recent study the evaluation of the antiviral activity of

hydroxychalcones and synthetic curcuminoids against infection caused by HPV in vitro.

Therefore, in this work, for the first time acetamide chalcones will be study theoretically
by the Molecular Docking to characterize the inhibition power of the chalcones with the enzyme
Mpro, methyltransferase, the SPIKE, and ACE2 proteins by the interaction energy and the

distance of the compounds and the target protein’s amino acids.
2 Material and methods

2.1 Chalcones

Using the methodological principle of synthesis the Claisen-Schmith reaction (in basic
medium) [8], chalcones were synthesized from benzaldehydes and
4-aminoacetophenone, both at a concentration of 2mmol. The reagents were added in a

volumetric flask (25 mL), to which 5 mL of ethanolic NaOH solution (50%) were added. After
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adding the ethanol solution, the mixtures were kept under stirring for 48 hours (at room
temperature). TLC (n-hexane: ethyl acetate, 2: 1) was used to monitor the progress of the
reaction. After 48 h, the reaction mixture was neutralized with diluted HCI (10%) and ice water
added. The products were obtained using the filtration technique under reduced pressure,
washing with cold water and recrystallization in ethanol. To obtain the 4’-acetamidecalcones
(1-6) (Figure 1), the acetylation reaction of the 4’-aminocalcones (2 mmol) with acetic

anhydride (2 mmol) in buffered medium (5 mL) at pH = 5.0 with AcOH / AcONa was used [9].

(0] 0 (0]
H
1 2 3

o 3 o
0 0 g 0 %
LA 7Q, s oo
)J\N N T )LN OCH,CH;
L -
4 6

Fig. 1. Structural representation of the chalcones (1) PAAB (2) PAAPF (3) PAAPM (4)
PAACN (5) PAAPA (6) PAAPE.

From the data available in the database, Protein Data Bank (https://www.rcsb.org/), the

structures of the following target proteins were obtained: Main protease COVID-19 (Mpro),
NSP16-NSP10 SARS-CoV -2, SPIKE, and ACE2. Then, the proteins were prepared for analysis
by removing all residues and adding polar hydrogens, producing favorable protonation states
for molecular docking. The Main protease COVID-19 (Mpro) was identified in the repository
as “The crystal structure of COVID-19 main protease in complex with an inhibitor N3” (PDB
ID: 6LU7). The structure of this enzyme is deposited in the Protein Data Bank with a resolution
of 2.16 A, determined from X-ray diffraction R-Value Free: 0.235, R-Value Work: 0.202, R-
Value Observed: 0.204), classified as viral protein, Bat SARS-like coronavirus organism and

Escherichia coli BL21 (DE3) expression system [10].

The enzyme structure of the methyltransferase complex, the NSP16-NSP10 SARS-
CoV-2 heterodimer, was identified in the repository as “1.98 Angstrom Resolution Crystal
Structure of NSP16-NSP10 Heterodimer from SARS-CoV-2 in Complex with Sinefungin”
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(PDB ID: 6WKQ). The structure was deposited in the Protein Data Bank with a resolution of
1.98 A, determined from X-ray diffraction (R-Value Free: 0.180, R-Value Work: 0.162),
classified as viral protein, severe acute respiratory syndrome coronavirus 2, and expression

system Escherichia coli BL21 (DE3), Escherichia coli BL21 [11].

The structures of the SPIKE protein and the ACE2 enzyme were identified in the
repository as “Crystal structure of SARS-CoV-2 spike receptor-binding domain bound with
ACE2” (PDB ID: 6MOJ). The structures were deposited in the Protein Data Bank with a
resolution of 2.45 A, determined from X-ray diffraction (R-Value Free: 0.227, R-Value Work:
0.192, R-Value Observed: 0.194), classified as viral protein/hydrolase, Homo sapiens organism,

severe acute respiratory syndrome coronavirus 2, and Trichoplusia ni expression system [12].

2.2 Molecular docking

The interaction simulations between the selected inhibitors and proteins were performed
using AutoDock Vina code (version 1.1.2), using 3-way multithreading, Lamarkian Genetic
Algorithm [13]. The docking parameters: grid box sizes, centers, spacing and exhaustiveness to
the proteins are given in Table S1 (Supplementary material). All grid boxes were configured to
fit all the protein in the simulation for seeking the greater amplitude in the selection of molecular
positions. As a standard procedure, one hundred (100) independent simulations were performed
for all the target proteins, and it was obtained ten (10) positions each. As selection criteria, the
simulations that showed positions with free binding energy (AG) below -6.0 kcal.mol™! [14] and
RMSD (Root Mean Square Deviation) values less than two thousand (2,000) [15] were
analyzed.

For results analysis, image plotting, and generation of bi and tri-country maps, the
Discovery Studio Visualizer [16] and UCSF Chimera [17] codes were used. For statistical
analysis, the Morpheus® online server (https://software.broadinstitute.org/morpheus/) was
used, in which heat maps were generated to identify the ligand-residue interaction and similarity
profiles by the Pearson statistical test [18].

Based on observations of the interactions of the molecules with the enzyme, the
hydrogen bonds were plotted and classified according to previous studies that group interactions
with distances between 2.5 and 3.1 A as strong, from 3.1 to 3.55 A as average and > 3.55 A as
weak [19].
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3 Results

3.1 Interaction between the 4'-acetamidechalcones molecules and the Main protease (Mpro)

The positions shown in Figure 2A were obtained from the simulations of interactions of
4'-acetamidechalcones with Mpro by molecular docking. After comparative analyzes, it was
noted that the PAAPF interacted with the enzyme at a site like that of the FJC inhibitor. Likewise,
PAAB interacted at the same site as the antibiotic Azithromycin. Also, the reference drugs
Anakinra and Remdesivir interacted in common sites, the same as for PAAPA. Additionally,

PAAPM, PAACN, and PAAPE interacted with distinct sites from each other and different from

any other reference inhibitor.

(8)

PAAPF A paaB

Fig. 2. Theoretical calculations of the interaction between the FJC inhibitor, the reference drugs,
and the chalcone derivatives with the enzyme Mpro (A). The bi-dimensional map of the
hydrogen bonds and the hydrophobic interaction of the chalcone derivatives with the enzyme

Mpro (B).

To analyze the intensity and affinity of the interactions obtained in the molecular docking
simulations, the values of the interaction energy and RMSD were collected, plotted, and
compared (Table S2, Supplementary material). Interactions with energy < -6.0 kcal.mol™!' and
RMSD < 2.0 were considered satisfactory. Therefore, based on these criteria, only the chalcone
PAACN showed an affinity of -6.1 kcal.mol! with the enzyme Mpro, although this molecule
does not have a binding site in common with the inhibitors, especially the natural inhibitor FJC.
Concerning the reference inhibitor, azithromycin did not show good affinity when presenting

energy of -5.8 kcal.mol™.
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To examine and describe the intrinsic characteristics of the interactions of
4'-acetamidechalcones molecules with the enzyme, the hydrogen bonds, and hydrophobic
interactions were highlighted and compared with the reference ligands (Figure 2B). Since
PAAPM, PAACN, and PAAPE did not show similarities with the reference ligands, those
molecules were not considered for analysis. Table S3 (Supplementary material) shows the
interaction distances between chalcones and the amino acid residues of the enzyme Mpro. Thus,
detailed information about the interactions of the molecules with the enzyme was obtained.
Initially, for the PAAPF chalcone, which has the potential for coupling in the same region as
the FJC inhibitor, it has two significant interactions with the GLU166 residue, one of which is
a strong hydrogen bond. The PAAB chalcone presented only interaction of hydrogen with the
residue ARG298, which the Azithromycin did not interact; moreover, the Azithromycin
presents most hydrophobic interactions, all with a distance higher than 3.5 A. The PAAPA
chalcone interacted with the enzyme through two hydrogen bonds, highlighting the ASP197
residue in common with Anakinra and Remdesivir; it is important to notice that, among the
reference drugs, Remdesivir interacted with the enzyme through five hydrogen bonds, mostly

of moderate to strong intensity.

3.2 Interaction with the methyltransferase heterodimer NSP16-NSP10 SARS-CoV-2

The interactions of chalcones with the NSP16-NSP10 are illustrated in Figure 3A. Among
the studied structures, PAACN and PAAPE did not show significant interaction with the enzyme.
Besides, the other chalcones interacted in similar places. Table S4 (Supplementary material)
lists the energies of the interactions and the respective RMSD; thus, it was possible to observe
affinity values < -6.0 kcal.mol™! for the four chalcones, obtaining values of up to -8.2 kcal.mol"
! for PAAPF. All RMSD values were less than 2.0 A, suggesting a satisfactory interaction
between the molecules and the enzyme.

The specification of the interactions of chalcones with the enzyme is illustrated in the bi-
dimensional maps contained in Figure 3B. The distances of the interactions are specified in
Table S4 (Supplementary material). Therefore, it is possible to understand the formation of two
strong hydrogen bonds between PAAB and the methyltransferase. The other chalcones also had

two hydrogen bonds each, however, with an intermediate to weak intensity.
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Fig. 3. Simulated interaction between the chalcones derivatives and the enzyme NSP16-NSP10
SARS-CoV-2 heterodimer methyltransferase (A). The bi-dimensional map of the hydrogen
bonds and the hydrophobic interaction between the chalcones derivatives and the enzyme

NSP16-NSP10 SARS-CoV-2 heterodimer methyltransferase (B).

