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RESUMO

A eletrogquimica molecular tem se mostrado Gtil para caracterizar reacfes redox e decifrar
mecanismos reacionais associados a transferéncia de elétrons. As quinonas representam uma
ampla e variada familia de metabolitos de distribuicdo natural, assim como produtos sintéticos.
O interesse por estas substancias tem aumentado, ndo sé devido a sua contribuicdo nos
processos bioquimicos vitais, mas também no destaque cada vez maior para suas atividades
bioldgicas, farmacoldgicas e tecnoldgicas. Apesar dos varios efeitos benéficos, as quinonas
também s&o consideradas toxinas. E justamente esse comportamento duplo (pré-oxidante
versus antioxidante) que confere a essa classe de compostos uma peculiaridade de grande
interesse para 0s pesquisadores, especialmente na quimica medicinal. Os compostos
fluorescentes sdo moléculas de forte aplicacdo tedrico-tecnoldgica. Tém sido amplamente
utilizados como sondas em andlise quimica in-vitro ou in-vivo, corantes a laser e em aplicacdes
terapéuticas. Suas propriedades eletroquimicas sdo parametros de escolha analitica-
mecanistica-tedrica, devido a relevancia do processo de transferéncia de elétrons (TE), na sua
ativacdo. Estes sdo passiveis de controle e estrutura-dependentes. A substituicdo em diferentes
posicOes afeta o ambiente eletrdnico em torno do nicleo BODIPY, causando mudancas
caracteristicas nos potenciais de oxidacao e reducao e em outras propriedades fisico-quimicas.
Tanto as quinonas quanto os BODIPYS sdo moléculas bioativas promissoras, com destaque
como prototipos candidatos a farmacos ou a sondas. Neste trabalho investigou-se o
comportamento eletroquimico, in vitro, de quinonas hibridas e nitrosil-BODIPYS, em meio
aprotico (ACN ou DMF + TBAPFs 0,1 mol L), a fim de obter dados sobre seus mecanismos
redox, intermediarios eletrogerados e interacdo com macromoléculas bioldgicas. As técnicas
eletroquimicas utilizadas foram voltametria ciclica e voltametria de pulso diferencial, em
eletrodo de carbono vitreo (d = 3 mm), o contra-eletrodo era um fio de platina e o eletrodo de
referéncia, Ag | AgCl, CI” (saturado). Investigamos quatorze quinonas acriladas e via
comparacdo entre potenciais de reducdo e atividades bioldgicas, notou-se que as mais
eletrofilicas (potenciais de reducdo mais positivos), apresentaram uma maior atividade
tripanocida (ICso/24 h, inferior a cerca de 300 uM), com excecdo de uma delas. Além de uma
aparente correlacdo entre a presenca de um grupo eletrorretirador, como o cloro, com reducao
mais facilitada, e uma atividade bioldgica mais elevada, portanto, mais promissora na luta
contra o Trypanosoma cruzi, ha também uma faixa ideal para o potencial de reducdo. No meio
aprético empregado, todos os compostos, com valores de potencial de reducéo de primeira onda
(Eplc), em torno de —0,5 V ou mais positivos, foram ativos. Esses compostos, facilmente
redutiveis, podem ser considerados como "altamente oxidantes™ neste contexto biolégico, com
repercussdes na atividade tripanocida. Foram investigados BODIPY's nitrosilados nas posi¢des
a- (5-nitrosil) e B- (6-nitrosil). A localizagdo do grupo NO em o ou P afeta fortemente as
estruturas eletrénicas e o comportamento redox. Por meio da espetroeletroquimica associada a
analise por métodos computacionais (CDFT) corroboram os resultados voltamétricos e
explicam as diferencas inesperadas de reatividade dos compostos. O grupo nitrosila é o primeiro
a ser reduzido no 5-nitrosil-BODIPY, enquanto no isdmero B-, o grupo nitrosila facilita
fortemente a redugdo que ocorre no sistema BODIPY. Os casos de investigacdo
farmacoeletroquimica aqui estudados revelam que a compreensdo dos mecanismos
eletroquimicos de transferéncia de elétrons in vitro e a obtengdo de pardmetros termodinamicos
e cinéticos sédo Uteis na compreensdo de varios processos que podem ocorrer em nivel biologico.
Este é um ponto fundamental para o desenvolvimento de moléculas bioativas, candidatas a
prototipos de novos farmacos, especialmente quando sofrem bioativacéo por reacdes redox.

Palavras-chave: Eletroquimica Organica; Quinonas hibridas; Derivados BODIPY;
Voltametria ciclica; Mecanismos eletrodicos.



ABSTRACT

Molecular electrochemistry is useful for characterizing redox reactions and deciphering
reactional electron-transfer-associated mechanisms. Quinones represent a wide and diversified
family of natural metabolites, along with synthetic ones. The interest in these substances has
increased due to their contribution to vital biochemical processes and increasing prominence
for their biological, pharmacological and technological activities. Despite several beneficial
effects, quinones are also considered toxins. It is precisely this dual behavior (pro-oxidant
versus antioxidant) that enlarge the interest of researchers, especially in medicinal chemistry.
Fluorescent compounds are theoretically and technological attractive and have been widely
used as sensors for in-vitro or in-vivo chemical analyses, as laser dyes, and for therapeutic
applications. Their electrochemical properties, adjustable and structurally-dependent, are
analytically, mechanistic and theoretically- relevant parameters, once the electron transfer
processes (ET) drive the activation of these classes of compounds. Substitution at different
positions affects the electronic environment around the BODIPY core, causing characteristic
changes in oxidation and reduction potentials and other physicochemical properties. Both
quinones and BODIPYS are promising bioactive molecules that may evolve as prototypes for
drugs or probes. This work investigated the electrochemical behaviour, in electrochemical cells,
of hybrid quinones and nitrosyl-BODIPYss, in an aprotic medium (ACN or DMF + TBAPFs 0.1
mol L) to obtain data on their redox mechanisms, electrogenerated intermediates, formation
of reactive oxygen species, and interaction with biological macromolecules. The
electrochemical techniques used were cyclic voltammetry and differential pulse voltammetry
on vitreous carbon electrodes (d = 3 mm). The counter electrode was a platinum wire, and the
reference electrode, Ag | AgCl, Cl— (saturated). We investigated fourteen acrylated quinones,
and by the comparison among reduction/oxidation potentials and biological activities, it was
noted that the most electrophilic (more positive reduction potentials) presented the highest
trypanocidal activity (Clso/24 h, less than about 300 uM), except for one of them. An apparent
correlation between the presence of an electron-withdrawing group, such as chlorine, with an
easier reduction and a higher biological activity, appeared, together with an ideal range for the
reduction potential. In the aprotic medium employed, all compounds, with first wave reduction
potential values (Eplc), around -0.5 V or more positive, were active. These compounds can be
considered "highly oxidizing" in this biological context, with consequences on trypanocidal
activity. Nitrosylated BODIPYs were investigated at a- (5-nitrosyl) and B- (6-nitrosyl). The
location of the NO group on a or 3 strongly affects the electronic structures and redox behavior.
Spectroelectrochemistry associated with computational studies (Conceptual Density analysis
and Functional Theory (CDFT)) corroborate the voltammetric results and explains the
unexpected reactivity differences. The nitrosyl group is the first to be reduced in 5-nitrosyl-
BODIPY, while in the B-isomer, the nitrosyl group strongly facilitates the reduction of the
BODIPY moiety. The results unveil that the understanding of the electrochemical mechanisms
and the measurement of thermodynamic and kinetic parameters are useful as mimics of the in-
vivo processes. This is a solid point for the planning and development of redox-based
biologically active compounds.

Keywords: Organic Electrochemistry; Hybrid Quinones; BODIPY derivatives; Cyclic
Voltammetry; Electrodic Mechanisms
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1 INTRODUCAO

A eletroquimica estuda fenébmenos de transferéncia de elétrons, isto é, as reacOes de
oxirreducdo. Do ponto de vista bioldgico, processos fundamentais a vida, como a respiracdo
celular, neuro-transmissdo e fotossintese sdo governados ou estimulados por reacGes
oxidorredutivas (MENG et al., 2017).

A eletroquimica molecular tem sido atil na busca da compreensdo dos mecanismos
moleculares de acdo de farmacos bioativos via reducao e/ou oxidacéo, além de outras aplicacfes
relacionadas a medicina redox. O comportamento redox de farmacos em diferentes situagdes
clinicas pode se relacionar a cura ou ao agravamento de doengas. Diagndsticos clinicos podem
ser realizados a partir do conhecimento da eletroquimica. Além disso, essas informacdes sdo
Uteis no estudo e planejamento de protétipos candidatos a farmacos, especialmente em casos
onde a bioativacao redox se mostra essencial ao mecanismo molecular de agcdo (SOUZA, 2003)

H& um interesse cada vez maior em compostos bioativos isolados de fontes naturais,
principalmente os extraidos de plantas, bem como se almeja a obtencdo de farmacos seguros,
eficazes e seletivos. Neste contexto, as quinonas ocupam um lugar de destaque em quimica
medicinal pela ampla variedade de atividades biologicas j& descritas na literatura. Elas estéo
presentes em quase todas as formas de vida e suas propriedades redox explicam seu
comportamento duplo, pré-oxidante e antioxidante (MALTA, 2000).

Outra classe de compostos de grande interesse biolégico sdo os fluorescentes, os quais
podem atuar como sondas redox. Um exemplo séo os borodipirrometenos (BODIPYS), os quais
contém o ndcleo 4,4-difluoro-4-bora-3a,4a-diaza-s-indaceno. Eles apresentam propriedades
eletroquimicas ajustaveis e com substituicio em diferentes posi¢cbes em torno do ndcleo
BODIPY, mudancas caracteristicas nos potenciais de oxidacdo e reducao podem ser observadas
(LAKOWICZ, J. R., 2013).

Dessa forma, tanto quinonas quanto BODIPY'S sdo moléculas redox-ativas promissoras
para prototipos candidatos a farmacos ou a sondas. Este trabalho visa apresentar as
contribuic6es da eletroquimica molecular para a quimica medicinal, enfatizando a importancia
de compostos com multiplas funcionalidades redox para aplica¢cbes na medicina e as possiveis
correlagdes dos dados eletroquimicos com os bioldgicos. Alem disso, almeja-se apresentar o
estado da arte no campo da medicina redox e interfaces relevantes.

A presente tese divide-se em 6 capitulos e referéncias. Na introducdo, séo apresentados
conceitos e justificativas para o presente estudo. No segundo capitulo, faz-se uma revisdo

sucinta da importancia da eletroquimica molecular em quimica medicinal, uma rapida descri¢do

11



das técnicas eletroquimicas utilizadas e das substancias submetidas a investigacdo: quinonas e
BODIPYS. O capitulo 3 relaciona-se aos objetivos e em 4, descreve-se materiais e métodos.

No capitulo 5 sdo representados pelos artigos resultantes da tese, com o capitulo 6 relativo a
conclusoes.
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2 REVISAO BIBLIOGRAFICA

2.1 Eletroquimica molecular: uma éarea de interface e inUmeras possibilidades de

reconhecimento das estabilidade e reatividades moleculares

Eletroquimica ¢ a ciéncia das reacGes de transferéncia de carga elétrica que ocorrem sob
a influéncia de um gradiente de potencial eletroquimico. Tais reacdes podem acontecer em uma
interface heterogénea, onde a substancia redox interage fisicamente e/ou quimicamente com 0s
demais componentes do meio, ou mesmo com as interfaces. Essas interacbes podem ser
evidenciadas por meio de perturbacgdes controladas ao sistema, como por exemplo, a aplicacéo
de uma diferenca de potencial e as medidas, conhecidas por sinais eletroquimicos, que podem
ser relacionadas com pardmetros intrinsecos da substancia avaliada (PACHECO,2013;
SKOOG, 2009).

Do ponto de vista bioldgico, a transferéncia de elétrons é fundamental para a explicacao
de processos essenciais a vida, como a respiracao celular, a neurotransmisséo e a fotossintese.
Esses e outros processos sdo governados ou estimulados por reagdes oxidorredutivas, as quais
garantem fungdes vitais e a integridade celular, auxiliando, assim, o desenvolvimento das areas
quimico-farmacéutica, farmacoldgica, toxicoldgica e biomédica, em geral (SIES, H. et al.,
2017).

Novos estudos em eletroquimica estdo cada vez mais voltados para os sistemas naturais
a fim de compreendé-los, imita-los ou explora-los (SAVEANT; CONSTENTIN, 2019). Existe
uma série de semelhancas entre as reacdes bioldgicas e as eletroquimicas, tais como: a natureza
heterogénea (interface eletrodo-solucdo, enzima insollvel-solucdo); os processos podem
ocorrer tanto em meio aquoso, quanto nao-aquoso; em temperaturas similares; como também
0S processos requerem uma orientacdo especifica dos substratos (FORTI et al., 2003). Além
disso, através dos métodos eletroquimicos, € possivel simular alguns pardmetros importantes
do ambiente biol6gico, tais como: valores de pH e conteido de oxigénio na célula
eletroquimica.

A eletroguimica molecular, mais particularmente, tem se mostrado Util para caracterizar
reacOes redox e decifrar mecanismos reacionais associados a transferéncia de elétrons em
compostos de interesse bioldgico e farmacoldgico. Relaciona-se fortemente com a medicina
redox (SILVA etal., 2017; SQUELLA, et al., 2006).

Os potenciais de oxidacdo ou de reducdo obtidos por técnicas eletroquimicas, trazem

informacdes sobre a viabilidade dos processos de transferéncia de elétrons (TE) in vivo ou in
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vitro. Algumas correlages ja divulgadas na literatura entre Epc (potencial de reducao catodico),
Em (potencial em meia altura de onda) ou Eredox (potencial redox), (Epc+ Epa)/2 (para sistemas
reversiveis) ou Epc-Epc/2(para sistemas irreversiveis), e atividades biolégicas (DE ABREU et
al.,2002; DE PAIVA et al.,, 2015) também corroboram com a importancia de técnicas
eletroquimicas na elucidacdo de mecanismos de compostos bioativos.

Assim, por meio da eletroquimica é possivel obter dados relativos aos produtos de
reducdo e/ou oxidacdo, a estabilidade dos intermediarios eletrogerados e/ou interacbes com
alvos bioldgicos importantes. Essas informacdes sdo relevantes para o entendimento dos
mecanismos de acdo bioldgica, em nivel molecular (SOUZA, 2011).

A figura 1 reforca as possibilidades de aplicacGes da eletroquimica molecular para a
quimica medicinal e bioldgica, bem como as interessantes associacdes com métodos

espectofotométricos, fluorimétricos e computacionais.

Figura 1- Possibilidades do uso da eletroquimica em quimica medicinal.

! | Imitar metabolismo de drogas e reativacées de
/ metabdlitos; biomoléculas para ensaios clinicos
\ 4 . Instrumentagdo Avangada: Eletroquimluminescencia e

|| espectroeletroquimica, fluorescéncia de moléculas
Unicas

. Desenvolvimento de terapéutica seletiva
/ redox e estudos de mecanismos reacionais

| Sondagem eletroquimica da interacdo
/ ligante-alvo

Eletroquimica _
Medicinal .

| Impressao digital metabdlica oxidativa de
/ "/ uma molécula em um tempo muito curto

| Correlagdo dos parametros eletroquimicos e dados
/ biolégicos Investigacdo computacional

Fonte: Autora desta tese, 2022.
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2.2 Métodos eletroquimicos

A eletroquimica esta relacionada a fenbmenos quimicos associados a separacdo de
cargas. Muitas vezes, esta separacdo leva a transferéncia de carga, que pode ocorrer
homogeneamente em solucdo, ou heterogeneamente, na superficie do eletrodo (BRETT e
BRETT, 1996).

As técnicas voltamétricas sdo muito utilizadas no estudo eletroquimico de uma grande
numero de compostos, inclusive quinonas e bodipys, tanto em meio aprético, quanto em meio
prético (BRITO, 2011; WANG et al., 2010; Silva, T. L. et.al., 2016). Duas importantes técnicas
eletroquimicas, voltametria ciclica e voltametria de pulso diferencial, descritas a seguir, foram

de fundamental importancia no desenvolvimento do trabalho.

2.2.1 VVoltametria Ciclica

Os fénomenos quimicos associados a transferéncia de elétrons ocorrem de duas
maneiras: heterogénea (superficie do eletrodo) e homogénea (solucdo) (BRETT & BRETT,
1996).

Dentre as varias técnicas eletroquimicas existentes, a voltametria ciclica € uma das mais
empregadas nas analises, pois, permite obter informacGes sobre as reacdes de transferéncia
eletrbnica, analisar a reatividade quimica das espécies eletrogeradas e identificar espécies
presentes em solucdo, com a obtencdo de dados cinéticos e, por fim, auxilia na elucidacéo do
mecanismo eletrédico em questdo (BRETT, 1996; BARD, 1990).

A voltametria ciclica (VC) é uma técnica de varredura reversa de potencial, em que o
potencial aplicado ao eletrodo é variado numa velocidade conhecida e, ao atingir o potencial
final desejado, a varredura é revertida ao valor inicial, na mesma velocidade. E obtido, como
resposta a essa perturbacdo, por exemplo, um par de picos, catodico e anddico (Tabela 1).
Portanto, em um espectro eletroquimico, o potencial no qual o processo de transferéncia

eletrbnica (TE) ocorre, pode ser facilmente obtido.
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Tabela 1-Técnica de VC. Perturbacdo aplicada e resposta obtida.

Respostas Obtidas

Perturbacéo Aplicada , _
Onda Reversivel Onda Irreversivel

POTENCIAL APLICADOD 5

TEMRO

02 01 0 01 02
n(E-EHIV

Fonte: Adaptado de BRETT et al., 1996.
De posse dos parametros eletroquimicos mais importantes, ou seja, 0s potenciais de pico
catodico e anddico (Epc e Epa), as correntes de pico catddico e anddico (Ipc e Ipa) e 0s potenciais

de meia onda (Ep,,) pode-se analisar o processo eletrodico ocorrido.

