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RESUMO

As infeccBes microbianas e a resisténcia aos antibioticos tém sido os desafios mais significativos que
ameacam a saude publica atualmente. A 4-hidroxiderricina (4HD) é uma chalcona prenilada de ocorréncia
natural que foi isolada da Angelica keiskei (Ashitaba) e demonstra multiplas atividades farmacoldgicas,
principalmente antibacteriana. Neste contexto, 4HD e trés séries de analogos foram planejados, sintetizados
e investigados contra bactérias, micobactérias e fungos clinicamente importantes. Este trabalho utilizou a
4-hidroxiderricina como prototipo para o planejamento de analogos, os quais foram concebidos pela
permutacdo da subunidade p-hidroxila por grupos eletrodoadores e eletro-atratores (Série 1), além das
modifica¢bes nas subunidades 2'-hidroxila, 3'-prenila e 4'-metoxila (Série 1) e redugdes da cetona a,f3-
insaturadas (Série I11). Foram descritas a sintese de 111 substancias, incluindo intermediarios (68) e
substancias-alvo (45), sendo 26 novas e 8 produtos naturais. As substancias-alvo (1 - 45) foram preparadas
através de reacOes de lodacdes Regiosseletivas, O-Metilacdes, Protecdes, Condensacfes Aldolicas entre
aldeidos e cetonas via catalise basica, Acoplamentos de Suzuki, Rearrajnos [1,3]-Sigmatropicos,
DesprotecOes e reacdes de Reducdo. Primeiramente, 4HD se mostrou fortemente ativo contra bactérias e
micobactérias com valores de CIM de 1,56 - 400 pg.mL™, principalmente contra bactérias gram-positivas.
4HD apresentou potente atividade inibitdria contra biofilme de MSSA e MRSA com valores de CIMBs de
1,56 e 0,78 pg.mL?, respectivamente. Verificamos também que 4HD tem acéo bactericida, por lesar a
membrana citoplasmatica de B. subtilis, com baixa citotoxicidade contra as células HaCaT. 4HD mostrou
ser um potente agente antifungico contra cepas de T. rubrum e T. mentagrophytes com valores de CIM de
0,9 - 31,2 ug.mL?, e atividade moderada contra C. auris com valores de CIM de 31,2 pug.mL?. 4HD agiu
sinergicamente e potencializou a atividade da terbinafina em 5 a 10 vezes e do itraconazol em 2 a 4 vezes.
Além disso, a membrana celular dos fungos dermatéfitos foi o alvo do 4HD, pois o ergosterol exdgeno
diminuiu consideravelmente sua atividade antifingica (CIM> 31,2 ug.mL™). As atividades antibacterianas
e antimicobacterianas dos derivados chalconicos 2 - 38 foram de 1,56 a 400 pg.mL™. Estudos de REA
sugeriram que 3'-prenila, 2'-hidroxila e 4-hidroxila sdo pontos farmacoféricos fundamentais de 4HD para a
atividade antibacteriana e antimicobacteriana. Além disso, a troca do grupo prenila em 4HD por um grupo
benzila ndo alterou significativamente a atividade antibacteriana, proporcionando uma relacao bioisostérica
ndo-cléssica entre essas duas subunidades. Derivados de chalconas reduzidas foram as classes de compostos
mais ativos neste trabalho. A estratégia de reducdo da cetona o, B-insaturada causou aumento na atividade
antibacteriana de algumas chalconas inicialmente inativas, como a 4'-O-metilbavachalcona (16). Além
disso, a reducdo de 4HD formou as dihidrocalconas 29 e 30 e o 1,3-diarilpropano 35, que foram mais
promissores que seu Substrato, principalmente contra MSSA e MRSA. Portanto, a redug@o da cetona a, f3-
insaturada de 4HD néo levou a perda da atividade antibacteriana. Os compostos 13, 29, 30 e 37 mostraram
potente atividade na inibi¢do do biofilme de MSSA e MRSA. O composto 29 (4-hidroxidihidroderricina)
mostrou baixa citotoxicidade contra células HaCaT. Portanto, a 4-hidroxiderricina e seus analogos séo
promissores agentes antibacterianos e antifingicos, podendo ser uma alternativa no tratamento e combate
as diversas infec¢Oes causadas por essas bacterias, micobactérias e fungos. Assim, 4HD e 29 podem ser
considerados compostos lideres promissores para a descoberta de novos farmacos.

Palavras-chave: 4-hidroxiderricina, chalconas preniladas, acoplamento de Suzuki, rearranjo sigmatrépico,
reducdo, bacterias, micobacterias, fungos, bioisosterismo, biofilme.



ABSTRACT

Microbial infections and antibiotic resistance have been the most significant challenges threatening the
health of society today. 4-hydroxyderricin (4HD) is a naturally occurring prenylated chalcone that has been
isolated from Angelica keiskei (Ashitaba) and demonstrates multiple pharmacological activities, mainly
antibacterial. In this context, 4HD and three series of analogs were designed, synthesized, and investigated
against clinically important bacteria, mycobacteria, and fungi. This work used 4-hydroxyderricin as a
prototype for the planning of analogs, which were designed by the permutation of the p-hydroxyl subunit
by electron donor and electro-attracting groups (Series 1), changing the 2'-hydroxyl, 3'-prenyl and 4'-
methoxyl subunits (Series II) and a,B-unsaturated ketone reductions (Series Ill). The synthesized 111
substances were described, including intermediates (68) and target substances (45), 26 of which were new
and 8 were natural products. The target substances (1 — 45) were prepared through Regioselective lodations,
O-Methylations, Protections, Aldol Condensations between aldehydes and ketones on basic catalysis,
Suzuki couplings, [1,3]-Sigmatropic Rearrangements, Deprotections, and reactions of Reduction. First,
4HD showed to be strongly active against bacteria and mycobacteria with MIC values of 1.56 — 400 pg.mL"
! mainly against gram-positive bacteria. 4HD showed potent inhibitory activity against S. aureus MSSA
and MRSA biofilm with MICBs values of 1.56 and 0.78 pg.mL™, respectively. We also found that 4HD
has a bactericidal action by damaging the cytoplasmatic membrane of B. subtilis, with low cytotoxicity
against HaCaT cells. 4HD was shown to be a potent antifungal agent against T. rubrum, and T.
mentagrophytes strains with MIC values of 0.9 — 31.2 ug.mL™ and moderate activity against C. auris with
MIC values of 31.2 pg.mL™. 4HD acted synergistically and potentiated the activity of terbinafine 5- to 10-
fold and itraconazole 2- to 4-fold. The cell membrane of dermatophyte fungi was the target of 4HD since
exogenous ergosterol considerably decreased the antifungal activity (MIC>31.2 pg.mL™). The antibacterial
and antimycobacterial activities of the chalcones derivatives 2 — 38 ranged from 1.56 to 400 pg.mL™. SAR
studies have suggested that 3'-prenyl, 2'-hydroxyl, and 4-hydroxyl are fundamental pharmacophoric points
of 4HD for antibacterial and antimycobacterial activity. Furthermore, exchanging the prenyl group in 4HD
for a benzyl group did not significantly alter the antibacterial activity, providing a non-classical bioisosteric
relationship between these two subunits. Reduced chalcones derivatives were the most active compounds
classes in this work. The a,p-unsaturated ketone reduction strategy caused an increase in the antibacterial
activity of some chalcones that were initially not active, such as 4'-O-methylbavachalcone (16).
Furthermore, 4HD reduction formed dihydrochalcones 29 and 30 and 1,3-diarylpropane 35, which were
more promising than their substrate, mainly against MSSA and MRSA. Therefore, reduction of a,p-
unsaturated ketone from 4HD did not lead to loss of antibacterial activity. Compounds 13, 29, 30, and 37
showed potent activity in inhibiting the biofilm of MSSA and MRSA. Compound 29 (4-
hydroxydihydroderricin) showed low cytotoxicity against HaCaT cells. Therefore, 4-hydroxyderricin and
its analogs are promising antibacterial and antifungal agents and may be an alternative in treating and
combating various infections caused by these bacteria, mycobacteria, and fungi. Thus, 4HD and 29 can be
considered promising lead compounds to discover new drugs.

Keywords: 4-hydroxyderricin, Prenylated chalcones, Suzuki coupling, Sigmatropic rearrangement,
Reduction, Bacteria, Mycobacteria, Fungi, Bioisosterism, Biofilm.
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1. INITIAL CONSIDERATIONS

Natural products are sources of prototypes for researching and developing new drugs
and bioactive substances. In this context, the Laboratorio de Antibioticos e Quimioterapicos
(LAQ) of the Instituto de Biociéncias, Letras e Ciénicas Exatas — UNESP/S&o José do Rio
Preto-SP, uses the structure of natural products derived from plants for the development of new
bioactive substances. 4-hydroxyderricin (4HD) is a substance with an o,f-unsaturated ketone,
and the isoprenyl, hydroxyl, and methoxyl subunits in its core used in this work as a prototype
for planning new antimicrobial agents. It was first isolated from the Angelica Keiskei plant, a
hardy perennial belonging to Umbelliferae. The herb is called ‘Myeong-Il Yeob’ in Korea and
‘Ashitaba’ in Japan, both meaning ‘Tomorrow’s Leaf” and called by the Korean name
“Shinsuncho” meaning “elixir of life”. The first reported 4HD synthesis was by [1,3]-
Sigmatropic Rearrangement; however, this methodology was not selective for 4HD synthesis.
4HD has a broad spectrum of biological activities, emphasizing its antibacterial effects.
However, 4HD has not been evaluated against resistant multi-drug bacteria such as M.
tuberculosis and Staphylococcus, Enterococcus, and Streptococcus species. Furthermore, there
are no in-depth studies on the pharmacophoric contributions of the 4HD subunits and their
primary target on bacteria that demonstrate their antibacterial potential. Moreover, 4HD has not
been selectively synthesized in the literature.

In this perspective, 4HD and its analogs were designed, synthesized, and evaluated
against bacteria of clinical interest, including Mycobacterium tuberculosis, Pseudomonas
aeruginosa, Escherichia coli, Helicobacter pylori, Staphylococcus aureus, S. epidermidis,
Enterococcus faecalis, Streptococcus pneumoniae, Streptococcus sanguinis, Streptococcus
sobrinus, and Streptococcus mutans. In addition, 4HD was evaluated against fungi of genus
Trichophyton, including the species of T. rubrum and T. mentagrophytes, and fungi of the genus
Candida, including the species C. albicans and C. auris.

The dissertation was organized into seven Chapters (I-VII). In chapter I, the initial
considerations of work were presented, and at the end of that chapter, the general objective of
the dissertation and the specific objectives of Chapters II-VI. Chapter II contains a literature
review article to contextualize the importance of 4-hydroxyderricin, including its broad
pharmacological activity spectrum. Chapters Il and IV contain the manuscripts obtained from
the studies of 4-hydroxyderricin against bacteria and fungi of clinical interest, respectively.
While Chapters V and VI cover investigations of synthetic analogs of 4HD against gram-
positive and gram-negative bacteria. Chapter V shows the potent activity of a reduced derivative

of 4HD against clinical isolates multi-drug resistant. In contrast, Chapter VI shows the selective
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synthesis of 4HD and evaluation of the pharmacophoric contributions of 4HD by the
antibacterial activity of its analogs against Gram-positive and Gram-negative bacteria. Finally,
Chapter VII presents the general conclusions of studies with 4HD and its analogs against

bacteria and fungi, in addition to the references and appendices of Chapters Ill, V, and V1.

2. OBJECTIVES

2.1.  General Objectives
Planning, Synthesis, and Biological Evaluation of 4-hydroxyderricin (4HD) and analogs

against mycobacteria and bacteria (Gram-positive and Gram-negative).

2.2.  Specific Objectives

Regioselective Planning and Synthesis of 4HD and 39 analogs with modifications in the
ring A, ring B, and a,B-unsaturated ketone;

Evaluation of antibacterial activity against S. aureus (MSSA and MRSA), S.
epidermidis, E. faecalis, S. pneumoniae, S. sanguinis, S. sobrinus, S. mutans, H. pylori, P.
aeruginosa, E. coli, and K. pneumoniae;

Investigation of synergistic and antibiofilm activity of selected analogs against MSSA
and MRSA;

Investigation of the effect of selected analogs on the plasma membrane of B. subtilis;

Determination of antimycobacterial activity against Mycobacterium tuberculosis, M.
avium, and M. kansasii;

Determination of the n-octanol/water partition coefficient (log Po/w) of 4HD and its
analogs, correlating their hydrophobicity with antimycobacterial and antibacterial activity;

Prediction of water solubility (log S) of 4HD and analogs using the general solubility

equation;
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ABSTRACT

4-hydroxyderricin (4HD), a naturally occurring prenylated chalcone, is mainly isolated from
the seeds of Angelika keiskei. 4HD demonstrates multiple pharmacological activities, including
anti-microbial, anti-cancer, anti-inflammatory, antioxidative, antidiabetic, anti-obesity, and
others. The pharmacokinetic profiles of 4HD have been reported as well. This review
summarized the pharmacological activities, the underlying mechanisms, the potential targets,
and the pharmacokinetic profiles of 4HD. 4HD might be a promising lead compound for drug
discovery.

Keywords: 4-hydroxyderricin, pharmacological activities, Pharmacokinetic, Molecular

targets.

1. Introduction

Angelica keiskei Koidzumi is a hardy perennial belonging to the family Umbelliferae.
The herb is called ‘Myeong-Il Yeob’ in Korea and ‘Ashitaba’ in Japan, both meaning
‘Tomorrow’s Leaf” and called by the Korean name “Shinsuncho” meaning “elixir of life”.
Another common name for A. keiskei is ‘Shin-Sun Cho’, which means ‘a precious herb used by
God’. A. keiskei is mainly distributed in Asian countries, including Korea and Japan, and has
been cultivated and used as traditional medicine, and diverse dietary supplements of Ashitaba
tea or juice were prepared. Its stem and leaves are commercially consumed as natural food
because of their beneficial effects on human health (KIM, Si-Jun et al.,, 2014). The
phytochemical constituents of A. keiskei include many metabolites, such as various types of
flavonoids, coumarins, phenolic, acetylenes, sesquiterpene, diterpene, triterpenes, and
chalcones (KIL et al., 2017, 2015; KIM, Dae Wook et al., 2014a). These metabolites show
various biological activities, such as antibacterial, anti-cancer, anti-oxidative, anti-
inflammatory, anti-obesity, Anti-hyperlipidemic, and anti-thrombotic (KIL et al., 2017, 2015).

4-hydroxyderricin (4HD, Fig. 1), a prenylated chalcone, was firstly isolated from
Angelica keiskei (BABA et al., 1990; INAMORI et al., 1991; KOZAWA; MORITA; BABA,
KIMIYE AND HATA, 1978). Shimomura et al. (2012) isolated 4-hydroxyderricin from
propolis on the island of Jeju, located off the southern tip of Korea in 2012 (SHIMOMURA et
al., 2012). The known compounds from this propolis were previously reported as components
of A. keiskei (SHIMOMURA et al., 2013). Moreover, Kodani et al. (2008) showed occurrence
and identification of 4HD from the Culinary-Medicinal Cauliflower Mushroom Sparassis
crispa (Wulf.) Fr. (Aphyllophoromycetideae) (KODANI et al., 2008). Sugamoto et al. (2008
and 2011) and Kim et al. (2013) have reported the synthesis of 4HD by sigmatropic
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rearrangement (KIM, Si Jun et al., 2013; SUGAMOTO et al., 2011, 2008). The chemical and
physical properties of 4HD are as follow:

PubChem CID 6438503

CAS Number 55912-03-3

IUPAC Name (E)-1-[2-hydroxy-4-methoxy-3-(3-methylbut-2-enyl)phenyl]-3-(4-

hydroxyphenyl)prop-2-en-1-one

Molecular Formula C21H2204
Molecular Weight 338.4

Melting Point 136 — 137 °C at ethyl acetate and hexane

Boiling Point 542 £ 50.0 °C at 760 Torr

Density 1.181 + 0.06 g/cm? at 20 °C and 760 Torr
Solubility Insoluble in water but soluble in ethanol, DMSO, acetone

As one of the main active components of Angelica Keiskei, 4-HD demonstrates broad-
spectrum biological activity, including antimicrobial, anticancer, antidiabetic, anti-
inflammatory, antioxidant, among others. Especially, one recent report showed that 4HD
inhibits both severe acute respiratory syndrome coronavirus (SARS-CoV) (PARK, Ji Young et
al., 2016), which deserves further investigation given the current COVID-19 pandemic. 4HD
might be a potential lead for new drug discovery. In this review, we summarized the
pharmacological activities, the underlying mechanisms, the potential targets, and the
pharmacokinetic profiles of 4HD.

Figure 1 - The chemical structure of 4HD, a natural compound.

P OH
Z O N O
OH O

Source: own authorship.