3.3 Interactions with the SPIKE protein of the SARS-CoV-2 and with the ACE2

To study the potential of the chalcone acetamide derivatives to inhibit the interaction of
the virus that causes COVID-19 with the target cells, a simulation of the interaction of the
chalcones with the heterodimeric proteins of the virus, the Spike proteins, was carried out. The
illustrations of the coupling simulations are contained in Figure 4A. It was possible to observe
that all chalcones had connections with similar regions of the protein. According to data of
interaction energy and RMSD contained in Table S2 (Supplementary material), it is observed
that all chalcones had satisfactory affinity < -6.0 Kcal/mol. In particular, the PAAPA and
PAACN derivatives showed the best affinity values (-7.0 and -6.9, respectively), demonstrating
the link of greater stability between chalcones.

The interactions with the amino acid residues of Spike protein heterodimer and the
chalcones molecules were represented in bi-dimensional maps, corroborating with the
information collected in the molecular docking simulations (Figure 4C). Besides, the specific
interactions of the chalcones derivatives with the Spike protein are shown in Table S5
(Supplementary material). It is possible to observe that the chalcone derivatives showed a
pattern of interaction with the protein, as with the SER371 residue, which the derivatives
interacted through the hydrogen of moderate intensity. Furthermore, the PAAPM and PAAPE

chalcones showed, at least, one interaction of strong intensity, and the chalcone PAAPA did not
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show hydrogen bonds with the Spike protein.

Additionally, it is known that the interaction of the SPIKE protein with ACE2 is necessary
for the virus to enter the host cells, hence the simulations of the interactions of the chalcone
derivatives with this enzyme were performed, as shown in Figure 4B. It is possible to observe
that the chalcones interacted in similar sites, except for PAACN, which may have interacted at
a non-specific site. Those data are reinforced by the affinity energy of the connections and
RMSD, which the PAACN presented higher values, indicating an interaction of lower stability.
PA AB and PAAPA had lower affinity values, with PAAPA having the best-suggested interaction,
with an affinity of -8.0 Kcal/mol associated with a low RMSD value (1,355 A).

Those results are reinforced when characterizing the interactions of the chalcones
derivatives with the ACE2 protein, as illustrated in the bi-dimensional maps (Figure 4D) and
the interaction distances are shown in Table S5 (Supplementary material). The chalcones
PAAPA and PAAPF stood out for presenting two interactions of strong hydrogen bonds. Also,
the chalcones derivatives had common binding sites, such as the ILE291 residue, in which the

PAAPA even had a hydrogen bond.
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Fig. 4. Calculated interaction positions of the studied chalcones with the SPIKE (A) protein and
the ACE2 protein of the human host (B). The bi-dimensional map of the hydrogen bonds and
hydrophobic interactions between the chalcones and the SPIKE protein of the SARS-CoV-2 (C)
and between the ACE2 protein of the human host (D).

4 Discussion

Overall, the present work evaluated, through molecular docking assays, the interactions
of chalcone acetamide derivatives with enzymatic and structural targets of SARS-CoV-2 and
with the host's ACE2, which is recognized by the virus, facilitating its entry into cells. Therefore,
it was observed that, regarding the interactions of chalcones with Main protease (Mpro), the

PAAPF derivative has the potential for coupling in the same region as the natural inhibitor FJC
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through strong hydrogen bonding. The formation of two strong hydrogen bonds between PAAB
and the NSP16-NSP10 heterodimer methyltransferase was also noted. PAAPM and PAAPE
showed at least one strong intensity interaction of the SPIKE protein. PAAPA had a better
affinity with ACE2, with strong hydrogen interactions.

These results are relevant, as several chalcones have been described as having antiviral
activity. A work performed by Park et al [20] showed that chalcones isolated from Angelica
Keiskei inhibit the chymotrypsin protease (3CL (pro)) and a papain protease (PL (pro)) in
SARS-CoV. Proteases are important for post-translational modifications of structural proteins
in the viral particle. Therefore, the inhibition of proteases interferes with the viral replication
process [20]. Literature data suggest the inhibition of viral proteases by flavonoids and related
compounds. For example, flavonoids such herbacetin, isobavachalcone, quercetin 3-B-d-
glucoside and helicrysetin have been described as potent inhibitors of the Middle Eastern
respiratory syndrome-coronavirus protease (MERS-CoV 3CLpro), indicating that flavonol
and chalcones are favorite structures for binding to the catalytic site, suggesting that
modifications in the more hydrophobic molecules or with carbohydrates attached to their main
structures have a good inhibitory effect [21].

In fact, synthetic flavonoids and chalcones are described for potential antiviral properties.
In a previous study, substituted chalcones, showed inhibition of viral translation in cells infected
with hepatitis C virus (HCV) by the ablation of ribosomal protein phosphorylation 6 (rps6) [22].
Additionally, several reports in the literature demonstrate that derivatives of chalcones present
antiviral activity better than the reference drugs in experimental models, including synergistic
effects with these. For example, a previous study showed that thienyl-chalcone derivatives
showed moderate to excellent antiviral activity, with higher in vitro potency against human
cytomegalovirus compared to the standard drug Ganciclovir [23]. These data corroborate the
findings of the present study, in which the chalcone derivatives interacted with the virus
protease at sites and with similar affinities to the clinically used drugs and the theoretical
inhibitor FJC.

Binding and inhibiting the enzymatic activity of proteases and methyltransferases can
lead to a disruption in the viral capsid construction process, interrupting the flow of
transmission. In this sense, the importance of in silico screening of phytochemical compounds
is ratified, allowing a preliminary and rational analysis of a high number of molecules. For
example, an investigation of phytochemicals as antiviral agents against dengue has shown that
secondary phenolic plant metabolites such as alkaloids, terpenoids, chalcones, flavonoids,

coumarins, and quinones have the potential to bind to targets such as protease (NS2B-NS3pro),
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helicase (NS3 helicase), methyltransferase (MTase) and dengue virus envelope protein [24].

Therefore, it is evident that it is feasible to study the interaction of drugs and antiviral
molecules with structural proteins of these viruses, in addition to enzyme targets. Flavone
derivatives, such as luteolin and semisynthetic derivatives of gallic acid have been described as
potential binders to the SARS-CoV surface SPIKE protein and, therefore, may interfere with
the entry of the virus into its host cells. This connection has been shown to happen with great
avidity, with surface proteins linked to natural compounds being detected by frontal affinity
chromatography coupled with mass spectrometry [25].

The inhibition of the interaction of virus structural proteins with receptors in host cells is
a line of research that has been highlighted. It is described that when binding the SPIKE protein
to the angiotensin-converting enzyme 2 (ACE2) in the lung and intestinal cells, the virus enters
the cells, releasing proteins such as the high-mobility group box 1 protein (HMGB1), allowing
the occurrence of sepsis. Phenolic compounds have been described as steric inhibitors of the
interaction of the viral structure with ACE2 and / or the release of HMGB1, reducing infectivity
[26].

Together, these results suggest that chalcone derivatives inhibit the interaction of the virus
with host cells through binding to ACE2 or SPIKE protein, probably generating a steric
impediment. In addition, chalcones have an affinity for important enzymes in post-translational

processes, interfering with viral replication.

5 Conclusion

The 4'-acetamidechalcones presented inhibitory potential over the SARS-CoV-2
proteins, detaching the PAAPF that has the potential to couple to Mpro (same region as the
natural inhibitor FJC through strong hydrogen bonds), PAAB that can bind to NSP16- NSP10
methyltransferase, PAAPM and PAAPE that can interact with the protein Spike and PAAPA
that demonstrated a strong affinity with ACE2, these results being a strong indication of the
pharmacological potential of 4'-acetamidechalcones on important enzymes in post-translational
processes, interfering in the viral replication of SARS-CoV-2, being an indication for the
feasibility of in vitro tests. Emphasizing that the present work represents a fundamental step in

the process of developing a pharmacological tool for COVID-19 based on chalcones.
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Supplementary Material

Table S1. Protein, grid box centres, sizes, spacing and exhaustiveness used for molecular
docking simulations.

Protein Center Size Spacing | Exhaustiveness
X y z X y z

Mpro - 13.009 56.185 | 94 112 108 0.642 8

26.734
NSP16-NSP10 | 78.486 -1.045 -9.341 | 102 126 108 0.764 8

SPIKE - 29.339 21.745 | 92 104 126 0.453 8
31.044

ACE2 - 19.272 126 126 126 0.564 8
20.871 27.086

Legend: Methyltransferase (NSP16-NSP10).

Table S2. Interaction energy and RMSD in molecular docking assay with Main protease,

Methyltransferase, SPIKE and ACE2.

Mpro Methyltransferase SPIKE ACE2

Ligands
Energy RMSD Energy @ RMSD Energy RMSD Energy RMSD
Chalcones
PAAB -5.2 1.689 -7.4 1.743 -6.8 1.763  -8.2 1.847
PAACN -6.1 1.853 -6.9 1.590 -7.4 1.866
PAAPA -5.5 1.822 -8.0 1.930 -6.6 1.168  -8.0 1.355
PAAPE -5.5 1.635 -6.6 1.456  -7.7 1.644
PAAPF -5.6 1.721 -8.2 1.947 -7.0 1.759 7.7 1.658
PAAPM -5.3 1.505 -7.1 1.260 -6.8 1.229  -7.6 1.481
Inhibitors
FIC -6.7 1.580
Anakinra -6.5 1.998
Azithromycin -5.8 1.244
Remdesivir -6.8 1.643

Legend: Energy (Kcal/mol); RMSD (A).

Table S3. Interaction distances (A) between the compounds and the amino acid residues of
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the enzyme Mpro.

Chalcon/Residue PAAB PAAPA PAAPF FJC Anakinra Azithromycin Remdesivir

LYSS 2.69 3.23*
THR25 2.95*
GLN10 2.40*
LYS137 3.69 3.14* 3.54
LEU141 3.29
ANS142 231*
GLY143 2.56*
SER 144 3.45%
CYS145 1.93*
TYRI154 - 3.93
HIS164 2.36%*
MET165 3.88
GLU166 392 1.83*
GLU166 2.64%*
GLN189 3.03
ASP197 3.03* 231* 3.22*
ANS238 3.43*
ILE249 3.67
GLU288 2.49*
ASP289 3.41* 1.88*
GLU290 3.76 2.33 3.61*
PRO293 3.62 3.65
PHE294 3.66 3.59
PHE294 3.85 3.58
VAL297 3.80
ARG298 2.60*

Legend: *Hydrogen bounds.