A anélise da dependéncia do potencial e da corrente de pico com a variacdo da
velocidade de varredura, com a concentragdo da substancia eletroativa e a partir da adicéo de
eletrofilos, nucleofilos ou protons, com base em testes diagnosticos, permite obter informacdes
importantes, como reversibilidade e irreversibilidade do processo de transferéncia eletrénica, a
verificacdo da presenca de reacfes quimicas acopladas, de adsorcao e de fendmenos cataliticos,
além de se poder caracterizar o fenémeno que controla a corrente de pico, ou seja, difuséo,
migracao ou convecgao.

Os testes diagnosticos para a caracterizacdo de um processo reversivel estdo descritos
na Tabela 2. Na maioria das vezes, a propria feicdo da onda é indicativa de processo reversivel:
a presenca de um par de picos (catédico e anddico) de mesma altura, com potenciais de pico
separados por uma distancia de 59/n mV (n = n° de elétrons), caso as espécies oxidada e
reduzida sejam estaveis. J&, um sistema irreversivel é evidenciado pela completa auséncia do

pico reverso, apesar de esse ndo ser o Unico critério de analise.
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Tabela 2-Testes diagndsticos em VVC para processos reversiveis (1), irreversiveis (2) e quase

reversiveis (3).

Processos reversiveis | Processos irreversiveis (2) Processos Quase-reversiveis

(1) 3

AEp = Epa— Epc =59/n | Auséncia de pico reverso lpa/lpc =1 se = 0,5

mV |Ep — Epr2| = 48/an mV lpocv

|Ep — Epr2| = 59/n mV Epc desloca —30/an mV por | Epcdesloca negativamente com
[Ipal lpc| = 1 década de aumento de v aumento de v

Ep € independente de v | | 12 AEp= 58/n mV e aumenta com
lpocv/2 V.

Fonte: Adaptado de Greef et al., 1985
A influéncia da velocidade de varredura sobre a corrente e o potencial, em um processo
de transferéncia eletronica reversivel, pode ser observada na Figura 2, onde a corrente aumenta

com o0 aumento da velocidade de varredura (GREEF et al., 1985).

Figura 2-Voltamogramas ciclicos mostrando diferentes velocidades de varredura

Corrente

0.1 0.2
Potencial

Fonte: Adaptado de GREEF et al., 1985.

2.2.2. Voltametria de Pulso Diferencial

A voltametria de pulso diferencial (VPD) é uma técnica extremamente usada em
medidas, a niveis de tracos, de espécies organicas e inorgénicas. O degrau de potencial é a base
deste tipo de voltametria (WANG, 2000).

As técnicas de pulso foram desenvolvidas inicialmente para o eletrodo gotejante de
mercurio, onde o objetivo era sincronizar os pulsos com o crescimento da gota e reduzir a

contribuigéo da corrente capacitiva por amostragem da corrente no fim da vida da gota. Depois
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de se aplicar o pulso diferencial, a corrente capacitiva decresce mais rapidamente que a corrente
faradéica, assim, acorrente € medida no fim do pulso aplicado. Este tipo de amostragem tem a
vantagem do aumento da sensibilidade, apresentando, em consequéncia, melhores
caracteristicas para aplicacdes analiticas (BRETT e BRETT, 1996).

Em voltametria de pulso normal (VPN), escolhe-se um valor base de potencial, Ebase,
normalmente onde ndo h& reacdo faradaica, e aplica-se ao eletrodo. A partir desse valor,
aplicam-se pequenos pulsos de amplitude crescente, sendo 0 aumento da amplitude sempre
igual. A corrente é medida no fim de cada pulso, cuja duracdo varia normalmente entre 5 a 100
ms; o intervalo entre os pulsos é de 2 — 4 s.

A técnica de pulso diferencial é bastante semelhante a de pulso normal, mas com duas
diferencas importantes: 1) o potencial-base é aumentado entre os pulsos, sendo esses aumentos
iguais e 2) a corrente ¢ medida imediatamente antes da aplicacdo do pulso e no fim deste,
registra-se a diferenca entre as duas correntes. Como VPD é uma técnica diferencial, a resposta
é semelhante a primeira derivada de um voltamograma diferencial, isto €, um pico.

A Figura 3 ilustra o0 esquema (potencial vs tempo), para a voltametria de pulso diferencial
(BRETT e BRETT, 1996).

Figura 3 - Esquema de aplicacdo de potenciais voltametria de pulso diferencial — VPD

El JL%HE

«—T—>  (t-7)~5-50ms

et—>

-
>

!

Fonte: Adaptado de BRETT et al., 1996.

2.2.3. Espectroeletroquimica

Em termos de praticidade, eficiéncia e rapidez, nas ultimas duas décadas, as técnicas
espectroeletroquimicas (ou seja, a associagdo simultdnea de métodos espectroscopicos com
eletroquimicos) foram exploradas em diversas aplicagdes, desde quimica inorgénica e organica
até bioquimica. Tais combinacfes de técnicas eletroquimicas e espectroscopicas contribuiram
para a elucidacdo dos mecanismos de reacao de transferéncia de elétrons e para a compreenséo
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de estados moleculares fundamentais nas interfaces. As experiéncias espectroeletroquimicas
sdo frequentemente usadas para caracterizar estruturalmente um estado redox intermediéario,
além de serem mais rapidas que a eletrdlise, por exemplo (KEYES; FORSTER, 2007).

A luz na faixa UV/VIS, ou seja, de 190 a 700 nm, pode promover a excitacao de estados
eletronicos em espécies atdbmicas e moleculares em fases gasosa e em solugdo, e em outros
meios. Como tal, representa uma valiosa sonda da estrutura e propriedades dos materiais. A
Espectroeletroeletroquimica UV/VIS refere-se coletivamente a uma ampla gama de técnicas
que empregam radiacdo nesta frequéncia para o estudo das propriedades opticas de solucdes
eletronicas e eletrolitos, particularmente aquelas induzidas por mudancas no potencial aplicado
entre interfaces eletrodos-solugdes. Implicita nesta definicao esta o fato de que as medidas sdo
realizadas in situ, ou seja, com o eletrodo imerso na solucdo sob controle do potencial.
Particularmente favoraveis a investigacdo espectroeletroquimica UV/VIS sdo processos
eletrodicos que geram espécies sollveis que absorvem radiacdo nesta regido espectral, e
provocam variagdes espaciais no indice de refracdo, ou nas propriedades opticas das interfaces.
A dependéncia da absortividade molar nos comprimentos de onda do composto em anélise é
especifico para cada cromdéforo e permite identificar e monitorar as espécies envolvidas na
reacdo eletroquimica (SCHERSON et al., 2000).

As metodologias em espectroeletroquimica UV/VIS necessitam uma configuracdo
especial com componentes opticos, que irradiam as solucdes na cela eletroquimica e apds

interacdo com a solucdo eletrolitica redireciona o feixe luminoso para a deteccéo.

19



2.3 Substéancias bioeletroativas, pro-farmacos e pro-fluorescentes

2.3.1 Quinonas

As quinonas tém sua estrutura formada por grupos carbonila o,-insaturados conjugados
em anéis de seis membros e sdo produtos de oxidacdo de dois elétrons de 1,2- e 1,4-difendis
aromaticos (KUMAGAI et al., 2012).

Essa classe de compostos é dividida em trés categorias principais, de acordo com sua
estrutura molecular utilizando-se como critério o tipo de sistema aromético que sustenta o anel
quinonoidico:  benzoquinonas (anel benzénico); naftoquinonas (anel naftalénico);
antraquinonas (antracénico linear ou angular), respectivamente exemplificadas na Figura 4 (EL-
MAGHRABEY et al., 2021; LOPEZ et al., 2015). Com um mesmo tipo de anel, dependendo
dos arranjos das carbonilas, pode-se ter diferentes tipos de quinonas. No entanto, diversos
estudos mostram que estas formas isoméricas diferem consideravelmente em suas atividades
fisicas, quimicas e bioldgicas, bem como nas suas propriedades farmacoldgicas (DA SILVA;
FERREIRA; DE SOUZA, 2003; DA SILVA; FERREIRA, 2016).

Figura 4 - Benzoquinonas, naftoquinonas e antraquinonas, respectivamente

sHeclecs

Fonte: Autora desta tese, 2022.

Sdo0 muito difundidas na natureza e desempenham uma variedade de fungdes
bioquimicas e fisiologicas (MONKSET al., 2002; ASCHEET al.,2006). Sdo componentes da
cadeia bioldgica de transferéncia de elétrons, localizada nas membranas da mitocéndria, em
bactérias e em cloroplastos, e envolvidas nos processos de respiracao celular e fotossintese. De
acordo com Kaurola (2016), quinonas e seus analogos constituem uma classe importante de
compostos que realizam reac6es chave de transferéncia de elétrons na fosforilacdo oxidativa e

fotofosforilagéo.
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Além disso, o par redox Coenzima Q (quinona) e sua forma reduzida atua como um
poderoso antioxidante e estabilizador de membrana, evita danos celulares resultantes de
processos metabdlicos normais (NAGESWARA RAO et al. 2008) e protege contra varias
doencas cronicas, incluindo Parkinson e doencas cardiovasculares (CLEREN et al. 2008; PEPE
et al. 2007). A vitamina K (2-metil-3-fitil-1,4-naftoquinona) é essencial para manter a vida por
sua funcdo em processos de coagulacdo do sangue (AHMED et al. 2007; AZHARUDDIN et
al.2007; BENZAKOUR 2008), na prevencdo de doencas cardiovasculares (BEULENS et al.
2008; WALLIN et al. 2008), bem como na prevencéo e tratamento da osteoporose (BUGEL
2008; LANHAM-NEW 2008; WEBER 2001). Do mesmo modo, muitas quinonas Sao
antioxidantes, anti-inflamatdrias, antibidticos, antimicrobianas e anticancerigenas
(HALAMOVA et al.2010).

Além destes papéis biologicos, as quinonas tém varias aplicacdes clinicas e industriais
(Figura 5). Na quimioterapia do cancer, por exemplo, elas sdo consideradas o segundo grupo
mais importante (ABREU et. al.,2002). Analisando mais afundo a importancia das quinonas,
pode-se citar o grande nimero de drogas que possuem aplicagBes praticas reconhecidas,
algumas, inclusive, chegaram a producdo industrial, como por exemplo, antraciclinas,
daunorrubicina, doxorrubicina, mitomicina, mitoxantronas, e saintopina, todos os quais sdo
utilizados na terapia clinica de tumores sélidos (DA SILVA et al., 2003; KOYAMA; MORITA,;
YAMORI, 2010).

Figura 5- Quinonas: Aplica¢des Clinicas e Industriais
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Fonte: Autora desta tese, 2022.

No entanto, apesar dos varios efeitos benéficos mencionados, quinonas também s&o
consideradas como uma classe de toxinas que podem causar uma variedade de efeitos nocivos
sobre as células vivas, incluindo a citotoxicidade aguda, imunotoxicidade e carcinogénese
(BOLTON et al., 2000; KISHIKAWA; KURODA, 2014). E esse comportamento duplo, pro-
oxidante versus antioxidante, que confere a essa classe de compostos um grande interesse para
0s pesquisadores, especialmente na Quimica Medicinal.

A bioativacgdo das quinonas pode estar envolvida com sua capacidade de induzir o estresse
oxidativo. Quando as quinonas sofrem reducdo monoeletrénica, ocorre a formagéo do anion
radical semiquinona, o qual reage com o oxigénio molecular para formar o anion radical
superoxido(O2™) (Figura 6). Na sequéncia, na presenca da enzima superoxido desmutase
(SOD), o anion radical superéxido é transformado em peréxido de hidrogénio(H20,). Ainda
gue o H,O, ndo seja um radical livre, ele pode ser responsavel pela oxidacao de biomoléculas
devido a sua reatividade. Adicionalmente, o O, por catalise com metais de transi¢do, em
reacdes do tipo Fenton, ou com H,0;, reacéo de Har ber-Weiis, gera radicais hidroxilas ("OH)
no interior da célula que sdo responsaveis por danos irreversiveis a biomoléculas, como 0 DNA
(CAVALCANTI, 2010; SILVA; FERREIRA; SOUZA,2003; SILVA,2008; MOLFETA,2007).

Figura 6 - Reducdo de quinonas (Q) via 1 e 2 elétrons, gerando semiquinonas (Q™) e
hidroquinonas (QHz), respectivamente.
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Fonte: Autora desta tese, 2022.

O radical semiquinona é uma espécie extremamente reativa 0 que favorece a ocorréncia

22



de lesBes em estruturas celulares (peroxidacéo lipidica, destruicdo de proteinas, danificacdo de
acidos nucléicosequebra das fitas do DNA), que podem provocar a morte celular.

Além do estresse oxidativo, as quinonas também sdo capazes, diretamente ou por meio
de intermediéarios, de formar ligacbes covalentes com estruturas celulares (proteinas e acidos
nucléicos). A alteracdo da normalidade celular pode induzir a apoptose como alternativa, caso
ndo se consiga eliminar por completo o estresse oxidativo, como ocorre no Trypanosoma cruzi,
agente causador da doenca de Chagas (ZHOU M, 2020; CAVALCANTI, 2011; MOLFETA,
2007).

As naftoquinonas, particularmente, tém sido empregadas desde a antiguidade como
corantes e plantas medicinais, e continuam sendo estudadas na quimica medicinal visando a
sintese de derivados com potencial atividade contra o cancer e doencas tropicais negligenciadas.
Elas possuem propriedades Unicas, como por exemplo, suas caracteristicas como oxidantes e
eletrdfilos (DE CASTRO; EMERY; JUNIOR, 2013; VIEIRA et al., 2015). Podem apresentar
isomerias 1,2 ou orto-quinonoidica (quando as carbonilas sdo vizinhas) ou 1,4 ou para-
quinonoidica (quando as carbonilas estdo separadas por dois carbonos). E por apresentarem
essas diversas formas isoméricas, suas propriedades fisicas e quimicas e sua atuacao bioldgica
diferem entre si. Um exemplo classico € a orto-naftoquinona p-lapachona que é muito mais
ativa contra formas tripamastigotas de Trypanosoma cruzi do que seu isdmero a-lapachona
(SILVA;FERREIRA;SOUZA,2003;MOLFETA,2007).

Dessa forma, as naftoquinonas tém se destacado principalmente na inducdo da apoptose
de células cancerigenas (ZAGOTTO et al., 2011; REDAELLI et al., 2015; DA CRUZ et al.,
2016) e na sua agéo tripanocida (PINTO; DE CASTRO, 2009; DA SILVA et al., 2013; DIOGO
etal., 2013; JARDIM et al., 2016; OGINDO et al., 2016).

Portanto, é notdrio o aumento da demanda por pesquisas relacionadas as naftoquinonas
e seus derivados sintéticos, bem como a amplitude do potencial de analises eletroquimicas que
possam corroborar, prever ou explicar seus mecanismos de acdo (REDAELI et al., 2015;
VIEIRA et al., 2015; DA SILVA; FERREIRA, 2016; DA CRUZ et al., 2016; GONTHO et al.,
2016, DE PAIVA et al., 2015).

Recentemente, houve publicacdo de um artigo comentado sobre quinonas, mostrando
todas as suas potencialidades, limitacbes e perspectivas, especialmente no tocante a
eletroquimica (SILVA et al., 2020).

Em resumo, estudos eletroquimicos, em diferentes condigdes:
aquosa/aprotica/micelar/em miméticos de membrana e de células/fem mitocéndrias e outros

meios, com a investigacdo de interacdes em diferentes plataformas, combinadas com dados in
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vitro e in vivo, incluindo bioimagem, pavimentam a compreensdo das a¢cdes moleculares das
quinonas. Estudos continuos sdo essenciais para elucidar interagdes tdo intrincadas. Para serem
realizados in vivo, sistemas/eletrodos devem ser, em escala manométrica, biocompativeis,
precisos e seletivos.

Estudos futuros precisam esclarecer as relacdes entre reatividade e agdes bioldgicas
desses compostos redox-ativos eletrofilicos e obter informagbes sobre os mecanismos
envolvidos nos danos celulares. Apesar da importancia da eletroquimica, central nos processos
redox, ainda ha uma distancia entre eletroquimicos e bioquimicos estudiosos do estresse
oxidativo.

Muitas questbes relacionadas a esses campos ainda ndo estdo claras e a busca por
seletividade em relacdo aos agentes terapéuticos redox permanece de interesse crescente
(SILVA et al., 2020).

2.3.2 BODIPYS

Existem diversos estudos com produtos naturais com fluorescéncia endogena que
incluem aminoé&cidos arométicos, como o triptofano, tirosina e fenilalanina; vitaminas, como o
retinol, acido folico; coenzimas como NADH e FAD; e pigmentos como melanina e clorofila
(LAKOWICZ, J. R., 2013).

No entanto grande parte dos analitos de interesse ndo possuem fluorescéncia intrinseca,
sendo necessario a aplicacdo de fluoréforos para realizacdo de ensaios baseados em
fluorescéncia. Atualmente, sdo varios os tipos de fluoréforos conhecidos e, em relacdo a
diversidade estrutural, as sondas fluorescentes sdo principalmente pequenas moléculas
organicas aromaticas. Contudo, outros tipos de sondas fluorescentes estdo disponiveis
(UENO,T.; NAGANO,T. 2011).

Compostos fluorescentes s&o compostos atrativos pela sua capacidade redox e tém sido
amplamente utilizados como sensores quimicos, corantes a laser e em aplicacdes terapéuticas
(S. XUAN, et. al., 2017).

Para o desenvolvimento de algumas técnicas analiticas espectrosclpicas que sao
fundamentadas na deteccdo de fluorescéncia, necessita-se de marcadores fluorescentes com
caracteristicas e aplicabilidades diversas e dentre varios marcadores fluorescentes disponiveis,
0s borodipirrometenos séo os mais utilizados (BOENS et al., 2012).