2. Pharmacological activities
2.1. Anti-microbial effect

Most reports on antimicrobial activity are about antibacterial studies against gram-
positive and gram-negative bacteria (AVILA et al., 2008; BATTENBERG et al., 2013;
CAESAR et al., 2018; INAMORI et al., 1991; OSORIO; DELLE MONACHE:; et al., 2012;
SUGAMOTO et al., 2011, 2008). Some reports have been published on the antiviral action of
4HD against Covid-19 and influenza viruses (PARK, Ji Young et al., 2016, 2011). All these
studies are in-vitro. One of the first studies on the anti-microbial activity of 4HD was published
by Inamori et al. (1991), who isolated 4HD from the A. keiskei and evaluated their action against

gram-positive and gram-negative bacteria. The MIC (Minimum Inhibitory Concentration)
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values were 0.75 — 6.25 pg/mL, such as Bacillus subtilis, Staphylococcus aureus,
Staphylococcus epidermidis, Micrococcus luteus, Agrobacterium tumefaciens, Pseudomonas
syringae pv. phaseolicola, Pseudomonas syringae pv. tabaci and Pseudomonas stutzeri
(INAMORI et al., 1991). 4HD also exhibited the MIC values of <1 — 2 ug/mL against Gram-
positive and Gram-negative bacteria, such as R. salanacearum, B. subtilis, and S. epidermidis
in the study from Sugamoto et al. (2008) (SUGAMOTO et al., 2008). Avila et al. (2008) also
confirmed that 4HD strongly inhibited the Gram-positive bacteria — B. cereus and S. aureus —
with the MIC values of 3.9 — 7.8 pg/mL. However, the clinical drug tetracycline showed more
potent inhibitory activities with the MIC values of 0.25 — 1.00 pg/mL (AVILA et al., 2008).
Kodani et al. (2008) isolated and characterized 4-hydroxyderricin, and other chalcones,
from the culinary-medicinal mushroom cauliflower Sparassis crispa and evaluated its Anti-
MRSA activity. This is the first report of the isolation of chalcones from the Fungi kingdom,
and the result indicates the possibility that S. crispa is a promising source for the production of
chalcones and plant A. keiskei. 4HD shown anti-MRSA activity against Methicillin-resistant
Staphylococcus aureus 2932 (a clinical isolate of MRSA) with minimum inhibitory
concentrations of 0.25 mM (KODANI et al., 2008). In 2011, Sugamoto et al. extended the
antibacterial studies performed in 2008 with the synthesis of natural analogs of 4HD and
showed that 4HD was the most active compound evaluated in that study with MIC values of 2
pg/mL against gram-positive bacteria (SUGAMOTO et al., 2011). Osério et al. exhibited 4HD
activity against multi-drug resistant (MDR) strains of S. aureus. 4HD was inactive against
MRSA (MIC = 1000 pg/mL) but was the most active against the MSSA strain (7.8 pg/mL)
(OSORIO; MONACHE; et al., 2012). Battenberg et al. (2013) used a chemical-proteomic
strategy to characterize 4-HD in its antibacterial activity and the possible modes of action on S.
aureus by click chemistry using the 4HD-probe analog. These studies suggest that 4-HD
directly inhibits the enzymatic activity of Seryl-tRNA synthetase (STS) by alkylation (covalent
modification by Michael acceptor - a,p-unsaturated ketone) of essential cysteine residues within
the enzyme and, therefore, can induce cell death by attenuating bacterial protein biosynthesis
(Fig. 2). The most recent antibacterial study was done by Caesar et al. (2018) and showed the
antibacterial action of 4HD against MRSA (USA300 LAC strain AH1263) (CAESAR et al.,
2018). In this study, 4HD inhibited in 100% multidrug-resistant (MRD) S. aureus with a MIC
value of 4.6 uM (1.56 pg/mL) and inhibited in 50% (ICso) at a concentration of 2.0 uM (0.68

png/mL), thus reinforcing the broad antibacterial spectrum of this natural product.

Figure 2 — Mechanism of action of 4HD — Enzyme Inhibition of S. aureus (BATTENBERG et al., 2013).
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Severe acute respiratory syndrome coronavirus (SARS-CoV) is a highly pathogenic
virus that emerged in humans in 2003. The enzymatic activities of two cysteine proteases,
papain-like protease (PLpro) and 3 C-like proteases (3CLpro), are essential for the propagation
of this virus and attractive targets for the development of anti-SARS drugs. Park et al. (2016)
showed that 4HD inhibited the enzymatic activities of SARS-CoV 3CLpro and SARS-CoV
PLpro. Especially, a papain-like protease (PLpro) inhibitors screening demonstrated that 4HD
might be a potential inhibitor of COVID-19 PLpro (PARK, Ji Young et al., 2016). Given the
current worldwide COVID-19 pandemic, the potential application of 4HD in combating
COVID-19 would be of great interest.

Studies by Park et al. (2011) evaluated 4HD for its ability to inhibit the influenza virus
neuraminidase (NA). 4HD showed dose-responsive inhibition of NA activity (ICso = 42.1+1.8
MM, Noncompetitive Inhibition — 50.7 £ 5.7 uM). The most significant of these events is the
emergence of antigenically new influenza viruses in humans, leading to pandemics. The
influenza virus has caused pandemics throughout history, particularly in the 20th century.
Influenza pandemics have been reported for at least 500 years, with interpandemic intervals
averaging approximately 40 years (TAUBENBERGER; MORENS, 2010).

The most recent study of antimicrobial activity of 4HD was evaluation against
pathogenic bee bacteria Paenibacillus larvae and Melissococcus plutonius reported by Park et
al. (2021) (PARK, Sangchul et al., 2021). 4-hydroxyderricin was found to have antimicrobial
activity against P. larvae KACC 14031 (<0.78 mg/L), P. larvae ATCC 9545 (6.25 mg/L), and
M. plutonius ATCC 35311 (3.125 mg/L). In addition, 4HD has a synergic effect with
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tetracycline (FICI = 0.75 £ 0.12) or macelignan (FICI = 0.83 £ 0.12) against P. larvae, which
could potentially be effective to control foulbrood disease of honey bees (PARK, Sangchul et
al., 2021).

2.2. Anti-cancer effect

Many reports have demonstrated the anti-cancer activities of 4HD with both in vitro and
in vivo models. 4HD inhibited the proliferation and induced cell death, mainly apoptosis, in
multiple cancers, including skin cancer (ZHANG, Tianshun et al., 2018), leukemia (AKIHISA
et al., 2011), Neuroblastoma (NISHIMURA et al., 2007), Stomach cancer (TAKAOKA et al.,
2008) (Table 1).

The anti-cancer effect of 4HD is mainly mediated by apoptosis induction through the
death receptors/extrinsic pathway or the mitochondria/intrinsic pathway. In melanoma, both the
BRAF/MEK/ERK and PI3-K/AKT signaling pathways are activated through multiple
mechanisms, resulting in cell-cycle progression and prevention of apoptosis. Zhang et al.
showed 4HD suppressed melanoma development by directly targeting both BRAFV600E and
PI3K, which blocked the activation of downstream signaling. This led to the induction of G1
phase cell-cycle arrest and apoptosis in melanoma cells. Furthermore, 4HD dramatically
attenuated tumor incidence and volume in the BRAF-activated Pten-deficient melanoma mouse
model (ZHANG, Tianshun et al., 2018).

Arung et al. also evaluated 4HD against skin cancer (melanoma) and showed that 4HD
inhibits melanin biosynthesis in B16 melanoma cells. This indicates that the depigmentation
mechanism of isoprenoid- and isoprenoid-like-substituted chalcones (4HD) involves
suppressing some pigmenting signals that stimulate melanogenesis rather than suppressing
some pigmenting signals that function to stimulate inhibition of tyrosinase activity. To inhibit
tyrosinase activity, an inhibitor would have to penetrate both the melanocyte and the
melanosomal membranes, since tyrosinase acts within organelles in melanocytes, so 4HD,
which did not reduce tyrosinase activity (ICso = 50 uM), may be more effective as skin
whitening agents than tyrosinase inhibitors (ARUNG et al., 2012). 4HD was evaluated
concerning their inhibitory effects on the induction of Epstein-Barr virus early antigen (EBV-
EA) by 12-O-tetradecanoylphorbol-13-acetate (TPA) in Raji cells, which is known to be a
primary screening test for antitumor-promoters. 4HD showed potent inhibitory effects on EBV-
EA induction (100% inhibition at 1 x 10° mol ratio/TPA) (AKIHISA et al., 2003, 2012).
Moreover, 4HD showed anti-tumor activity via apoptosis pathway (DNA topoisomerase,

procasparases-3, -8, -9) in human leukemia (HL60) cells and cytotoxicities in human leukemia
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(HL60), melanoma (CRL1579), lung cancer (A549), stomach cancer (AZ521) cells (AKIHISA

etal., 2011).

Table 1. The anti-cancer effects of 4-hydroxyderricin (4-HD).

Cancer type Cell line (s) Assays I1Cso Mechanisms Ref.
Skin cancer — SK-MEL-28 MTS n.d. Induction of G1 phase cell-cycle (ZHANG,
Melanoma SK-MEL-5 arrest  and  apoptosis in  Tianshun et al.,

SK-MEL-31 melanoma cells. 2018)
NHEM
B16 Tyrosinase  >74 yM  Inhibit melanin formationin B16 (ARUNG et al.,
melanoma enzyme 17.1yM  melanoma cells. 2012)
B16
melanoma
cells
CRL1579 MTT 48+0.2 (AKIHISA et
puM al., 2012)
CRL1579 MTT 48uM nd. (AKIHISA et
al., 2011)
Hela cells n.d. 10 Antitumor-promoting  activity (OKUYAMA et
mouse skin pg/mL  viathe modulation of calmodulin  al., 1991)
(8-week-old involved systems. TPA-
female ICR stimulated  32Pi-incorporation,
mice) Ca*-calmodulin system
Leukemia HL60 MTT 55+0.3 n.d. (AKIHISA et
UM al., 2012)
HL60 MTT 55uM  Induced apoptotic cell death via (AKIHISA et
the death receptor-mediated al., 2011)
pathway and the mitochondrial
pathway.
Neuroblastoma IMR-32 MTT 1.97 uM  Cytotoxic effects against human (NISHIMURA
NB-39 4.48 uM  neuroblastoma cells (IMR-32, etal., 2007)
NB-39).
Lung A549 MTT 10.2puM  n.d. (AKIHISA et
al., 2011)
antitumor and HUVEC n.d. n.d. DNA synthesis, tumor-induced (KIMURA,
antimetastatic LLC neovascularization in BABA, 2003;
(lung and liver) Female lymphocytes, CD4*, CD8", and KIMURA,;
C57BL/6 NK-T cells. TANIGUCHI,
strain mice BABA, 2004)
(5 weeks
old)
LM8 n.d. n.d. Inhibited tumor growth, (SUMIYOSHI
THP-1 metastasis to the lung and liver, et al., 2015)
and TAM expression in tumors.
Stomach AZ521 MTT 42uM  nd. (AKIHISA et
al., 2011)
KATO Il Hoechst n.d. (10  Produced oligonucleosomal- (TAKAOKA et
33258 pg/mL)  sized fragments, a characteristic al., 2008)

of apoptosis.

n.d. not determined.

Kimura et al. demonstrated the tumor selectivity of 4HD in a DNA synthesis experiment

using human umbilical vein endothelial cells (HUVEC), showing antitumor and antimetastatic
activities via inhibited DNA synthesis in LLC cells. However, it did not affect the DNA
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synthesis in human umbilical vein endothelial cells (HUVEC) or the adherence of LLC cells to
HUVECs. In addition, tumor-induced neovascularization inhibited the reduction of
lymphocytes, CD4*, CD8*, and natural killer (NK)-T cells in the spleen of tumor-removed mice
(KIMURA; TANIGUCHI; BABA, 2004). In contrast, studies of Nishimura et al. showed that
4HD induced cell death in cerebellar granule cells and neuroblastoma cells. Cerebellar granule
cells are more sensitive than normal astrocytes to chemotherapeutic drugs. In addition,
Nishimura et al. also examined 4HD-induced cytotoxicity using NHDF cells but showed
cytotoxic effects against NHDF and neuroblastoma cells by MTT assay (NISHIMURA et al.,
2007). Another study by Sumiyoshi et al. showed that 4-hydroxyderricin (25 or 50 mg/kg, twice
daily) inhibited tumor growth, metastasis to the lung and liver, and TAM expression in tumors.
In addition, 4-hydroxyderricin (5, 10, 25, or 50 uM) inhibited the production of IL-10 and
monocyte chemoattractant protein (MCP)-1 in M2-polarized macrophages. This result
indicated that 4HD inhibited the activation of M2 macrophages. These findings suggested that
the antitumor and antimetastatic actions of 4HD might be attributed to the regulated activated
TAMs through the inhibition of activation and differentiation of M2 macrophages in the tumor
microenvironment (SUMIYOSHI et al., 2015).

Studies by Takaoka et al. showed that 4HD produced oligonucleosomal-sized fragments
in human stomach cancer KATO Il1 cells, a characteristic of apoptosis. The DNA fragmentation
of the KATO III cells could be observed at a concentration of 10 ug.L™* at 2 days after adding
the 4HD to a culture of KATO Il cells. These findings suggest that growth inhibition by 4-
hydroxyderricin results from the induction of apoptosis by this chalcone. Okuyama et al.
showed that 4HD was proved to have antitumor-promoting activity in mouse skin
carcinogenesis induced by 7,12-dimethylbenz[a]anthracene (DMBA) plus TPA. Since 4HD
showed calmodulin interacting property and may reveal antitumor-promoting activity via the
modulation of calmodulin-involved systems, this chalcone may be helpful to develop an

effective method for cancer prevention and treatment (OKUYAMA et al., 1991).

2.3. Anti-inflammatory effect

The first study that evaluated the anti-inflammatory activity of 4HD was carried out by
Akihisa et al. (2007) (KIL et al., 2017). Studies carried out by Shin et al. showed that 4HD had
anti-inflammatory activity from the inhibition of IL-6 production in MG-63 cells (osteosarcoma
cells) stimulated by TNF-o and may be affected by the presence of the C-4 hydroxyl group in
the 4HD portion (SHIN et al.,, 2011). Yasuda et al. (2014) investigated the effects and
underlying molecular mechanisms of 4-hydroxyderricin (4HD) on inflammatory responses
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induced by lipopolysaccharides (LPS) in RAW264 mouse macrophages (YASUDA et al.,
2014). LPS-mediated production of nitric oxide (NO) was markedly reduced by 4HD. 4HD also
inhibited LPS-induced secretion of tumor necrosis factor-alpha (TNF-o) and expression of
inducible NO synthase (iNOS) and cyclooxygenase-2 (COX-2). In addition, 4HD suppressed
only AP-1 and did not affect NF-kB. On the other hand, it reduced the phosphorylation (at
serine 536) level of the p65 subunit of NF-kB. Therefore, 4HD may be promising for preventing
inflammatory diseases (YASUDA et al., 2014).

The report by Chang et al. isolated and characterized 4HD from A. keiskei and
subsequently evaluated its anti-inflammatory activity (CHANG; LEE; RYU, 2014). The active
principle 4HD inhibited NO production and the expression of pro-inflammatory cytokines,
interleukin (IL)-1B and IL-6, in LPS-activated macrophages. Western blotting and reverse
transcription-polymerase chain reaction analysis demonstrated that this chalcone attenuated
protein and mMRNA levels of inflammatory enzymes such as inducible nitric oxide synthase
(iINOS) and cyclooxygenase-2 (COX-2), as observed in the study by Yasuda et al. (2014)
(YASUDA et al., 2014). Moreover, 4HD suppressed the degradation of inhibitory-kBao. (I-kBa.)
and the translocation of nuclear factor-kB (NF-kB) into nuclei of LPS-activated macrophages.
These data demonstrate that 4HD can suppress the LPS induced production of NO and the
expression of INOS/COX-2 genes by inhibiting the degradation of I-kBa and nuclear
translocation of NF-kB (CHANG; LEE; RYU, 2014).

The last study performed for the anti-inflammatory activity of 4HD was published by
Kawabata et al.,, which screened for phytochemicals capable of increasing the anti-
inflammatory activity in vitro of B. adolescentis JCM1275T, and 4HD was one of these
phytochemicals selected (KAWABATA et al., 2015). Therefore, it was tested whether 47
phytochemicals could enhance the NO suppressive activity of B. adolescentis JCM1275T.
These phytochemicals were tested at concentrations showing <70% inhibition of NO
production and having no effect on cell viability. 4HD inhibited NO at a concentration of 5 M.
Kawabata et al. suggest that 4HD and some of the evaluated phytochemicals may activate the
anti-inflammatory function of B. adolescentis (KAWABATA et al., 2015).

2.4. Anti-diabetic and Anti-Obesity effect

Accumulative studies have demonstrated the anti-diabetic and anti-obesity activities of
4HD. These therapeutic classes have the highest reports of 4-hydroxyderricin activity (Table
2). Most of these studies, especially antidiabetic studies, were performed on 3T3-L1 cells.

Aulifa et al. evaluated 4HD in vitro and in-silica study and showed that it could inhibit
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Dipeptidyl Peptidase-1V (DPP-1V). DPP-IV inhibitors represent an innovative approach for
treating type 2 diabetes mellitus. These inhibitors are attached in the DPP-IV binding pocket
via hydrogen bonding with GIu?®®, Glu?%, and Tyr%? and prevent the breaking down of GLP-1
(AULIFA et al., 2019; AVOGARO; FADINI, 2014). Studies by Li et al. and Ohta et al.
demonstrated that 4HD could increase GLUTA4-dependent glucose uptake through the
LKB1/AMPK signaling pathway and promote adipogenesis and insulin sensitivity adipocytes
3T3-L1. It gave 4HD the power to be a phytochemical with potent insulin-sensitizing effects
(LI; GOTO; YAMAKUNI; et al., 2016; OHNOGI et al., 2012; OHTA et al., 2015). Kawabata
et al. showed that 4-hydroxyderricin (4HD) stimulated GLUT4 translocation in L6 myotubes
due to activation of the insulin signaling pathway or the AMPK pathway. GLUTA4 is the primary
mediator of glucose uptake in insulin-stimulated skeletal muscle cells. Interestingly, the oral
administration of a titrated chalcone-enriched Ashitaba extract containing 150.6 mg/g (dry
base) of 4- hydroxyderricin suppressed acute hyperglycemia in oral glucose tolerance tests of
mice (KAWABATA et al., 2011).