Table S4. Interaction distances (A) between the compounds and the amino acid residues of the
enzyme NSP16-NSP10 SARS-CoV-2 heterodimer methyltransferase.
Chalcon/Residue PAAB PAAPA PAAPF PAAPM
GLY 6869 3.30%
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ASP6873 3.70

LEU6898 3.52 3.43 3.23 3.22
LEU6898 3.46 2.57* 2.98*
LEU6898 3.00* 3.49%
ASN6899 2.29*

TYR6930 2.87*

MET6929 3.76 3.81
CYS6913 2.11%*

ASP6931 3.75 3.80 3.88
PRO6932 3.90

PHE6947 3.53 3.60 3.70

Legend: *Hydrogen bounds.

Table S5. Interaction distances (A) between the compounds and the amino acid residues of the

SPIKE protein and ACE2.

Chalcon/Residue PAAB PAACN PAAPA PAAPE PAAPF PAAPM
SPIKE
PHE338 3.57 3.48 3.70 3.45 3.58 3.46
GLY339 3.51%* 3.26%* 3.35% 3.31%
PHE342 3.72 3.48
VAL367 3.71 3.78 3.69 3.73 3.67 3.72
LEU368 3.65 3.73 3.60 3.64 3.66 3.67
SER371 3.45% 3.37* - 3.38%* 3.52%* 3.33%
PHE374 3.46 3.90 3.40 3.42 3.50 3.58
TRP436 3.57 4.95 3.45 3.55 2.58*
TRP436 3.75 2.62%* 4.72 3.58
LEU441 3.93
ACE2
ANS290 2.61%
ILE291 2.11%* 3.06* 3.83 3.64 3.67
ILE291 3.56 3.43 3.94 3.42 3.89
ILE291 3.82 3.75 3.64
LEU370 3.93 3.93



LEU370
SER409
ALA413
PRO415
GLU430
THR434
GLU435
PHE438
PHE438
LYS441
GLN442

3.38
3.66

3.32
3.38
3.66

3.82

3.60%*

3.63

- 3.77

- 3.58

3.81 3.55
3.47 -
3.01% -

3.93

4.00

3.71

3.22

3.54

3.83
2.93*

3.86

3.69
4.40
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Legend: *Hydrogen bounds.
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CONCLUSION

All the structural, electronic, spectroscopy, non-linear optical properties, and antioxidant
activity characterizations were possible since all the three quantum methods used were able to
achieve an optimized geometry with no imaginary frequencies. Furthermore, the quantum
methods predicted that the PAAPFBA molecule has not the two aromatic rings in the same
plane delimited by the a,B-unsaturated system. The M06-2X method had the highest distortion
angle value with a difference of 7.06452° in comparison with the other methods. The structural
parameters were compared with experimental results from literature and with the results of
other calculations. The results were that the PAAPFBA molecule was well described by all the
DFT methods that were used due to excellent correlation.

The thermodynamic properties were similar, and the fundamental infrared vibrational
modes were in excellent agreement with the experimental data, regardless of the method again.

The values computed for R®> showed the excellent agreement between experimental and

theoretical results., which were respectively 0.99791 for the B3LYP, 0.99779 for the
mPW1PWO1), and 0.99835 for the M06-2X method. The 'H and '*C theoretical chemical shifts

also exhibited excellent agreement with the experimental data with the R? of 0.99865 fo the
B3LYP, 0.99860 for the mPW1PW91, and 0.99844 for the M06-2X method. All three methods

showed that the chalcone PAAPFBA can be used to make non-linear optical devices since this
molecule has higher values for the total dipole moment, polarizability, and first
hyperpolarizability. The Frontier Molecular Orbital analysis predicted a similar HOMO and
LUMO distribution between the methods. However, the quantum molecular descriptors showed
different values when the method is shifted. This happens due to the change in the mathematical
approximation within the method itself.

The Fukui Electronics and Condensed functions, the local descriptors, and the analysis
of the Natural Bond Orbitals were carried out to characterize locally the electronic properties
of the PAAPFBA chalcone. The B3LYP and mPW1PW91 methods can describe the molecule
very similarly. However, the M06-2X illustrates differences in reactive sites (radical attack),
and the electron density was predicted to be more delocalized (higher stabilization energy value).

Next, the antioxidant activity was determined using all the three DFT methods to
investigate the possible three mechanisms: HAT, SET-PT, and SLET. All global thermodynamic

parameters calculated were found to be above 80 kcal.mol™! regardless of the method, which
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explains the moderate experimental value of 50.92% in the DPPH scavenging. Therefore, the
most thermodynamically favorable mechanism is the HAT for all methods.

Finally, once the quantum calculation methodology was determined to optimize the
chalcone derivates, six chalcone derivatives denominated PAAPFBA, PAAB, PAAPM, PAAPE,
PAAPA, and PAACN were used to study the antiviral activity of chalcones. The results showed
an inhibitory potential on SARS-CoV-2 target proteins, highlighting the coupling to Main
protease (Mpro) in the same region as the natural inhibitor FJC by strong hydrogen bonds for
the PAAPFBA molecule. The chalcone PAAB interacted with the NSP16-NSP10
methyltransferase, while the PAAPM and PAAPE interacted with the SPIKE protein. Hence,
these chalcones can interfere in the replication of the virus and blocking it from the bond with
the human host cells. In addition, the chalcone PAAPA was found to have a strong interaction
with the ACE2 of the human host. Hence this molecule can also block the bond of the SPIKE
protein of SARS-CoV-2 with the human cells.

These results are a strong indication of the pharmacological potential of chalcone
derivatives containing the 4-acetamido group on important enzymes in post-translational
processes, interfering with the viral replication of SARS-CoV-2, being an indication for the

viability of in vitro tests.
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ABSTRACT

The molecule N-{4'-[(E}-3-(Fluorophenyl)-1-(phenyl}-prop-2-en-1-one]} chalcone (PAAPFBA) was
recently synthesized due to the growing interest in the chemistry of the chalcone. The quantum chemical
calculations were carried out to make a complete theoretical characterization (structural, spectroscopy,
nonlinear optical, and electronic properties) employing three Density Functional Theory (DFT) methods
like B3LYP, mPW1PW91, and M0G—2X at 6—311++G(d,p) basis set. After all these characterizations, the
antioxidant activity was studied using the reaction with the compound DPPH in methanol solution and
the mechanism was investigated theoretically. All the three DFT methods used can describe with great
accuracy the PAAPFBA chalcone: the results of infrared spectroscopy and the 'H and '3C isotropic
shielding demonstrate to be in excellent agreement with the experimental data. The nonlinear optical
(NLO) properties show that the title chalcone can be used with great potential in NLO devices and this
result is in good agreement with the Natural Bond Orbital (NBO) analysis, which shows how the elec-
tronic density is delocalized within the molecule, Finally, the experimental data of the antioxidant ac-
tivity showed a moderate rate of reaction with the DPPH molecule (50.92%) and this fact was proved by
the theoretical mechanisms with the Hydrogen Atom Transfer (HAT) mechanism more favorable.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

isomers, the E (trans) and Z (cis), being that E isomer occurs
naturally and it is thermodynamically more stable [1]. The greatest

Chalcones are natural products considered as the most impor-
tant subgroup of the flavonoid family. They are chemically char-
acterized by the presence of an open chain with two phenyl rings
bonded by a,f-unsaturated carbonyl group (1,3-diphenyl-2-
propen-1-ones). For the chalcones, there are two possible

+ Corresponding author. Departamento de Quimica Analitica e Fisico-Quimica,
Universidade Federal do Ceard, Campus do Pici, Bloco 938/933, 60020-181, For-
taleza, CE, Brazil.

E-mail address: wagnerqueirozneto@gmail.com (EW.Q. Almeida-Neto).

https:{{doi.orgf10.1016/j.molstruc.2020.128765
0022-2860/© 2020 Elsevier BV. All rights reserved,

interest in this class of compound lies in the fact that chalcones
have many hydrogen atoms that can be replaced, thus generating
the possibility of synthesis routes for several compounds with
different possible applications. The chalcone can be used as anti-
leishmanial, antibacterial, antimicrobial, immunosuppressive, an-
tidepressant, anti-inflammatory, anti-obesity, hypnotic, and anti-
cancer [1-11].