Os borodipirrometenos sdo compostos contendo o nucleo 4,4-difluoro-4-bora-3a,4a-
diaza-s-indaceno, mais conhecidos por “BODIPY” (Figura 7) (BOENS, et al., 2012). A
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estrutura dos BODIPYs possui um nucleo formado por duas unidades pirrdlicas, unidas por
uma ponte metino, que estdo complexadaspor meio do par de elétrons nédo ligantes do nitrogénio
pirrélico, a um atomo de boro, (LOUDET, A.; BURGESS, K., 2007) sendo derivados pirrélicos
similares a porfirinas, porfirazinas e ftalocianinas. As dipirrinas, assim como as porfirinas, sao
conhecidas pela capacidade de complexacdo com ions metélicos. A propriedades fotofisicas
dos BODIPYs sdo superiores as de outros complexos, o que estimulou o interesse maior por
essa classe, desempenhando assim, um papel importante nas ciéncias biologicas e quimicas

como quimiossensores e marcadores biologicos (TRIBS; KREUZER, 1968).

Figura 7 - Estrutura geral do Bodipy

Fonte: Autora desta tese , 2021

Os BODIPYs estdo entre os fluoréforos mais conhecidos e com aplicacdo mais ampla.
Uma das principais caracteristicas dos compostos BODIPY sdo suas propriedades
eletroquimicas ajustaveis, manipulacdo simples, alta sensibilidade, especificidade, baixo custo
e monitoramento em tempo real (YUAN et al., 2013; TANG et al., 2015). A substituicdo em
diferentes posicdes afeta o ambiente eletrdnico em torno do nucleo BODIPY, causando
mudancas caracteristicas nos potenciais de oxidacao e reducéo.

A descoberta desse nucleo fluorescente ocorreu em 1968, quando Treibs e Kreuzer,
(TRIBS; KREUZER, 1968) na tentativa de realizar a acetilacdo do 2,4-dimetilpirrol com
anidrido acético e BF3-Et20, obtiveram um produto desconhecido fluorescente. A estrutura
desse composto inesperado foi elucidada como sendo o primeiro BODIPY. No entanto, embora
conhecidos desde o final da década de1960, sdo poucos os estudos cientificos abordando esse
grupo de compostos publicadas nas duas décadas seguintes.

Desde a sua descoberta, varios estudos de métodos analiticos buscando sua modificacéo
estrutural foram desenvolvidos. Essas modificagdes tornam-se necessarias na estrutura quimica

do BODIPY para a sintese de sondas fluorescentes para aplicacdes especificas (REZENDE,
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2016).

Os BODIPYs possuem outras caracteristicas que sdo tipicas desse composto, brilho
intenso, relativa estabilidade, bem como solubilidade em solventes organicos e em geral ndo
formam agregados, além de sua ampla aplicacdo como sondas fluorescente. No geral, observa-
se um pico intenso de absor¢do na regido visivel do espectro eletromagnético referente a
transicdo So-Si1 (m-n*) entre 500 e 525 nm (coeficiente de absortividade molar entre 40.000 a
80.000 Mtcm™). A transicdo vibracional 0-1 é em geral observada como um ombro do pico
principal e a transicdo So-S pode ser observada como uma banda larga e pouco intensa de
absorcédo abaixo de 480 nm. A emissdo é observada como um pico fino e intenso com desvio
de Stokes pequeno (GONCALVES; MARSAIOLLI, 2014).

Os corantes a base de BODIPY podem ser fotoexcitados com luz visivel e mostram
absorcéo estreita e bandas de emissdo com altas intensidades de pico. E, eles sdo passiveis de
modificacdo estrutural para que suas propriedades espectroscopicas possam ser ajustadas com
a introducdo substituintes adequados nas posi¢cdes corretas (ROHAND et al., 2006). Esses
ajustes podem ser feitos durante a sintese, utilizando grupos estabilizadores ligados ao grupo
funcional aldeido com o propdsito de aumentar a estabilidade e o rendimento reacional de
obten¢do do produto desejado, onde, o grupo “R” do aldeido utilizado na sintese é um anel
benzénico diclorado. No entanto, é muito importante conhecer as diferentes estruturas
eletrdnicas e a intensidade de seu carater aromatico, para entender sua reatividade redox.

Este trabalho propde dois estudos de casos, o primeiro baseado no estudo eletroquimico
de varias quinonas modificadas, onde se fez uma relacéo estrutura, eletroatividade e atividade
tripanocida. O segundo relata a investigacdo de trés compostos, 8-Fenil-BODIPY (composto
1), 6-nitrosil-8-fenil-BODIPY (composto 2) e 5-nitrosil-8-fenil-BODIPY (composto 3), onde
ha interesse particular em analisar os efeitos da localizacdo do grupo nitrosil na reatividade e
estabilidade eletroquimica, pois isso pode influenciar suas aplicacdes, por exemplo, em ensaios

in vivo. S&0 apresentados 0s dois artigos resultantes deste trabalho.
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3 OBJETIVOS

3.1 Geral

Investigar o comportamento eletroquimico de substancias de interesse medicinal tais
como quinonas hibridas e compostos fluorescentes e obter dados sobre 0 mecanismo de reducao
e oxidacdo, e interacdo com alvos biologicos importantes, na perspectiva de corroborar, explicar

ou prever o mecanismo molecular de acao bioldgica.

3.2 Objetivos Especificos
% Investigar o comportamento eletroquimico de quinonas hibridas e compostos
fluorescente derivados de BODIPY, em meio aprotico, por voltametria ciclica e voltametria
de pulso diferencial, visando a obtencdo de dados sobre 0 mecanismo de redugéo e oxidacao
para elucidacdo do mecanismo molecular de acédo bioldgica;
% Investigar e caracterizar intermediarios eletrogerados por meio de

espectroeletroquimica;

R/

¢+ Buscar, por meio de estudos computacionais, ampliar as informacdes relativas
aos processos redox a fim de elucidar os mecanismos moleculares de reducéo e oxidagéo e

a acdo bioldgica dos compostos estudados;

®,

% Estabelecer correlagdes entre os dados eletroquimicos e os dados biol6gicos dos
compostos de interesse.
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4 EXPERIMENTAL

4.1 Reagentes e solventes

Os compostos de interesse bioldgico estudados neste trabalho foram as quinonas
hibridas (quinonas acriladas), e derivados BODIPY.

As quinonas acriladas (Tabela 3), cuja descri¢do das respectivas sinteses pode ser
encontrada na literatura (VIEIRA et al, 2015) foram planejadas e sintetizadas no Laboratorio
de Sintese Organica da Universidade Federal de Minas Gerais e cordialmente cedidas para o0s
estudos eletroquimicos pelo professor Dr. Eufranio Nunes da Silva Junior (UFMG). Todas elas
foram caracterizadas por métodos fisicoquimicos de analise e sua pureza atestada por diferentes
métodos.

Os derivados BODIPY (Tabela 4), por sua vez, foram planejados e sintetizados no
Departamento de Ciéncias Farmacéuticas da Faculdade de Ciéncias Farmacéuticas de Ribeiréo
Preto e cordialmente cedidos para os estudos eletroquimicos pelo professor Dr. Flavio S. Emery
(USP-Ribeirdo Preto). Todas as suas caracteristicas fotofisicas e estruturais foram publicadas
recentemente, As respectivas purezas foram atestadas por diferentes métodos e verificadas
utilizando-se cromatografia em fase delgada.

Tabela 3 - Estruturas quimicas das quinonas acriladas em estudo.

(E)-Metil 3- (5,8-dioxo-
5,8-di-hidronaftalen-1-
il) acrilato (3b)

(2E, 2’E) -Dimetil 3,3 ' -
(5,8-dioxo-5,8-di-
hidronaftaleno-1,4-diil)
diacrilato (3b”)

(E)-Etil 3- (7-cloro-6-metoxi-
5,8-dioxo-5,8-di-hidronaft-
alen-1-il) acrilato (3c)

3bO

(CDCl3, 300 MHz)

(CDCl3, 300 MHz)

EtO.__0O

I
OMe

o)

3c
(CDCl5, 300 MHz)
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(E) -Metil 3- (6,7-
dimetoxi-5,8-dioxo-5,8-
di-hidronaftalen-1-il)
acrilato (3d)

(2E, 2'E) -Dimetil 3,3 ' -

(6,7-dimetoxi-5,8-dioxo-

5,8-di-hidronaftaleno-1,4-
diil) diacrilato (3d”)

(E) -Etil 3- (4,7-dimetoxi-5,8-
dioxo-5,8-di-hidronaftalen-1-
il) acrilato (3e)

MeO 0]
X 0
oW
OMe
(@]
3d

(CDCl,, 300 MHz)

3d

MeO™ “O (cpcl,, 300 MH2

)

OMe O
3e
(CDCl3, 300 MHz)

(E) -Etil 3- (6-metoxi-
5,8-dioxo-5,8-di-
hidronaftalen-1- il)
acrilato (3f)

(E) -metil 3- (6-metil-5,8-
dioxo-5,8-di-hidronaftalen-
1-il) — acrilato (39)

(E) -Etil 3- (6-metil-5,8-dioxo-
5,8-di-hidronaftalen-1-il) —
acrilato (3h)

Et0O.__O

X 0

l I OMe

O
3f

(CDCl,, 300 MHz)

MeO 0]
N 0
l I Me
(0]
39

(CDCl3, 400 MHz)

Et0O.__0O

X 0

l I Me

@)

3h
(CDCl3, 400 MHz)

(2E, 2'E) -Dietil 3,3 ' -
(6-metil-5,8-dioxo-5,8-
di-hidronaftaleno-1,4-

diil) diacrilato (3h”)

(E) -Etil 3- (5,8-dioxo-6-
(butilamino) -5,8-di-
hidronaftalen-1- il) acrilato

(3i)

(E) -Metil 3- (5,8-dioxo-6-
(butilamino) -5,8-di-
hidronaftalen-1-il) acrilato (3))

EtO

3h'
(CDCls, 75 MHz

(CDCl3, 300 MHz)
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(E) -Benzil 3- (5,8-dioxo-6- (butilamino) -5,8-di-hidronaftalen-1-il) acrilato (3k)

BnO (0]
X o}
“ H/\/\Me
(@]
3k

(CDCl3, 300 MHz)

Tabela 4- Estruturas quimicas dos derivados BODIPY em estudo.

8-Fenil-BODIPY 6-Nitrosil-8-fenil- 5-Nitrosil-8-fenil-
(12) (16) (14)

4.2 Estudos Eletroquimicos

As medidas eletroquimicas foram realizadas em um potenciostato/galvanostato
PGSTAT-30 da Metrohm Autolab® (Eco Chemie, Holanda) acoplado a um microcomputador
controlado pelo software GPES (General Purpose Electrochemical Software) 4.9. As medidas
eletroquimicas foram realizadas em uma célula eletroquimica convencional em um sistema de
trés eletrodos (Figura 8).

Como eletrodo de trabalho utilizou-se eletrodo de carbono vitreo (BAS, diametro 1,6
cm); como eletrodo auxiliar foi utilizado um fio de platina espiralado e, como eletrodo de
referéncia foi utilizado o sistema Ag|AgCI|CI™ (saturado) (Figura 8). O eletrodo de carbono
vitreo foi polido com alumina solida (3 um) e, posteriormente, lavado com agua deionizada e

imerso em acetona, sendo levado ao ultrassom por 30 s para a remocao de particulas residuais.
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Para a verificagdo da &rea eletroativa do eletrodo, foram realizados testes em solugéo de
(Ks[Fe(CN)s]/(Ka[Fe(CN)s].3H20) 1 mmol L em KCI 0,1 mol L*, através de voltametria
ciclica, na faixa de potencial de 0,3 V a -0,6 V vs eletrodo de referéncia Ag|AgCI|CI"(3 mol L
1y com velocidade de varredura de 0,1 V s

Nos experimentos de voltametria ciclica, variou-se a velocidade de varredura de 10 a
500 mVs nas diregBes anddicas e catddicas, na voltametria de pulso diferencial a velocidade
de varredura foi de 5 mvs™,

As medidas foram realizadas a temperatura ambiente (25 + 1 °C). Para estudos de
reducdo, antes do ensaio voltamétrico foi necessario desoxigenara célula com um fluxo de
argonio durante 10min, posteriormente, o fluxo de argénio foi mantido sobre a superficie das
solucgdes para evitar a presenca de oxigénio. O tratamento dos graficos foi realizado por meio

do programa Origin 8.0.

Figura 8 - Esquema da cela eletroquimica utilizada para as analises.

Eletrodo de
trabalho

Eletrodo de
auxiliar

Eletrodo de -
referéncia

Fonte: Autora desta tese, 2022.
4.2.1 Estudos eletroquimicos em meio aprotico

O estudo eletroquimico em meio aprotico foi realizado utilizando os solventes N,N-
dimetilformamida (DMF), acetonitrila (ACN) e como eletrélito de suporte hexafluorofosfato

de tetrabutilamonio (TBAPFs, 0,1 mol LY.

4.3 Experimentos espectroeletroquimicos
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Os experimentos espectroeletroquimicos foram realizados em uma célula eletroquimica
de quartzo de camada fina com comprimento de caminho 6ptico de 1 mm (BASI) constituido
por um sistema de trés eletrodos consistindo em uma mini rede de Pt opticamente transparente
como eletrodo de trabalho, um fio de Pt como contra-eletrodo e um Ag| AgCl |Cl'como eletrodo
de referéncia (saturado). A célula foi conectada ao potenciostato e os espectros foram obtidos
usando um espectrofotometro Hewlett Packard 8453 (Silva et al., 2019). (T. L. Silva, J. C. S.
da Silva, D. J. P. Lima, F. R. Ferreira, C. C. de Vasconcelos, D. C. Santos, C. D. Netto, P. R.
R. Costa, M. O. F. Goulart, J. Braz. Chem. Soc.2019, 30, 2438-2451.). As medidas foram
realizadas em soluc@es desoxigenadas em DMF ou ACN + TBAPFg 0,1 mol L™, a temperatura
ambiente ( 25 £ 1 °C). O tratamento posterior dos gréficos foi realizado por meio do programa
Origin 8.0.
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5 RESULTADOS E DISCUSSAO
5.1 CASO 1: Estudo Eletroquimico das quinonas acriladas

A problematica do caso 1 é a doenca de Chagas e as drogas utilizadas para tal doenga,
onde a maioria apresenta efeitos colaterais indesejaveis e também sofre importantes limitacGes
de sua atividade, principalmente em pacientes crénicos, dai a necessidade do desenvolvimento

continuo de novas drogas tripanocidas.
Ap0s sintese desses novos compostos (Tabela 3), foram investigadas sete substancias

com atividade tripanocida pronunciada (Tabela 5).

Tabela 5: Resultados de I1Cso dos compostos estudados

Compounds IC5o/24 hi®] (uMm)
3a 634 +6.3
3b 9056+ 8.9
3b° 188.7 = 2.7
3c 953+ 118
3d >1000.0
3a° >1000.0
3e >1000.0
3f >1000.0
3g 1140+ 58
3g’ >1000.0
3h 3236 +40
3n° 344 8 + 76.7
3i >1000.0
3j >1000.0
3k >1000.0
Benzindazole 103.6 + 0.617=2l

[a] Mean = SD of at |least three independent
experiments.

A tabela acima mostra os resultados de 1Cso dos compostos estudados. Pela anélise dos
resultados, observamos que os compostos 3h e 3h’, foram moderadamente ativos contra o
parasita. Em contraste o composto 3g, demonstra que a substitui¢cdo do grupo etila por um grupo
metila na porcao acrilato pode melhorar a atividade tripanocida, com valor de ICsg proximo ao
do medicamento benzindazol, medicamento padrdo que serviu como controle positivo e
composto de referéncia.

Os compostos 3a, 3b e 3c apresentaram atividade semelhante a observada para o
medicamento de referéncia. Notou-se, também, que a presenca do cloro é importante para o
potencial tripanocida dos compostos.
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Em geral, a insercdo de grupos doadores de elétrons, como metoxi, metil, ou amina,
diminuiram a atividade tripanocida dos compostos e na maioria dos casos, as substancias
mostraram-se inativas.

Através das diferencas observadas entre os varios grupos de quinonas modificadas,
empregou-se a eletroquimica para coletar informagGes sobre uma possivel relagdo estrutura-
eletroatividade e atividade tripanocida.

Foi utilizada voltametria ciclica como uma técnica confiavel e informativa para
investigar e eventualmente classificar esses compostos. A maioria dos voltamogramas ciclicos
dos compostos sob investigacdo, exibiram na parte de redugdo, um total de trés picos, os dois
primeiros com transferéncia quase-reversivel de um elétron (AEplc/Epla> 60mV) e natureza
controlada por difusdo, e o terceiro, com uma corrente maior e natureza eletroquimica
irreversivel (Figura 9). Os dois primeiros picos correspondem a por¢do quinona por
transferéncias consecutivas de um elétron, e o terceiro, a reducdo da dupla ligacdo da funcgéo

acrilato.

Figura 9 — Voltamogramas Ciclicos das naftoquinonas acriladas (Tabela 3), em DMF + TBAPFs (0.1
mol L), ECV, v = 100 mV s. Direcdo catddica, varreduras sucessivas e varredura no potencial de

inversdo. Direcdo catodica.

154 154
0
< 0
-154
< 30+ < 15
57 30 llic
-804
Compound 3¢ -45+ Compound 3¢
I 30 2o A A0 o5 oo o5 18 30 25 20 -15 -1.0 05 0.0 05 1.0
EIV vs. AglAgCIICI- (sat.) ENV vs. AgIAgCIICI™ (sat.)
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Fonte: Autora desta tese, 2021.