Studies by Enoki et al. (2007) showed that 4HD has insulin-like activities, such as
inducing adipocyte differentiation and increasing glucose uptake. Furthermore, 4HD especially
showed a stronger glucose uptake promoting activity and preventive effect on the progression
of diabetes in genetically diabetic mice than xanthoangelol, a geranylated chalcone, which is
also a metabolite of A. keiskei (ENOKI et al., 2007). 4-hydroxyderricin showed strong insulin-
like activities via a pathway independent of the peroxisome proliferator-activated receptor-y
activation. The 4HD especially showed the preventive effects on the progression of diabetes in
genetically diabetic KK-AY mice (ENOKI et al., 2007). Moreover, Enoki et al. (2010) tested
whether 4HD could reduce blood glucose levels in mice that developed hyperglycemia
associated with insulin resistance. As a result, 4HD showed a blood glucose-lowering effect in
diabetic mice, probably due to increased glucose uptake. Thus, it is suggested that 4HD exerts

a hypoglycemic action through an insulin-independent pathway (ENOKI et al., 2010).

Table 2. The anti-diabetic and anti-obesity effects of 4-HD.

Study Cell Mechanism Refs
Diabetes - Inhibition of Dipeptidyl Peptidase-1V (AULIFA et al.,
mellitus 2 (in 2019)
silico)

Type 2 3T3-L1 Induced adipogenesis in 3T3-L1 cells, promoted (LI; GOTO;
diabetes insulin-dependent glucose uptake, increased Akt YAMAKUNI;

phosphorylation and glucose transporter (GLUT) 4 et al., 2016)
mRNA expression;

Type 2 3T3-L1 Stimulate GLUT4-dependent glucose uptake (OHTA et al.,
diabetes through the LKB1/AMP-activated protein kinase 2015)
signaling pathway in 3T3-L1 adipocytes;




Adiponectin 3T3-L1 Increased the expression of the adiponectin geneand (OHNOGI et al.,
production the production of adiponectin in 3T3-L1 adipocytes; 2012)
Insulin control rat L6 Stimulate glucose uptake in skeletal muscle cells by (KAWABATA
muscle inducing GLUT4 translocation; etal, 2011)
Diabetes 3T3-L1 Strong insulin-like activities via a pathway (ENOKI et al.,
mellitus independent of the peroxisome proliferator-activated 2007)
receptor-y activation;
Anti-Diabetic 3T3-L1 Enhancement of glucose uptake - hypoglycemic (ENOKI et al.,
action via an insulin-independent pathway; 2010)
Hypotensive male SHRSP  Differentiation factor 1 and fatty acid synthase may (OGAWA;
and Lipid be responsible for decreasing hepatic triglyceride OHNO; BABA,
Regulatory content. 2005)
Adipocytes 3T3-L1 Inhibit adipocytes differentiation through AMPK (ZHANG,
differentiation and mitogen-activated protein kinase pathways, Tianshun et al.,
— Anti-obesity resulting in the down-expression of adipocyte- 2013, 2015)
specific transcription factors.
Anti-obesity — HepG2 Reduced lipid accumulation in hepatocytes at 5 uM; (ZHANG,
Excessive Attenuated lipid accumulation through activating the  Tianshun et al.,
lipid LKB1/AMPK signaling pathway in HepG2 cells. 2015; ZHANG,
accumulation Tianshun;
YAMAMOTO;
ASHIDA, 2014)
Anti-obesity RAW 264.7 Moderated the suppression of uncoupling protein 1 (LI; GOTO;
macrophages promoter activity and gene expression in IKUTANI; et
C3H10T1/2 C3H10T1/2 adipocytes; Inhibited c-Jun N-terminal al., 2016)
(10T1/2) kinase phosphorylation, nuclear factor-jB, and

activator protein 1, the last two being transcription
activators in activated macrophages;
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Ogawa et al. (2005) examined the effect of 4-hydroxyderricin on blood pressure and

lipid metabolism in spontaneously hypertensive stroke-prone rats (OGAWA,; OHNO; BABA,
2005). They fed six-week-old male SHRSP diets containing 0.07% 4-hydroxyderricin for 7
weeks with free access to diet and water. The 4-hydroxyderricin produces suppression of
systolic blood pressure elevation, serum VLDL levels reduction, and a decrease in hepatic
triglyceride content in SHRSP (OGAWA,; OHNO; BABA, 2005). An investigation of hepatic
MRNA expression of proteins involved in lipid metabolism indicated that a significant decrease
in microsomal triglyceride transfer-protein may be responsible for the decrease in serum VLDL
levels and that significant decreases in adipocyte determination and differentiation factor 1 and
fatty acid synthase may be responsible for the decrease in hepatic triglyceride content
(OGAWA; OHNO; BABA, 2005).

Adipocytes differentiation is deeply involved in the onset of obesity, and 4HD can
inhibit adipocytes differentiation through AMPK and mitogen-activated protein kinase
pathways, resulting in the down-expression of adipocyte-specific transcription factors
(ZHANG, Tianshun et al., 2013, 2015). 4HD suppressed intracellular lipid accumulation

without cytotoxicity and inhibited adipocytes differentiation accompanied by down-expression
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of adipocyte-specific transcription factors, CCAAT/enhancer-binding protein B(C/EBP-f),
C/EBP-a, and peroxisome proliferator-activated receptor gamma (PPAR-y). In addition, 4HD
promoted phosphorylation of AMPK and acetyl CoA carboxylase during differentiation of 3T3-
L1 adipocytes accompanied by a decrease in glycerol-3-phosphate acyl transferase-1 and an
increase in carnitine palmitoyltransferase-1 mMRNA expression. 4HD also promoted
phosphorylation of extracellular signal-regulated kinases and Jun amino-terminal kinases, but
not p38. Moreover, the inhibitors for AMPK and extracellular signal-regulated kinases
abolished the chalcone-caused down-expression of C/EBP-B, C/EBP-a, and PPAR-y.
Treatment with Jun amino-terminal kinases inhibitor abolished the down-expression of C/EBP-
a and PPAR-y, but not C/EBP-B (ZHANG, Tianshun et al., 2013, 2015).

Zhang et al. (2014) investigated the ability of 4HD to reduce lipid accumulation in
hepatocytes. Significant lipid accumulation was observed when HepG2 cells were treated with
a mixture of fatty acids (FAs; palmitic acid: oleic acid = 1:2 ratio). Under the same experimental
conditions, the addition of 4HD at 5 pM significantly suppressed the FA-induced lipid
accumulation (ZHANG, Tianshun et al., 2015; ZHANG, Tianshun; YAMAMOTO; ASHIDA,
2014). They found that the expression of sterol regulatory element-binding protein-1 (SREBP-
1), a key molecule involved in lipogenesis, was decreased in these chalcone-treated cells. They
also found that 4HD increased the expression of peroxisome proliferator-activated receptor a
(PPARa), which is involved in FA oxidation. Moreover, 4HD increased phosphorylation of
AMP-activated protein kinase (AMPK) and liver kinase B1 (LKB1), upstream regulators of
SREBP-1 and PPARa. They found that 4HD attenuated lipid accumulation by activating the
LKB1/AMPK signaling pathway in HepG2 cells (ZHANG, Tianshun et al., 2015; ZHANG,
Tianshun; YAMAMOTO; ASHIDA, 2014).

According to Li et al. (2016), obesity-induced inflammation plays a crucial role in
insulin resistance and type 2 diabetes pathogenesis. In this context, Li et al. showed that 4HD
alleviates obesity-induced inflammation and dysfunction of adipocytes induced by
inflammation (LI; GOTO; IKUTANI,; et al., 2016). 4HD suppressed inflammatory factors in a
co-culture system. Moreover, treatment of RAW macrophages with 4HD moderated the
suppression of uncoupling protein 1 promoter activity and gene expression in C3H10T1/2
adipocytes, which was induced by a conditioned medium derived from LPS-stimulated RAW
macrophages. Also, 4HD inhibited c-Jun N-terminal kinase phosphorylation, nuclear factor-«B,
and activator protein 1, the last two being transcription activators in activated macrophages.

These results suggest that 4-HD might be a promising phytochemical to suppress obesity-
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induced inflammation and inflammation-induced adipocyte dysfunction (LI; GOTO;
IKUTANI; et al., 2016).

2.5. Anti-oxidant effect

Oxidative stress caused by excessive ROS production and decreased antioxidant ability
leads to DNA hydroxylation, protein denaturation, and lipid peroxidation. 4HD demonstrates
direct free radical-scavenging activity. Murine hepatoma Hepa 1c1c7 cell line has been widely
used in the assay of the induced activity of NQO1 by chalcones (MIRANDA, C. L. et al., 2000).
4HD showed excellent NQO1 induction activity with a CD value of 7.21 uM and an inhibitory
effect on a-glucosidase with an 1Csp of 33.76 uM (LUO, Liping et al., 2012). Besides, 4HD
significantly inhibited xanthine oxidase (XO), an essential source of free radicals, with an ICso
value of 54.3 uM (KIM, Dae Wook et al., 2014b). Having the type of inhibition mixed with
free enzyme (K, = 36.2 pM) and with enzyme-substrate complex (Kis = 121.6 pM) was
obtained. This can help identify which of the two possible mechanisms (mixed type | or II)
occurs in XO inhibition by 4HD. Thus, the inhibitor affinity for the free enzyme is stronger
than that of the inhibitor for the enzyme-substrate complex. Compound 4HD was accordingly
assigned a mixed type | inhibitor of XO (KIM, Dae Wook et al., 2014b). Moreover, Arung et
al. showed that 4HD had the promising result as whitening agents and conducted an antioxidant
assay (ORAC) to determine their ability to counteract oxidative stress from UV radiation.
Compound 4HD was considered one of those with the most potent antioxidant activity, but for
the DPPH assay, it showed no activity (ARUNG et al., 2012).

2.6. Anti-thrombotic effect

Son et al. (2014) identified the anti-platelet activities of 4-hydroxyderricin. Platelet
aggregation is fundamental to a wide range of physiological and pathological processes,
including the induction of thrombosis and arteriosclerosis. 4-Hydroxyderricin effectively
inhibited platelet aggregation induced by collagen (ICso of 41.9 uM), platelet-activating factor
(ICso of 46.1 uM), and phorbol 12-myristate 13-acetate (ICso of 16.5 uM). However, 4HD did
not inhibit thrombin-induced platelet aggregation (ICso of > 80 pM). These results suggested
that antiplatelet activity of 4HD may be mediated through the modulation of intracellular Ca?*
influx via the PLC, pathway rather than through PLCp (SON et al., 2014). Most agonists for
platelet activation mobilize Ca?*, which triggers granule fusion and release through the
phospholipase-C (PLC) pathway. Collagen and PAF stimulate Ca* mobilization through PLC-
gamma (PLC,), whereas thrombin mobilizes Ca?* through PLC-beta (PLCp) (LEGER; COVIC;
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KULIOPULOQOS, 2006; POOLE et al., 1997). The results suggest that 4HD may be potent anti-
thrombotic components of A. keiskei Koidz (SON et al., 2014).

The study of Ohkura et al. (2016) examined the anti-platelet effects of 4-
hydroxyderricin using mouse tail-bleeding models that reflect platelet aggregation in vivo
(OHKURA et al., 2016). 4HD inhibits the aggregation of isolated platelets, as shown by Son et
al. (2014). Ohkura et al. confirmed these inhibitory effects in assays of whole-blood platelet
aggregation. The findings by Ohkura et al. agreed with those described by Son et al. However,
in mice tail bleeding in vivo assay, 4HD did not show effect because the prenylation increases
hydrophobicity and thus might increase the translocation of or interaction with mice platelets
(OHKURA et al., 2016).

2.7. Anti-depressant effects

4-Hydroxyderricin shows the inhibitory activities under enzymes Monoamines oxidases
(MAO-A and MAO-B) in studies of Kim et al. (2013). Monoamine oxidase inhibitors have
been widely used as antidepressants. 4HD exhibited the inhibitory activities on both enzymes
potentially. The ICso value of 4HD was 3.52 mM for MAO-A and 3.43 uM for MAO-B. 4HD
was the strongest and selective MAO B inhibitor in this study. Furthermore, 4HD exhibited
about 1,000 times less ICso value on MAO-B than on MAO-A. This result indicates that 4-
hydroxyderricin is a more selective MAO-B inhibitor than MAO-A (KIM, Ji Ho et al., 2013).
Moreover, 4-hydroxyderricin also exhibited the inhibitory mildly activities on dopamine f3-
hydroxylase (DBH). The ICsg value of 4HD was 12.0 uM for DBH. This study suggests that
the 4-hydroxyderricin isolated from A. keiskei Koidzumi is expected for a potent candidate for
the development of combined antidepressant drugs (KI1M, Ji Ho et al., 2013).

The most recent study on inhibiting monoamine oxidases (MAOs) by 4HD was carried
out by Oh et al. (2019). In this study, 4HD was tested for inhibitory activities of human
monoamine oxidases (hMAOs) and acetylcholinesterase (AChE). The MAO-A, MAO-B, and
AChE inhibitory activities of 4HD were tested at a concentration of 10 uM (Residual Activity).
At 10 uM, 4HD inhibited MAO-B by a considerable percent. Moreover, 4HD effectively
inhibited MAO-B with IC50 of 1.39 uM and MAO-A with IC50 > 40 uM with Selectivity Index
(SI = ICs0 of MAO-A/ICso of MAO-B) equal to 28.8, showing that 4HD is more selective for
MAO-B, reinforcing what was previously described by Kim et al., (2013). In addition, 4HD
showed an ICso of 16.86 uM for AChE inhibition (OH, Jong Min et al., 2019).

2.8. Other effects
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Matsuura et al. (2000) evaluated 4HD on the inhibitory capacity of phenylephrine-
induced vasoconstriction in rat aortic rings. 4HD inhibited phenylephrine-induced
vasoconstriction at the concentrations of 10 — 100 mg/mL. Moreover, 4HD inhibited
phenylephrine-induced vasoconstriction through endothelium-dependent endothelium-derived
relaxing factor (EDRF) production and nitric oxide (NO) production (MASAHARU
MATSUURA, YOSHIYUKI KIMURA, KOJI NAKATA, KIMIYE BABA, 2000).
Furthermore, 4-hydroxyderricin concentrations of 10 — 100 mg/mL concentration-dependently
inhibited the elevation of intracellular free calcium [Ca?*]i induced by phenylephrine. These
results demonstrate that 4HD inhibits phenylephrine-induced vasoconstriction through
endothelium-dependent production of EDRF/NO and the reduction of the [Ca®*]i elevation
induced by phenylephrine. From this, 4HD was able to induce arterial relaxation in rat aortic
rings (MASAHARU MATSUURA, YOSHIYUKI KIMURA, KOJI NAKATA, KIMIYE
BABA, 2000).

Hagiwara et al. (2018) evaluated the effects of 4HD on bone formation and maintenance
by using cultured osteoclasts and osteoblasts (HAGIWARA et al., 2018). 4HD did not affect
cell proliferation of stromal ST2 cells and preosteoblast MC3T3-EL1 cells at concentrations of
1 — 10 pM. Moreover, 4HD inhibited the formation of multinucleated osteoclasts from mouse
splenic cells; in addition, a molecular pathway of osteoclast differentiation was identified
mediated by 4HD, which led to inhibition of the expression of receptor activator of nuclear
factor-kB ligand and macrophage-colony stimulating factor in ST2 cells. By contrast, 4HD
enhanced indices of osteoblast differentiation, such as alkaline phosphatase activity and
calcium deposition by osteoblastic MC3T3-E1 cells, at concentrations of 1 — 10 pM.
Furthermore, they found that 4HD at 1 uM attenuated H>O> levels in MC3T3-E1 cells. These
findings indicate that 4HD may have critical bone formation and maintenance (HAGIWARA
etal., 2018).