Despite these several applications, the chalcones exhibits anti-
oxidant properties. Some examples about the great applicability of
chalcone derivatives as antioxidants are given next. Arif et al. [12]
studied the antioxidant properties of the 3-(1H-indol-3-yl)-1-p-
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ARTICLE INFO ABSTRACT
Article history: The sanitary emergency generated by the pandemic COVID-19, instigates the search for scientific stra-
Received 16 December 2020 tegies to mitigate the damage caused by the disease to different sectors of society. The disease caused by

Accepted 18 December 2020 the coronavirus, SARS-CoV-2, reached 216 countries/territories, where about 20 million people were

reported with the infection. Of these, more than 740,000 died. In view of the situation, strategies
Keywaords: involving the development of new antiviral molecules are extremely important. The present work

;I[Iallconle - docki evaluated, through molecular docking assays, the interactions of 4'-acetamidechalcones with enzymatic
SP?KEFCU ar docking and structural targets of SARS-CoV-2 and with the hast’s ACE2, which is recognized by the virus, facil-

ACE2 itating its entry into cells. Therefore, it was observed that, regarding the interactions of chalcones with
Main protease (Mpro), the chalcone N-(4'[(2E)-3-(4-flurophenyl)-1-(phenyl)prop-2-en-1-onel) acet-
amide (PAAPF) has the potential for coupling in the same region as the natural inhibitor F|C through
strong hydrogen bonding. The formation of two strong hydrogen bonds between N-(4[(2E)-3-(phenyl)-1-
(phenyl)-prop-2-en-1-one]) acetamide (PAAB) and the NSP16-NSP10 heterodimer methyltransferase was
also noted. N-(4[(2E)-3-(4-methoxyphenyl)-1-(phenyl)prop-2-en-1-one]) acetamide (PAAPM) and N-(4-
[(2E)-3-(4-ethoxyphenyl)-1-(phenyl)prop-2-en-1-one]) acetamide (PAAPE) chalcones showed at least
one strong intensity interaction of the SPIKE protein. N-(4[(2E)-3-(4-dimetilaminophenyl)-1-(phenyl)-
prop-2-en-1-one|) acetamide (PAAPA) chalcone had a better affinity with ACE2, with strong hydrogen
interactions. Together, our results suggest that 4'-acetamidechalcones inhibit the interaction of the virus
with host cells through binding to ACE2 or SPIKE protein, probably generating a steric impediment. In
addition, chalcones have an affinity for important enzymes in post-translational processes, interfering
with viral replication.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction
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1 | INTRODUCTION

Corrosion caused by CO, in the aqueous phase is a
common problem in carbon steel pipelines used in oil
and gas transportation. The formation of corrosion
products is usually an essential process in the CO,
corrosion mechanism, and their presence can sig-
nificantly change the corrosion rate.."?] For the
cathodic process, some papers have proposed two me-
chanisms: the buffering effect,”’! which relates the
impact of the pH on the dissociation of carbonic acid
and hydrogen evolution, from a combination of H+,
H,CO5™, HCO;™, and H,0.***1°l However, steel dis-
solution accounts for the anodic process.

Francisco Wagner de Queiroz Almeida Neto> ©® |
Gustavo Leitio Vaz> ©® |
Pedro de Lima-Neto®’® |

Phosphate ester was investigated as a corrosion inhibitor for AISI 1018 carbon
steel in carbon dioxide-saturated chloride solutions at different temperatures and
pressures. The corrosion tests were realized by electrochemical techniques,
weight loss measurements, bubble tests, and a high-pressure/high-temperature
auftoclave system. The corrosion fests demonstrated that the investigated mole-
cule is an excellent corrosion inhibitor. The inhibiting effect is even bigger at
high pressure and temperature than at atmospheric pressure and room tem-
perature. The thermodynamic parameters were calculated and determined to
obey the Langmuir isotherm. Polarization studies revealed that the evaluated
inhibitor is a mixed type.

carbon dioxide, corrosion inhibitors, phosphate ester, temperature, pressure

Tn 1996, Nesic et al.™ proposed different anodic me-
chanisms for steel dissolution in CO, solutions at a pH
range from 2.5 to 6. The author proposed six reactions at
pH <4, 4 <pH < 5, and pH > 5 (Equations (1)-(6)). Then,
for carbon steel, CO, corrosion rates are strongly influ-
enced by many factors, such as flow velocity, temperature,
pH, gas-liquid rates, oil-water ratio, CO, partial pressure,
and chemical composition of the produced water!* %)

Fe + CO, © FeCOnus, 1)
FeCOsus + H,O < FeHCO3,9s + HY + 7, (2)

FeHCOyygs < FelICOT,y + €7, 3

Materials and Corrosion. 2021;1-16.
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© 2021 Wiley-VCH GmbH ‘ 1
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This paper deals with application of imidazole (IMI) and four imidazole derivative molecules: 4-(imidazole-1-il)-
phenol (PHEN), [4-(1H-imidazole-1-yl})-phenylJmethanol (METH}, 2-(1H-imidazol-1-y1)-1-phenylethan-1-one
(ETHAN) and 4-(1H-imidazole-1-yl)benzaldehyde (BENZ), towards corrosion inhibition of 1020 carbon steel
in acidic medium. From [MI to ETHAN, the corrosion inhibition efficiency more than doubled in gravimetric ex-
periments and increased 85% and G8% in the potentiodynamic polarization and electrochemical impedance as-
says, respectively. Both gravimetric and electrochemical tests gave the following decreasing order for the
corTosion inhibition efficiency: BENZ = ETHAN = METH = PHEN > IML Quantum chemical calculations based
on density functional theory {DFT) method showed that global hardness of the inhibitor molecules and inhibition

Keywords:
Corrosion inhibitors
Imidazole derivatives

Monte Carlo efficiency were inversely proportional, which means that a softer molecule (or lower charge/radius ratio consid-
Density functional theory ering HSAB theory) leads to higher anticorrosion efficiency. Monte Carlo method (MC) was used to calculate the
Carbon steel adsorption energies in a simulated water environment, and Compass force field was selected towards obtaining

Acidic medium the solvation energy between inhibitor and metallic surface. The calculated solvation energy showed an inverse

correlation between solvation energy and corrosion inhibition, having BENZ molecule lower solvation energy
and lower global hardness which explains better anticorrosion efficiency among other IMI-based molecules,
which shows the importance of molecule polarity over the corrosion inhibition of carben steel,

© 2021 Elsevier BV, All rights reserved,

1. Introduction

In medern life, all topics related to metals and alloys corrosion pro-
tection are particularly important, from a simple damaged door key to
an airplane turbine [1]. Thus, the corrasion studies play a significant
role in our time, and the costs related to the corrosion increase every
year, The NACE Impact Report, duly published in 2016 [2], reported
that the corrosion’s global costs reached up to US$ 2.5 trillion, almost
3.4% of the worldwide GDP in 2013. It is well known that the steel tech-
nology plays an important role in the general industry, and that the car-
bon steel is widely used in the world with many applications, such as
engineering (bridges, pipelines, gears etc.), tools {blades, punches,
springs etc.) and so on. Spite being one of the most versatile alloys,

* Corresponding author,
E-mail address: pin@ufcbr {P. de Lima-Neto).
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carbon steel has low corrosion resistance and the search of corrosion in-
hibitors for this material is worthy to research [3].

The usage of organic or inorganic chernicals as corrosion inhibitors is
one of the strategies adopted in industrial practice to minimize the
corrosion’s harmful effects. However, the most effective corrosion in-
hibitors used in the industries, such as the chromate ions and hydrazine,
are classified as harmful to the environment and human health [3-6].
Therefore, the current challenge is to seek chemicals that are effectives
as corrosion inhibitors and friendly to the environment and human
health.

For painted metals, the modern strategy is based in the incorpora-
tion of nanoparticles into the polymer coating to act as nanocontainers
for the corrosion inhibitors. For instance, Ye et al. [7] demonstrated that
an epoxy coating containing graphene modified with oligomeric
silsesquioxane as a nanocontainer, and benzotriazole (BTA) as the cor-
rosion inhibitor, presents excellent self-healing capacity due to the
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The new glucosyl sarpagan alkaloid designated as 21(R*)-(O-8-glucosyl)-hydroxy-sarpagan-17-oic acid, along
with eleven known alkaloids were isolated from a soluble alkaloidal fraction from the ethanol extract of
Rauvolfia ligustrina. Their structures were elucidated by interpretation of spectroscopic data (1D and 2D NMR),
HRESIMS experiment, GIAQ '*C NMR calculations, and comparison with literature data. All the isolated alka-
loids were screened by their neuroinhibitory effects using the electrically stimulated mice vas deferens bioassay.

Compounds 1, 2 and 9 presented a potent inhibitory effect in the neurotransmission while 3 and 11 showed an
acute neuroexcitatory effect. Compound 10 exhibited a very effective post-synaptic inhibitory activity.

1. Introduction

The pantropical genus Rauvolfia (Apocynaceae family) comprises 74
accepted species widely distributed throughout America, Africa and
Asia continents [1]. Several Rauvolfia species have been used in tradi-
tional medicine for different purpeses such as treatment of snakebite,
malaria, gastrointestinal and central nervous system disorders [2-6].
Crude extracts and constituents from Rauvolfia species have shown
pharmacological activities, such as anxiolytic [7], antihypertensive [8],
anticancer (9] and antimicrobial [10].

The genus Rouvolfia is known as a prolific source of structurally
diversified indole alkaloids, which are subdivided in different groups as
sarpagan, yohimbine, heteroyohimbine, indolenine, oxindole, and an-
hydronium [11]. The most investigated species is Rauvolfia serpentine,
worldwide known by its medicinal properties and as the reserpine
producer, the first alkaloid indicated to the treatment of hypertension
and schizophrenia in the 50's decade [2,12]. As part of our ongoing
research for bioactive alkaloids [13-16] we have investigated the root
extract of R. ligustrina, an annual shrub found in the northeast region of
Brazil. Herein, a new glucosyl sarpagan alkaloid (1), together with
eleven known indole alkaloids are described (see Fig.1). Additionally,

* Carresponding author.
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their effects on the noradrenergic neurotransmission were also eval-
uated on the electrically stimulated mice vas deferens (biological tissue
with a rich diversity of pharmacological presynaptic and postsynaptic
receptors bioassay).