Com base nos dados eletroquimicos resumidos na Tabela 6, torna-se aparente que
existem diferencgas significativas nos comportamentos eletroquimicos derivados de diversos
substituintes e seus efeitos eletrénicos no centro ativo da quinona redox. Os compostos
aminados 3i — 3Kk, por exemplo, possuem menor capacidade de reducdo em relacdo aos outros,
devido ao efeito doador de elétrons do grupo amino.

Ap0s a inversdo em potenciais para mais negativos, abaixo de -2,5 V, as ondas de
oxidacdo em potenciais mais positivos aparecem com menor intensidade. Comparando 0s
potencias dos picos e respectivas correntes, no caso das metoxiquinonas (3e e 3f), um ligeiro
deslocamento catodico € observado, em relacdo aos outros substituintes. O comprimento do
grupo alcoxil ndo influencia os dois primeiros picos, enquanto o terceiro elétron, o processo de
transferéncia é deslocado, dependendo da cadeia de carbono, sendo o processo mais dificil, para
os de cadeisas mais longas. Uma tendéncia semelhante é observada para compostos substituidos
pelo grupometil. A presenca de dois grupos metoxi adjacentes, no composto 3d, facilita o

processo de reducdo. Tem um efeito inverso, possivelmente devido a efeitos estéricos.
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De particular interesse, a quinona 3c paresenta um pico de potencial de reducédo bastante
elevada e picos de potenciais de oxidacdo associados com o cloro substituido. Em total contraste
com 0s substituintes com grupos doadores de elétrons mencionados acima. Tais como grupo
amina e metoxi, a presenca do cloro que retira elétrons facilita a reducdo de quinona, conforme
observado para os compostos 3b'e 3c (Tabela 6). Apés a comparagdo entre 0s picos de
potenciais de reducdo e atividades bioldgicas, é notavel que estas quinonas mais eletrofilicas
ndo foram apenas associadas com o0s potenciais eletroquimicos mais positivos, eles também
apresentaram as maiores atividade tripanocida (1Cso / 24 h, inferior a ~ 300 mol L 1), com
excecdo de 3g. Apesar de uma correlagdo aparente entre o presenga de um grupo de retirada de
elétrons, como o cloro, um reducdo mais positiva e potencial de oxidacdo e um maior atividade
bioldgica e, portanto, mais promissora na luta contra Trypanosomacruzi, também ha uma faixa
ideal para o potencial de reducdo. No meio aprético empregado, todos 0s compostos, com
valores de potencial de reducéo de primeira onda (Eplc), em torno de -0,5 V ou mais positivo,
estavam ativos.

Esses compostos podem ser considerados como altamente oxidante no contexto
bioldgico e, ndo surpreende sua capacidade de atacar moléculas bioldgicas. Esses resultados
apontam que os compostos investigados agem por meio de um mecanismo redox,e enquanto a
eletroquimica em um solvente aprético, como DMF, pode ndo refletir todos os processos que
ocorrem em uma célula de ambiente aquosa, 0s alvos precisos e mecanismos de a¢do precisam

ser investigados com mais detalhes, a modulacéo redox parece estar no centro desta atividade.
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Tabela 6-Principais parametros eletroquimicos em VC da naftoquinonas alquiladas (¢ = 1

mmol L1), em DMF + TBAPFs, 0,1 mol L%, v =100 mV s,

CO,R'

0 :

(l :
g ‘ N/\/\Me E
o H :

RZ

-
G} co,R® ©
Composto Elc Ellc Elllc ElVc Ela Ella Ellla
3i(A) -0.811 -1.450 -2.057 -0.736 -1.375 -0.412
R! =Et
3k (A) -0.810 -1.450 -2.040 -0.727 -0.423
R!=Bn
3j (A) -0.809 -1.448 -2.059 -0.735 -1.375 -0.427
(R =Me)
3e (B) -0.744 -1.287 -2.089 -0.669 -1.193
2
(R'=R’=OMeR
=H,R*=Et)
3h’(C) -0.679 -1.333 -2.088 -0.598 -1.252
(R =Me,R2=H, R3
=Et)
3f (B) -0.672 -1.321 -2.049 -0.603 -1.248
(R'=R’=H,R*=OMe
R*=Et)
3h(B) -0.623 -1.331 -2.078 -0.544 -1.248
(Rt =R3=H, R?
=Me,R*=Et)
3d(B) -0.623 -1.341 -2.185 -0.535 -1.213
(R'=H,R*=R’=OMe,
R'=Me)
39(B) -0.618 -1.316 -2.048 -0.535 -1.218
(R! =R3=H, R?
=Me,R*=Me)
3d’ (C) -0.578 -1.254 -1.632 -2.034 -0.511 -1.126 -1.509
(R! =R2=0OMe,R?
=Me)
3g’ (C) 0564 -1.267 -1.907 -2.195 -0.476
(Rt =Me, R2 =H, R®
=Me)
3b (B) -0.530 -1.238 -2.107
(R!=R2=R¥=H, R*
=Me)
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3b’ (C) 0500 -1.179 -2.156
(Rl =R2=H, R3 =Me)

3c(B) -0.442 -1.175 -2.015 -0.394 -1.082
(R =H, R2 =OMeg, R3
=Cl, R*=Et)

Fonte: autora desta tese, 2022

5.2 CASO 2: Decorando o BODIPY com o grupo eletroatraente -NO: consequéncias

espectroeletroquimicas e investigacdo computacional

Examinamos e comparamos 0s pardmetros eletroquimicos e o comportamento
espectroeletroquimico dos compostos derivados BODIPY 1-3 (Tabela 4) com suas atividades
bioldgicas ja reportadas e, em seguida, realizamos um estudo computacional das moléculas
individuais, com o objetivo de racionalizar os mecanismos redox para os trés compostos.

A seguir, serdo apresentados os dois artigos na integra em anexo.
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C—H Activation

Ruthenium(ll)-Catalyzed C—H Alkenylation of Quinones: Diversity-
Oriented Strategy for Trypanocidal Compounds

Gleiston G. Dias,®¢ Tamires A. do Nascimento,®! Andresa K. A. de Almeida,*!
Ana Cristina S. Bombaca,! Rubem F. S. Menna-Barreto, ! Claus Jacob,¥ Svenja Warratz, ¢!
Eufranio N. da Silva Junior,**¢land Lutz Ackermann*I¢

Abstract: Ruthenium(ll)-catalysis enabled C—H alkenylations of unactivated naphthoquinones for the preparation of A-
ringmodified naphthoquinoidal compounds with activity against Trypanosoma cruzi, the parasite causing Chagas disease. The
present study encompasses C—H alkenylation by weak O-coordi nation by means of ruthenium(ll carboxylates. This method
provided an efficient and versatile tool towards a diversity-oriented strategy for the preparation of compounds with a relevant
biological profile.

Introduction

Chagas disease is a parasitic infection caused by the haemoflagellate protozoan Trypanosoma cruzi
and is classified as one of the most neglected tropical diseases, with approximately 8 million people
being infected today and more than 10,000 deaths every year.[% This illness causes significant
mortality and morbidity associated with poverty in populations of endemic countries in Latin America.
At the same time, an increase in the number of cases is observed in Europe and particularly the United
States, among other areas, largely derived from the migratory flux of infected individuals.**IChagas
disease presents two very distinct clinical phases: An acute stage characterized by a high bloodstream
parasitemia within the short period after the infection, without remarkable and specific symptoms, and
a chronic phase defined by patent parasitemia, the absence of symptoms, positive serology, and normal

electrocardiographic and radiologic exams.[®"! After decades in the indeterminate chronic phase, 20—30
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% of the patients progress to a symptomatic stage, consisting of cardiac and digestive manifestations
and, more rarely, polyneuropathy.® Up to now, the clinical chemotherapy available for Chagas disease
Is based on benznidazole and nifurtimox, which are strongly effective in acute cases, but controversial
for the treatment of the chronic phase.[®! Furthermore, these nitroderivatives present undesirable side
effects and also suffer from important limitations of their activity, particularly in symptomatic chronic
patients. These limitations, call for the continuous development of novel trypanocidal drugs.[*®t%:
During the last couple of years, several research groups have dedicated their efforts towards the
synthesis and identification of novel naphthoquinoidal compounds with potent trypanocidal activity.[!>-
181 The groups of Bolognesi,[*?l de Castro,[*® Salas,[**l and da Silva Janior,* for instance, have
described the synthesis and evaluation of quinonoid compounds based on the modification of A- and
B-rings of naphthoquinones (Scheme 1A). Simple modifications to the B-ring of the quinoidal system
are viable via Michael addition reactions,!*® even in an asymmetric fashion.[*”! The modification of the
benzenoid A-ring of the 1,4-naphthoquinone (1,4-NQs), in contrast, involves the prior construction of
the functionalized quinoidal system via oxidation reactions™® or extended synthetic routes with the
preparation of an A-ring-substituted quinone via various steps.!*¥! In this case, new modular strategies
for direct A-ring-modifications are highly warranted.[?’!

In this context, the da Silva Janior and Bower groups have described the application of the
[RhCp*Cl]. catalyst to the direct ortho-functionalization of 1,4-NQs with different electrophilic
sources.?!1 Following the same strategy, the da Silva Junior group has demonstrated the value of this
method for sequential C—H iodination/thiolation of 1,4-NQs.?2l These methods provided access to
quinones with potent trypanocidal activity.l?28l Recently, the da Silva Jinior and Ackermann groups
joined forces to prepare hydroxylated quinones via ruthenium-catalyzed C—H oxygenation reactions.
An investigation of the biological potential of the resulting quinones indicated a remarkable

trypanocidal activity.[?4l
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(A) Relevant trypanocidal quinones (refs 12-15):

(o]

(B) Previous work: C-H activation on activated quinoidal compounds (ref 25):
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(D) This work: C-H alkenylation of quinones and their trypanocidal evaluation:

- Efficient strategy
for direct functionalization in
deactivated systems?
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Scheme 1. Overview.

Likewise, the groups of Sun and Zhang!?® have also documented C-5 alkenylation of 1,4-NQs by
using [RhCp*Clz]. as catalyst and electrophilic acrylates in moderate yields. Despite this major
advance, the methodology is associated with an important drawback, since it is necessary to install an
amino group in the C-2 position to enhance the substrate-metal coordination and thus enable the
catalytic reactions (Scheme 1B). These findings encouraged us to develop a novel strategy, which
encompasses the search for new alkylated quinones with potential trypanocidal activity.

Given our recent success in terms of ruthenium-catalyzed C—H alkenylation with a wide range of
directing groups, such as aryl carbamates, anilides and benzamides, aromatic esters, phenols, sulfonic
acids, triazole and acetamides, among others (Scheme 1C),1?8l we now report an efficient strategy for
the diversity-oriented installation of alkenyl groups in a broad range of 1,4-naphthoquinones. For the

first time, a C—H alkenylation strategy was thus established by employing ruthenium(ll) catalysts for
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the synthesis of naphthoquinoidal derivatives with considerable activity against the parasite that causes
Chagas disease (Scheme 1D). In addition, we investigated the electrochemical parameters of the
obtained compounds to establish key aspects of a possible structure-redox-activity relationship, which

rationalizes the trypanocidal activity of the compounds.

Results and Discussion

Our initial attempts involved the reaction of 1,4-naphthoquinone (l1a) with a
[RuCICp(PPhs)2]/AgSbFs catalyst, ethyl acrylate (2a) as the alkenylating reagent and Cu(OAc): as the
oxidant (Table 1, entry 1). Here, the C-5 alkenylation was achieved in only 8 % yield. While obtaining
the desired product 3a, we continued our efforts towards alternative ruthenium-based catalysts. Hence,
[RuCICp*(COD)], Shvo’s catalyst, RuCl2(PPhs)s, Ru(OAc)2(PPhs)2,  Ru(OPiv)2(PPhs)2,
Ru(O2CAd)2(PPhz)2 (entries 2—7) were also evaluated as the ruthenium source, albeit with no success.
Within this context, we also tested Ru(O.CMes),(p-cymene) as catalyst and the desired product was
obtained in 18 % yield (entry 8). Finally, 1,4-naphthoquinone (1a) with a [RuClz(p-cymene)]./AgSbFes
catalyst and Cu(OAcC). as oxidant enabled the preparation of 3a in 33 % yield (entry 9). Increasing the
catalyst loading and using different solvents, for instance, dioxane, toluene, and DMA, did not lead to

any further improvement (entries 10-12).

Table 1. Optimization of C-H alkenylation of 1,4-naphthoquinone (1a).
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CO,Et CO,Et
H o X CO:Et (2a, X equiv)
[Ru]-source

O ‘ AgSbFg (Y equiv)
> +
Cu(OAc), - H,0 (2.0 equiv)

H) O  Solvent (0.1 M), 110°C, 18 h o o
1a 3a 3a’
R =2 C0,Et

AgSbFg (2 Yield

Entry [Ru]-source (mol%) Solvent (Y equiv) (Xequiv) 3a/3a’
1 [RuCICp(PPhz),] (2) DCE 0.16 1.2 8/0
2 [RuCICp*(COD)] (2) DCE 0.16 1.2 NR
3 Shvo's catalyst (2) DCE 0.16 1.2 NR
4 RuCl,(PPhs); (5) DCE 2 3.0 NR
5 Ru(OAC):(PPh3); (5) DCE . 3.0 NR
6 Ru(OPiv),(PPh3), (5) DCE - 3.0 NR
7 Ru(O,CAd),(PPhy); (5) DCE . 30 NR
8  Ru(O,CMes),(p-cymene) (5) DCE 0.16 1.2 18/0
9 [RuCly(p-cymene)], (2) DCE 0.16 1.2 33/0
10 [RuCly(p-cymene)], (5) Dioxane 0.16 12 15/0
11 [RUCly(p-cymene)l, (5) PhMe 0.16 1.2 NR
12 [RuCly(p-cymene)], (5) DMA 0.16 1.2 13/0
13 [RuCly(p-cymene)l, (5) DCE 0.40 1.2 36/0
14 [RuCly(p-cymene)], (5) DCE 0.60 12 38/0
15 [RuCly(p-cymene)], (5) DCE 1.00 1.2 42/0
16 [RuCly(p-cymene)], (5) DCE 1.20 3.0 30/18
17 [RuCly(p-cymene)], (5) DCE 1.40 3.0 45/27
18 [RuCly(p-cymene)l, (5) DCE 1.60 3.0 48/35
19 [RuCly(p-cymene)], (5) DCE 2.00 3.0 48/38
20  [RuClyp-cymene)l, (5)  DCE 1.00 3.0  50/40
21 - DCE - 3.0 NR

Reaction conditions: 1a (0.40 mmol), 2a (1.2 or 3.0 equiv), catalysts (2.0-5.0 mol
%), AgSbFg (0.10-2.00 equiv), Cu(OAc), (2.0 equiv), solvent (2.0 mL), 110 °C, 18
h. NR = For all cases starting material was recovered. Yields of isolated products.

However, the use of 1,2-dichloroethane as solvent and increasing the loading of AgSbFe resulted in
an improved yield (entries 13-15), and product 3a was thus efficiently obtained. Following a diversity-
oriented strategy for the preparation of new derivatives with antiparasitic potential for subsequent
biological studies, we employed 3.00 equivalents of ethyl acrylate (2a), which led to the formation of
mono-alkenylated 1,4-NQ 3a and bis-olefinated product 3a’ (entry 16). After further fine tuning,
functionalized derivatives 3a and 3a’ were obtained in 50 % and 40 % yield, respectively, with an overall
yield of 90 % (entry 20).

To investigate the viable scope of the C—H alkenylation, the method was employed for the synthesis
of several substituted 1,4-naphthoquinones with representative alkenes 2 (Scheme 2).

For 1,4-naphthoquinone (1a), the reaction with methyl acrylate (2b) provided similar results when
compared to ethyl acrylate (2a), with a slight decrease in the amount of the bis-alkenylated product, and
derivatives 3b and 3b’ were obtained in 48 % and 18 % vyield, respectively. When methoxylated-
chlorinated naphthoquinone 1c and ethyl acrylate 2a was employed, the product 3¢ was obtained in 45 %

yield.
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The reaction of 2,3-dimethoxy-1,4-naphthoquinone (1d) with methyl acrylate (2b) resulted in the
formation of mono- and bis-acrylated products 3d and 3d’, with an overall yield of 58 % and a
predominance of the di-substituted product 3d'. The reaction with substrate le, featuring an electron-
donating methoxy group in both benzenoid and dicarbonyl rings and ethyl acrylate (2a) provided
derivative 3e in 35 % yield. In the case of 2-methoxy-1,4-naphthoquinone (1f), the C—H alkenylation
reaction with alkene 2a resulted in the product 3f in 68 % yield.

The reaction with menadione and methyl acrylate (2b) led to products 3g and 3g’ in 73 % total yield
with a predominance for the mono-alkylated product 3g. Ethyl acrylate (2a) provided nearly the same
results yet with a reduced quantity of the bisacrylated product (derivatives 3h and 3h’, 44 % and 14 %
yield, respectively). Structural assignments were based on detailed NMR spectroscopy analysis and X-ray
diffraction of products 3d, 3f, 3g, and 3h.

Notably, an amino-naphthoquinone was also exposed to the C—H alkenylation reaction and similar
regioselectivity were observed in comparison with 2-methoxy-1,4-naphthoquinone. Ethyl-, methyl- and
benzyl-acrylates (2a, 2b, and 2d) were successfully employed, resulting in moderate yields for preparing
compounds 3i—3k (Scheme 3).

Considering on the working mode of the ruthenium catalysis, and based on previous reports,?¢?71and
those of others,?81a plausible catalytic cycle can be proposed, which is initiated by a carboxylate-assisted
C—-H ruthenation,?” affording the ruthena(Il)cycle (A) via initial coordination of the metal and by the
quinoidal system. Then, a migratory insertion of the olefin occurs to provide the intermediate (B), followed
by a -hydride elimination which allows the formation of the desired product 3. Subsequently, reductive
elimination and reoxidation of the ruthenium(0) intermediate by Cu(OAc)2-H2O regenerates the active
species of the ruthenium(ll) carboxylate (Scheme 4).