To find a new therapeutic agent from the medicinal plant A. keiskei (AK) that can
enhance or maintain muscle strength, Kweon et al. (2019) evaluated the anti-myopathy effect
of chalcones from ethanol extract of AK (EAK) in cellular and animal models of muscle atrophy
(KWEON et al.,, 2019). To examine anti-myopathy activity, EAK was treated into
dexamethasone injected rats, and muscle thickness and histopathological images were
analyzed. Oral administration of EAK (250 or 500 mg/kg) alleviated atrophic muscle damages
and down-regulated the mRNA levels of muscle-specific ubiquitin-E3 ligases. Among ten
compounds isolated from EAK, 4-hydroxyderricin (4HD) was the most effective principle in

stimulating the myogenesis of C2C12 myaoblasts via activation of p38 mitogen-activated protein
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kinase (MAPK). In three cellular muscle atrophy models with C2C12 myoblasts damaged by
dexamethasone or cancer cell-conditioned medium, 4HD protected the myosin heavy chain
(MHC) degradation by suppressing expressions MAFbx, MuRF-1, and myostatin. These results
suggest that the ethanol extract and its active principle, 4HD from AK, can overcome muscle
atrophy through double mechanisms of decreasing muscle protein degradation and activating
myoblast differentiation. Therefore, taken together, ethanol extract of A. keiskei and 4-
hydroxyderricin have therapeutic potential for treating muscle atrophy. (KWEON et al., 2019).
In another study on the prevention of dexamethasone-induced muscle loss by Yoshioka
et al. (2020), 4HD was shown to be an up-and-coming agent. This study focused on 4-
hydroxyderricin and investigated its prevention effect on dexamethasone-induced muscle loss
(YOSHIOKA et al., 2020). It was found that 4-hydroxyderricin significantly prevented
dexamethasone-induced protein degradation in C2C12 myotube by suppressing the expression
of ubiquitin ligases, Cbl-b and MuRF-1. This prenylated chalcone acted as the antagonist of the
glucocorticoid receptor and inhibited the binding of dexamethasone to this receptor and its
subsequent nuclear translocation. In addition, 4HD suppressed the phosphorylation of p38 and
FoxO3a as the upstream factors for ubiquitin ligases. Dexamethasone-induced protein
degradation and upregulation of Cbl-b were attenuated by the knockdown of the glucocorticoid
receptor but not by the knockdown of p38. In conclusion, 4-hydroxyderricin is an effective
compound to inhibit steroid-induced muscle loss (YOSHIOKA et al., 2020).
4-hydroxyderricin also showed significant inhibitory effects on TCDD-induced AhR
transformation. Rat cytosolic fraction was incubated with 4HD at 50 uM. Subsequently, the
reaction mixture was treated with 1 nM TCDD for 2h at room temperature. AhR/DRE complex
was determined by EMSA assay. The density of each bond was quantified, and the value of (1
nM TCDD treated cytosol) was set to 100%. These results indicated that the chalcone structure
and its molecular size were important for inhibiting AhR transformation (HE et al., 2013).
The pharmacological activities of 4HD were summarized in Fig. 3.
Figure 3 - The pharmacological activities and some underlying mechanisms of 4-hydroxyderricin (4HD). 4HD is

a natural compound with various pharmacological effects such as anti-microbial, anti-cancer, anti-oxidant, anti-
inflammatory, etc.
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3. Pharmacokinetics, Toxicological and ADMET Assessment

To investigate the absorption and metabolism of 4-hydroxyderricin, Nakamura et al.
(2012) established an analytical method based on liquid chromatography-tandem mass
spectrometry. They measured this compound in the plasma, urine, feces, liver, kidney, spleen,
muscle, and white adipose tissues of mice orally administered with Ashitaba extract. 4HD was
quickly absorbed into the plasma, with time-to-maximum plasma concentrations of 2h
(NAKAMURA et al., 2012). 4HD mainly was excreted in their aglycone forms and related
metabolites (glucuronate and sulfate forms) in urine between 2 and 4h after oral administration
of Ashitaba extract. On the other hand, 4HD was only excreted in their aglycone forms in feces.
When tissue distribution of 4-hydroxyderricin was estimated 2h after administration of
Ashitaba extract, in addition, 4HD was detected in all of the tissues assessed, mainly in their
aglycone forms, except in the mesenteric adipose tissue. These results suggest that 4-
hydroxyderricin is rapidly absorbed and distributed to various tissues. Absorption and
metabolism of 4-hydroxyderricin following gavage administration of 50, 100, 200, and 500
mg/kg body weight of ashitaba extract in male ICR mice was without adverse effect
(NAKAMURA et al., 2012).
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GLP studies reported by Maronpot (2015), including a bacterial reverse mutation assay,
a chromosome aberration assay, and an in vivo micronucleus assay, is negative for genotoxicity.
A GLP compliant 90-day repeated oral gavage study of ashitaba yellow sap powder containing
8.45% 4-hydroxyderricin in Sprague Dawley rats resulted in expected known physiological
effects on coagulation parameters and plasma lipids at 300 and 1000 mg/kg/day. Ashitaba-
related pathology included a dose-related male rat-specific alpha 2-urinary globulin
nephropathy at 100, 300, and 1000 mg/kg/day and jejunal lymphangiectasia in both sexes at
1000 mg/kg/day. All other study parameters and histopathological changes were incidental or
not of toxicological concern. Based on these studies, ashitaba chalcone powder is not genotoxic,
with a NOAEL of 300 mg/kg in male and female rats (MARONPQOT, 2015).

A metabolomics and lipidomics study was performed using human plasma samples
from 20 subjects after the intake of Angelica keiskei, and the components of Angelica keiskei in
the plasma were profiled. UPLC-Orbitrap-MS was used to analyze the plasma and plant
extracts, and multivariate analysis and correlation studies between the exogenous components
from plant and endogenous metabolite in plasma (OH, Hyun A. et al., 2019). The levels of the
14 metabolites including kynurenic acid, prostaglandin E1, chenodeoxycholic acid, lysoPC
(18:1), lysoPC (18:2), lysoPC (20:3), lysoPC (20:4), lysoPC (22:6), PC (34:1), PC (34:2), PC
(38:3), PC (38:4), PC (38:6) and PC (40:7) in the plasma were changed. By monitoring the
components originating from Angelica keiskei in plasma, 4-hydroxyderricin and the other four
components were detected, reducing the levels of bile acids and fatty acids (OH, Hyun A. et
al., 2019).

Malik et al. (2017) performed in-silico docking of 4-hydroxyderricin and other natural
products to reveal the underlying mechanism of inhibition of xanthine oxidase. Xanthine
oxidase, a ubiquitous enzyme, is involved in various pathological disorders, including gout,
hyperuricemia, inflammation, oxidative stress, and cardiovascular diseases. Inhibitors of
xanthine oxidase thus find a crucial role in treating these deadly diseases (MALIK; DHIMAN;
KHATKAR, 2017). Further, ADMET (Absorption, distribution, metabolism, excretion, and
toxicity) studies have been performed for 4-hydroxyderricin and other natural products
(MALIK; DHIMAN; KHATKAR, 2017). Molecular docking studies were performed to
identify binding affinities and interaction between 4HD and the target protein Xanthine oxidase
using Glide software (Schrodinger Inc. U.S.A.-Maestro version 10.2). In-silico ADMET-
related properties were computed using the Qikprop application of Schrodinger software.
QikProp program generates a set of physicochemically significant descriptors which further

evaluate ADMET properties. The whole ADME-compliance score-drug-likeness parameter is
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used to predict the pharmacokinetic profiles of the ligands (MALIK; DHIMAN; KHATKAR,
2017). Table 3 below shows the Binding Energy data, Docking Score, and ADMET data for 4-
hydroxyderricin obtained by Malik et al. (2017).

Table 3. Binding energy (AG), docking score, and ADMET data for 4-hydroxyderricin

ADMET
Natural AG Docking ol op ol PPMD - - Rule Rule
[o o] 0 0g-
ligand  (KJ/mol) score QPlog S QPlog Q QPlog  Q QPlog  QPlog of of
HERG Caco BB CK Kp Khsa
Five Three
4-HD -42.22 -5.73 -5.974 -6.226 639.722  -1.335 305.246 -2.064 0.808 0 1

ADMET analysis predicted I1Cso value for blockage of HERG K™ channels (log HERG),
predicted apparent Caco-2 cell permeability in nm/sec (QPPCaco), brain/blood partition
coefficient (QPlogBB), predicted skin permeability (QPlogKp), prediction of binding to human
serum albumin (QPlogKhsa) and predicted apparent Madin — Darby Canine Kidney (MDCK)
cell permeability in nm/sec (QPPMDCK). It also predicts Lipinski’s rule of five (number of
violations of Lipinski’s rule of five), which is rational drug design and ensures a drug-like

pharmacokinetic profile.

4. Conclusion

Chalcones and their derivatives are of great medicinal interest due to their versatile
synthesis, multiple pharmacological activities, and clinical potentials (WANG, Miaojuan et al.,
2021; ZHUANG et al., 2017). 4HD exhibits extensive activities, including anti-microbial, anti-
cancer, anti-inflammatory, antioxidant, anti-diabetic and anti-obesity, etc. However, like many
naturally occurring compounds, the efficacy of 4HD in most trials reported in the literature is
relatively moderate. Nonetheless, 4HD provides a privileged scaffold and can lead to chemical
modification and optimization. In the current context of the COVID-19 pandemic, 4HD has
been shown to have a stimulating anti-virus effect. In addition, it has shown a broad spectrum
of action against the opportunistic bacteria that arise during and after COVID-19 infections.
However, there is little data on their pharmacokinetics and pharmacodynamics, and we know

even less about their cytotoxicities and toxicities, which needs further study.
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The natural prenylated chalcone 4-hydroxyderricin (4HD) from A. keiskei has a broad spectrum
of biological activities, mainly antibacterial activity. In this context, we synthesized and
evaluated the activity of 4-hydroxyderricin against Gram-positive and Gram-negative bacterial
and mycobacteria species. Furthermore, the synergistic effect and anti-biofilm activity against
MSSA and MRSA of 4HD were also evaluated, in addition, to evaluating Membrane
Permeability against B. subtilis. Moreover, 4HD had its cytotoxic activity evaluated against
HaCat cells. The antibacterial activity of 4HD was determined using the Resazurin Microtiter
Assay (REMA) method. 4HD showed to be strongly active against bacteria and mycobacteria
with MIC values of 1.56 — 400 pg.mL™?, mainly against gram-positive bacteria. Furthermore,
4HD showed potent inhibitory activity against S. aureus MSSA and MRSA biofilm with
MICBso values of 1.56 and 0.78 pg.mL™, respectively. We also found that 4HD has a
bactericidal action by damaging the cytoplasmatic membrane of B. subtilis, with low
cytotoxicity against HaCaT cells. Thus, 4HD is a promising antibacterial compound, which
could be an alternative to combat several infections caused by bacterial and mycobacterial.

Keywords: Chalcones; 4-hydroxyderricin; Anti-bacterial; Anti-mycobacterial; Anti-biofilm;
Cytotoxicity; Membrane Permeability.

1. Introduction

Chalcones have been considered privileged structures from the medicinal chemistry
point of view due to their broad spectrum of the pharmacological action and easy and versatile
synthesis (ZHUANG et al., 2017). Chalcones are flavonoids and have been widely isolated
from plants. Structurally, chalcones consist of two benzene rings (A and B) separated by an
a,B-unsaturated ketone bridge (ZHUANG et al., 2017). 4-hydroxyderricin (4HD, Fig. 1) is a
natural prenylated chalcone that has been isolated from Angelica keiskei, popularly named in
Japan as “ashitaba” (Apiaceae) (KOZAWA; MORITA; BABA, KIMIYE AND HATA, 1978;
SUGAMOTO etal., 2008; ZHUANG et al., 2017) with a broad spectrum of biological activities
such as antibacterial activity (AVILA et al., 2008; BATTENBERG et al., 2013; INAMORI et
al., 1991; OSORIO; MONACHE; et al., 2012; SUGAMOTO et al., 2011, 2008; ZHUANG et
al., 2017), antiviral (PARK, Ji Young et al., 2016, 2011), anticancer (AKIHISA et al., 2003,
2006, 2012; BOMBARDELLLI, 1996; NISHIMURA et al., 2007; OKUYAMA et al., 1991),
antidiabetic (ENOKIl et al., 2007; HAGIWARA et al., 2019; KIL et al., 2017; LEE et al., 2017),

among other activities.
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4-hydroxyderricin (1) was first synthesized and tested by Sugamoto and co-authors in
2008 against gram-positive and gram-negative bacteria, being the most active compound of all
tested in this study (SUGAMOTO et al., 2008). In 2008, Avila and co-authors published a study
involving the antibacterial analysis of 31 chalcones, including 4-hydroxyderricin. 4-
hydroxyderricin was the most active of the entire series showing significant activity against
gram-positive bacteria (AVILA et al., 2008). In 2011, Sugamoto and co-authors re-synthesized
4-hydroxyderricin, and a larger series of analogs tested their antibacterial activity against gram-
positive and gram-negative bacteria and was the most active of them all compounds tested
against gram-positive. However, it was inactive against gram-negative bacteria (SUGAMOTO
etal., 2011).

From this broad spectrum of biological action, mainly antibacterial, in this paper, we
synthesized 4HD by isoprenyl [1,3]-sigmatropic rearrangement of its isomer 2’-O-
isoprenylchalcone (SUGAMOTO et al., 2011, 2008) and evaluated against mycobacteria and
bacterial species. We evaluated against bacterial species already described in the literature as
Staphylococcus aureus, Staphylococcus epidermidis, Bacillus subtilis, Pseudomonas
aeruginosa, and Escherichia coli (AVILA et al., 2008; BATTENBERG et al., 2013; INAMORI
etal., 1991; OSORIO; MONACHE; et al., 2012; SUGAMOTO et al., 2011, 2008) and against
species not described until now, such as Helicobacter pylori, Klebsiella pneumoniae,
Streptococcus pneumoniae, Streptococcus sanguinis, Streptococcus sobrinus, Streptococcus
mutans, and Enterococcus faecalis. Thus, expanding and evaluating its spectrum of
antibacterial action. In addition, we evaluated 4HD against mycobacterial species as
Mycobacterium tuberculosis, Mycobacterium kansasii, and Mycobacterium avium, studies not
described until now in the literature. Furthermore, as an additional biological study, this paper
was also evaluated the anti-biofilm activity and synergistic effect of 4HD against S. aureus
MRSA and MSSA. In addition, we evaluated 4HD in a membrane permeability assay on B.
subtilis using Fluorescence Microscopy.

Fig. 1. 4-hydroxyderricin (4HD).
/0 OH
OH O
Source: own authorship

2. Results and Discussion
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2.1.Chemistry
2.1.1. Synthesis of 4-hydroxyderricin (4HD)

The synthesis adopted to obtain 4HD (1) was the same reported by Sugamoto et al., as
shown in Scheme 1 (SUGAMOTO et al., 2011, 2008). As shown, the synthesis of 1 begins
with the methylation reaction of 2’,4’-dihydroxyacetophenone (2) to obtain 2’-hydroxy-4’-
methoxyacetophenone (3) with 83% of yield. Product 3 was O-prenylated via isoprenyl
bromide forming 2’-O-prenylated acetophenone 4, with a 95% yield. Product 4 was condensed
with 4-methoxymethoxybenzaldehyde (5) by Claisen-Schmidt aldolic condensation via basic
catalysis, obtaining the protected 2'-O-prenylated chalcone (6), with 98% of yield. The [1,3]-
sigmatropic rearrangement of 6 with montmorillonite K10 in CH2Cl; at 0 °C gave the product
of interest 7 (56%). Deprotection of 7 was performed using hydrochloric acid (1N) in methanol
and THF, giving the final product 4HD, with yields of 73%. The overall yield for this synthetic

route was 29%.

Q 52 omer @ ®
\\—©—0H Nowe, \\—O—OMOM
K,CO, _O
@Y el Y SUNE
choa K,CO, KOH (60%), EtOH
OH O Y\, o
4

acetone o O
acetone 98% \lé\/ 6

83% 95%
/
IS CUN g
Montmorilonite K10
MeOH THF
55°C
DCM 7 (56%) 1-4HD

0°C 2%

Scheme 1. Synthetic route for target compound

2.2.Biological Study
2.2.1. Anti-microbial studies
e MIC determination against mycobacterial and bacterial species

The anti-mycobacterial activity of 4HD was evaluated against mycobacteria strains —
M. avium ATCC (25291), M. kansasii ATCC (12478), and M. tuberculosis ATCC (27294)
(table 1). M. tuberculosis (MTB) is of most significant interest in this study as it is the main
etiological agent of tuberculosis. Tuberculosis (TB) is a communicable disease that is a
significant cause of ill health, one of the top 10 causes of death worldwide, and the leading
cause of death from a single infectious agent (ranking above HIV/AIDS). In 2019, about 10
million people developed TB, and 1.4 million died (WHO, 2020). M. kansasii and M. avium
are nontuberculous mycobacteria (NTM). Nontuberculous mycobacteria are environmental
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bacteria, but some species can cause opportunistic infections in humans. While they are not as
pathogenic as M. tuberculosis, diseases due to NTM have been an increasing concern in global
health, and in some developed countries, NTM is now responsible for more diseases than M.
tuberculosis. Nontuberculous mycobacteria are ubiquitous organisms that cause chronic
disease, and the burdens of NTM-pulmonary disease are increasing globally (KIM, Su Young
et al., 2021; LUO, Tao et al., 2021). In this context, the discovery and evaluation of novel
compounds against these types of mycobacteria are great interest. Natural products such as 4-
hydroxyderricin (4HD) are an alternative for developing new anti-mycobacterial compounds.
As shown in table 1, 4HD showed active against mycobacteria — M. tuberculosis, M.
kansasii, and M. avium — with MIC values of 15.62 — 31.25 pug.mL™. M. tuberculosis was the
mycobacterium most susceptible to 4HD with a MIC of 15.62 pug.mL™. While for M. kansasii
and M. avium, 4HD was active at a concentration of 31.25 pg.mL™. From these data, 4HD
showed a broad spectrum of anti-mycobacterial activity with action against all mycobacteria

evaluated in this study.