2. Experimental
2.1. General experimental procedures

Optical rotation was determined using a Jasco P-2000 digital po-
larimeter. 1D and 2D NMR spectra were obtained on a DRX-500
(Bruker) and DPX-300 (Bruker) operating at 500 and 300 MHz fre-
quency for 'H, respectively, and 125 and 75 MHz frequency for *3C,
respectively. High-resolution electrospray ionization mass spectra
(HRESIMS) were acquired on Acquity UPLC-QTOF-ESI-MS (Waters).
Chromatographic procedures were carried out using silica gel
(40-63 pm, Merck), SPE cartridge C-18 (Phenomenex), Sephadex LH-20
(Pharmacia) and thin-layer chromatography (TLC) with pre-coated si-
lica gel 60 Fy54 (Merck) using Dragendorff reagent to detect spots. HPLC
(Shimadzu) analyses were performed with a system equipped with SPD-
M20 diode array detector and semi-preparative C-18 column

Received 18 December 2019; Received in revised form 4 March 2020; Accepted 5 March 2020

Available online 07 March 2020
0367-326X/ © 2020 Elsevier B.V. All rights reserved.
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Dibenzalacetone derivatives are organic compounds formed by two @, «" active sites that provide a large
relocation of w7 -electrons. They have great polarizability that make them excellent chromophore and draw
attention for their biclogical properties, mainly for their activity against nasopharyngeal, oral, cclon,
prostate and cervical cancer. Two dibenzalacetone derivatives, (1E4E)-1,5-bis(4-ethoxyphenyl)penta-

1,4-dien-3-one and (1E,4E)-1,5-bis(4-chlorophenyl)penta-1,4-dien-3-one, were synthesized. Spectroscopic

Keywords:
Dibenzalacetone derivatives
Cytotoxicity

DEr cells HCI-116.
Spectroscopy. Cancer cells

characterizations as well as vibrational assignments were predicted using density Functional Theory (DFT)
calculations with B3LYP exchange-correlation functional, Cytotoxicity assays of the synthesized com-
pounds were performed against HCT-116, SNB and PC3 cells, showing promising results against cancer

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

A double condensation reaction of a ketone that has two o o'~
active sites with two equivalents of aromatic aldehyde yields a
molecule with an extensive delocalization of m-electrons, which
favors an easier polarizability, that is achieved by the presence
of strong electron donor (D) and strong acceptor (A) groups
with a m-electron bridge joining D and A. These compounds are
closely related to the class of organic chromophores known as
“bis-chalcones” which have several multifunctional characteristics
(pharmacological and biological activities) [1]. In literature, diben-
zalacetone derivatives as the ones reported here, are sometimes re-
ferred to as bis-chalcones [2-4] or simply chalcone derivatives [5].

Chalcones are a class of naturally occurring or readily syn-
thesized compounds that have a 1,3-diaryl-2-propen-1-one basic
framework. They are an open-chair precursor of flavonoids and

+ Corresponding author: Department of Biological Chemistry, Regional University
of Cariri, Campus Pimenta II, CEP: 63.100-000, Crato, CE, Brazil.
E-mail address: mauropandi@gmail.com (M.M. de Oliveira).

https://doi.org/10.1016/j.molstruc.2020.129670
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may exists as trans and cis isomers, although the trans isomer is
thermodynamically more stable, Natural chalcones are commaonly
found in fruits, vegetables, petals, bark, leaves and roots of various
trees ot plants [6-9]. The chalcone class and its derivatives have at-
tracted a lot of interest, as they have a wide range of bioactivities,
e.g.: anti-inflammatory [10], antimicrobial [11], anti-oxidant [12],
anticancer [13], antifungal [14], antimalarial [15], anti-protozoal
[16], etc. This broad spectrum of biclogical activity is probably re-
lated to its small structure and its characteristics as Michael accep-
tors, which make them tolerant to different biological molecules
and allow them to bind quickly or reactively to them [9].

Several bis-chalcones have shown remarkable anticancer activ-
ity against nasopharyngeal, oral, colon, prostate and cervical can-
cer [13,17]. In a recent study, nine bis-chalcones were tested in
vitro for cytotoxic activity against cancer cell lines of lung (A549),
prostate (DU-145), nasopharyngea carcinoma (KB) and vincristine-
resistant KB subline (KB-VIN). Best results were obtained in non-
substituted phenyl B rings or in para-methoxyphenyl B-rings [18].
Other bis-chalcones with methoxy groups inserted at para posi-
tion of phenyl rings have displayed encouraging results by inhibit-
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In this study, a spray drying technique was used to encapsulate bixin in the galactomannan polymer to
give greater stability to this carotenoid. The microparticles were characterized using physical-chemical
techniques, quantum chemical calculations, and evaluated the particle sizes, encapsulation efficiency, sta-
bility, controlled release, and toxicological potential. The bixin was successfully encapsulated, with an
average size of 5.55 + 0.50 pum, and infrared spectroscopy showed no chemical reaction between bixin
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Keywords: and galactomannan during the encapsulation process. The values for the encapsulation efficiency were

Encapsulation higher than 90 %, indicating that galactomannan was a good encapsulating agent. A stability test revealed

Bixin that microencapsulation provides significant protection for bixin. It was observed that the microparticles

Galactomannan were capable of releasing the pigment homogeneously and gradually, The absence of toxicity of these ma-

]EEPI”R terials allows for their use within the food industry, since there is a need for new products that combine
low toxicity, efficiency, and low cost.

Thermoanalysis

@ 2021 Elsevier B.V. All rights reserved.

1. Introduction

The strong restrictions imposed by the market on the use of
synthetic pigments and the toxicity of certain colorants have moti-
vated their increasing substitution by natural pigments, and this
is becoming increasingly common. Natural pigments have been
shown to be as effective as those derived from chemical synthe-
sis, with the additional benefits of being safer and providing health
benefits, organoleptic features, multiple benefits (such as antiox-
idant and even preservative activity), and functional properties
[1,2]. Annatto (Bixa orellana L.) 15 a crop of great agro-industrial
interest due to the high content of red-orange pigment found in

* Corresponding author. Departament of Physics, Regional University of Cariri,
Campus Crajubar, Av. Ledo Sampaio, 170, Bairro Tridngulo, CEP: 63040-000, Juazeiro
do Norte, CE, Brazil
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its seeds [3,4]. In the food industry, the bixin is used as a pigment
in dairy products and soft drinks and liquors [5].

Bixin is the main carotenoid found in annatto seeds and ac-
counts for about 80 % of the carotenoids found in this material.
1t has an isoprene chain of 24 carbon atoms, with a carboxylic
acid and a methyl ester at the ends, giving a molecular formula
of Cy5H3004 [6,7]. The bixin has been found to exhibit the high-
est measured potential for carotenoid oxidation to date, which is
consistent with its practical protective use in cosmetics, drugs, and
food [8]. The incorporation of this carotenoid into foods is mainly
for coloring purposes and to confer certain functional characteris-
tics since bixin has the ability to sequester free radicals and deac-
tivate singlet oxygen, acting as an antimicrobial, anti-inflammatory,
antioxidant, hypoglycemic, and non-toxic additive [7,9,10]. Due to
its high number of conjugated pairs, bixin is susceptible to isomer-
ization and degradation by external agents (heat, light, and oxy-
gen), resulting in a loss of color [11,12]. Microencapsulation offers
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ARTICLEINFO ABSTRACT

Keywords: Chagas disease is a neglected tropical disease caused by the protozoan parasite Trypanosoma crugi, with
Antichagasic agent approximately 6-7 million people infected worldwide, becoming a public health problem in tropical countries,
Biflavonoid thus generating an increasing demand for the development of more effective drugs, due to the low efficiency of
Egm amalysis the existing drugs. Aiming at the development of a new ﬂlllin:LagFlSiC pharmacological tool, the density functional
NLO theory was used to calculate the reactivity descriptors of amentoflavone, a biflavonoid with proven anti-

trypanosomal activity in vitro, as well as to perform a study of interactions with the enzyme cruzain, an
enzyme key in the evolutionary process of T-cruzi. Structural properties (in solvents with different values of
dielectric constant), the infrared spectrum, the frontier orbitals, Fukui analysis, thermodynamic properties were
the parameters caleulated from DFT method with the monomerice structure of the apigenin used for comparison.
Furthermore, molecular docking studies were performed to assess the potential use of this biflavonoid as a
pharmacological antichagasic tool. The frontier orbitals (HOMO-LUMO) study to find the band gap of compound
has been extended to calculate electron affinity, ionization energy, electronegativity electrophilicity index,
chemical potential, global chemical hardness and global chemical softness to study the chemical behaviowr of
compound. The optimized structure was subjected to molecular Docking to characterize the interaction between
amentoflavone and cruzain enzyme, a classic pharmacological target for substances with anti-gas activity, where
significant interactions were observed with amino acid residues from each one’s catalytic sites enzyme. These
results suggest that amentoflavone has the potential to interfere with the enzymatic activity of cruzain, thus being
an indicative of being a promising antichagasic agent.