The compounds obtained by our new method are structurally similar to the naphthoquinones that we,
and others, have synthesized and evaluated during the last few years against clinical targets, such as
cancer,?’ malaria,®% leishmanial® and tuberculosis,’®? i.e. diseases with an inherently disturbed
intracellular redox-balance. Since parasitic pathogens tend to be particularly sensitive to redox-attacks on
their cellular thiolstat, we have therefore investigated the new compounds against Trypanosoma cruzit®!
and have identified seven substances with a rather pronounced trypanocidal activity.

Compounds 3h and 3h’ with an ICso = 323.6 and 344.8 uM were active against the parasite, albeit only
moderately. The naphthoquinone 3g, in contrast, presented ICso = 114.0 uM, demonstrating that the
replacement of the ethyl for a methyl group in the acrylate moiety may improve the trypanocidal activity

considerably. Interestingly, the 1Cso value of this com pound is close to the one of benznidazole (ICso =
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103.6 M), one of the standard drugs for the treatment of Chagas disease in the clinic which also served
as positive control and benchmark in this study.

Amazingly, the activity of compounds 3a, 3b, and 3c even exceeded the one of the marketed drug
benznidazole, with 1Cso values in the range of 63.4 to 95.3 uM. Overall, these derivatives presented
activities similar to the one observed for benznidazole. Our studies have also demonstrated that the
presence of the chlorine atom is important for the trypanocidal potential of the compounds. In general,
insertion of electron-donating groups, for instance, methoxy, methyl or amine groups, decreased the
trypanocidal activity of the compounds and in most cases, the substances were inactive. Bis-acrylated
products presented low trypanocidal activity with the exception of 3b’ which was able to affect T. cruzi
with ICso = 188.7 uM, respectively. (Table 2).

Amazingly, the activity of compounds 3a, 3b, and 3c even exceeded the one of the marketed drug
benznidazole, with 1Cso values in the range of 63.4 to 95.3 uM. Overall, these derivatives presented
activities similar to the one observed for benznidazole. Our studies have also demonstrated that the
presence of the chlorine atom is important for the trypanocidal potential of the compounds. In general,
insertion of electron-donating groups, for instance, methoxy, methyl or amine groups, decreased the
trypanocidal activity of the compounds and in most cases, the substances were inactive. Bis-acrylated
products presented low trypanocidal activity with the exception of 3b’ which was able to affect T. cruzi
with ICso = 188.7 uM, respectively. (Table 2).

The differences in activity observed between the various modified quinones raised the question, if
there may be an underlying structure-activity relationship connected via the individual redox properties of
these compounds. Indeed, similar structure-redox-biological-activity relationships have been observed in
the past for related biological active redox modulators, such as selenium- and tellurium-based substances,
including certain phenol and quinone derivatives.[3

We have, therefore, employed cyclic voltammetry as a reliable and informative method to investigate
and eventually to “rank” these compounds. The majority of the cyclic voltammograms (CVs) of the
compounds under investigation displayed in the relevant reduction part, a total of three reduction peaks,
the first two with quasi-reversible one electron transfer (AEplc/ Epla > 60 mV) and diffusion-controlled
nature (peak current «to v*?) and the third one, with a larger current and irreversi ble electrochemical

nature (Figure 1).

Table 2. Activity of naphthoquinones on trypomastigote forms of T. Cruzi.
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Scheme 2. Scope of the C—H alkenylation of naphthoquinones and ORTEP-3 projections of 3d, 3f, 3g and 3h, showing the
atom numbering and displacement ellipsoids at the 50 % probability level.
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Scheme 3. C-H Alkenylation of amino-naphthoquinones 1.
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Compounds IC50/24 hEl (uM)

3a 63.4+6.3
3b 90.5+8.9
3b’ 188.7 £ 2.7
3c 95.3+11.8
3d >1000.0
3d’ >1000.0
3e >1000.0
3f >1000.0
3g 114.0+5.8
3g' >1000.0
3h 323.6+4.0
3h' 3448 £ 76.7
3i >1000.0
3 >1000.0
3k >1000.0
Benzindazole 103.6 + 0.613%

[a] Mean + SD of at least three independent
experiments.

The first two peaks correspond to the reduction of the quinone moiety by consecutive one-electron
transfers, and the third one, sometimes broad, to the reduction of the double bond of the acrylate function
(Table 3). For illustration, the CV of compounds 3h is provided as representative in Figure 1, and the

various electrochemical potentials are listed in Table 3. CVs. for all compounds studied were inserted in

the Supporting Information file.

154 3h

IluA

-45 T T T T T T T
-30 -25 20 15 -10 -05 00 05 10

EN vs. AglAgCIICI™ (sat.)

Figure 1. Cyclic voltammograms of 3h (1 mM) in DMF + TBAPF; (0.1 M), glassy carbon electrode, v=0.1 V s, Several
inversion potentials, with change of colors. Cathodic direction.

Based on the electrochemical data summarized in Table 3, it becomes apparent that there are significant
differences in the electrochemical behavior derived from diverse substituents and their electronic effects
on the redox active quinone centre. The aminated compounds 3i—-3K, for instance, are reduced less readily
compared to the other ones, due to the electron-donating effect of the amino group. After inversion at

potentials to more negative than —2.5 V, oxidation waves at more positive potentials appear, with lower

intensity (see SI).
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Table 3. Major electrochemical parameters of the alkylated naphthoquinones (c = 1 mmol L), using cyclic voltammetry, on
GCE, in DMF + TBAPF; (0.1 mol L), vs. Ag/AgClI, CI-, using Pt as the auxiliary electrode, v = 100 mV s [

CO,R! i COR* i COR®
. o)
) 1 Pt R re
O‘ lr_:l’\/\Me ?‘ R? ?‘ R!

o] : R" O 2 O

A ¢ B core ©
Compound Eic Eiic Einc Eive Eia Ena Eua
3i(A-Rl=Et) -0.811 -1.450 -2.057 -0.736 -1.375 -0.412
3k (A-R'=Bn) -0.810 -1.450 —2.040 -0.727 -0.423
3j (A-Rl=Me) -0.809 -1.448 -2.059 -0.735 -1.375 -0.427
3e (B-R1=R3=0Me, R2=H, R*=Et) -0.744 -1.287 -2.089 -0.669 -1.193
3h' (C-R1= Me, R?= H, R3= Et) -0.679 -1.333 -2.088 -0.598 -1.252
3f (B-R1=R?=H, R2= OMe, R?=Et) -0.672 -1.321 -2.049 -0.603 -1.248
3h (B-R!=R3=H, R2= Me, R*=Et) -0.623 -1.331 -2.078 -0.544 -1.248
3d (B-R!=H, R2=R3= OMe, R*= Me) -0.623 -1.341 —2.185 -0.535 -1.213
3g (B-R1=R3=H, R2= Mg, R*= Me) -0.618 -1.316 -2.048 -0.535 -1.218
3d' (C-R1=R2= OMe, R?= Me) -0.578 ~1.254 -1.632 2034  -0511 -1126  -1.509
3g' (C-Rl=Me, R2=H, R3= Me) -0.564 -1.267 -1.907 2195  -0.476
3b (B-R!=R2=R3=H, R*= Me) -0.530 -1.238 -2.107 -0.457 -1.130
3b' (C-R1=R2=H, R3= Me) -0.500 -1.179 -2.156 -0.410
3c(B-R!'=H, R2=0Me R3=Cl, R*=Et) -0.442 -1.175 -2.015 -0.394 -1.082

[a] For better visualization the table was organized in function of the potential of the first wave that is the most important for correlating with biological
activity.

By comparing the peak potentials and respective currents, in the case of methoxy-quinones (3e and
3f), a slight cathodic shift is observed, in relation to the other substituents. The length of the alkoxyl group
does not influence the first two peaks, whilst the third electron transfer process is shifted, depending on
the carbon chain, being the process more difficult, for longer ones. A similar trend is observed for methyl-
substituted compounds. The presence of two adjacent methoxy groups, in the compound 3d, facilitates the
reduction process. It has an inverse effect, due possibly to steric effects.

Of particular interest are the rather high reduction and oxidation potentials associated with the
chlorine-substituted quinone 3c. In stark contrast to the electron-donating substituents mentioned above,
such as the amine and methoxy groups, the presence of the electron-withdrawing chlorine facilitates the
quinone reduction, as observed for compounds 3b’ and 3c (Table 3). Upon comparison among reduction
potentials and biological activities, it is notable that these more electrophilic quinones not only were
associated with the more positive electrochemical potentials, they also presented the highest trypanocidal
activity (ICso/24 h, lower than ca. 300 uM), with exception of 3g. Despite an apparent correlation between

the presence of an electron-withdrawing group, such as chlorine, a more positive reduction, and oxidation
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potential and a higher biological activity, and hence more promising in the fight against Trypanosoma
cruzi, there is also an optimal range for the reduction potential. In the aprotic medium employed, all the
compounds, with values of first wave reduction potential (Epic), around —0.5 V or more positive, were
active. These compounds can be considered as “highly oxidizing” in this biological context, and, not
surprisingly, their ability to attack biological molecules, for instance of the cellular thiolstat,’* and to
cause oxidative stress, also implies considerable activity, as has already been indicated for other
quinones.8 These results support the notion that the compounds investigated act via a redox mechanism,
and whilst electrochemistry in an aprotic solvent, such as DMF, may not reflect all processes taking place
in an aqueous cellular environment, and the precise targets and mode(s) of action need to be investigated
in more detail, redox modulation seems to be at the centre of this activity. Indeed, and despite the
complexity of cell chemistry, redox medicine and the molecular mechanistic aspects of Chagas disease,
such wider redox modulating, in this case oxidizing agents seem to hit targets, such as pre-existing redox
conditions of sick cells, organelles, parasites and microorganisms, particularly hard and may therefore

provide a promising therapeutic advantage as bioactive drugs.*

Conclusions

The quest for new trypanocidal drugs is extremely important for the development of new compounds
associated with Chagas disease, considering that the therapeutic arsenal against this serious disease
consists of only two nitrogenated heterocycles, nifurtimox, and benznidazole.*® Our results highlight the
importance of naphthoquinones as trypanocidal compounds associated to anefficient strategy for direct
substitution of benzenoid ring through catalytic processes. In this work, we have reported an efficient C—
H alkenylation strategy for preparing benzenoid A-ring-functionalized naphthoquinones through
ruthenium(I1)-catalyzed reactions. We have also identified several compounds that are active against the
parasite which causes Chagas disease and, with the assistance of cyclic voltammetry, have been able to
identify an important structure-redoxbiological activity relationship for these quinone-based redox
modulators. Whilst further details, such as cellular mechanisms of action need to be investigated in more
detail, this manuscript represents a successful example of carbon—carbon bond formation with the use of
catalysts based on ruthenium(ll) for the diversity-oriented synthesis of bioactive compounds through a
single synthetic step. Our findings open new avenues in and to the chemistry of quinoidal structures with

trypanocidal activity by benign C—H activation.
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Experimental Section

General Remarks: All catalytic reactions were carried out under air using pre-dried 25 mL Schlenk-
or pressure tubes. 1,4-Naphthoquinone (1a) was purified via reduced pressure sublimation using a cold
finger sublimation apparatus (50 °C, 0.9 mbar) and stored in a glovebox to prevent contact with moisture.
Starting materials 1 were prepared following previously methods described in the literature.[?437-411 Other
chemicals were obtained from commercial sources and used without further purification. Yields refer to
isolated compounds, estimated to be > 95 % pure as determined by *H NMR and GC. TLC: Merck, TLC
Silica gel 60 F2s4, detection at 254 nm. Chromatographic separations were carried out on Merck Geduran
SI-60 (0.040-0.063 mm). IR spectra were recorded on a Bruker ATR FT-IR Alpha device. MS: EI-MS:
Jeol AccuTOF at 70 eV; ESI-MS: Bruker maXis and MicrOTOF. High-resolution mass spectrometry
(HRMS): Bruker maXis, Bruker MicrOTOF, and Jeol AccuTOF. Melting points (M.p.): Blchi 540
capillary melting point apparatus, values are uncorrected. NMR spectra were recorded on Varian Mercury
VX 300, Inova-500, Inova-600 and Bruker Avance 300, Avance I11 300, Avance 111 HD 400, Avance |11

400, Avance |11 HD 500 instruments, if not otherwise specified, chemical shifts (o) are provided in ppm.

General Procedure: To an oven-dried re-sealable tube, naphthoquinoidal substrates (0.40 mmol),
[RuClz(p-cymene)]2 (12.0 mg, 0.02 mmol, 5 mol-%), AgSbFs (137 mg, 0.40 mmol, 1.0 equiv),
Cu(OAC)2-H20 (160 mg, 0.80 mmol, 2.00 equiv) were added. Acrylates (3.0 equiv) and DCE (2 mL) were
added via syringe, and the tube was sealed and submitted to heating (110 °C) and stirring for 18 hours.
Then the reaction mixture was filtered through a pad of celite, and the crude product was purified via

column chromatography under the conditions noted.

Characterization Data of Products 3. (E)-Ethyl 3-(5,8-dioxo-5,8dihydronaphthalen-1-yl)acrylate
(3a) and (2E,2'E)-Diethyl 3,3'(5,8-dioxo-5,8-dihydronaphthalene-1,4-diyl)diacrylate (3a’): The
general procedure was followed using ethyl acrylate (130 pL, 1.20 mmol). Purification by column
chromatography (n-hexane/ EtOAc, 20:1) led to product 3a (51.3 mg, 0.20 mmol, 50 % yield) and 3a’
(56.7 mg, 0.16 mmol, 40 % yield), obtained as yellow solids. 3a: *H NMR (300 MHz, CDCls) ¢: 8.57 (d,
J=12.0 Hz, 1H), 8.14 (dd, J = 3.9, 1.5 Hz, 1H), 7.77-7.72 (m, 2H), 6.94 (s, 2H), 6.25 (d, J = 12.0 Hz,
1H), 4.27 (g, J = 5.4 Hz, 2H), 1.33 (t, J = 5.4 Hz, 3H). **C NMR (75 MHz, CDCls) ¢: 186.2 (Cy), 184.7
(Cy), 166.2 (Cq), 144.0 (CH), 140.0 (CH), 137.3 (CH), 137.2 (Cy), 134.1 (CH), 133.6 (CH), 133.1 (Cy),
129.1 (Cq), 128.1 (CH), 122.8 (CH), 60.8 (CH2), 14.3 (CHa). IR (ATR): v-=2910, 1720, 1654, 1320, 1195
cm; m.p. (°C) = 135-136. HRMS (ESI*): 279.0629 [M + Na]*. Cald. for [C1sH12NaO4]*: 279.0628. 3a":
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'H NMR (300 MHz, CDCls) 6: 8.45 (d, J = 18.0 Hz, 2H), 7.72 (s, 2H), 6.93 (s, 2H), 6.24 (d, J = 18.0 Hz,
2H), 4.28 (q, J = 6.0 Hz, 4H), 1.33 (t, J =

6.0 Hz, 6H). *C NMR (75 MHz, CDCls) 6: 158.9 (Cq), 166.0 (Cq), 143.9 (CH), 138.4 (Cy), 138.3 (CH),
133.9 (Cq), 130.5 (CH), 122.7 (CH), 60.8 (CH>), 14.4 (CHa). IR (ATR): v-=2961, 1720, 1660, 1278, 850
cm; m.p. (°C) = 156-157.

(E)-Methyl 3-(5,8-dioxo-5,8-dihydronaphthalen-1-yl)acrylate (3b) and (2E,2'E)-Dimethyl 3,3"-
(5,8-dioxo-5,8-dihydronaphthalene-1,4-diyl)diacrylate (3b’): The general procedure was followed
using methyl acrylate (110 pL, 1.20 mmol). Purification by column chromatography (n-hexane/EtOAc,
25:1) led to product 3b (46.5 mg, 0.19 mmol, 48 % vyield) and 3b’ (23.5 mg, 0.07 mmol, 18 % vyield)
obtained as yellow solids. 3b: *H NMR (300 MHz, CDCls) §: 8.55 (d, J = 15.9 Hz, 1H), 8.13 (dd, J = 6.5,
2.3 Hz, 1H), 7.74-7.71 (m,

2H), 6.93 (s, 2H), 6.24 (d, J = 15.9 Hz, 1H), 3.80 (s, 3H). **C NMR (75 MHz, CDCls) 6: 186.0 (Cg),
184.4 (Cg), 166.4 (CH), 144.1 (CH), 139.8 (CH), 137.2 (Cqg), 137.0 (CH), 134.0 (Cqg), 133.5 (Cq), 133.0
(CH), 129.0 (Cq), 128.0 (CH), 122.2 (CH), 51.9 (CHs3). IR (ATR): v~ = 2955, 1708, 1655, 1282, 784 cm™
L m.p. (°C) = 147-149; HRMS (ESI*): 243.0650 [M + H]". Cald. for [C14H1104]": 243.0652. 3b": *H NMR
(300 MHz, CDCls) ¢: 8.45 (d, J = 15.8 Hz, 2H), 7.71 (s, 2H), 6.93 (s, 2H), 6.24 (d, J = 15.8 Hz, 2H), 3.82
(s, 6H). *C NMR (75 MHz, CDCls) 6: 185.9 (Cq), 166.4 (Cq), 144.2 (CH), 138.3 (Cq), 133.9 (Cy), 130.5
(CH), 122.2 (CH), 52.0 (CH3). IR (ATR): v* = 2956, 1717, 1655, 1277, 840 cm™*. m.p. (°C) =

157-159; HRMS (ESI*): 349.0689 [M + Na]*. Cald. for [C1sH14NaOg]": 349.0683.