Table 1. The anti-mycobacterial activity of 4HD

. ug.mL?!
Mycobacteria 4HD isoniazid
M. tuberculosis ATCC (27294) 15.62 0.50
M. kansasii ATCC (12478) 31.25 1.00
M. avium ATCC (25291) 31.25 >1.00

e MIC determination against bacterial species

The antibacterial activity of 4HD was evaluated against Gram-positive and Gram-
negative bacteria as S. aureus ATCC (6538), S. aureus ATCC (BAA44), S. epidermidis ATCC
(14990), E. faecalis ATCC (1299), S. pneumoniae ATCC (6305), S. sanguinis ATCC (10556),
S. sobrinus ATCC (33478), S. mutans ATCC (25175), H. pylori ATCC (43526), P. aeruginosa
ATCC (27853), K. pneumoniae ATCC (13883) and E. coli ATCC (35218). The MIC values
are summarized in Table 2. Some of these bacteria evaluated are the World Health Organization
(WHO) focus because of their drug resistance (WHO, 2017). Antibacterial resistance (ABR)
has been recognized as a significant threat to global health. According to the World Health
Organization (WHO), mutations in microorganisms result in ABR, rendering medicines
ineffective, and infections persist in the body, increasing the risk of spread to other peoples.
According to WHO, the most critical group includes multidrug-resistant bacteria that pose a

particular threat in hospitals, nursing homes, and patients whose care requires devices such as
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ventilators and blood catheters (MOGASALE et al., 2021). They have included Acinetobacter,
Pseudomonas, and several Enterobacteriaceae as priority 1 — Critical — in the global priority
pathogen list of antibiotic-resistant bacteria. They can cause severe and often deadly infections
such as bloodstream infections and pneumonia. Bacterial species Staphylococcus,
Enterococcus, H. pylori, and others have been classified by WHO as priority 2 — High — and
Streptococcus species are classified as priority 3 — medium — on the global priority pathogen
list antibiotic-resistant bacteria (MOGASALE et al., 2021; WHO, 2017).

The evaluation of 4HD against gram-negative bacteria H. pylori is also unprecedented,
therefore, being the first study to evaluate the activity of this natural product against H. pylori
in the literature. 4HD showed the Minimum Inhibitory Concentration (MIC) of 62.50 pg.mL™*
against H. pylori ATCC (43526). In addition, 4HD was shown to be active against P.
aeruginosa ATCC (27853) at a concentration of 400 pg.mL™* and was inactive against the other
gram-negative bacteria, K. pneumoniae ATCC (13883) and E. coli ATCC (35218), with MIC
values >400 pg.mL. Reaffirming studies in the literature on the antibacterial inactivity of 4HD
against gram-negative bacteria (AVILA et al., 2008; SUGAMOTO et al., 2011, 2008).

4HD was shown to be more active against gram-positive bacteria, as shown in Table 2,
and this confirms the potent antibacterial activity of this natural product against gram-positive
bacteria expressed in the literature (AVILA et al., 2008; BATTENBERG et al., 2013;
INAMORI et al., 1991; OSORIO; MONACHE; et al., 2012; SUGAMOTO et al., 2011, 2008).
Among these gram-positive bacteria, 4HD was less active against S. pneumoniae ATCC (6305)
with a MIC of 25.00 pg.mL*. However, for the others gram-positive bacteria—S. aureus ATCC
(6538), S. aureus ATCC (BAA44), S. epidermidis ATCC (14990), E. faecalis ATCC (1299),
S. sanguinis ATCC (10556), S. sobrinus ATCC (33478), and S. mutans ATCC (25175) — the

MIC values were promising, ranging from 1.56 to 6.25 pg.mL™.

Table 2. Anti-bacterial activity of 4HD

Hg.mL*
Bacteria
4HD tetracycline  chlorhexidine
H. pylori ATCC (43526) 62.50 1.48
P. aeruginosa ATCC (27853) 400 5.90
K. pneumoniae ATCC (13883) >400 1.47
E. coli ATCC (35218) >400 0.73
S. aureus ATCC (6538) 3.12 0.09
S. aureus ATCC (BAA44) 3.12 >5.90
S. epidermidis ATCC (14990) 1.56 >5.90
E. faecalis ATCC (1299) 6.25 1.47

S. pneumoniae ATCC (6305) 25 0.18

S. sanguinis ATCC (10556) 3.12 0.92
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S. sobrinus ATCC (33478) 3.12 - 1.84
S. mutans ATCC (25175) 3.12 - 0.46
- Not applicable;

The highlight is the antibacterial activity of 4HD against the species S. epidermidis
14990 tetracycline-resistant, S. aureus BAA44 (MRSA and tetracycline-resistant) and S. aureus
6538 (MSSA), with MIC values of 1.56 pg.mL™? (4.61 uM) and 3.12 pg.mL* (9.22 pM),
respectively. These minimum inhibitory concentration values were lower than that obtained by
the drug used as a control positive — tetracycline, MIC >5.90 pg.mL* (>13.3 uM). These results
show that 4HD is approximately 3-fold more potent against S. epidermidis and 1.5 fold more
potent against S. aureus MRSA and MSSA than the drug tetracycline.

4HD showed a broad spectrum of antibacterial action, mainly against gram-positive
bacteria from these results. According to the World Health Organization, Staphylococcus and
Streptococcus species were the most susceptible to 4HD, as shown in Table 2; these bacterial
species were ranked high priority on the global priority pathogen list of antibiotic-resistant
bacteria (WHO, 2017). Therefore, 4HD appears as a potential candidate in treating bacterial

infections due to its broad antibacterial spectrum, mainly against gram-positive bacteria.

2.2.2. Checkerboard Assay

We evaluated the combined effect of 4HD with vancomycin against S. aureus 6538 and
S. aureus BAA44, as shown in table 3. The combination of 4HD and vancomycin had an
indifferent synergistic effect for both compounds against the S. aureus 6538 strain evaluated
since the FICI values of 4HD and vancomycin was 2 and MIC values did not change for MSSA.
The same indifferent effect was observed against S. aureus BAA44 strain when 4HD and
vancomycin were combined (FICI = 3), but there was a change in MIC value of 4HD when
combined with the drug users from a MIC value of 3.12 to 1.56 pg.mL™. In addition, the MIC
value of vancomycin also ranged from 0.73 to 1.56 pg.mL* when combined with 4HD.
Therefore, even if the combination of compounds causes variations in the MIC values, it does
not mean that there was a synergistic action; what will tell if there was a synergistic action or
not is the Fractional Inhibitory Concentration Index (FICI). A synergistic combination was
defined as FICI < 0.5, an additive combination was defined as 0.5 < FICI < 1.0, an indifferent
combination was defined as 1.0 < FICI < 4.0 and an antagonistic combination as FICI > 4
(LEWIS et al., 2002; ODDS, 2003). From this, the combination of 4HD and vancomycin

showed an indifferent combination (1.0 < FICI < 4.0).
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Table 3. Synergistic evaluation of 4HD against MSSA and MRSA

S MIC (ug.mL?) - ¢
ét?-:'rﬁgs Combination FIC FICI comﬁpr?ai'on
! Alone Combined ihati
FICsHp
4HD VAN 4HD VAN 4HD VAN +
FICvan
MSSA 4HD + VAN 3.12 0.73 3.12 0.73 1 1 2 Indifferent
MRSA  4HD + VAN 3.12 0.73 1.56 1.47 0.5 2 2.5 Indifferent

VAN: vancomycin

2.2.3. Biofilm Assay against MSSA and MRSA

Biofilm protects bacteria against the immune system and exogenous agents such as
antibacterial drugs. This protection mechanism is defined as a group of microorganisms adhered
to a surface and incorporated into a polymeric matrix composed of extracellular DNA, proteins,
and polysaccharides. Biofilm is found in most human diseases and especially in patients with
indwelling devices, including intravenous catheters, vascular prostheses, or orthopedic devices
(IZANO et al., 2008; MCCARTHY etal., 2015; SONG et al., 2013; STEWART, 2015; TASSE
et al., 2016; WU et al., 2015). Therefore, compounds that have activity against planktonic
bacteria - not adhered to a biofilm - and anti-biofilm action are of great interest in developing
new antibacterial drugs. In this context, we evaluated the action of 4HD in inhibiting the biofilm
of S. aureus 6538 and S. aureus BAA44. These bacteria were chosen because the MIC values
of 4HD were 3.12 pg.mL*?, as shown in table 2. However, other bacterial species were
susceptible to 4HD and had interesting MIC values of 1.56 — 6.25 pug/mL™ but did not evaluate
their anti-biofilm action.

Figures 2 and 3 show the inhibitory action of 4HD and standard drug (vancomycin) on
the biofilm of S. aureus MSSA and MRSA, respectively (Graphs 1.A, 1.B, 2.A and 2.B). 4HD
showed anti-biofilm activity against S. aureus 6538 (MSSA), and S. aureus BAA44 (MRSA)
strains from the Minimum Inhibitory Concentration of Biofilm (MICBsp) data. We calculated
the Minimum Inhibitory Concentration of Biofilm that inhibited 50% or more (MICBso). The
result of the BMICxo is cross-hatched in the graphs, as shown in Figures 2 and 3. The vertical
bars represent the biofilm mass and are characterized by the optical density of the biofilm.
Biofilm optical density, measured as intensity reduction of a light beam transmitted through
the biofilm, correlates with biofilm mass, measured as total carbon and cell mass (BAKKE;
KOMMEDAL,; KALVENES, 2001). Moreover, the lines in graphs 1.A, 1.B, 2.A and 2.B
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represents cell viability represented by the count of colony-forming units per milliliter (logzo
CFU/mL).

As shown in graph 1.A, 4HD had MICBs of 1.56 pg/mL with a biofilm optical density
between 2 and 3, and cell viability between 10 to 12 log10CFU/mL. At the concentration of 3.12
pg/mL, 4HD completely inhibited the biofilm (optical density from 0 to 1) and considerably
decreased bacterial cell viability (count from 4 to 6 log10CFU/mL). Vancomycin showed a
MICBsp value of 0.7375 pg/mL, with high bacterial biofilm inhibition (optical density from 0
to 1) and low bacterial cell viability (count from 4 to 6 logi10CFU/mL), as shown in graph 1.B.

Figure 2. Biofilm inhibition graph of S. aureus 6538 (MSSA). Graph 1.A) Inhibition of biofilm in MSSA by 4HD
(0.195 to 400 pg/mL). Graph 1.B) Inhibition of biofilm in MSSA by vancomycin (0.0115 to 5.9 pg/mL). The
MICBsg values are the values represented by the hatched columns.
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Interestingly, 4HD showed an inhibitory action approximately equal to the standard
drug vancomycin against the methicillin-resistant strain of S. aureus, as shown in figure 3.
Graph 2 shows that 4HD had a MICBso of 0.78 pg/mL, almost completely inhibiting the S.
aureus BAA44 biofilm, with optical density between 0 and 1. Furthermore, at this concentration
(0.78 pg/mL), it decreases the bacterial cell viability and the count of 4 to 6 log10CFU/mL. Cell
viability is zero when the concentration of 4HD is 6.25 pg/mL. As shown in Graph 2.B,
vancomycin had a MICBsg of 0.7375 pg/mL, almost completely inhibiting the biofilm and

considerably decreasing cell viability.
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Figure 3. Biofilm inhibition graph of S. aureus BAA44 (MRSA). Graph 2.A) Inhibition of biofilm in MRSA by
4HD (0.195 to 400 pg/mL). Graph 2.B) Inhibition of biofilm in MRSA by vancomycin (0.0115 to 5.9 pg/mL).
The BMICsg values are the values represented by the hatched columns.
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2.2.4. Membrane Permeability Assay with B. subtilis

Initially, the inhibitory concentration (IC) was determined to define the bactericidal
activity and evaluate the action of 4HD on the bacterium membrane of B. subtilis.

e IC Determination

The IC of the 4HD was determined using the Resazurin Microtiter Assay Plate (REMA)
(Figure 4). A solution of 4HD at 10 mg.mL"* was diluted into the wells of a 96-multiwell plate
to give the final concentrations ranging from 100 to 0.781 pg.mL™, in total volumes of 100
puL/well (NYG medium). The negative controls had LB medium without any compound,
whereas positive controls contained 20 pug.mL™ of kanamycin. Figure 4 shows the graph of

inhibition of bacterial growth of 4HD at concentrations between 100 to 0.781 pg.mL™,

Figure 4. Graph REMA. Percentage of B. subtilis cells inhibited by the 4HD.
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Antibacterial studies in the literature show that 4HD has activity against B. subtilis in
MIC values between 1.00 to 2.00 pg.mL* (INAMORI et al., 1991; SUGAMOTO et al., 2011,
2008). This study, 4HD, showed IC100 and I1Cso values of 3.121 and 0.377 pg.mL™, respectively.
It has shown a bactericidal activity at its 1C100. Therefore, 4HD showed a Minimum Bactericidal
Concentration (MBC) value of 3.121 pg.mL? (9.222 pM) and a Minimum Bacteriostatic
Concentration of 1.560 pg.mL™? (4.611 uM) against B. subtilis. At a concentration of 0.781
ug.mL* (2.305 uM), 4HD inhibited bacterial growth by 94.86%.

e Lived/Dead Assay
The Lived/Dead test showed that 4HD affected the bacterial membrane in the first’s 15
minutes of contact in bactericidal concentration value of 3.121 pg/mL, having more than 60%
of cells stained with PI, and meaning that the compound caused perturbations in the bacterial

cytoplasmatic membrane (Figure 5).

Figure 5. Graph Cells permeabilized. Percentage of B. subtilis cells with permeabilized membrane after
exposure to the 4HD. C, cells treated with 4HD at the bactericidal concentration for 15 min.; PC, positive control
for permeability (Nisin); NC, negative control.
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The microscopy photographs obtained by a Fluorescent Microscope are shown in
Figure 6. Photo A is the untreated B. subtilis - positive control, photo B is the B. subtilis treated
with Nisin - positive control - and photo C is the B. subtilis treated with 4HD. As shown in
figure 6.A, B. subtilis was pigmented with the SYTO9 dye, SYTOQ is a fluorescent dye (blue)
that naturally enters the cells, staining the bacterial nucleoid, independent of the cells are alive
or with corrupted membranes; but in figure 6.B show that B. subtilis was pigmented with the

Pl dye, and Pl is a fluorescent dye (red) that just stains cells with a damaged cytoplasmatic
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membrane, being able to compare/analysis the number of viable cell with the intact
cytoplasmatic membrane (NAVARRO et al., 2020). We also looked for possible morphological
changes, observing any errors in cell division and chromosome segregation with the bacterial
nucleoid stained with SYTO9. However, it was not observed reduction or deformation on
bacteria physiologic such as cell elongation, chains, misplaced nucleoid, and anucleate cells,
which could indicate errors in cell division and chromosome segregation. So, it was possible to
affirm that 4HD did not affect the cell division, and the primary target is the cytoplasmatic

membrane.

Figure 6. Fluorescence Microscopy. The cytoplasmic membrane is the primary target of the 4HD. Cells of B.
subtilis were stained with the Live/Dead BacLight kit after 15 minutes of contact with the 4HD. Cells with intact
membranes are represented in blue, while the cells with damaged membranes are shown in red. A) negative control,
untreated B. subtilis; B) positive control, cells treated with Nisin; C) 4HD at its bactericidal concentration after 15
minutes of contact. Scale bar 5 um; magnification of 100x.

Source: own authorship

2.2.5. Cytotoxicity test

Staphylococcus aureus is a major bacterial human pathogen that causes a wide variety
of clinical manifestations, and it is found in the environment and normal human flora, such as
skin and mucous membranes, mainly the nasal area of healthy individuals (LOWY, 1998). In
this context, we evaluated the cytotoxicity of 4-hydroxyderricin against HaCat cells. HaCaT
cells are immortalized in human keratinocytes and have been extensively used to study
epidermal homeostasis and its pathophysiology (SEO et al., 2012). Figure 7 shows the
percentage of viable human keratinocytes cells (HaCat) when exposed to 4-hydroxyderricin
(4HD) and chlorhexidine (CHX) for 24h. A previous study by Park et al. (2021) found that 4-
hydroxyderricin had low cytotoxicity against HaCaT cells at concentrations of 1 — 10 ug/mL
(PARK, Sangchul et al., 2021). Reinforcing what was published by Park et al. (2021), in this
study, 4HD also showed high cell viability, consequently low cytotoxicity, at concentrations
from 12.5 t0 0.39 pug/mL, and cell viability below 50% at concentrations of 25 pug/mL. The final
concentration in which 4HD shows 100% cell viability was 12.5 pg/mL, 4-fold higher than the
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MIC found for S. aureus MSSA and MRSA strains, which was 3.12 pg/mL and 8-fold higher
for the S. epidermidis species (1.56 pg/mL), this shows that 4HD has good safety in the
treatment of infections by these types of bacteria.

4HD showed cytotoxicity values lower or equal to CHX at all concentrations evaluated
in this study (0.39 — 25 pg/mL), highlighting the 12.5 pg/mL concentration, where 4HD had
high cell viability, while CHX had low cell viability. Chlorhexidine (CHX) is a commonly used
antiseptic mouthwash used by dental practitioners and the public due to its antimicrobial effects
(BESCOS et al., 2020; BROOKES et al., 2020). 4HD and CHX were statistically different
when applied at 3.12 — 25 pg/mL (p < 0.05). However, 4HD did not differ from CHX at
concentrations of 0.39 — 1.56 ug/mL (p > 0.05).