1. Introduction

Chagas disease is a tropical disease caused by the protozoan parasite
Trypanosoma cruzi, classified as neglected by the World Health Organi-
zation, The Chagas disease is transmitted to humans by the triatomine
insect, popularly known, in Brazil, as the barber [1]. Currently, there are
approximately 6-7 millicn infected people in the world and it is esti-
mated that 70 million people will be able to centract this disease. This is
an endemic disease in Latin America, Africa and Asia, but also found in

* Corresponding author.
E-mail address; marinho.marcia@gmail.com (M.M. Marinho).
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non-endemic developed countries such as Canada, Spain, Japan and
Australia [2,3]. Cwrrently, benznidazole and nifurtimox are the only
drugs used for the pharmacological treatment of Chagas disease, devel-
oped almost fifty years ago, have limited effectiveness in the chronic
phase of the disease, However, these drugs led to the occurrence of
several side effects, such as polyneuritis, bone marrow depression, lym-
phoma and dermatitis [4].Therefore, it is necessary to look for new
bioactive substances, as well as therapeutic strategies that promote

Received 27 October 2020; Received in revised form 1 December 2020; Accepted 20 January 2021
2405-8440/@ 2021 Published by Flsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



Electrochimica Acta 241 (2017) 116-123

Contents lists available at ScienceDirect

Flectrochimica
Act

Electrochimica Acta

journal homepage: www.elsevier.com/locate/electacta

SAM of Gliotoxin on Gold: A Natural Product Platform for Sugar
Recognition based on the Immobilization of Canavalia brasiliensis
lectin (ConBr)

@ CrossMark

Dieric S. Abreu®, Ticyano P. Sousa®, Caio B. Castro?®, Mayara N.V. Sousa®, Thiago T. Silva?,
Francisco W.Q. Almeida-Neto®, Marcos V.A. Queiros®, Barbara S.F. Rodrigues®,

Maria C.F. Oliveira®, Tércio F. Paulo?, Benildo S. Cavada®, Kyria S. Nascimento®,

Marcia L.A. Temperini€, Izaura C.N. Diégenes™"

Atniversidade Pederal do Ceard, Departamento de Quirnica Orgdnica e Inorgdnica, Laboratorio de Bioinorgdnica, Fortaleza, Ceard, Brazil

b Universidade Federal do Ceard, Departamento de Bioquimica e Biologia Molecutar - BioMoi-Lab, Fortaleza, Ceard, Brazil

© Universidade de Sdo Paulo, Instituto de Quimica, Departamento de Quimica Fundamental, Lahoratério de Espectroscopia Molecular, Sdo Paulo, Sdo Paulo,
Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 29 January 2017

Received in revised form 18 April 2017
Accepted 19 April 2017

Available enline 23 April 2017

We report the successful fabrication of a novel gold surface coated with a thiol-lectin multilayer that
showed specific interaction towards D-mannose sugars. Firstly, the gold surface was spontaneously
modified with gliotoxin (gtx), a sulfur containing diketopiperazine isolated from marine-derived fungus,
and fully characterized by electrochemical, EIS, SPR and SERS techniques. The results indicated the sulfur
bridge of gtx is broken upon adsorption and the molecules are flat lying on gold with surface coverage of
2.3 % 107" mol em~ and reductive desorption potential of —0.87 V vs Ag/AgCl, i.e. strongly chemisorbed
on gold. The real-time monitoring of the immobilization of Concanavalin Br (ConBr) lectin (6.9 x 1077
molem 2) on the gold surface modified with gliotoxin {Au/gtx) was performed by SPR which was also
used to prove the recognition capability of ConBr towards D-mannose remains active on Aufgtx.
Comparative studies using 11-mercaptoundecanoic acid and cysteine on gold show the interaction
between the thiol layer with ConBr involves a network of hydrogen bonds and that the SAM formed with
gliotoxin is the most robust monolayer, Impedimetric measurements in solution containing [Fe{CN)g]* '
4= redox probe and D-mannose sugar at different concentrations indicate hydrogen bonds are the major
intermolecular contributions connecting the sugar molecules to the sugar recognition sites of ConBr
where Ca** and Mn*" ions are inserted..

Keywords:

Self-assembled monolayer
Diketopiperazine

ConBr lectin

Sugar recognition

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Self-assembled monolayers (SAMs) on solid substrates is one of
the most common methods to produce surfaces with desired
properties [1-4]. In particular, SAMs of sulfur containing com-
pounds en gold have been examined in a huge variety of interests
ranging from the physical chemistry aspect of the adsorption
process itself to applications in bioelectronics and bioelectro-
chemistry [4-11]. In the context of bioelectrochemistry, immobili-
zation of biomolecules without the loss of the biological activity is
a prerequisite for successful preparation of any biosensor.

* Corresponding author.
E-mail address: izaura@dqoi.ufc.br (LC.N. Diégenes).
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0013-4686/© 2017 Elsevier Ltd. All rights reserved.

Unfortunately, the direct adsorption of proteins on metallic
surfaces usually results in denaturation and, consequently, in
the loss of the biological activity [ 12-15]. Thiolate SAMs have been
used, therefore, as a platform to immobilize proteins aiming to
inhibit denaturation and preserve the biological activity [5.16-22].
The immobilization of such molecules on SAMs is highly relevant
and should be considered as a key step in constructing high-
performance biosensors. Lectins have been used as bioreceptor in
several biosensing devices due to their capacity to recognize and
specifically bind carbohydrates with high selectivity [23-26].
Carbohydrates present on cell surfaces play an important role in a
wide range of biological and pathological processes like the
interaction between cells and their environment, inflammations
and cancer metastasis. In addition, carbohydrates are commonly
used as biomarkers of pathological changes occurring during
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Six 2-hydroxychalcones were synthesized and characterized by NMR, FT-Raman, ATR-FTIR, and UV-Vis,
These chalcones alone and in combination with the ciprofloxacin, penicillin, and erythromycin antibi-
otics were tested against multiresistant strains of Staphylococcus aureus. It was also verified by in vitro
and in silico studeis the capacity of these chalcones to inhibit the NorA efflux pump. The MICs values of
ciprofloxacin were reduced in the presence of all tested chalcones. For norfloxacin antibiotic, the chal-
cones Al, A4, A5 and A6 promoted the reduced in the MIC values. The A2 chalcone was the only one to
reduce the MIC values when associated with penicillin. Any chalcones were not able to reduce MIC val-
ues when associated with erythromycin. These results indicate that the synergistic effects demonstrated
for the synthesized chalcones were influenced by the introduction of a furanic ring (A1), a chlorine atom
and a methoxy group at the C4 position (A2 and A4), a second double bond (A5), and a fluorine atom at
the C2 position (A6). The ADMET analysis predicts that the chalcones A2, A3, A5 and A6 have easier cell
permeation. The nucleophilic region makes the A5 chalcone capable of covalently bonding with plasma
proteins, and the presence of oxygenated aromatic substitutions makes the chalcones Al and A4 more
water-soluble and consequently easier to excrete. On the other hand, the substitution of the methoxy
group of the A4 chalcone makes it more susceptible to O-demethylation reactions by the CYP3A4 isoen-
zyme. The molecular docking revealed that all six chalcones could hinder the binding of norfloxacin to
the NorA efflux pump.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

resistant bacteria result at approximately 700,000 deaths per year,
and it estimates they will rise to ten million lives annually by

The prevalence of bacteria resistant to antibiotics has increased
dramatically in recent years. The infections caused by multidrug-

* Corresponding author at: Dr. Alexandre Magno Rodrigues Teixeira, Postgradu-
ate Program in Biological Chemistry, Department of Biological Chemistry, Regional
University of Cariri, Campus Pimenta II, CEP: 63.100-000, Crato, CE, Brazil.

E-mail address: alexandre teixeira@urca.br (AM.R. Teixeira).

https://doi.org/10.1016fj.molstruc.2021.130647
0022-2860/© 2021 Elsevier B.V. All rights reserved.

2050 [1]. Due to the emergence and spread of multidrug-resistant
strains, the treatment of staphylococcal infections with tradition-
ally used antibiotics, such as penicillin and cephalosporin, has
become ineffective [2]. Despite the effectiveness of vancomycin
against multidrug-resistant strains of S. aureus, this antibiotic has
some limitations, such as toxicity and poor absorption [3]. Fluoro-
quinolones such as norfloxacin and ciprofloxacin have been used
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Chalcones and their derivatives exhibit a broad spectrum of pharmacological activities, including antipro-
liferative activities. Accordingly, they are deemed robust anticancer candidates for cytotoxicity assays.
Herein, we synthesized and characterized four chalcones using nuclear magnetic resonance ('H NMR and
3C NMR), Fourier transform Raman (FT-Raman), attenuated total reflection Fourier transform infrared
(ATR-FTIR), and ultraviolet-visible (UV-vis) spectroscopy. Theoretical calculations of quantum chemistry

Keywords: were performed to obtain data regarding normal vibration modes, frontier molecular orbitals, molecular
Chalcones electrostatic potential maps, theoretical Uv-vis spectra, and quantum chemical parameters expected for
NMR these chalcones. In addition, we evaluated the cytotoxic potential of these compounds. For synthesized
AIR-FTIR compounds, quantum chemical calculations demonstrated excellent correlation with experimental data.
S;Rji?an The electronic properties revealed that chalcones 1 and 4 possess a higher electrophilic character, while

Cytotoxic activity

chalcones 2 and 3 possess a higher nucleophilic character, Chalcone 3 demonstrated the highest value of
HOMO energy, indicating the greatest propensity to donate electronic density among the four compounds.
According to the HOMO-LUMO energy gap and global hardness, the reactivity of chalcones should follow
the order 1 = 2 = 4 = 3. Regarding the cytotoxic potential, chalcones 1 and 4 exhibited superior activity
against HL-60 acute promyelocytic leukemia cells (ICsy = 14.09 + 1.001 and 28.02 + 147 pM, respec-

tively) and HCT-116 colon cancer cells (ICsy = 22.64 + 0.64 and 42.74 + 4.63 pM, respectively).

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Cancer is a leading cause of death worldwide. In 2020, the
Global Cancer Observatory (GLOBOCAN) estimated the incidence
of 19,3 million new cases of cancer and 10 million deaths [1]. It
is projected that by 2030, between 10 and 11 million cancers will
be diagnosed each year in low- and middle-income countries [2].
[n Brazil, cancer remains the second leading cause of death due
to illness. Reportedly, 337,535 new cases and 122,600 deaths are

* Corresponding author.
E-mail address: alexandre.teixeira@urca.br (A.M.R. Teixeira).
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recorded annually [3,4]. It is estimated that non-melanoma skin
cancer (114,000 new cases) accounts for the most commonly de-
tected cancer in the Brazilian population, followed by prostate tu-
mors (52,000), female breast (49,000), colon and rectal (28,000),
lung (28,000), stomach (21,000), and cervical (18,000) cancers [3].