(E)-Ethyl  3-(7-chloro-6-methoxy-5,8-dioxo-5,8-dihydronaphthalen-1-yl)acrylate  (3c): Ethyl
acrylate (130 pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 5:1)
led to product 3¢ (35.9 mg, 0.11 mmol, 28 % vyield), obtained as a yellow solid. *H NMR (300 MHz,
CDCls) §: 8.57 (d, J = 15.9 Hz, 1H), 8.16 (dd, J = 6.4, 2.6 Hz, 1H), 7.85-7.61 (m, 2H), 6.23 (d, J = 15.9
Hz, 1H), 4.39-4.22 (m, 5H), 1.35 (t, J = 7.1 Hz, 3H). 3C NMR (75 MHz, CDCl3) &: 179.3 (C), 179.2
(Cy), 165.9 (CH), 155.7 (Cy), 143.8 (CH), 137.6 (CH), 134.8 (Cy), 133.4 (Cy), 132.0 (Cy), 128.8 (Cq), 128.3
(CH),127.9 (Cy), 123.0 (CH), 61.8 (CHs), 60.8 (CHs3), 14.4 (CH2). IR (ATR): v7=2956, 1705, 1673, 1607,
1242 cm™t; m.p. (°C) = 97-99; HRMS (ESI*): 343.0345 [M + Na]*. Cald. for [C16H13CINaOs]*: 343.0344.

(E)-Methyl 3-(6,7-dimethoxy-5,8-dioxo-5,8-dihydronaphthalenl-yl)acrylate (3d) and (2E,2'E)-
Dimethyl 3,3'-(6,7-dimethoxy5,8-dioxo-5,8-dihydronaphthalene-1,4-diyl)diacrylate (3d’): Methyl
acrylate (110 pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 4:1)
led to product 3d (27.8 mg, 0.05 mmol, 23 % yield) and 3d’ (54.1 mg, 0.14 mmol, 35 % yield), obtained

as yellow solids. 3d: *H NMR (300 MHz, CDCls) 6: 8.57 (d, J = 15.9 Hz, 1H), 8.15 (dd, J = 6.4, 2.8 Hz,
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1H), 7.83-7.56 (m, 2H), 6.25 (d, J = 15.9 Hz, 1H), 4.10 (s, 3H), 4.09 (s, 3H), 3.83 (s, 3H). *3C NMR (75
MHz, CDCls) ¢: 182.8 (Cq), 181.3 (Cq), 166.5 (Cq), 147.7

(CH), 146.4 (CH), 144.4 (Cqg), 136.8 (Cq), 133.9 (CH), 133.2 (CH), 132.0 (Cy), 127.9 (Cy), 127.8 (CH),
122.0 (Cq), 61.5 (CH3), 61.3 (CH3), 51.9 (CHs3). IR (ATR): v = 2957, 1720, 1614, 1430, 1161 cm ™. m.p.
(°C) =

138-140; HRMS (ESI*): 325.0680 [M + Na]*. Cald. for [C16H14NaOs]": 325.0683. The structure of the
product was also confirmed by X-ray diffraction (CCDC number = 1877197). 3d": *H NMR (300 MHz,
CDCls) 6: 8.47 (d, J = 15.8 Hz, 2H), 7.67 (s, 2H), 6.24 (d, J = 15.8 Hz, 2H), 4.10 (s, 6H), 3.84 (s, 6H). 3C
NMR (75 MHz, CDCls) 6: 182.6 (Cq), 166.4 (CH), 146.6 (CH), 144.4 (Cq), 138.0 (Cg), 133.6 (CH), 129.4
(Cqg), 122.0 (Cy), 61.4 (CH3), 51.9 (CHs). IR (ATR): v-=2954, 1711, 1619, 1434, 1166 cm™*; m.p. (°C) =
179-181; HRMS (ESI*): 387.1089 [M + H]*. Cald. for [C20H190g]*: 387.1074.

(E)-Ethyl 3-(4,7-dimethoxy-5,8-dioxo-5,8-dihydronaphthalen-1yl)acrylate (3e): Ethyl acrylate
(130 pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 2:1) led to
product 3e (44.3 mg, 0.14 mmol, 35 % yield), obtained as a yellow solid; *H NMR (300 MHz, CDCls) 6:
8.39 (d, J = 15.8 Hz, 1H), 7.68 (d, J = 8.9 Hz, 1H), 7.33 (d, J = 8.9 Hz, 1H), 6.18 (d, J = 15.8 Hz, 1H),
6.08 (s, 1H), 4.28 (q, J = 7.1 Hz, 2H), 4.02 (s, 3H), 3.86 (s, 3H), 1.34 (t,

J =7.1 Hz, 3H). 3C NMR (75 MHz, CDCls) §: 184.3 (Cq), 181.7 (Cy), 166.4 (Cq), 160.3 (Cq), 158.7
(Cy), 144.5 (CH), 135.0 (CH), 130.7 (Cy),

130.0 (Cy), 121.2 (CH), 120.2 (Cq), 118.6 (CH), 110.9 (CH), 60.6 (CH>), 56.7 (CH3), 56.3 (CHs), 14.3
(CH3). IR (ATR): v- =2972, 1702, 1621, 1273, 1032 cm™. m.p. (°C) = 156-158. HRMS (ESI*): 317.1020
[M + H]*. Cald. for [C17H1706]": 317.1025.

(E)-Ethyl 3-(6-methoxy-5,8-dioxo-5,8-dihydronaphthalen-1yl)acrylate (3f): Ethyl acrylate (130
pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 4:1) led to product
3f (77.9 mg, 0.26 mmol, 68 % yield), obtained as a yellow solid; *H NMR (300 MHz, CDClIs) ¢: 8.63 (d,
J =15.9 Hz, 1H), 8.21 (dd, J = 7.4, 1.7 Hz, 1H), 7.80-7.64 (m, 2H), 6.24 (d, J = 15.9 Hz, 1H), 6.16 (s,
1H), 4.29 (q, J = 7.1 Hz, 2H), 3.90 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H). **C NMR (75 MHz, CDCls) ¢: 186.1
(Cq), 179.9 (Cy), 166.3 (Cy), 159.4 (Cq), 144.6 (CH) 137.1 (CH), 134.8 (CH), 133.0 (CH), 132.4 (Cy),
129.2 (Cq), 128.4 (Cq), 122.5 (CH), 111.4 (CH), 60.9 (CHs), 56.6 (CH>), 14.6 (CHs). IR (ATR): v = 2991,
1705, 1680, 1619, 1233 cm™t. m.p. (°C) = 183-184. HRMS (ESI*): 287.0909 [M + H]". Cald. for

[C16H1505]": 287.0914; The structure of the product was also confirmed by X-ray diffraction (CCDC
number = 1877203 (3f)).
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(E)-Methyl 3-(6-methyl-5,8-dioxo-5,8-dihydronaphthalen-1-yl)acrylate (3g) and (2E,2'E)-
Dimethyl 3,3'-(6-methyl-5,8-dioxo5,8-dihydronaphthalene-1,4-diyl)diacrylate (3g’): Methyl acrylate
(110 pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 5:1) led to
product 3g (41.0 mg, 0.16 mmol, 40 % yield) and 3g’ (44.2 mg, 0.13 mmol, 33 % vyield), obtained as
yellow solids. 3g: *H NMR (400 MHz, CDCls) 6: 8.57 (d, J = 16.0 Hz, 1H), 8.14 (d, J = 4.0 Hz, 1H), 7.71-
7.65 (m, 2H), 6.77 (s, 1H), 6.22 (d, J = 16.0 Hz, 1H), 3.78 (s, 3H), 2.13 (s, 3H). *C NMR (100 MHz,
CDCls) 0: 186.1 (Cq), 185.1 (Cq), 166.7 (Cg), 146.8 (Cq), 144.4 (CH), 136.9 (CH), 136.7 (Cq), 133.7 (CH),
133.3 (CH), 133.2 (Cy), 129.3 (Cy), 128.2 (CH), 122.0 (CH), 51.8 (CH3), 15.9 (CH3). m.p. (°C) = 135-
137; IR (ATR): v" = 2956, 1728, 1655, 1431, 1158 cm*; HRMS (ESI*): 279.0625 [M + Na]*. Cald. for
[C1sH12NaO4]: 279.0633; The structure of the product was also confirmed by X-ray diffraction (CCDC
number = 1877196). 3g": *H NMR (300 MHz, CDCls) &: 8.48 (dd, J =

15.7, 15.7 Hz, 2H), 7.72 (d, J = 8.3 Hz, 1H), 7.69 (d, J = 8.3 Hz, 1H), 6.82 (q, J = 1.4 Hz, 1H), 6.27 (d,
J=3.0 Hz, 1H), 6.22 (d, J = 3.0 Hz, 1H), 3.84 (d, J = 1.9 Hz, 6H), 2.18 (d, J = 1.4 Hz, 3H). °C NMR

(75 MHz, CDCl3) 0: 186.5 (Cq), 185.8 (Cg), 166.5 (Cy), 166.4 (Cq), 147.8 (Cy), 144.8 (CH), 144.4 (CH),
138.4 (Cy), 138.0 (Cq), 135.5 (Cq), 133.6 (Cq), 130.9 (CH), 130.7 (CH), 122.0 (CH), 121.8 (CH), 52.0
(CH3), 16.4 (CHs). IR (ATR): v~ = 2954, 1703, 1652, 1254, 1166 cm™*. m.p. (°C) = 173-174. HRMS
(ESI): 363.0835 [M + Na]*. Cald. for [C1oH16NaOg]": 363.0839.

(E)-Ethyl 3-(6-methyl-5,8-dioxo-5,8-dihydronaphthalen-1-yl)acrylate (3h) and (2E,2'E)-Diethyl
3,3'-(6-methyl-5,8-dioxo-5,8dihydronaphthalene-1,4-diyl)diacrylate (3h’): Ethyl acrylate (130 pL,
1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 1:20) led to product 3h
(47.6 mg, 0.13 mmol, 44 % yield) and 3h’ (20.6 mg, 0.06 mmol, 14 % yield), obtained as yellow solids.
3h: 'H NMR (400 MHz, CDCls) 6: 8.55 (d, J = 16.0 Hz, 1H), 8.10 (d, J = 6.4 Hz, 1H), 7.70-7.63 (m, 2H),
6.75 (s, 1H), 6.20 (d, J = 16.0 Hz, 1H), 4.24 (q, J = 7.2 Hz, 2H), 2.11 (s, 3H), 1.30 (t, J = 7.2 Hz, 3H). 3C
NMR (100 MHz, CDCIs) ¢: 186.3 (Cq), 185.3 (Cq), 166.4 (Cq), 146.9 (Cq), 144.3 (CH), 137.1 (Cy), 134.6
(Cy), 133.9 (CH), 133.4 (CH), 129.4 (Cy), 128.4 (CH), 127.9 (CH), 122.7 (CH), 60.8 (CH>), 16.1 (CH3),
14.3 (CH3). IR (ATR): v™ = 2956, 1728, 1655, 1431, 1158 cm ™.

m.p. (°C) = 96-98. HRMS (ESI*): 293.0797 [M + Na]*. Cald. for [CisH14NaOa4]: 293.0790; The
structure of the product was also confirmed by X-ray diffraction (CCDC number = 1877202). 3h’": 'H
NMR (300 MHz, CDCls) &: 8.48 (d, J = 15.0 Hz, 1H) 8.42 (d, J = 15.0 Hz, 1H), 7.67 (d, J = 3.0 Hz, 2H),
6.79 (9, J=3.0Hz, 1H), 6.24 (d, J =
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3.0 Hz, 1H), 6.21 (d, J = 3.0 Hz, 1H), 4.30 (dd, J = 4.3, 2.1 Hz, 2H), 4.25 (dd, J = 4.3, 2.1 Hz, 2H),
2.15 (d, J = 1.5 Hz, 3H), 1.33 (t, J = 6.9 Hz, 3H), 1.32 (t, = 6.9 Hz, 3H). 3C NMR (75 MHz, CDCls) &:
186.7 (Cy), 186.0 (Cq), 166.2 (Cg), 148.0 (Cy), 144.7 (CH), 144.3 (CH),

138.7 (Cq), 138.3 (Cy), 135.7 (Cy), 133.8 (Cy), 131.1 (CH), 130.9 (CH), 122.7 (CH), 122.5 (CH), 61.1
(CH2), 16.6 (CH3), 14.6 (CH3). IR (ATR): v* = 2981, 1699, 1632, 1273, 1170 cm™~. m.p. (°C) = 128-130.
HRMS (ESI*): 391.1146 [M + Na]*. Cald. for [Ca1H20NaOe]*: 391.1158.

(E)-Ethyl 3-(5,8-dioxo0-6-(butylamino)-5,8-dihydronaphthalen-1yl)acrylate (3i): Ethyl acrylate
(130 pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 20:3) led to
product 3i (65.5 mg, 0.20 mmol, 50 % yield), obtained as a red solid; *H NMR (300 MHz, CDCls) ¢: 8.72
(d, J=16.0 Hz, 1H), 8.10 (dd, J =

7.6, 1.4 Hz, 1H), 7.68 (ddd, J = 6.0, 3.0, 3.0 Hz, 1H), 7.57 (dd, J = 7.7,

7.7, 0.5 Hz, 1H), 6.14 (d, J = 15.0 Hz, 1H), 5.73 (t, 1H), 5.68 (s, 1H), 4.26 (g, J = 6.0 Hz, 2H), 3.14
(dd, J =6.0, 6.0 Hz, 2H), 1.67-1.62 (m, 2H), 1.45-1.37 (m, 2H), 1.35 (t, J=7.1 Hz, 3H), 0.94 (t, J = 7.3
Hz, 3H). *°C NMR (75 MHz, CDCls) §: 184.3 (Cg), 181.6 (Cy), 166.4 (Cq), 146.8 (Cg), 145.5 (CH), 136.8
(CH) 135.1 (Cq), 131.7 (Cg), 131.5 (CH), 130.5 (CH), 127.8 (Cq), 121.2 (CH), 102.3 (CH), 60.6 (CH>),
42.3 (CHy), 30.4 (CH2), 20.2 (CH_), 14.4 (CH3), 13.8 (CHa). IR (ATR): v™ = 3351, 2947, 1702, 1608, 1222
cmt; m.p. (°C) = 99-100; HRMS (ESI*): 328.1543 [M + H]*. Cald. for [C19H22NO4]*: 328.1549.

(E)-Methyl 3-(5,8-dioxo-6-(butylamino)-5,8-dihydronaphthalenl-yl)acrylate (3j): Methyl acrylate
(110 pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 5:1) led to
product 3j (63.9 mg, 0.20 mmol, 51 % yield), obtained as a red solid. *tH NMR (300 MHz, CDCls) J: 8.76
(d, J = 16.0 Hz, 1H), 8.14 (dd, J = 7.3, 1.4 Hz, 1H), 7.71 (ddd, J = 7.8, 1.4, 0.6 Hz, 1H), 7.60 (dd, J = 7.7,
7.7,0.5 Hz, 1H), 6.18 (d, J = 15.9 Hz, 1H), 5.76 (s, 1H), 5.71 (s, 1H), 3.83 (s, 3H), 3.18-3.11 (m, 2H),
1.67-1.62 (m, 2H), 1.46-1.37 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). *C NMR (75 MHz, CDCls) §: 184.2 (Cy),
181.6 (Cy), 166.8 (CH), 146.7 (CH), 145.8 (Cy), 136.7 (Cg), 135.1 (CH), 131.6 (Cg), 131.5 (CH), 130.5
(Cq), 127.9 (CH), 120.6 (Cq), 102.2 (CH), 51.8 (CH>), 42.2 (CH2), 30.3 (CH3), 20.2 (CH>), 13.7 (CHs). IR
(ATR): v"=3351,2951, 1707, 1604, 1272 cm™*; m.p. (°C) = 111-113; HRMS (ESI*): 314.1387 [M + H]".
Cald. for [C1sH20NO4]": 314.1392.

(E)-Benzyl 3-(5,8-dioxo-6-(butylamino)-5,8-dihydronaphthalenl-yl)acrylate (3k): Benzyl acrylate
(200 pL, 1.20 mmol) was used. Purification by column chromatography (n-hexane/EtOAc, 25:3) led to
product 3k (87.2 mg, 0.22 mmol, 56 % yield), obtained as a red solid; *H NMR (300 MHz, CDCls) J: 8.82
(d,J=15.5Hz 1H), 8.12 (dd, J =7.6, 1.7 Hz, 1H), 7.69 (dd, J = 7.8, 1.4 Hz, 1H), 7.58 (dd, J = 7.7, 0.5

Hz, 1H), 7.50-7.27 (m, 5H), 6.22 (d, J = 15.5 Hz, 1H), 5.77 (s, 1H), 5.71 (s, 1H), 5.28 (s, 2H), 3.16 (td, J
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= 6.8 and 6.8 Hz, 2H), 1.77— 1.57 (m, 2H), 1.47-1.34 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H). *C NMR (75
MHz, CDCls) 5: 184.2 (Cy), 181.6 (Cy), 166.1 (Cq), 146.7 (Cy), 146.2 (Cq), 136.6 (CH), 136.0 (CH), 135.1
(Cy), 131.6 (CH), 131.5 (CH), 130.5 (CH), 128.4 (CH), 128.1 (CH), 128.0 (CH), 127.9 (CH), 120.2 (Cy),
102.2 (Cq), 66.3 (CHz), 42.3 (CH2) 30.3 (CHz), 20.2 (CH2), 13.8 (CHs). IR (ATR): v" = 3362, 2953, 1712,
1608, 1167 cm*. m.p. (°C) = 102-103. HRMS (ESI*): 390.1694 [M + H]*. Cald. for [C2sH24NO4]*:
390.1705.

CCDC 1877197 (for 3c), 1877203 (for 3f), 1877196 (for 3g’), 1877202 (for 3h’) contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre.