Figure 7. Effect of different concentrations of 4-hydroxyderricin (4HD) and a chlorhexidine (CHX) on the

viability of human keratinocytes cells (HaCat). The results are expressed as means = SDs. @ Different lowercase

letters show statistical difference between groups, considering each concentration separately, according to
120 J

ANOVA and Tukey’s test (p <0.05).
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3. Conclusion

4HD was synthesized by [1.3]-sigmatropic rearrangement and demonstrated strongly
antibacterial activity against mycobacteria and bacteria species. In addition, 4HD could inhibit
the MSSA and MRSA biofilm formation at low concentrations. We also found that 4HD has a

bactericidal action by damaging the cytoplasmatic membrane of B. subtilis. Low cytotoxicity
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activity was observed for 4HD against HaCat cells. Thus, 4HD is a promising antibacterial
compound, which could be an alternative to combat several infections caused by many

mycobacteria and bacteria species.

4. Experimental
4.1.Chemistry
4.1.1. General

All reagents were selected commercially from Sigma-Aldrich®, and until the final
compound and its intermediates were obtained, several solvents were used, such as hexane,
ethyl acetate, acetone, ethanol, DMF, DCM, and methanol. All of the Synth® brand. To monitor
the reactions and analyze the purity of the products, Thin Layer Chromatography was
performed on silica gel chromatoplates under the Supelco® brand aluminum base. Gradients of
the hexane/ethyl acetate and hexane/acetone solvent system according to the analytes' polarity.
The chromatoplates were developed under ultraviolet light at short wavelengths of 254 nm and
long wavelengths of 365 nm. The sulfuric anisaldehyde solution was also used as the chemical
developer of the compounds. Purifications by normal phase column chromatography (NP-CC)
were performed using 100 to 200 Mesh silica gel (Sigma-Aldrich®).

!H and *C NMR spectra were recorded with a Bruker Avance 111 14.1 T, Bruker Avance
111 9.4 T, and Bruker Fourier 7.1 T spectrometers, using CDCl3 or acetone-ds as a solvent with
TMS (d 0.00) as an internal standard. The chemical shifts (6) and coupling constants (J) were
expressed in ppm and Hz, respectively. Multiplicities were reported as singlet (s), doublet (d),
doublet of doublet (dd), triplet (t), quartet (g), double triplet (dt), and multiplet (m). Melting
points were measured on an MS Tecnopon PFM-II with an open capillary. The purity of
compounds was measured on HPLC-PAD equipment; the analyses were performed for
calculations of partition coefficient, using MeOH/H-0 (3:1) as an isocratic mobile phase. High-
Resolution Mass Spectrometry (HRMS) by heated electrospray ionization (HESI) (positive
mode) spectra were performed on Exactive plus (Orbitrap™), data achievement, and treatment
by XCalibur and Exact Finder software, Thermo Scientific. Peak attributed to the protonated

molecule ion [M+1] was observed as base peak and selected to MS/MS experiments.

4.1.2. Synthesis of 4-hydroxyderricin (4HD)
The synthesis of 4-hydroxyderricin (1, 4HD) was performed using the protocol
published by Sugamoto and co-authors (SUGAMOTO et al., 2011, 2008).
e 2’-hydroxy-4’-methoxyacetophenone (3)
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A mixture of 2°,4’-dihydroxyacetophenone 2 (152.15 mg, 1.0 mmol) anhydrous K>.COs
(415.00 mg, 3.00 mmol), and iodomethane (170.33 mg, 1.2 mmol) was stirred in dry acetone
(5 mL) at room temperature for 6h. The reaction mixture was monitored by TLC. At the end of
the reaction, the mixture was diluted with water (15 mL) to remove K>COz and, subsequently,
extraction was performed with ethyl acetate (3x15 mL). The organic phase was treated with a
saturated solution of NaCl (5 mL) and with the drying agent MgSO4 to remove residual water
and filter. The extraction product was concentrated under reduced pressure, producing a white
solid, vacuum filtered, and purified by recrystallizing from ethanol/water to afford compound
3 (83%) as colorless crystals.

'H NMR (CDCl3, 600 MHz): & = 2.56 (3H, s, H-a), 3.84 (3H, s, 4-OCH3), 6.42 (1H, d,
J=2.5Hz, H-3"), 6.44 (1H, dd, J; = 2.5 and J.= 8.8 Hz, H-5"), 7.63 (1H, d, J = 8.8 Hz, H-6"),
12.75 (1H, s, 2°-OH). 3C NMR (CDCls, 150 MHz): § = 26.38 (C-a), 55.73 (C-OCHj3), 100.93
(C-3%), 107.81 (C-5%), 114.06 (C-1), 132.44 (C-6"), 165.43 (C-2’), 166.28 (C-4"), 202.74
(C-P).

e 2’-Prenyloxy-4’-methoxyacetophenone (4)

A mixture of 2’-hydroxy-4’-methoxyacetophenone 3 (166.17 mg, 1.00 mmol),
anhydrous K>COs3 (415.00 mg, 3.00 mmol), and 1-Bromo-3-methyl-2-butene (298.10 mg, 2.00
mmol) was stirred in dry acetone (5 mL) under reflux for 24h. The reaction mixture was
monitored by TLC. After completion of the reaction, the reaction mixture was filtrated and
evaporated under a vacuum. The residue was purified by silica gel column chromatography
with hexane/ethyl acetate to afford compound 4 (95%) as a colorless oil.

H NMR (Acetone-ds, 600 MHz): 6 = 1.79 (s, 3H, CHs, O-prenyl group, H-4"), 1.80 (s,
3H, CHzs, O-prenyl group, H-5"), 2.49 (s, 3H, H-a), 3.86 (s, 3H, 4’-OCH3s), 4.71 (d, 2H, J =
6.64 Hz, CH2, O-prenyl group, H-2"), 5.57 (t, 1H, J = 6.64 Hz, CH, O-prenyl group, H-1""),
6.57 (dd, 1H, J1 = 2.29 Hz and J, = 8.73 Hz, H-5"), 6.64 (d, 1H, J = 2.29 Hz, H-3"), 7.60 (d,
1H,J =8.94 Hz, H-6").

e 4-Methoxymethoxybenzaldehyde (5)

To a stirred solution of 4-hydroxybenzaldehyde 5.a (122.12 mg, 1.00 mmol) and
anhydrous K>CO3z (276.50 mg, 2.00 mmol) in dry acetone (5 mL) was slowly added
chloromethyl methyl ether (96.60 mg, 1.2 mmol) at room temperature and stirred for 1h. The
reaction mixture was monitored by TLC. After completion of the reaction, the reaction mixture

was filtrated and evaporated under a vacuum. The residue was purified by liquid-liquid
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extraction with a solution of K.CO3 (10%) and ethyl acetate to afford compound 5 (95%) as a
colorless oil.

IH NMR (600 MHz, CDCls): & = 3.49 (s, 3H, CH3, 4-OCH,OCH3), 5.26 (s, 2H, CHa,
4-OCH20CHs), 7.16 (d, 2H, J = 9.0 Hz, H-3 and H-5), 7.86 (d, 2H, J = 9.0 Hz, H-2 and H-6),
9.89 (s, 1H, -CHO).

e 4’-Methoxy-4-methoxymethoxy-2 -prenyloxychalcone (6)

To a stirred solution of 4 (234.29 mg, 1.00 mmol) and 5 (174.50 mg, 1.05 mmol) in
ethanol (5 mL) was slowly added solution of KOH (60%, 2 mL) at 0 °C, after which the reaction
mixture was stirred at room temperature for 24h. The reaction mixture was monitored by TLC.
After completion of the reaction, the solution was extracted with ethyl acetate (3x15 mL). The
organic layers were combined, washed with saturated sodium chloride solution, dried over
magnesium sulfate, filtrated, and evaporated under vacuum. The residue was purified via liquid-
liquid extraction with a saturated solution of NaHSO3z and ethyl acetate to afford compound 6
(98%) as a yellow oil.

'H NMR (CDCls, 600 MHz): § = 1.74 (s, 3H, CH3, H-4"), 1.79 (s, 3H, CHgs, H-5”), 3.48
(s, 3H, CH3, 4-OCH20CHs3), 3.86 (s, 3H, 4’-OCH3), 4.59 (d, 2H, J = 6.7 Hz, CH», H-17), 5.21
(s, 2H, CHy, 4-OCH20CHpa), 5.54 (t, 1H, J= 6.7 Hz, CH, H-2”), 6.49 (d, 1H, J=2.2 Hz, H-3"),
6.56 (dd, 1H, J1 = 2.2 Hz and J> = 8.7 Hz, H-57), 7.03 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.52
(2H, d, J = 8.5 Hz, H-2 and H-6) 7.59 (d, 1H, J = 15.7 Hz, H-a), 7.64 (d, 1H, J = 15.7 Hz,
H-B), 7.83 (d, 1H, J = 8.7 Hz, H-6").

e 2’-Hydroxyl-4 -methoxy-4-methoxymethoxy-3 -prenylchalcone (7)

To a stirred solution of 6 (100.00 mg) in dry CHxCl, (3.00 mL) was added
montmorillonite K10 (110.00 mg) at 0 °C and stirred for 1.5h. The reaction mixture was
monitored by TLC. After completion of the reaction, the reaction mixture was filtrated and
evaporated under a vacuum. The residue was purified by silica gel column chromatography
with hexane/ethyl acetate/acetone (8:1:1) to afford compound 7 (56%) yellow oil.

'H NMR (CDCls, 600 MHz): 5 = 1.68 (s, 3H, CHs, H-4™), 1.79 (s, 3H, CHs, H-5"), 3.39
(d, 2H, J = 7.1 Hz, CH2, H-17), 3.49 (s, 3H, CHs, 4-OCH,0CHs), 3.91 (s, 3H, 4’-OCHa), 5.22
(s, 2H, CHy, 4-OCH20CHp3), 5.22 (t, 1H, J=7.1 Hz, CH, H-2”), 6.50 (d, 1H, J=9.0 Hz, H-5"),
7.08 (d, 2H, J=8.7 Hz, H-3 and H-5), 7.49 (d, 1H, J = 15.4 Hz, H-0), 7.60 (2H, d, J = 8.7 Hz,
H-2 and H-6), 7.79 (d, 1H, J = 9.0 Hz, H-6"), 7.84 (d, 1H, J = 15.4 Hz, H-B), 13.44 (s, 1H, 2’
OH).
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e 4-hydroxyderricin (1 — 4HD)

To a stirred solution of 7 (50.00 mg, 0.13 mmol) in MeOH (0.50 mL) and THF (0.50
mL) was added hydrochloric acid (1N, 0.50 mL) and stirred at 56 °C for 6h. The reaction
mixture was monitored by TLC. After completion of the reaction, the reaction mixture was
evaporated under a vacuum. After adding 10 mL of water, the mixture was extracted with ethyl
acetate (3x20 mL). The organic layers were combined, washed with brine, dried over
magnesium sulfate, filtrated, and evaporated under vacuum. The residue was purified by silica
gel column chromatography with hexane/ethyl acetate (8:2) to afford compound 1, yellow solid,
with an unprotected yield of 73% and an overall yield of 15%. Purity: 99.15% by HPLC DAD
(365 nm); M. p. lit. 136 — 137 °C; Found: 137 — 140 °C. HRMS: [M + H]", found 339.159.
C21H2204 requires 339.155.

'H NMR (Acetone-ds, 600 MHz): § = 1.63 (s, 3H, CHs, H-4), 1.77 (s, 3H, CHgs, H-57),
3.35(d, 2H, J=7.3 Hz, CH>, H-17), 3.93 (s, 3H, 4’-OCHa3), 5.21 (t, 1H, J = 7.3 Hz, CH, H-2"),
6.65 (d, 1H, J=9.0 Hz, H-5"), 6.93 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7.74 (d, 2H, J =8.5 Hz,
H-2 and H-6) 7.78 (d, 1H, J = 15.3 Hz, H-a), 7.85 (d, 1H, J = 15.3 Hz, H-$), 8.12 (d, 1H, J =
9.0 Hz, H-6"), 9.09 (s, 1H, 4-OH), 13.77 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): § = 17.87 (1C, CHs, C-4”), 22,25 (1C, CHp, C-17),
25.88 (1C, CHs, C-5”), 56.29 (1C, 4-OCHas), 103.18 (1C, C-57), 115.35 (2C, C-3 and C-5),
116.79 (1C, C-1"), 117.57 (1C, C-3"), 118.31 (1C, C-a), 123.16 (1C, CH, C-37), 127.52 (1C,
C-1),130.74 (1C, C-6"), 131.58 (2C, C-2 and C-6), 131.83 (1C, C-3"), 145.35 (1C, C-P), 161.08
(1C, C-4), 163.76 (1C, C-2°), 164.15 (1C, C-4"), 193.44 (1C, C-p").

4.2.Biological Study
4.2.1. MIC Determination
e Bacterial and Mycobacterial Strains

Standard bacterial strains from the American Type Culture Collection (ATCC) were
used. The strains were maintained under cryopreservation at -20 °C in the culture collection of
the Laboratory of Antimicrobial Testing (LEA) of the Institute of Biomedical Sciences (ICBIM)
of the Federal University of Uberlandia (UFU). The tests were carried out with the bacteria S.
aureus ATCC (6538), S. aureus ATCC (BAA44), S. epidermidis ATCC (14990), E. faecalis
ATCC (1299), S. pneumoniae ATCC (6305), S. sanguinis ATCC (10556), S. sobrinus ATCC
(33478), S. mutans ATCC (25175), H. pylori ATCC (43526), P. aeruginosa ATCC (27853), K.
pneumoniae ATCC (13883) and E. coli ATCC (35218) and mycobacteria M. tuberculosis
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H37Rv (ATCC 27294), M. kansasii (ATCC 12478) and M. avium (ATCC 25291).
Determination of inhibitory concentration (IC) and membrane permeabilization assay were
performed in Bacillus subtilis, strain 168, kindly donated by Dr. Frederico Gueiros-Filho (Dept.
of Biochemistry, 1Q, Sdo Paulo University, Brazil) to Institute of Biosciences, Sdo Paulo State

University (Unesp), Rio Claro, SP, Brazil.

e Anti-bacterial assay

The minimal inhibitory concentration (MIC) against gram-positive and gram-negative
bacterial species was determined in triplicate using broth microdilution method in 96-well
microplates as previously reported, using resazurin as a colorimetric indicator of cell viability
(LEANDRO et al., 2014). 4HD was dissolved in dimethyl sulfoxide (DMSQO; Synth, Diadema,
Brazil) at 1 mg/mL, followed by dilution in brain heart infusion (Difco, Detroit, USA) to
achieve the final goal concentrations ranging from 400.0 to 0.195 pg/mL. The final DMSO
content was 5% (v/v), and this solution was used as the negative control. The inoculum was
adjusted for each microorganism to reach a cell concentration of 5x10° colony forming units
per mL (CFU/mL), as preconized by the Clinical and Laboratory Standards Institute, with
modifications in culture medium (Methods for Dilution Antimicrobial Susceptibility Tests for
Bacteria That Grow Aerobically ; Approved Standard — Ninth Edition, 2012). Growth control
(inoculated well) and sterility control (non-inoculated well free of antimicrobial agent) were
also included. Tetracycline and chlorhexidine were used as the positive control, with
concentrations ranging from 0.0115 pg/mL to 5.9 pg/mL and 0.115 to 59 ug/mL, respectively.
The 96-wells microplates were sealed with plastic film and incubated at 37 °C for 24 h. After
that, 30 puL of an aqueous resazurin solution (0.02%) was added to the microplates, incubated
for more than 15 min at 37 °C. MIC was defined as the lowest concentration able to inhibit
more than 90% of microorganism growth indicated by the color change of resazurin from blue

to pink.

e Anti-mycobacterial assay
MIC of 4HD against mycobacteria was determined using Resazurin Microtiter Assay
(REMA) method from Palomino et al. (PALOMINO et al., 2002), with slight modifications as
previously described (ALVES et al., 2020). A stock solution of IBC was prepared in dimethyl
sulfoxide (DMSO; Synth, Diadema, Brazil) and diluted in Middlebrook 7H9 broth (DifcoTM,
Detroit, MI, USA) to achieve final drug concentrations ranging from 7.8 to 1000 pg/mL.
Isoniazid was dissolved in DMSO and used as a standard drug at 0.015 to 1.0 pg/mL
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concentrations. The inoculum was prepared by introducing a range of colonies grown in
Ogawa-Kudoh (LaborClin) in a tube containing glass beads with 500 pL of sterile water. An
aliquot of 200 puL was transferred to a tube containing 2 mL of 7H9 broth, incubated at 37 °C
for 7 days, and compared with McFarland scale 1 (3 x 108 cells/mL). After the inoculum was
standardized, it was diluted in 96-well plates at a 1:25 ratio with 7H9 broth containing the drugs.
The growth controls (without antibiotics) and sterility controls (without inoculation) were also
included. The 96-wells plates (Kasvi®) were incubated at 37 °C for 7 days. After that, 30 pL
of resazurin (Sigma-Aldrich®) 0.02% aqueous solution was added to each plate well. After 18h
of standing, solution of resazurin acquired a blue color if there was no bacterial growth, whereas
a pink color indicated the presence of viable micro-organisms. The MIC value was defined as
the lowest drug concentration able to inhibit 90% of mycobacterial growth, which was

expressed in pg/mL. The assay was conducted in triplicate.

e Anti-Helicobacter assay

The antibacterial activity of 4HD against H. pylori was evaluated according to Sposito
et al. (2019) (SPOSITO et al., 2019). The broth microdilution assay used Mueller Hinton
medium supplemented with 10% fetal bovine serum. The substances were solubilized in DMSO
in 96-well plates at concentrations of 1000 and 0.48 ug.mL. Inoculum concentration was
adjusted to 5 x 10° CFU.mL™. Plates were prepared in triplicate and incubated at 37 °C for
three days in an atmosphere containing 10% CO,. DMSO (Merck) and tetracycline (Merck)
were used as negative control and positive control (reference antibacterial drug), respectively.
An aqueous solution of resazurin (Merck) (30 pL, 0.01%) was added to each well for visual
assessment. The presence of pink staining indicated the presence of metabolically active cells,
while the presence of blue staining indicated metabolically unviable cells (SARKER; NAHAR;
KUMARASAMY, 2007). The lowest concentration in which a color change was observed was
the Minimum Inhibitory Concentration (MIC) value. Three independent experiments were

carried out.