Currently, several anticancer drugs are available for cancer
therapy, including cyclophosphamide, camptothecin, mitoxantrone,
podophyllotoxin, vincristine, vinblastine, taxol, and thiotepa [5-7].
However, in many cases, therapeutic success is eluded owing to
failures in therapeutic regimens, high relapse rates, reduced pa-
tient survival, and adverse effects, resulting in an ongoing search
for novel therapeutic agents [8]. Numerous natural products with
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ARTICLE INFO ABSTRACT
Af”'d.? history: Chalcones are open-chain flavonoids characterized by two aromatic rings joined by a three-carbon
Received 2 August 2020 . f3-unsaturated carbonyl system. Over the last several years, chalcones have instigated the interest of

Revised 12 November 2020
Accepred 26 November 2020
Available online 29 November 2020

chemical and pharmacological researchers due to their simple chemical structure and varied biolog-
ical activities. Here, we performed the electronic properties, of the chalcone, (E)-1-(2-hydroxy-3.4,6-
trimethoxyphenyl}-3-(4-methoxyphenyl) prop-2-en-1-one synthesized by Claisen-Schmidt condensation

Keywords: reaction. The density functional theory method was used with the B3LYP/6-3114++4G(d,p) level of theory
Chalcone to compute the structural, electronic, and reactivity properties of the chalcone. In addition, microbiolog-
ATR-FTIR ical tests were performed to investigate the modulator potential and efflux pump inhibition on Staphy-
E"';‘”S lococcus aureus multi-resistant strains. The spectroscopic data analyses allowed drawing the molecular
UKUl

structure of the chalcone synthetized with subsequent confirmation using the quantum chemical calcu-
lations. The addition of chalcone to the growth medium caused a synergic effect by reduction of the
minimum inhibitory concentration (MIC) values for ciprofloxacin strain. Docking results showed that the
chalcone docks in almost the same way as the antibiotic against a MepA model, Druglikeness criteria
based on the rules of Lipinski and Veber evaluated that the chalcone has the ideal physicochemical and
pharmacokinetic properties to be a good candidate for drug orally. The results confirm the structure of
the synthesized chalcone and revealing that the compound can be used as a possible inhibitor of the Mep
A efflux pump.

Efflux pump

© 2020 Elsevier B.V. All rights reserved.

1. Introduction
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Zebrafish is a model animal that is used for neurobehavioral studies. It is an excellent model or-
ganism for pharmacological studies andjor safety research at an early stage of drug development. In
this work, the chalcone (2E, 4E)-1-(2-hydroxy-3.4.6-trimethoxyphenyl)-5-phenylpenta-2,4-dien-1-one,
was synthesized by the Claisen-Schmidt condensation from two natural products: 2-hydroxy-3.4,6-
trimethoxyacetophenone and cinnamaldehyde. The molecular structure of this compound was confirmed

Keywords: by spectroscopic methods such as NMR, Infrared, UV-vis, and quantum chemical calculations. In addition,
RMN the anxiolytic-like effect of the cinnamaldehyde chalcone in adult zebrafish (Danio rerio) was evaluated.
IR The results showed that chalcone caused an approximately 80% reduction in zebrafish locomotor activity

Fukui functions
Anxiolytic-like effect
Zebrafish
Cinnamaldehyde chalcone

and induced maximum permanence of zebrafish in the clear zone [61.16%) at a dose of 0.5 mg kgl-!. The
data suggest that the cinnamaldehyde chalcone has anxiolytic activity.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Zebrafish (Danio rerio) (Fig. 1) are used in behavioral neuro-
science, including research involving the brain and psychopharma-
cology [1]. This fish is a suitable model to study the central ner-
vous system because its genotype has 70% homology with mam-
malian neurotransmitter receptors [2]. Because of the side effects
associated with allopathic drugs, there is a growing interest in the
development of alternative therapies to treat psychiatric disorders
[3]. Natural products were selected over the years with the needed
efficiency and selectivity to reach cellular targets, and would be a
molecular inspiration for medicinal chemists or the source of drugs
with high complex chemical structures. Previous studies demon-

“ Corresponding author: Science and Technology Center - Chemistry Course, State
University of Vale do Acarau, Sobral, Ceard, Brazil. Address: 850 University Avenue,
Sobral, CE 62040370, Brazil.

E-mail address: helcio.silva@uece br (H.S.d. Santos).
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0022-2860/© 2020 Elsevier B.V. All rights reserved.

strated the anxiolytic action of several phytochemical groups such
as polyphenols and chalcones [4-6].

The genus Croton, which belongs to the Euphorbiaceae fam-
ily, is the second largest genus of a large and diverse group of
plants rich in tropical species. Around 712 species of Croton are
recognized [7,8], and they generally have important pharmacologi-
cal properties, which were already reported in literature [9]. The
substance 2-hydroxy-3.4,6-trimethoxyacetophenone (Fig. 1b) was
isolated from Croton anisedontus (Fig. 1a) [10]. This structure can
basically be used to synthesize new chalcones from reactions be-
tween acetophenones and aromatic aldehydes.

Chalcones have at least two aromatic rings linked together by a
three-carbon unsaturated «,8-bond (Fig. 2). Natural chalcones are
precursors of flavonoids and isoflavonoids [11]. They can also be
obtained by organic synthesis. This compound class attracted much
interest because of the wide spectrum of pharmacological activities
that they represent, including antimicrobial [12], antioxidant [13],
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ABSTRACT

The structural, electronic, and optical properties of homogeneous and inhomogeneous Ca; Mg, O alloys are studied with the density
functional theory (DFT) under the assumption of polymorphism. Large supercells (2 x 2 x 2 and above) with different lattice symmetries
and varying Mg molar fraction x were constructed, representing distinct solid phases that may coexist in micro/nanodomains of inhomoge-
neous alloys. We demonstrate that these polymorphs exhibit rich phenomenology like similar formation enthalpies for a given concentration
x, but different electronic and optical properties. For example, Cay sMg, ;O may have crystallites with four possible latlice symmetries using
a2 x 2 x 2 supercell for its description, with bandgaps varying between 3.26 eV (direct) and 4.46 ¢V (indirect). The DFT-simulated X-ray
diffraction shows that polymorphism causes broadening and shift of the diffraction peaks. We also performed a detailed calculation of the
bandgaps, optical absorption, and dielectric constants as a function of x for each polymorph, and they exhibit a structured bandgap behavior
with maxima and minima in the 0.0 <0 x <0 1.0 range, which is in marked contrast to Vegard’s law rule of mixtures, We also report a

direct-to-indirect bandgap transition occurring between 0.072 < x < 0.1094 for the FM3M symmetry.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5053102

I. INTRODUCTION

Tn bulk A; ,B,C alloys, the spatial distribution of the atomic
species can be either homogeneous or inhomogeneous. The homo-
geneous case hA,_B.C is obtained when the whole structure is
well described by a single unit cell (UC) that can be determined by
X-ray diffraction. In contrast, inhomogeneous alloys iA; B,C may
exhibit distinct crystallographic domains or completely random dis-
tribution of the atomic species. In this case, the X-ray diffraction
exhibits broader and shifted peaks as compared to the homoge-
neous alloy. Depending on the thermodynamical conditions during
crystal growth and the formation enthalpies of each type of crystal,
a given symmetry can prevail or coexist with other symmetries
forming a polycrystalline structure. The empirical Vegard's law
for a solid solution of two constituents,” which proposes a linear
dependence on x for the lattice parameters and energy bandgaps, is
regularly used to describe the physical properties of homogeneous
alloys. However, the associated polymorphism in inhomogeneous
alloys rules out the application of Vegard's law. Therefore, new

methods to study alloys considering the possibility of polymor-
phism are necessary.

Theoretical solid state usually applies constraints such as
translational symmetry, Bloch’s theoren, and small UCs in order
to reduce the complexity of the calculations. However, the forma-
tion of A;_,B,C alloys from the ordered solids AC and BC is inevi-
tably associated with a loss of long-range order. Alloyed materials
break translational symmetry, complicating the definition of a band
structure. From a given concentration x, one can construct a per-
fectly random or a perfectly ordered alloy A,_,B,C, or any inter-
mediate state. Thus, the most appropriate method to deal with
alloyed materials is the supercell (SC) approach. The larger the
supercell, the larger the number of accessible x concentrations. I is
also possible to investigate different crystal structures for a given
value of x." The disadvantage of the SC method is the increasing
complexity of the calculations and the Brillouin zone folding due to
the use of large SCs in real space, which results in Brillouin zones
(BZs) smaller than the BZ of the smallest UC in real space, projecting

J. Appl. Phys. 125, 155102 (2019); doi: 10.1063/1.5053102
Published under license by AIP Publishing

125, 155102-1
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ABSTRACT

The obtaining of bis-quinine, a novel alkaloid dimer, has been successfully achieved starting
from guinine and the raw coconut juice (Cocos nucifera) as biocatalyst dimerization-like reaction,
in mild conditions, with a mass yield of 64.7% in 72h. The structural elucidation was made
based on the spectral data, mainly by a high-field NMR and a mass spectrometry. In a second
step, theoretical calculations were performed, an optimised energy structure of the new com-
pound was obtained, the energy gap of the boundary orbitals (HOMO and LUMO) as well as

the chemical reactivity descriptors were estimated.

GRAPHICAL ABSTRACT

1. Introduction

In the recent decades, the current model of economic,
scientific and technological development, combined
with unrestrained consumerism, has generated a sig-
nificant increase in the consumption of goods and raw
materials, as well as an unbridled growth in industrial
production and the usage of synthetic chemicals (Chi
et al. 2019). This actions have generated an unseen
picture of environmental degradation leading to an
environmental crisis. Therefore, It is necessary to
develop processes and actions that would minimise
the harmful entropic effects in the natural and human
environments (Faber et al. 2019; Schwarz 2017).