Trypanocidal Assays: The experiments were performed with the Y strain of Trypanosoma cruzi.[*%
Stock solutions of the compounds were prepared in dimethylsulfoxide (DMSO), with the final
concentration of the latter in the experiments never exceeding 0.1 %. Preliminary experiments showed that
at concentrations of up to 0.5 %, DMSO has no deleterious effect on the parasites.[**] Bloodstream
trypomastigotes were obtained from infected Albino Swiss mice at the peak of parasitemia by differential
centrifugation. The parasites were resuspended to a concentration of 10 x 108 cells/mL in Dulbecco’s
modified eagle medium supplemented with 10 % fetal calf serum (DMES). This suspension (100 pL) was
added to the same volume of each of the compounds, which had been previously prepared at twice the
desired final concentrations. The incubation was performed in 96-well microplates (Nunc Inc., Rochester,
USA) at 37 °C for 24 h. Benznidazole (Lafepe, Brazil), the standard drug for treatment of chagasic patients,
was used as control. Cell counts were performed in a Neubauer chamber, and the activity of the compounds

corresponding to the concentration that led to 50 % lysis of the parasites was expressed as the 1Cso/24 h.

Electrochemical studies: Cyclic voltammetry (CV) experiments were performed with a conventional
three electrode cell attached to an Autolab PGSTAT-30 potentiostat (Echo Chemie, Utrecht, the
Netherlands) coupled to a PC microcomputer, using GPES 4.9 software. The working electrode was a
glassy carbon (GC) BAS (d = 3 mm), the counter electrode was a Pt wire and the reference electrode an
Ag|AgCI, CI (saturated), all contained in a one-compartment electrochemical cell with a volumetric
capacity of 5 mL. The GC electrode was cleaned up by polishing with alumina on a polishing felt (BAS
polishing kit). The solvent used in aprotic media studies was extra dry N,N-dimethylformamide (99.8 %)
acquired from Acros Organics. In CV experiments, the scan rate varied from 10 to 1000 mV s
Electrochemical reduction and oxidation were performed in aprotic media (DMF + TBAPFs 0.1 mol L)
at room temperature (25 + 2 °C). Each compound (1 x 10-3mol L) was added to the supporting electrolyte
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and the solution was deoxygenated with argon before the measurements by cyclic voltammetry, in different

potential intervals.
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ABSTRACT

Herein we describe a new method for the post-functionalization of BODIPY dyes, by means of nitrosation with NOBF4, in yields of up to 93%. The application of nitroso-BODIPY dyes
as analytical tools for the fluorimetric analysis of thiols is also shown, including the ability to cross cell membranes.

1. Introduction

BODIPYs play an important role in biological sciences and chemical biology as chemosensors and
biological markers [1,2]. While the dipyrromethene core of BODIPYSs is very reactive allowing introduction
of different functional groups, nitroso substitution of BODIPYSs is unprecedented in the literature, and direct
nitrosation opens opportunity for the development of new fluorescent probes. Although several methods for
nitrosation of aromatic compounds are available [3], the nitroso functionalization of electron-rich aromatic

rings (m-excessive), as pyrroles, is a synthetic challenge, with only few described examples in the literature

[4].

t Corresponding author.
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Nitroso-containing coumarin were recently reported as useful probes for H,S, due to sulfide-mediated
reduction of the nitroso group [5]. However, fluorescence-based analytical methods involving nitroso
dyes are not fully described for thiol containing organic compounds, such as cysteine (Cys) and
glutathione (GSH) and would be an important tool for analysis of wide range of cellular processes [6,7].

Based on the recognized reactivity of BODIPYs with electrophiles, in this paper we describe a fast
and efficient method for the nitrosation of the pyrrole ring in BODIPYs core using NOBF4 [8]. In
addition, we studied the reactivity and photophysical properties of nitroso-BODIPY in the presence of
biothiols.

2. Results and discussion

2.1. Study of the nitrosation of BODIPY

Nitrosation reactions were carried out with different substituted BODIPY's, which were synthesized
using previously published methods (Table 1).

Initially, we studied the direct nitrosation of 1,3,5,7,8-pentamethyl BODIPY 1 using NOBF; as a
nitroso source, in different conditions (solvents, temperature and atmosphere), as described in Table 2.
Acetonitrile was the most suitable solvent, yielding 65% of the 2-nitroso BODIPY 2, with full conversion
of 1 in 10 min at —5 °C (Entry 6), which is possibly related to the higher solubility of NOBF4 in this
solvent. Room temperature and open-vessel conditions were detrimental (Entries 7 and 8), while no
relevant change in yields was observed when the reaction was carried out at —40 °C (Entry 9).

Another classical method for nitrosation of aromatic rings, using sodium nitrite and hydrochloric acid
(NaNO2/HCI) was evaluated. However, nitroso compounds were not observed in any of the reactions,
but the reactions resulted in degradation of the BODIPY s starting materials.

Based on the successful nitrosation of 1, we tested the optimized method for the modification of the
symmetric BODIPYs 3-6. These experiments showed that nitrosation of 1,3,5,7-tetramethyl-8-aromatic
BODIPYs with NOBF4is a straightforward reaction regardless of the aromatic substituent, with moderate
to high yields (Scheme 1).

The nitrosation was successfully applied to symmetric non-methylated BODIPY 12, from which two
regioisomers were produced (Scheme 2). Compound 14, substituted at C-3, was isolated with 40% yield,
while the 2-nitroso BODIPY 16 was a minor regioisomer, isolated with 19% yield. On the other hand,
for the nitrosation of the structurallyrelated compound 13, the reaction was regioselective, furnishing 15

in higher yields (78%). It is interesting to note that electrophilic substitutions, such as nitration,
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sulfonation, formylation and thiocyanation, are usually observed at C-2 and C-6 of the BODIPY core
[2a,13-17], while at C-3 and C-5 are prone to nucleophilic substitutions [18]. However, there is one report
showing nitration at C-3, using HNOs in Ac2O at low temperature, supporting the possibility of
electrophilic substitutions at this position [19]. In general, moderate to excellent yields were obtained for

that conversion compared to other electrophilic substitution reactions described for BODIPY's [19].

Table 1 - Structure numbering of the BODIPY core and starting materials used in the nitrosation study.

R FF R?

# R1 R2 R3 R4 Ref.

1 Me Me Me Me [9]

3 Me Me Me 4- [10]
fluorophenyl

4 Me Me Me 4- [10]
cyanophenyl

5 Me Me Me 4- [10]
methoxyphenyl

6 Me Me Me Ph [10]

12 H H H Ph [11]

13 H H H 2,6- [11]
dichlorophenyl

20 H Ph H Ph [12]

The regioisomers 14 and 16 were easily differentiated by *H NMR spectroscopy, especially when
analyzing the signals of hydrogens at C2, C-3, C-5 and C-6. The structure of 14 was confirmed by 'H
NMR spectra (400 MHz, DMSQOds - in the supporting information — SI page 15), showing chemical shifts
observed for hydrogen C-5 at 8.80 ppm (s, 1H); C-2 at 7.34 ppm (dd, J = 4.5 Hz, 1H); C-6 at 7.06 ppm
(dd, J = 4.7, 1.6 Hz, 1H). For compound 16 the *H NMR spectra (400 MHz, DMSOds - in the supporting
information - SI page 17), show the chemical shifts observed for hydrogen at C-5 at 8.74 ppm (s, 1H); C-
3 at 8.74 ppm (s, 1H); C-6 at 7.01 ppm (d, J = 4.6 Hz, 1H). Analyzing these results, for 14 there is no
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signal around 8 ppm, referent to hydrogen at C-3 on the starting material. On the other hand, for 16, no
signal around 7 ppm with 3J referring to typical coupling constant BB’ typical in pyrrole, suggesting the
regioisomers (Scheme 2).

Aiming to expand the scope of this nitrosation method, we carried out the reaction with the asymmetric
BODIPY 20. Interestingly, this reaction followed the same reactivity shown above, and furnished
regioselectivity asymmetric red-shifted 3,8-diphenyl BODIPY 20, which yielded 73% of the nitrosated
BODIPY 21. The formation of 2-nitrososubstituted derivative, which was expected based on the previous
experiments in this work, was not observed (Scheme 3).

According to the described reactivity of BODIPYs in the literature [16,20], the nitrosation reaction is
probably based on an electrophilic attack at the nitrosonium cation, while the observed regioselectivity
can be explained by the favourable formation of the intermediates 25a — 25¢ (Scheme 4) compared to 24a
— 24b. Furthermore, the successful nitrosation with NOBF4 may reflect the importance of tetrafluorborate
as a counteranion in this reaction. In this context, a six-membered cyclic transition state could be involved
during the reaction process (Scheme 4).

According to the photophysical experiments, nitroso-BODIPYs invariably showed reduced
fluorescence quantum yields, compared to the parent starting materials, possibly due to the addition of a
new nonradiative decay pathway. As expected, fluorescence quantum yield was even lower for non-
methylated BODIPYSs, due to the free rotation of the meso-substituent that leads to non-radiative decay of
the excited state [21]. It is worth of note that nitrosation was not related to relevant shifts in the emission

and absorption spectra (in the supporting information — SI pages 4-8).

2.2.  Reactivity of nitroso-BODIPY and fluorescence properties involving compounds with thiol

Considering that nitroso group is reactive towards thiols, leading to the reduced product [5], the
reactivity and photophysics of the products synthesized herein were studied. As a model, compound 21
was reacted with sodium hydrosulfide (NaHS) in different concentrations, and a relevant increase in the
emission (detailed in the Sl pages 2—-3) was observed. Through this experiment, the concentration of thiol
analytes was established for use in further experiments.

Therefore, we analyzed the fluorescence of a solution of 15 (0.5 mM) in MeOH/Water 1:1 in the
presence of thiopropanol (50 mM). Interestingly, we observed an increased and red-shifted emission
outcome from the interaction of 15 with thiopropanol. Similar changes in the emission were observed for

solutions of 15 treated with cysteine (Cys), N-acetylcysteine (NAC), glutathione (GSH) and 2-
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mercaptopyridine, while no relevant changes were observed for solutions treated with ethylamine or other
amino acids (Fig. 1). Interestingly, no changes in fluorescence were observed for the cystine (oxidized
dimer of cysteine), showing the importance of the free thiol for nitroso BODIPYSs interactions. These
observations reinforce the idea that 15 can act as a specific fluorescent probe for biothiols.

From visual inspection (SI - page 9), it is clear that the emission of 15 is particularly enhanced by
NAC and GSH, while the effect for Cys is smaller (Fig. 2). Interestingly, the fluorescence emission of
other nitrosyl BODIPYs (11, 21, 14) were also shown to be relevantly changed by the treatment with these
three biothiols (Fig. 2). On the other hand, we observed that 2-substituted dye 16 showed no change in
fluorescence, under studied conditions, a reason for this behaviour may be related to compound
decomposition, which is coherent to the literature data [19].

To understand the response of nitroso-substituted BODIPY's when in the presence of thiol compounds,
the reaction between 15 and thiopropanol was further investigated. Remarkably, TLC control showed the
formation of a mixture of fluorescent red-shifted products. From this mixture, it was possible to isolate
and confirm the structure of 3amino,5-thiopropyl 26 (Scheme 5). Regarding the obtained compound 26, it
can be suggested that the process involving nitroso-BODIPY and thiol group can be related to two
processes that may occur concomitantly, one of them being the addition of the thiol group to the pyrrole
ring of BODIPY, with further reduction of the NO group, as observed for compound 26.

The NMR *H analyses (in the supporting information — Sl pages 20-21) suggests that three other
compounds were formed, having signals related to the structure of the BODIPY core. It is interesting to
note, the addition of thiopropanol to C-5 of the BODIPY, which has recently been reported when using an
oxidizing agent [22].

To identify if compound 26 was responsible for the increase in fluorescence in thiol sensor
experiments, the emission spectra of the pure product 26, 15 and the spectrum of the thiol-sensor
experiment solution (Mixture of 15 with thiopropanol — 589 nm) were compared (Fig. 3).

Pure compound 26 showed fluorescence emission (569 nm) which is far from the observed in the
thiol-sensor experiment (589 nm), however, when compared with 15 (534 nm), it resulted in an expected
bathochromic shift due to the insertion of the thiol group. In the literature, It is well-described that 3-thio-
substituted BODIPYs are commonly associated with relatively intense and red-shifted fluorescence
emission [23b]. On the other hand, the same is not reported for 3amino-substituted BODIPY's [23], which
usually show less intense fluorescence because the electron releasing capacity of the amino at C-3 is not
strong enough to induce a charge transfer state, which usually drastically quenches the fluorescence
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emission of BODIPYs [19]. Nitroso-BODIPY's produced herein invariably showed reduced fluorescence

quantum vyields, compared to the parent starting materials.

Table 2- Optimization of the nitrosation of BODIPY 1.

Conditions
Entry Conditions” Yield”

Solvent Temp.© Atm. Timed

1 DCE -5¢ N2 45 25
2 1,4 -Dioxane -G8 N2 35 27
3 DMF -5¢ N2 120 0
4 Me>CO -5¢ N2 15 31
5 THF -5¢ N2 40 30
6 MeCN -5¢ N2 10 65
7 MeCN rt N2 10 36
8 MeCN -5¢ Air 10 47
9 MeCN —40" N2 15 68

a Reactions were carried out with 50 mg of compound 1 and 1.5 eq. of NOBFa.

b Calculated yield % after chromatographic purification.

¢ Temperatures are given in °C or rt (room temperature).

d Time in minutes for complete consumption of starting material according to TLC control.

e lce bath/acetone.

f Dry ice bath/acetonitrile.

\Product (Yield%)

E 8 (43%)
NOBF4 MeCN o (71%)
_ % . b
-5°C, 10 min. Ny, P Nsp-N~ --mmmmdeecc e

11 (93%)

Scheme 1. Nitrosation of 1,3,5,7-tetramethyl-8-aromatic BODIPYs,
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Scheme 2. Nitrosation of non-methylated BODIPYSs.

2.3. Cellular uptake of nitroso-BODIPY

NOBF, MeCN

-5°C, 10 min. N»
NO
21 (73%)

Scheme 3. Nitrosation of 3,8-diphenyl BODIPY.

In addition, we analyzed the ability of the nitroso-BODIPY to cross cell membrane, to access their
usefulness as in vitro probes. In that sense, a flow cytometry analysis was performed in A431 squamous
cell carcinoma line, as a model tumour cell line, as shown in Fig. 4A-C flow cytometry dot plots. Thiol-
probe 15 was used as treatment for a duration of 5 min, 30 min and 24 h. A time-dependent permeation
process was observed (Fig. 4), with the highest amount of 15 positive cells at 24 h (Fig. 4D). This result
was also confirmed by the fluorescence intensity at x.em = 585/42 nm (Fig. 4E) at the end of the experiment,
which is similar to the observed for the solution thiol-sensor experiment (589 nm). Statistical difference
was observed for the different treatment durations (p < 0.05, One-way ANOVA with Tukey's multiple
comparison test) and no viability cell changes were observed. As a result, the compound 15 presents time-

dependent tumoral cellular uptake and was effective in acting as an in vitro probe.
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Scheme 4. Mechanistic proposal for BODIPY nitrosation.

Concluding remarks

This work showed the development of a simple and very efficient method for obtaining the
unprecedented nitroso-substituted fluorophores, with up to 93% vyields, using a readily available and
inexpensive reagent. In addition, a preliminary chemical reactivity study involving thiols yielded the
reduced nitroso to amino group, with an unexpected addition to the BODIPY core. These structural
changes and unusual reactivity for BODIPYs modulate the changes in photophysical properties, which
could be also followed by cell studies, indicating the ability of the nitroso BODIPY to cross cell
membranes, instigating a future study of the potential sensor for thiol groups. Finally, these results
demonstrate the potential application of nitroso-BODIPY dyes as fluorescent probes and encourages us to

continue studying this class of compounds for further applications.

Experimental section

4.1. General procedure 1: optimized nitrosation reaction

NOBF4 (1.5 eq.) was added to a stirring solution of the BODIPY in dry acetonitrile (5 mL) cooled to
-5 °C (Ice bath/acetone), under nitrogen atmosphere, and the reaction course was followed by TLC. After
full consumption of the starting material, water was added, and the solution was left stirring for 5 min.

The reaction mixture was extracted three times, with EtOAc, dried over magnesium sulfate and
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concentrated to dryness. The residue was purified chromatographically in a silica gel column, using
mixtures of Hex: EtOAc or Hex: DCM as eluents, to yield desired product.

300 ® Thiopropanol
Cysteine
® N-Acetyl-cysteine
® Glutatione
2-mercaptopyridine
® Blank, cystine, other aminoacids
and ethylamine

Emission (AU)
g8 8 8 8

wu
(=}

500 550 600 750 800

650 00
Wavelength amm)

Fig. 1. Changes in the fluorescence emission of compound 15 after treatment with thiols. Conditions: MeOH/H,0 1:1,
concentrations: 0.5mM of nitroso-BODIPYs and 50 mM of biothiols

30000 m Blank

2‘ m Cys
~ m NAC
§ 20000 GSH
pe

]

© 10000

o0

v

. 15 11 21 14

Bla Cys NAC GSH Bla Cys NAC GSH

g1 Bo

Bla Cys NAC GSH

21

Bla Cys NAC GSH

Fig. 2. Changes in the fluorescence emission intensity of compounds 15, 11, 21 and 14 after treatment with thiols. Bla:

Blank. Conditions: MeOH/H,0 1:1, concentrations: 0.5 mM of nitroso-BODIPY's and 50 mM of biothiols.
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Scheme 5. Reaction of BODIPY 15 with Thiopropanol.