4.2.2. Checkboard Assay

The synergistic effect of 4HD with vancomycin (Merck®) was evaluated against S.
aureus strains (ATCC 6358 and BAAA44) using microdilution broth checkerboard assay
according to White et al. (1996) (WHITE et al., 1996), adapted from the standard procedure
established by CLSI (Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That
Grow Aerobically ; Approved Standard — Ninth Edition, 2012). The fractional inhibitory
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concentration (FIC) of the combination between IBC and vancomycin was determined using
Mueller-Hinton broth culture medium (Difco) into 96-well plates, with a final inoculum
suspension of 5 x 10° CFU/mL. The plates were incubated at 37 °C for 24 h. After incubation,
it was added an 0.02% aqueous resazurin solution (Sigma). Fractional inhibitory concentration
index (FICI) was calculated using the equation: XFIC = FICA + FICB, where the FIC is the
ratio between the MIC of the drug in combination with the MIC alone. The drug combination
was classified as synergistic (IFIC < 0.5), additive (1> IFIC > 0.5), indifferent (4> IFIC > 1)
and antagonistic (IFIC > 4) (LEWIS et al., 2002; ODDS, 2003). The assays were performed in
triplicate on independent experiments.

4.2.3. Biofilm assay

The bacteria used in this assay come from the American Type Culture Collection
(ATCC) kept in the culture collection of the Laboratory of Antimicrobial Testing (LEA) of the
Institute of Biomedical Sciences (ICBIM) of the Federal University of Uberlandia (UFU) under
cryopreservation at — 20 °C. Tests were performed with bacteria S. aureus ATCC 6538 (MSSA)
and S. aureus ATCC BAA44 (MRSA). The capacity of 4HD inhibits MSSA, and MRSA
biofilm formation was evaluated using broth microdilution methodology proposed by CLSI
(2012) (Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow
Aerobically ; Approved Standard — Ninth Edition, 2012). The minimum biofilm inhibitory
concentration (MICBsg) was defined as the minimum concentration of 4HD able to inhibit 50%
or more biofilm formation (WEI; CAMPAGNA; BOBEK, 2006). The MICBs5o was determined
using two distinct methodologies: biomass assessment by optical density (OD) reading and
determination of viable biofilm cells by counting colony-forming units per milliliter (CFU/mL).
Thus, two microplates were used for each sample (one to assess biomass and another to
determine viable cells). Assays were performed in triplicate in three independent experiments.
The inoculum concentration and optimal incubation time for this assay were determined by
standardizing biofilm formation (data not shown).

Briefly, in 96-well flat-bottom microplates containing Brain Heart Infusion (BHI) broth
supplemented with 2% glucose, serial dilutions of the samples were made from the stock
solution (1600 pg/mL), obtaining a final concentration between 0.195 to 400 pg/ml. From a 24-
hour culture on BHI agar plates, the inoculum of the evaluated bacteria was prepared in BHI
broth supplemented with 2% glucose, with equivalent turbidity on a spectrophotometer
operating at a wavelength of 625 nm, to match 0.5 in the McFarland scale (1.5x108 CFU/mL).

The microorganism suspensions were diluted to the final concentration of 1.0x10% CFU/mL.
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The microplates were incubated at 37 °C for 24 hours. Subsequently, the contents of the wells
were aspirated, and non-adhered cells were removed by washing with Phosphate Buffered
Saline (PBS) buffer (pH=7.2). Then, the biofilm formed was fixed with methanol for 15
minutes, dried at room temperature, and stained with a crystal violet solution (0.2%) for 20
minutes. After removing the crystal and washing the wells with PBS buffer, 33% acetic acid
was added for 30 minutes to solubilize the crystal retained in the biofilm. The absorbance of
the wells was determined in a spectrophotometer at a wavelength of 595 nm. The determination
of MICBso was performed using the formula 1 — (Ases of the test/Asgs of the untreated control)
x 100 (VIEIRA et al., 2018; WEI; CAMPAGNA; BOBEK, 2006).

For the determination of viable cells, plates were prepared following the same
methodology described above. After the incubation period, the contents of each well were
gently aspirated and washed with PBS buffer to remove non-adhered cells. Then, 200 pL of
BHI broth with 2% glucose was added to the wells, and the microplate was subjected to an
ultrasound bath for 15 minutes. Then, the content of the wells was homogenized, and decimal
dilutions were performed (10° to 107). After that, 50 pL aliquots of each dilution were plated
on BHI agar plates and incubated at 37°C for 24 hours. Finally, the colonies were counted, and
the results were expressed in the logio scale (CFU/mL).

As a negative control, vancomycin was used, with a final concentration between 0.0115
and 5.9 pg/mL. Bacteria evaluated in the absence of the antibacterial agent were used as a

positive control.

e Statistical analysis
All assays were performed in triplicate for three independent experiments. Anti-biofilm
assays data were analyzed by nonparametric Kruskal-Wallis one-way analysis of variance
(ANOVA) with Steel-Dwass-Critchlow-Fligner pairwise comparison test. Results were

considered statistically significant with p < 0.05.

4.2.4. Membrane Permeability Assay with B. subtilis
e Microorganism

Bacillus subtilis (B. subtilis), strain 168, was kindly donated by Dr. Frederico Gueiros-
Filho (Dept. of Biochemistry, 1Q, Universidade de S&o Paulo, Brazil). B. subtilis was cultivated
in LB/LB-agar (Sambrook et al. 1989) at 30 + 1 °C, stirring at 200 rpm for liquid medium.

e Resazurin microtiter assay (REMA)
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The inhibitory concentration (IC) of the compound was determined using the Resazurin
Microtiter Assay Plate (REMA) adapted by Silva et al. (2013) (SILVA et al., 2013). A stock
solution of the compound at 10 mg mL™* was diluted into the wells of a 96-multiwell plate to
give the final concentrations ranging from 100 to 0.781 pug mL™, in total volumes of 100
pL/well (NYG medium). The negative controls had LB medium without any compound,
whereas positive controls contained 20 ug mL™ of kanamycin. Vehicle control was also made
with 1% DMSO in the LB medium. The bacteria were then inoculated at a final concentration
of 10° cells per 100 pL of LB medium per well. REMA plates were incubated for 12 hours at
30 + 1 °C. Next, 15 pL of 0.1 mg mL™ resazurin Sigma-Aldrich (Taufkirchen, Germany) was
added into each well, followed by a 2-hour incubation at 30 £ 1 °C. The post-reaction plates
were evaluated through excitation and emission wavelengths set to 530 and 590 nm,
respectively, using the Fluorescence Synergy HLN1 (BioTek). The data obtained were used to
plot the concentration of the compound versus cell growth inhibition, and through a polynomial
curve regression, it was possible to determine the percentage of 1C100 and ICsp values (the
concentration of a given compound able to inhibit 100% and 50% of the cells in culture,
respectively) (MORAO et al., 2019).

Bacterial growth is disrupted by inhibitory compounds by ceasing metabolic and
respiratory activities to a certain extent. If the inhibitory compound leads to death, a bactericidal
effect occurs. However, when an inhibited bacterial cell is moved to another culture medium
without such a compound, it can recover its ability to grow. In this case, the compound acts as
a bacteriostatic agent. We performed a minimum bactericidal/bacteriostatic concentration assay
(MBC) to confirm if the compounds had a bactericidal or bacteriostatic effect. The MBC assay
was performed by inoculating the contents of each REMA well into a 15 cm Petri dish with
solid LB medium before the resazurin addition. The microbial transfer was aided by a stamping
replicator fit for a 96-well microtiter plate (8x12 Sigma-Aldrich, Germany). The microbes were

then incubated in triplicates at 30 °C for 24 hours to quantify their growth.

e Fluorescence microscopy

Cells of B. subtilis were exposed to the compound at its bactericidal concentration,
essentially as described for REMA. However, instead of using 96-multiwell plates, the reactions
were performed in 1.5 mL microcentrifuge tubes. The total reaction volume was 100 pL, and
10° cells were used per treatment. After 15 or 30 minutes of exposure, 900 pL of saline solution
(0.85% NaCl) were added to each tube to dilute the compound and stop the contact reaction.

Next, for the membrane integrity analyses, cells were stained using the Live/Dead BacLight kit
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following the manufacturer's instructions (Thermo-Scientific L7012; Waltham, USA).
Untreated cells were used as negative control (cells with intact cytoplasmatic membrane), while
the positive control (cells with permeabilized membranes) was generated by 15 minutes of
contact with Nisin at 5 pg mL* (MORAO et al., 2019). Cells were then immobilized on
agarose-covered slides (MARTINS et al., 2010) before the microscope observations and
observed using an Olympus BX-61 microscope, equipped with a monochromatic OrcaFlash-
2.8 camera (Hamamatsu, Japan). Image acquisition and processing were performed with
CellSens version 11 (Olympus). Data analyses were conducted with a minimum of 100 cells

per treatment.

4.2.5. Cytotoxicity assay

The cytotoxicity assay was conducted according to Caiaffa et al. (2017) (CAIAFFA et
al., 2017) and Pereira et al. (2021) (PEREIRA et al., 2021), with some modifications. Briefly,
the human keratinocytes cells (HaCat) were cultivated in DMEM medium supplemented with
10% fetal bovine serum (FBS), the antibiotics penicillin (100 IU/mL) and streptomycin (100
pg/mL), and 2 mmol/L glutamine and incubated in an incubator containing 5% CO- at 37 °C,
being subcultured every 2 days. Cells were seeded (1 — 5x10° cells/well) and pre-incubated for
24h. After this period, the cells were treated with the compound serially diluted (from 25 to
0.39 pg/mL) in 96 wells microplates for 24h. After that, the culture medium was aspirated, and
the cells were incubated with resazurin (70 uM, Sigma Aldrich) in the culture medium and kept
for 4h in an incubator. The absorbance was then read at 570 nm and 600 nm in a
spectrophotometer (Biotek, Winooski, VT). The values were converted into percentage of cell
viability considering the growth in DMEM as 100% and the means determined for each group.

Appendix A. Supplementary data

Complementary data associated with this article can be found at the end of this
document. These data include Hydrogen Nuclear Magnetic Resonance (*H NMR) and Carbon
thirteen (**C NMR) spectra and chromatogram of the most important compound described in

this article.
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Dermatomycosis is a superficial fungal infection, which affects humans and animals. New
challenges in antifungal therapy occur due to the emergence of new multidrug-resistant fungal
strains, increasing the search for new treatments and antifungal agents. The challenge is even
more remarkable because of the similarities between fungal and mammalian cells. 4-
hydroxyderricin (4HD), a prenylated chalcone, appears as an alternative to combat these types
of dermatomycosis and other fungal infections. 4HD was first isolated from the A. keiskei. This
work synthesized 4HD and evaluated against T. rubrum, T. mentagrophytes, C. albicans, and
C. auris. The effect of the combination of 4HD and two antifungal drugs was analyzed, and the
mechanism of action studies from the Sorbitol and Ergosterol assay. Therefore, our data
demonstrate that 4HD was a potent antifungal agent against T. rubrum and T. mentagrophytes
strains with MIC values of 0.9 — 31.2 pug.mL™* and moderate activity against C. auris with MIC
values of 31.2 pg.mL™. In addition, 4HD acted synergistically and potentiated the activity of
terbinafine 5- to 10-fold and itraconazole 2- to 4-fold. The cell membrane of dermatophyte
fungi was the target of 4HD since exogenous ergosterol considerably decreased the antifungal
activity (MIC > 31.2 pg.mL™?). Thus, 4-hydroxyderricin is a promising antifungal agent with
low cytotoxicity.

Keywords: Chalcone, 4-hydroxyderricin, Dermatomycosis, Dermatophytes, Candida, Sorbitol,
Ergosterol

1. Introduction

Dermatomyecosis is a superficial fungal infection that affects humans' and animals' skin,
hair, and nails. In hot and humid climates such as in tropical and subtropical areas contribute to
the high prevalence of cases in countries from Latin America, Africa, and Asia. This group
comprises the genera Epidermophyton, Trichophyton, and Microsporum, forming
approximately 40 species (DIEGO, 2011). Among these genera, Trichophyton — T. rubrum and
T. mentagrophytes — is the causative agent of 69.5% of infections provoked by dermatophytes
worldwide, including Brazil, where its incidence is approximately 60% (CANTELLI et al.,
2017; SILVA-ROCHA,; DE AZEVEDO; CHAVES, 2017). Despite the high rates of infections
caused by Trichophyton, the factors involved in its pathogenicity are not fully elucidated
(LIANG et al., 2016).

The emergence of multidrug-resistant fungal strains and the adverse effects associated
with antifungal therapy have increased the search for new antifungal agents that are less toxic
and have low rates of adverse effects. What remains a challenge is due to the similarities

between fungal cells and mammalian cells (CANTELLI et al., 2017). In this context, chalcones
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appear as an alternative to new antifungal agents. Bitencourt and co-authors showed that
chalcones are important antifungal agents that act on multiple targets in the fungal cell, such as
cell wall, cell membrane, and inhibition of fatty acid synthase (BITENCOURT et al., 2013).

Therefore, in this context, 4-hydroxyderricin (4HD, Fig. 1), a prenylated chalcone,
appears as an alternative to a possible antifungal agent, mainly because it has a broad spectrum
of biological action as antibacterial (AVILA et al., 2008; CAESAR et al., 2018; INAMORI et
al., 1991; KODANI et al., 2008; OSORIO; DELLE MONACHE; et al., 2012; PARK, Sangchul
et al., 2021; SUGAMOTO et al., 2011, 2008), antiviral (PARK, Ji Young et al., 2016, 2011),
anticancer (AKIHISA et al., 2011; NISHIMURA et al., 2007; SUMIYOSHI et al., 2015;
TAKAOKA et al., 2008; ZHANG, Tianshun et al., 2018), Anti-inflammatory (CHANG; LEE;
RYU, 2014; KAWABATA et al., 2015; SHIN et al., 2011; YASUDA et al., 2013) antidiabetic
and anti-obesity (AULIFA etal., 2019; AVOGARO; FADINI, 2014; ENOKI et al., 2010, 2007;
LI; GOTO; YAMAKUNI; et al., 2016; OHTA et al., 2015), and others activities. However,
4HD has not yet evaluated its antifungal activity in the literature. 4HD has been reported as an
isolate of Angelica keiskei as biologically active chalcones. Angelica keiskei (Ashitaba) is a
dark green leafy vegetable recognized as a medicinally important herb grown throughout Asia
(BABA et al.,, 1990; KOZAWA; MORITA; BABA, KIMIYE AND HATA, 1978). 4-
hydroxyderricin was first synthesized by [1,3]-sigmatropic rearrangement and tested against
gram-positive and gram-negative bacteria by Sugamoto and co-authors in 2008, being the most
active compound of all tested in this study (SUGAMOTO et al., 2008).

Even with a broad spectrum of biological action of 4-hydroxyderricin, it has never had
its antifungal biological action explored. Therefore, in this work, we synthesized 4-
hydroxyderricin and evaluated the antifungal activity against the dermatophyte fungi

Trichophyton rubrum, Trichophyton mentagrophytes, Candida albicans, and Candida auris.
Figure 1. Natural product 4-hydroxyderricin (4HD).
/0 OH
OH © 4HD
Source: own authorship

2. Results and Discussion
2.1. Chemistry
2.1.1. Synthesis of 4-hydroxyderricin (4HD)
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The synthesis of 4-hydroxyderricin (4HD) has been described in Chapter 111, item 2.1.

2.2. Antifungal Studies
2.2.1. MIC and MFC determination

We evaluated the action of 4HD against some fungal species, as these microorganisms
are one of the most common sources of microbial infection. Fungal infections are recognized
as a global threat to human health. About 1.7 billion people worldwide suffer from a fungal
infection, the majority of which are superficial infections of the skin and mucosa (BROWN et
al., 2012; DU et al., 2020). Furthermore, there are no reports in the literature evaluating the
antifungal action of 4HD. In this context, 4HD was evaluated against ATCC and clinical strains
of the fungi T. mentagrophytes and T. rubrum (Table 1). 4HD had its MIC value determined
against these fungal species, 12 fungal strains, as shown in table 1. The 4HD concentration

range evaluated was from 0.9 to 31.2 pg.mL™,

Table 1. Antifungal activity of 4HD.