With the purpose to maintain and improve the
quality of life around the planet and considering the
need for continuous sustainable economic, social and
environmental developments, a new chemical conduct
would become imperative for the improvement of the
techniques and methodologies with the rising gener-
ation of toxic residues and effluents. This particular
trend, known as Green Chemistry, can be defined as
"the creation, development and application of

ARTICLE HISTORY
Received 23 August 2020
Revised 7 May 2021
Accepted 23 May 2021

KEYWORDS

Quinine; biotransformations;
crude enzyme;

caconut water

chemicals, as well as the processes to reduce or elim-
inate the use in the generation of substances that are
harmful to human health and the environment"
(Iravani 2011; Lazar 2008; Lewandowski 2014). Hence,
this previously mentioned way, provides enzymes that
will increasingly replace many conventional catalysts,
since they are a sustainable path, because they are
ecologically more viable. The usage of enzymes (iso-
lated from vegetables or microorganisms) as catalysts
to promote specific changes in a given substrate, is
known as biocatalysis, which is considered an interdis-
ciplinary area by correlating studies in organic chemis-
try and biology, therefore, contributing to the
development of new synthetic strategies with the use
of easily accessible raw materials (Sheldon and
Woodley 2018).

Previous studies have reported the presence of
enzymes in all parts of fruits that have been used as
biocatalysts in several organic reactions (Chittamuru et
al. 2016). Research continues to find sources of
enzymes in the Brazilian plants for a later use in bioca-
talysis, such as the juice of Cocos nucifera L. Among

CONTACT Aluisic M. Fonseca @ aluisiomf@unilab.edu.br e Institute of Exact and Nature Sciences - ICEN, University for the International Integration of
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Chalcones and their derivatives have been widely studied at research institutions and industries, in o~
der to verify their biological properties against various diseases. In this work, it was carry out the
synthesis of chalcones (E)-3-(furan-2-y1) -1- (2-hydroxy-3,4,6-trimethoxyphenyl) prop-2-en-1-one (HYT-
FURFURAL) and (E) -1- {(2-hydroxy-3,4-dimethoxyphenyl) -3-({thiophen-2-yl) prop-2-en-1-one (HYTTHIO-
PHENE) by Claisen-Schmidt aldolic condensation reaction. The molecular structures of these new het-
eroaryl chalcones have been elucidated and characterized by 'H and "*C Nuclear Magnetic Resonance,
Fourier transform Raman (FT-Raman), Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR},
and Ultraviolet-Visible (UV-Vis) spectroscopy. Calculations using the Functional Density Theory (DFT)
were performed to predict the vibrational wavenumbers and to obtain the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital) molecular orbitals, and starting from
them, the quantum descriptors: vertical ionization energy (1), vertical electron affinity (A), chemical po-
tential (j4), electronegativity (x ), global hardness (»), and electrophilicity index (). Antimicrobial and
modulatory antibiotic activities of these chalones were also investigated. The mechanism of the NorA
and MepA efflux pump inhibition was also studied by means of molecular docking. The HYTFURFURAL
and HYTTHIOPHENE chalcones did not present intrinsic activity against the tested bacterial strains; how-
ever, they were able to potentiate the activity of norfloxacin against the SAT199B (NorA) strain, as well
as the activity of ciprofloxacin against the K2068 (MepA) strain. These results indicate that the HYT-
FURFURAL and HYTTHIOPHENE chalcones are promising compounds as adjuvants to the norfloxacin and
ciprofloxacin antibiotics in the treatment of infections caused by S. aureus.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

rious harm to the health of patients with multidrug-resistant in-
fections, with an orderly death rate corresponding to 6% of the to-

The societal burden of bacterial infections has increased in re-
cent years, and from the moment we began to use antibiotics
clinically, pathogenic bacteria began to resist them. These bacte-
ria have spread across the globe and have now become a problem
for healthcare systems, causing not only financial damage, but se-

+ Corresponding author. Department of Biological Chemistry, Regional University
of Cariri, Campus Pimenta II, CEP: 63.100-000, Crato, CE, Brazil.
E-mail address: alexandre.teixeira@urca.br (A.M.R. Teixeira).

https://doi.org/10.1016/j.molstruc.2020.129403
0022-2860{© 2020 Elsevier B.V. All rights reserved.

tal of these infections. Furthermore, the financial losses reach ab-
surd heights. In the European Union, treatment costs caused by
multidrug-resistant bacterial diseases reached up to 1.6 billion Eu-
ros, and days of prolonged hospitalization due to the same prob-
lem cost can reach up to 2.5 million Euros [1]. In this sense, strate-
gies involving the development of new antimicrobial molecules is
paramount,

Nature provides us with a broad spectrum of bioactive
molecules that can serve as a structural blueprint for rational
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In this work, an ibuprofen derivative 2-{4-isobutylphenyl) -N'-phenylpropanchydrazide (ACPHZN) was
synthesized and characterized by NMR, ATR-FTIR, FT-Raman, and UV-Vis spectroscopy, while their struc-
tural and spectroscopic properties were investigated using DFT calculations, In vive study using animal
model in an adult Zebrafish {(Danio rerio), and molecular docking was performed. In addition, molecular
descriptors of the properties of absorption, distribution, metabolism and excretion, and toxicity (ADMET)
were obtained. The data calculated for ibuprofen derivative are in accordance with the experimental val-
ues. From the assays in adult zebrafish, it was found that the ibuprofen derivative was non-toxic and ex-
hibited analgesic properties through the TRPA1, TRPYV1 and TRPMS channels. Molecular docking revealed

Keywords:
Tbuprofen derivative
Vibrational spectroscopy

UV-Vis six interactions of ACPHZN with residues of the capsaicin binding site, and a more favorable affinity en-
XSIIVTE#]M docking ergy (-9.0 kcal { mol). ADMET studies suggest that ACPHZN has a pharmacological principle as an oral

drug based on a longer half-life in the human body.
© 2021 Elsevier B.V. All rights reserved.

1. INTRODUCTION Its prolonged use results in gastrointestinal ulceration, bleeding,
and nephrotoxicity [5]. This compound has been used to produce

Ibuprofen (C;3H;g0;) with the chemical name 2-(4- hybrid molecules through a two-carbon ethyl bridge [6]. The

isobutylphenyl)propanoic acid is a non-steroidal anti-inflammatory
drug (NSAID) that has analgesic, antipyretic, and anti-inflammatory
activity [1,2]. It is mainly known for its use in arthritis pain [3,4].
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preparation of new hybrid molecules stem from a lead compound
can improve its pharmacokinetic parameters resulting in the
discovery of safe drugs, or at least with fewer side effects.
Traditional NSAIDs, such as ibuprofen, contain a free carboxylic
acid group, which is appointed as responsible for gastrointestinal
damage for long-term use [7]. A strategy to eliminate this effect is
to obtain ibuprofen derivatives without the carboxylic acid group
[7.8]. Lolli et al. showed that ibuprofen derivatives reduced gastric
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ABSTRACT

Chagas disease infects approximately seven million people worldwide. Benznidazole is effective only in
the acute phase of the disease, with an average cure rate of 80% between acute and recent cases.
Therefore, there is an urgent need to find new bioactive substances that can be effective against para-
sites without causing so many complications to the host. In this study, the triterpene 3[-63-16[-trihy-
droxilup-20 (29)-ene (CLF-1) was isolated from Combretum leprosum, and its molecular structure was
determined by NMR and infrared spectroscopy. The CLF-1 was also evaluated /n vitro and in silico as
potential trypanocidal agent against epimastigote and trypomastigote forms of Trypanosoma cruzi (Y
strain). The CLF-1 demonstrated good results highlighted by lower ICsq (76.0£8.72 uM, 75.1£11.0 uM,
and 70.3 £45.4 M) for epimastigotes at 24, 48 and 72h, and LCsq (71.6+11.6 pM) for trypomastigotes
forms. The molecular docking study shows that the CLF-1 was able to interact with important
TcGAPDH residues, suggesting that this natural compound may preferentially exert its effect by com-
promising the glycolytic pathway in T. cruzi. The ADMET study together with the MTT results indicated
that the CLF-1 is well-absorbed in the intestine and has low toxicity. Thus, this work adds new evi-
dence that CLF-1 can potentially be used as a candidate for the development of new options for the
treatment of Chagas disease.
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1. Introduction

Chagas disease is a tropical disease caused by the
Trypanosoma cruzi parasite, classified as neglected by the
World Health Organization (WHO). Currently, there are
approximately seven million people infected in the world,
and it is estimated that 70 million people will be able to
contract this disease (Chatelain & Jean-Robert, 2011).
Benznidazole is the only drug used in Brazil for the treat-
ment of Chagas disease. It is effective only in the acute
phase of the disease, with an average cure rate of 80%
between acute and recent cases. Benznidazole has significant
side effects such as skin reactions, fever, atopic dermatitis,
erythematous, light-sensitive rashes, purple, weight loss, and
gastrointestinal disorders in the first weeks of treatment
(Coura & Borges-Pereira, 2012). Thus, there is a need to

search for new bioactive substances that promote greater
control of parasites without causing so many complications
to the host. During the past few years, isolated triterpenes
from different plant species have been reported in the litera-
ture because they have a variety of biological activities
(Akihisa et al, 1996; Dzubak et al., 2006; Topgu, 2006).
Among the bioactive triterpenes isolated from plants, it
can be highlighted the pentacyclic triterpene of the lupine
class 3f3, 6B, 16p-trihydroxilup-20(29)-eno (CsyH5003, hereafter
named CLF-1) isolated from Combretum leprosum (Figure 1),
a shrub plant, found in the Northeast region of Brazil, popu-
larly known as “mufumbo”, " mofumbo ” or “cipoaba” (de
Sousa Lira et al., 2002) which has received attention due to
its great pharmacological importance, evidenced by its anti-
oxidant, anti-inflammatory, antiviral, antiparasitic,
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