4.1.1. 1,3,5,7,8-Pentamethyl-2-nitrosyl-BODIPY 2

Prepared from BODIPY 1 (50 mg, 0.190 mmol) using the optimized nitrosation reaction in 65% yield
(36 mg, 0.123 mmol); m.p 240-249 °C. (CeH14/EtOAc 8:2). 'H NMR (300 MHz, CDCls): & 6.30 (s, 1H),
2.80 (s, 3H), 2.71 (s, 3H), 2.70 (s, 3H), 2.59 (s, 3H), 2.49 (s, 3H). 13C NMR (75 MHz, CDCls): 5 162.6,
147.8, 147.0, 143.8, 139.0, 136.0, 132.2, 128.3, 125.3, 18.2, 17.8, 15.2, 14.5, 14.3. IR (neat): 1568, 1530,
1479, 1411, 1376, 1337, 1196, 1150, 1066, 980 cm*. HRMS (ESI): m/ z calcd. for C14H16BF2N3O [M +
H]* 292.1427, found 292.1428.

4.1.2. 1,3,5,7-Tetramethyl-2-nitrosyl-8-(4-fluorophenyl)-BODIPY 8

Prepared from BODIPY 3 (50 mg, 0.146 mmol) using the optimized nitrosation reaction in 43% yield
(24.3 mg 0.063 mmol); m.p 130-140 °C. (CeH14/EtOAC 8:2). *H NMR (400 MHz, DMSO-ds): & 7.54 (dd,
J=8.0, 5.6 Hz, 2H), 7.46 (t, J = 8.7 Hz, 2H), 6.57 (s, 1H), 2.73 (s, 3H), 2.59 (s, 3H), 1.60 (s, 3H), 1.44 (s,
3H). 13C NMR (101 MHz, DMSOds) & 165.9, 164.6, 162.1, 149.4, 147.8, 142.9, 138.7, 135.4, 133.5, 130.9,
130.8, 129.6, 129.6, 126.9, 126.2, 117.3, 117.1, 15.4,

15.2, 14.3, 12.3. IR (neat): 2955, 2925, 2856, 1734, 1603, 1521, 1334, 1310, 1260, 1190, 1068, 813
cm . HRMS (ESI): m/z calcd. for C1sH17BF3N3O [M + H]* 372.1490, found 372.1494.

4.1.3. 1,3,5,7-Tetramethyl-2-nitrosyl-8-(4-cyanophenyl)-BODIPY 9
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Prepared from BODIPY 4 (43 mg, 0.113 mmol) using the optimized nitrosation reaction in 71% yield
(28 mg, 0.080 mmol); m.p 258-262 °C. (CeH14/EtOAC 8:2). *H NMR (300 MHz, CDCl3): § 7.89 (d, J = 8.3
Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 6.29 (s, 1H), 2.95 (s, 3H), 2.67 (s, 3H), 1.69 (s, 3H), 1.44 (s, 3H). °C
NMR (75 MHz, CDCls): 6 166.1, 165.0, 147.9, 147.9, 142.0, 138.6, 136.8, 135.3, 133.4, 129.2, 127.6, 126.0,
117.8, 114.3, 15.6, 15.4, 13.0, 11.3. IR (neat): 2970, 2955, 2832, 1554, 1310, 1191, 1185, 1069, 989, 815
cm L. HRMS (ESI): m/z caled.  for  CoH17BF2N4O M+ H]* 379.1536, found
379.1538.

4.1.4. 1,3,5,7-Tetramethyl-2-nitrosyl-8-(4-methoxiphenyl)-BODIPY 10

Prepared from BODIPY 5 (100 mg, 0.282 mmol) using the optimized nitrosation reaction in 47%
yield (51 mg, 0.133 mmol); m.p 225-230 °C. (CeH14/EtOAC 8:2). *H NMR (300 MHz, CDCls): § 7.19-7.13
(m, 2H), 7.09-7.02 (m, 2H), 6.20 (s, 1H), 3.89 (s, 3H), 2.85 (s, 3H), 2.63 (s, 3H), 1.71 (s, 3H), 1.49 (s, 3H).
13C NMR (75 MHz, CDCls): § 164.1, 160.8, 149.1, 148.9, 144.0, 139.0, 135.5, 134.9, 129.0, 127.5, 125.62,
124.8,115.0, 55.4, 15.3, 14.3, 14.3, 12.6. IR (neat): 2960, 2925, 2843, 1609, 1564, 1536, 1487, 1417, 1336,
1245, 1171,1087, 1017, 841 cm™*. HRMS (ESI): m/z calcd. for C20H20BF2N302 [M + H]* 384.1689, found
384.1678.

4.1.5. 1,3,5,7-Tetramethyl-2-nitrosyl-8-phenyl-BODIPY 11

Prepared from BODIPY 6 (50 mg, 0.154 mmol) using the optimized nitrosation reaction in 93% yield
(51 mg, 0.144 mmol); m.p 190-195 °C. (CeH14/DCM 7:3). 'H NMR (300 MHz, CDCls): & 7.59-7.50 (m,
3H), 7.33-7.27 (m, 2H), 6.25 (s, 1H), 2.97 (s, 3H), 2.65 (s, 3H), 1.69 (s, 3H), 1.46 (s, 3H). 3C NMR (75
MHz, CDClz): & 165.4, 164.9, 148.9, 148.8, 145.0, 135.8, 133.7, 129.9, 129.7, 128.4, 127.7, 125.3, 111.8,
15.5,15.2, 13.0, 11.0. IR (neat): 2961, 2926, 2851, 1556, 1415, 1335, 1310, 1261, 1190, 1144, 1064, 996,
824, 722 cm™t. HRMS (ESI): m/z calcd. for C19H1sBF2N3O [M + Na]* 376.1398, found: 376.1402.

4.1.6. 3-Nitrosyl-8-phenyl-BODIPY 14

Prepared from BODIPY 12 (70 mg, 0.261 mmol) using the optimized nitrosation reaction in 40%
yield (31 mg, 0.104 mmol); m.p 175-182 °C. (CsH14/EtOAC 7:3). *H NMR (400 MHz, DMSOds): § 8.80 s,
1H), 7.76-7.70 (m, 3H), 7.68-7.62 (m, 2H), 7.43-7.40 (m, 1H), 7.34 (d, J = 4.5 Hz, 1H), 7.06 (dd, J = 4.7,

72



1.6 Hz, 1H), 6.83 (d, J = 4.5 Hz, 1H). *C NMR (101 MHz, DMSOdg): & 156.3, 148.9, 147.9, 137.9, 137.4,
134.1,132.0,131.8, 131.0, 128.9, 126.1, 125.5, 115.3. IR (neat): 3138, 3060, 1584, 1525, 1404, 1334, 1304,
1271, 1108, 981, 814, 728. cm™ 1. HRMS (ESI): m/z calcd. for C1sH10BF2N30O [M + K]* 336.0517, found
336.0529.
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4.1.7. 3-Nitrosyl-8-(2,6-dichlorophenyl)-BODIPY 15

Prepared from BODIPY 13 (164 mg, 0.488 mmol) using the optimized nitrosation
reaction in 78% yield (139 mg, 0.380 mmol); m.p 75-80 °C. (CsH14/EtOAc 7:3). 'H NMR
(300 MHz, CDCla): 6 8.39 (s, 1H), 7.51 (d, J = 4.4 Hz, 3H), 7.13 (d, J = 4.4 Hz, 1H), 7.00 (d,

J=4.6 Hz, 1H), 6.82 (d, J = 4.6 Hz, 1H), 6.49 (d, J = 4.4 Hz, 1H)-*C NMR (75 MHz, CDCl3):
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6 156.1, 150.8, 142.6, 139.0, 135.0, 135.0, 133.6, 132.3, 129.9, 128.7, 125.1, 124.7, 115.41.
IR (neat): 1608, 1521, 1407, 1333, 1306, 1263, 1108, 991 cm™*. HRMS (ESI): m/z calcd. for
C15HsBCI2F2N3O [M + K]*403.9743, found 403.9737.

4.1.8. 2-Nitrosyl-8-phenyl-BODIPY 16

Prepared from BODIPY 12 (70 mg, 0.261 mmol) using the optimized nitrosation
reaction with 19% yield (15 mg, 0.050 mmol); m.p 195-200 °C. (CsH14/DCM 7:3). 'H NMR
(400 MHz, DMSOds): & 8.74 (s, 1H), 8.69 (s, 1H), 7.78-7.72 (m, 3H), 7.70-7.63 (m, 2H),
7.41 (d,J = 4.5 Hz, 1H), 7.25 (s, 1H), 7.01 (d, J = 4.6 Hz, 1H). 3C NMR (101 MHz, CDCly):
6 151.7, 149.6, 141.7, 137.8, 136.2, 135.4, 132.4, 132.0, 131.8, 130.5, 129.07, 122.6, 122.0.
IR (neat): 1584, 1562, 1522, 1389, 1364, 1311, 1255, 1221, 1085, 995 cm™*. HRMS (ESI):
m/z calcd. for C15H10BF2N30 [M + K] 336.0517, found 336.0519.

4.1.9. 3,8-Diphenyl-5-nitrosyl-BODIPY 21

Prepared from BODIPY 20 (43 mg, 0.124 mmol) using the optimized nitrosation
reaction in 73% yield (34 mg, 0.091 mmol); m.p 221-230 °C. (CsH14/DCM 7:3). 'H NMR
(300 MHz, CDCls): 6 8.07 (m, 2H), 7.68-7.50 (m, 8H), 7.17 (dd, J = 5.9, 4.7 Hz, 2H), 6.96
(d, J = 4.8 Hz, 1H), 6.62 (d, J = 4.4 Hz, 1H). 3C NMR (75 MHz, CDCls): § 169.0, 149.7,
145.4, 140.4, 136.5, 134.2, 133.0, 132.2, 131.2, 130.7, 130.7, 130.4, 130.4, 130.3, 129.0,
128.8, 126.9, 124.1, 115.4. IR (neat): 1601, 1583, 1502, 1346, 1306, 1118, 1086, 983 cm ™.
HRMS (ESI): m/z calcd. for  Co1H1aBF2N30 M+ K]*412.0835, found
412.0829.

4.2. General procedure 2: reaction to obtain the compounds 26

To a stirring solution of the BODIPY 15 (137 mg, 0.375 mmol) in methanol (10 mL),
thiopropanol (1 eq.) was added, and the reaction course was followed by TLC every 20 min.
After full consumption of the starting material, water (15 mL) was added and left stirring for
5 min. The solution is, then, extracted three times with DCM (15 mL), dried over magnesium
sulfate and evaporated on rotary evaporator. The residue is purified chromatographically in a

silica gel column, using mixtures of Hex:EtOAc as eluents.

76



4.2.1. 3-Propylthio-5-amine-8-(2,6-dichlorophenyl)-BODIPY 26

(41 mg, 0.097 mmol) with 26% yield; m.p 90-94 °C. (CsH14/EtOAC 1:1). *H NMR (300
MHz, CDClz): 6 7.45-7.29 (m, 3H), 6.56 (d, J = 4.8 Hz, 1H), 6.21 (d, J = 3.9 Hz, 1H), 6.16
(d, J=3.9 Hz, 1H), 6.03 (d, J = 4.8 Hz, 1H), 5.87 (s, 2H), 2.99 (t, J = 7.3 Hz, 2H), 1.78 (h,
J=7.4Hz, 2H), 1.06 (t, J = 7.4 Hz, 3H). *C NMR (75 MHz, CDCls): § 161.0, 136.5, 136.3,
133.2, 132.0, 130.6, 128.3, 128.2, 126.0, 125.6, 120.26, 115.1, 113.4, 36.3, 22.7, 13.6. IR
(neat): 3372, 2963, 2929, 2873, 1641, 1603, 1532, 1453, 1423, 1363, 1287, 1171, 1050, 956,
802 cm™. HRMS (ESI): m/z calcd. for CisH17BCloF2NsS* [M + H]* 426.0581, found
426.0575.

4.3. General procedure 3: photophysical and analytical assays

Absorption and emission spectra were recorded on a UV/vis spectrophotometer and on
a fluorimeter (Aexc 470 nm), respectively. Fluorescence quantum yields were calculated using
a comparative method with a fluorescein standard (0.1 M in NaOH (ag.) — @ = 0.91, Xexc =
470 nm). The integrated fluorescences of five diluted samples were recorded and plotted
against the absorbance. The slope of each linear tendency curve was calculated and the
quantum yield of the tested compound (@x) was obtained, using the following equation:

Px =PDst [mx an ]

[ Mg 1]

where @4 is the quantum vyield of the standard, my and mg are the slopes for the test
compound and the standard compound, respectively, and nxand ns are the refractive indices
of the solvents.

To access the potential analytical application of nitroso-BODIPYs, 1 mL solutions of
several analytes in distilled water (50 mM) were prepared. Besides the 20 standard amino
acids, aqueous solutions of ethylamine, thiopropanol, 2-mercaptopyridine, cystine, N-
acetylcysteine and glutathione were also prepared. Each solution was treated with 1 mL of a
methanolic solution of the BODIPY 15 (0.5 mM), and fluorescence spectrum was recorded
after stirring with a magnetic stirrer for 1 min. Fluorescence emission under black light (370
nm) incidence was also recorded via digital photography. Besides compound 15, other

nitrosylated compounds were also tested in a similar manner with specific analytes.
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4.4. General procedure 4: cellular uptake

A431 human squamous cell carcinoma cell line was cultivated in DMEM, containing
10% heat-inactivated FBS and 1% (v/v) of an antibiotic/antimycotic solution (10.000 1U of
penicillin, 10 mg of streptomycin and 25 pg of amphotericin B per mL). The cells were kept
at 37 °C in a 5% CO; atmosphere. Cellular uptake of BODIPY 15 was analyzed by flow
cytometry. For this purpose, tumor cells, at 7 x 10° cells/well, were seeded onto 6-wells
microplates, containing sterilized cover slips for 24 h at 37 °C and 5% CO3. The cells were
then rinsed using sterilized saline and incubated with BODIPY (stock solution 1 mg/mL in
DMSO diluted 1:2500 using culture medium) during 5 min, 30 min and 24 h (n = 3 per
incubation time). Flow cytometry analysis was performed, after rinsing the treated cells, using
saline and trypsin at 0.25%, followed by neutralization using complete DMEM medium. The
samples’ fluorescence was then monitored using flow cytometer (BD FACSCanto 1) and
10,000 count at Aex = 488 nm, Axem = 530/30 nm (FITC channel, 3-nitroso-substituted
BODIPY) and Aex = 488 nm, Xem = 585/42 nm (PerCP-A channel, 3-thio-substituted
BODIPY). Treatment controls using culture medium without BODIPY were performed at
each time point and cellular viability was monitored with or without BODIPY treatment. By
the end of the analysis, cell viability was also monitored with 3 pL of propidium iodide (50
ug/mL) at Aex = 488 nm, xem = 530/ 30 nm. Statistical analysis was performed, using One-
way ANOVA with Tukey's multiple comparison test and a level of significance set at 0.05.
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CONCLUSAO

Este trabalho mostrou a quao promissora € a relacao existente entre a Quimica Medicinal
e Bioldgica e a Eletroquimica Molecular. Os casos de investiga¢do aqui estudados revelaram
que a compreensdao do mecanismo eletroquimico de transferéncia de elétrons in vitro e a
obtencdo dos parametros termodindmicos e cinéticos sdo Uteis a compreensdo de Varios
processos que podem ocorrer em nivel bioldgico. Este é um ponto fundamental para o
desenvolvimento de moléculas bioativas, candidatas a protétipos de novos farmacos,
principalmente relacionados a pro-farmacos, bioativados por reacdes de transferéncia de
elétrons.

Os resultados reunidos explicam em parte os efeitos citotoxicos e parasiticidas relatados
parao CASO 1. Foram identificados varios compostos que sao ativos contra o parasita causador
da doenca de Chagas e, através da voltametria ciclica, foi possivel identificar um importante
relacdo estrutura-redox -atividade bioldgica para esses moduladores redox a base de quinona.

No CASO IlI, novos corantes nitrosil BODIPY foram investigados por meios
eletroquimicos e dpticos. Os estudos destacaram a influéncia de solventes e o papel essencial
da natureza e posi¢do do C-nitroso substituinte. Uma das caracteristicas mais surpreendentes
observadas neste trabalho é até que ponto a natureza do solvente polar aprético permite o
discernimento do mecanismo misto para 2, alterando a propor¢do mondmero-dimero de
azodioxi. Dimerizacdo reversivel, uma das mais caracteristicas e intrigantes propriedades de
compostos aromaticos C-nitroso e seus analogos heteroaromaticos, permaneceu misterioso por
décadas, e s6 recentemente € que um mais completo compreensédo dos porqués e dos motivos
deste processo finalmente comegou a emergir.

O conhecimento aprofundado do comportamento desses compostos estd comegando a
lancar uma luz valiosa no estudo de muitas outras &reas da quimica. De acordo com 0s
resultados obtidos via CDFT, a adicdo do grupo NO ao nucleo BODIPY muda os principais
centros reativos eletrofilicos do pirrol anéis em direcdo a NO. Em consonancia com 0s
resultados experimentais, o calculo vertical afinidade eletrdnica dos trés compostos
investigados revelou que incorporar NO na porcdo BODIPY facilita o processo de reducdo. A
fronteira molecular a analise dos orbitais mostrou que as bandas de absor¢ao mais intensas no
BODIPY e compostos derivados de BODIPY-NO sé&o caracterizados principalmente por meio

de um mecanismo de transferéncia de carga (CT) do grupo NO para o nucleo BODIPY. A
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porcdo BODIPY pode desempenhar um papel importante nas propriedades eletronicas destes
sistemas, promovendo um deslocamento batocromico.

Em geral, os métodos eletroquimicos sdo muito Uteis para prever o mecanismo de
formacéo de adutos e a ocorréncia de rearranjo estrutural de compostos semelhantes a estes e
parecem bem adaptadas para explorar as vias redox in vitro e correlaciona-las a estudos in vivo.
Uma vantagem adicional associada a eletroquimica esta relacionada ao fato de que ela permite
acompanhar a quebra redutiva in situ, a caracterizacdo dos intermediarios eletrogerados, via
técnicas hifenadas, o calculo do nimero de elétrons transferidos e mimetiza as experiéncias in

vitro e in vivo.
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