. pg.mL?
Tngt;gggton Strains Source 4HD FCz
MIC MFC
6007 Foot skins 3.9 3.9 64
7389 Toenails 3.9 7.8 32
T. 7604 Toenails and 3.9 78 2
mentagrophytes fingernails
7362 Toenails 3.9 7.8 32
7606 Foot skins 3.9 7.8 8
ATCC n.d. 1.9 1.9 1
7609 Toenails 0.9 0.9 2
7604 Toenails 3.9 3.9 2
T. rubrum 7614 Toenail§ 3.9 7.8 2
6195 Fingernails 31.2 31.2 1
7636 Fingernails 0.9 1.9 4
CBS n.d. 3.9 3.9 2

n.d.: not determined; FCZ: fluconazole;

As shown in Table 1, T. mentagrophytes strains were susceptible to 4HD with MIC
values of 1.9 — 3.9 pg.mL* for all strains. In addition, 4HD also was active against all strains
of T. rubrum with a MIC of 0.9 —31.2 pg.mL™. The Minimum Fungicidal Concentration (MFC)
values of 4HD against these fungal species were 0.9 — 31.2 pug.mL™. T. rubrum was the most
susceptible species to 4HD, with MIC and MFC values of up to 0.9 ug.mLL. Clinical strains T.
rubrum 7609 and T. rubrum 7636 were the most susceptible to 4HD with MIC values of 0.9
pg.mL*and MFC of 0.9 and 1.9 pug.mL™%, respectively. These MIC and MFC values were lower

than the reference drug fluconazole. In addition, clinical strains of T. mentagrophytes 6007,
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7389, 7362, and 7606 were more susceptible to 4HD with MIC values of 3.9 9 pg.mL* and
MFC of 3.9 — 7.8 9 ug.mL* than to fluconazole, as shown in table 1. Therefore, from these
results, 4HD appears as an alternative for treating infections caused by these classes of
dermatophytes (dermatomycosis), mainly against resistant clinical strains. From this, 4-
hydroxyderricin, in addition to potent antibacterial activity as previously described (chapter 2),
was also shown to be potent antifungal activity against Trichophyton spp.

2.2.2. Checkerboard Assay

The evaluation of the interaction between 4HD and standard drugs (terbinafine and
itraconazole) was performed using the Checkerboard assay, and the results are shown in Table
2. The combination of 4HD and terbinafine (TERB) or itraconazole (ITRA) had a synergistic
action for both Trichophyton species evaluated. The combination of 4HD with TERB resulted
in a 5-fold decrease in MIC values of the drug against T. rubrum CBS, and the MIC value of
4HD decreased by 200-fold. Therefore, the combination of 4HD and TERB had a synergistic
action with a FICI value of 0.20 against T. rubrum CBS. To T. mentagrophytes ATCC the
combination of 4HD and TERB had a more promising effect, as the MIC value of TERB was
boosted 10-fold when combined with 4HD, as shown in table 2. In addition, 4HD had its value
of MIC boosted nearly 20-fold when combined with TERB. Therefore, the combination of 4HD
and terbinafine had a synergistic action against T. mentagrophytes ATCC with a FICI value of
0.11, showing that the combination of these two compounds can be a strategy in the treatment
of dermatomycoses caused by these fungal species.

The combinations of 4HD and itraconazole (ITRA) had the same synergistic actions
observed when 4HD and terbinafine were combined and evaluated against T. rubrum CBS and
T. mentagrophytes ATCC. The FICI values obtained by the combination of 4HD and ITRA
were 0.50 and 0.26 for T. rubrum CBS and T. mentagrophytes ATCC, respectively, as shown
in table 2. Furthermore, this combination resulted in a 2- and 4-fold increase in potency of the
drug itraconazole against T. rubrum and T. mentagrophytes, respectively. Furthermore, 4HD,
when combined with itraconazole, had its potency increased by almost 200 and 10 times against
T. rubrum and T. mentagrophytes, respectively. Therefore, these results suggest that
combinations of 4HD and itraconazole emerge as an alternative for treating diseases caused by

fungal species.

Table 2. Synergistic evaluation of 4HD with terbinafine (TERB) and itraconazole (ITRA)
MIC (ug.mL)
Combination Isolated Combined FICI Action
4HD TERB 4HD TERB

Trichophyton
Species
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T. rubrum CBS 4HD + TERB 3.9 0.01 0.02 0.002 0.20 Synergistic
T.mentagrophytes  ,.\n . teRg 19 0002 010 00002 011  Synergistic

ATCC
4HD ITRA 4HD ITRA
T. rubrum CBS 4HD + ITRA 3.9 1.0 0.02 0.50 0.50 Synergistic

T. merﬂgégphytes AHD +ITRA 1.9 0.5 020 012 026  Synergistic

2.2.3. The action on Cell Wall — Sorbitol Assay

The sorbitol assay was carried out to unveil a possible mechanism involved in
establishing the antifungal property of 4-hydroxyderricin. The Sorbitol assay determines the
MIC values in the presence or absence of the Sorbitol supplement and evaluates the possibility
of 4HD acting on the cell wall of T. rubrum and T. mentagrophytes fungi. Reiss et al. (1992)
and Frost et al. (1995) found that antifungal-treated fungi were viable if broth cultures were
protected with sorbitol but lysed if plated out on agar without osmotic support. According to
these authors, assays of osmotic stability have been applied in fungi to assess classical or
emerging antibiotics (FROST et al., 1995; REISS et al., 1992). The MIC of 4-hydroxyderricin
against T. rubrum and T. mentagrophytes strains by microdilution assay in the presence and
absence of sorbitol supplement in the growth medium are shown in Table 3.

The MIC values found for treatments with and without sorbitol differed by 2-fold. The
MIC of 4HD without sorbitol was 3.9 pug.mL™ against T. rubrum (7604) and T. mentagrophytes
(ATCC and 6007), while for the assay with sorbitol supplementation, it was equal to 7.8 pg.mL"
. According to these findings, the tested fungal strains protected by sorbitol grew in the
presence of up to 7.8 pg.mL* of 4-hydroxyderricin. Since sorbitol is an osmotic stabilizer that
protects the cell wall from lysis caused by antifungal agents, these findings suggest some
specificity of 4HD for cell wall targeting in fungal cells. However, even though 4HD was active
against fungi at a concentration of 7.8 pg.mL™ in medium supplemented with sorbitol, it does
not mean that 4HD acts by inhibiting the fungal cell wall, since the concentration of 4HD
without sorbitol (3.9 pg.mL™) and with sorbitol (7.8 pg.mL™) are only one well of difference.
Therefore, we cannot say that 4HD would act on the cell wall of T. rubrum and T.

mentagrophytes.

Table 3. The action of 4HD on Cell Wall of Trichophyton Species
MIC (ug.mL?)
Trichophyton Species 4HD
No Supplementation Sorbitol Supplementation*
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T. rubrum 7604 3.9 7.8
T. mentagrophytes ATCC 3.9 7.8
T. mentagrophytes 6007 3.9 7.8

* Sorbitol is present at 0.8 M;

2.2.4. The action on the Cell Membrane — Interaction with Ergosterol

To determine whether 4HD binds to membrane sterol of T. rubrum and T.
mentagrophytes fungi, the MIC was determined with and without adding the Ergosterol
supplement. If 4HD activity were caused by binding to ergosterol, exogenous ergosterol would
prevent binding to ergosterol in the fungal membrane. Consequently, an increase in the MIC
values of 4HD in the presence of exogenous ergosterol compared to the control assay must have
been observed. If the mechanism of action of 4HD is through the binding to the membrane
ergosterol, consequently leading to the rupture of the fungal membrane and loss of intracellular
content (CARVALHO et al., 2018; KOBAYASHI et al., 1995; LUNDE; KUBO, 2000). To
determine MIC of 4HD against dermatophyte strains in the presence of exogenous ergosterol

was performed by microdilution with RPMI 1640 and is shown in table 4.

Table 4. The action of 4HD on the Cell Membrane of Trichophyton Species

MIC (ug.mL?)
Trichophyton Species 4HD
No Supplementation Ergosterol Supplementation*
T. rubrum 7604 3.9 >31.2
T. mentagrophytes ATCC 3.9 >31.2
T. mentagrophytes 6007 3.9 >31.2

* Ergosterol Concentration: 400 pg.mL!

As shown in Table 4, MIC values of 4HD against T. rubrum and T. mentagrophytes
species differed significantly between the media with and without the addition of ergosterol.
4HD was shown to be inactive against the dermatophyte strains evaluated when the medium
was supplemented with exogenous ergosterol, with MIC values >31.2 pug.mL. Therefore,
based on these findings, we can state that 4HD acts on the fungus cell membrane through its
binding to ergosterol.

2.2.5. Cytotoxic Activity

Trichophyton rubrum and Trichophyton mentagrophytes represents the most common
infectious fungus responsible for dermatophytosis in human. Dermatophytes are the most
common agents of superficial mycoses. A typical characteristic of dermatophytes is

keratinophilic and always invades Kkeratinized structures such as the skin stratum corneum,
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hairs, and nails (FRIAS-DE-LEON et al., 2020; SIOPI et al., 2021; VENTURINI; ROSSI-
FERREIRA; ARRUDA, 2008). In this context, 4HD had its cytotoxic activity evaluated against
HaCat cells as previously described in Chapter 2, item 2.3.5. HaCaT cells are immortalized in
human keratinocytes and have been extensively used to study epidermal homeostasis and its
pathophysiology, as previously described (SEO et al., 2012). 4HD showed cytotoxicity against
HaCat cells at a concentration of 25 pg.mL™ (chapter 2). This concentration is almost 30 times
greater than the concentration to inhibit the most susceptible strains of T. rubrum 7609 and T.
rubrum 7636, which had MIC values of 0.9 ug.mL™ (Table 1). For T. mentagrophytes strains
more susceptible to 4HD with MIC values between 1.9 — 3.9 ug.mL, the difference between
cytotoxic concentration and MICs decreases to approximately 6 and 13 times, respectively.
Therefore, from this, we can conclude that 4HD is safe and has the potential to be used in the
treatment of dermatomycoses caused by T. rubrum and T. mentagrophytes, with low

cytotoxicity.

2.2.6. Additional anti-Candida assays

4HD was evaluated against Candida spp fungal species — C. albicans and C. auris
(Table 5), to access the antifungal spectrum of 4HD. Candida species are the most common
fungal etiological agent of life-threatening invasive infections in severely immunocompromised
patients, have endured invasive clinical procedures, or have experienced significant trauma, and
treatment requires extended stays in intensive care units. Indeed, Candida species are the fourth
most common cause of nosocomial bloodstream infections and advanced medical procedures
(BROWN et al., 2012).

As shown in table 5, Candida species were less susceptible to 4HD. Against Candida
albicans strains, 4HD was inactive with MIC values >31.2 pg.mL. However, to Candida auris
strains, 4HD was active at MIC values of 31.2 pg.mL™. C. auris was first described in 2009 in
Japan. The emerging multidrug-resistant fungal pathogen Candida auris is becoming a
worldwide public health threat that has been attracting considerable attention due to its rapid
and widespread emergence over the past decade (DU et al., 2020). C. auris may be responsible
for a significant proportion of Candida infections in regions where it has been recognized for
some time. A prospective multicenter study from India reviewing cases of candidemia acquired
from an intensive care unit (ICU) found that C. auris was isolated in 19 out of 27 ICUs,
representing 5.2% of cases (JEFFERY-SMITH et al., 2018). In this context, 4HD emerged as
an alternative in treating infections caused by this novel fungal species, mainly against isolated

strains of C. auris resistant to fluconazole (MIC > 128 pg.mL™).
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Table 5. Anti-Candida activity of 4-hydroxyderricin (4HD)

. pg.mL*?
%%22;3:‘ Strains Source 4HD EC7
MIC MFC
C. albicans ATCC 90028 n..d. >31.2 >31.2 0.25
: 7774 n.d. >31.2 >31.2 0.25
C. auris ' _CB$ n.d. 31.2 >31.2 1-2
' Clinical isolate n.d. 31.2 >31.2 >128

n.d.: not determined; FCZ: fluconazole;

3. Conclusion

In conclusion, our data demonstrate that 4-hydroxyderricin was a potent antifungal
agent against T. rubrum and T. mentagrophytes strains and moderate activity against C. auris.
In addition, 4HD acted synergistically and potentiated the activity of the antifungal drugs
terbinafine and itraconazole. The cell membrane of dermatophyte fungi was the main target of
4-hydroxyderricin since exogenous ergosterol considerably decreased the antifungal activity.
Thus, our results showed that 4-hydroxyderricin is a promising antifungal agent with low
toxicity and an interesting structural pattern to study the Structure-Activity Relationship (SAR)

from the synthesis of new analogs. Future studies should be carried out in this direction.

4. Experimental
4.1. Chemistry
4.1.1. Synthesis and Characterization of 4-hydroxyderricin (4HD)
The protocol adopted for synthesizing and characterization of 4-hydroxyderricin (4HD)

was previously described in Chapter 2, item 4.1.

4.2. Biological — Antifungal assays
4.2.1. MIC and MFC Determination

The tests to obtain the MIC on dermatophyte strains were performed according to the
recommendations of the Clinical and Laboratory Standard Institute document M38 A-2 (CLSI,
2008), with modifications (CLINICAL AND LABORATORY STANDARDS INSTITUTE
(CLSI), 2008). Dermatophyte inoculum suspensions were prepared from 7-day-old cultures on
Potato Dextrose Agar (PDA), incubated at 35°C for sporulation induction. The surfaces of the
colonies covered with 5 mL of sterile saline (0.85%) were scraped with a sterile loop. The
conidia and hyphal fragments mixture were transferred to a sterile tube, allowing heavier

structures to precipitate. Afterward, the supernatant was transferred to a new sterile tube with
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homogenization in a vortex for 15 seconds. Inoculums have adjusted a spectrophotometer with
a reading at 530 nm, followed by dilution of samples at a concentration of 1:50. Then, 0.1 mL
of the conidia suspension was inoculated into 96-well polystyrene plates containing RPMI-
1640 medium at different concentrations of the products to be tested. Control wells for sterility
(containing 0.2 mL of RPMI) and growth (containing only inoculum and RPMI) were prepared.
All plates were kept at 35 °C with reading after 120 hours. The determination of MIC was made
by visual analysis as the lowest concentration with no growth.

An aliquot from each well was transferred to the Agar Sabouraud Dextrose medium
with the aid of sterile wooden rods to determine the minimum fungicidal concentration. MFC
was defined as the lowest concentration of the product that inhibited visible growth on solid

media.

4.2.2. Checkerboard Assay

The interaction between 4HD, itraconazole, and terbinafine was evaluated using the
Checkerboard assay (based on the M27-A3 protocol, with modifications). Dermatophyte
inoculum suspensions were prepared from 7-day old cultures on Potato Dextrose Agar (PDA),
incubated at 28°C for sporulation induction. The surfaces of the colonies covered with 5 mL of
sterile saline (0.85%) were scraped with a sterile loop. The conidia and hyphal fragments
mixture were transferred to a sterile tube, allowing heavier structures to precipitate. Afterward,
the supernatant was transferred to a new sterile tube with homogenization in a vortex for 15
seconds. Inoculums have adjusted a spectrophotometer with a reading at 530 nm, followed by
dilution of samples at a concentration of 1:50. The microplates were incubated for 120 hours at
35 °C. After this period, visual reading was performed. The experiments were carried out in
triplicate.

The Fractional Inhibitory Concentration Index (FICI) formula was used to assess the

interaction between the drugs and 4-hydroxyderricin:

MIC Drugcompinea MIC 4HDcompinea
MIC Drugisoiatea MIC 4HDiso1qtea

FICI =

From the FICI calculation, the interaction was evaluated following the classification
described by Kumar et al. (2012), where: FICI < 0.5 for synergistic action; 0.5 < FICI <1 for
additive action; 1 < FICI < 2 for indifferent; FICI > 2 for antagonistic action (KUMAR et al.,
2012).
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4.2.3. The action of 4-Hydroxyderricin on Cell Wall
e Sorbitol Assay

The determination of MIC of 4HD against dermatophyte strains in the presence of
sorbitol was performed by microdilution with RPMI 1640 previously supplemented with
sorbitol (PM =182.17) (VETEC Quimica Fina Ltda — Rio de Janeiro/RJ), at 0.8 M. Plates were
incubated at 35 °C and readings were taken after 120 hours. Thus, it was possible to compare
the MIC values of the products against the dermatophyte strains in the absence and presence of
0.8 M sorbitol. The tests were performed in triplicate, and the result was expressed by the
geometric mean of the results (FROST et al., 1995; SOUZA et al., 2010).

4.2.4. The action of 4-hydroxyderricin on the Cell Membrane
e Interaction with Ergosterol

The determination of MIC of 4HD against dermatophyte strains in the presence of
exogenous ergosterol was performed by microdilution with RPMI 1640 previously
supplemented with 400 pg.mL* of Ergosterol (Sigma-Aldrich®) (ESCALANTE et al., 2008).
The same procedure was performed with amphotericin B, whose mechanism of action involves
the interaction with membrane Ergosterol to serve as a positive control of the results. The plates
were incubated at 35°C for 120 hours to be read. The tests were performed in triplicate, and the
geometric mean of the results expressed the result. Thus, it was possible to compare the MIC
values of the products against the dermatophyte strains in the absence and presence of
exogenous Ergosterol.

4.2.5. Cytotoxicity Assay
Chapter I11, item 4.2.5;
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The WHO classified pathogens in order of priority — Critical, High, and Medium — which are
the greatest emergence for Research and Development (R&D) of new antibiotics. These
pathogens are involved in many human infections, causing extensive morbidity and mortality,
especially in critically ill and immunocompromised patients. In this context, we designed a
novel diarylpropane (4HD-diaryl) derived from 4-hydroxyderricin (4HD), which was obtained
via reduction/cyclization of 4HD. 4-hydroxyderricin is a natural prenylated chalcone isolated
from Angelica keiskei with a broad spectrum of antibacterial action. 4HD-diaryl was
synthesized and evaluated against gram-positive and gram-negative bacteria (Staphylococcus
spp and Enterococcus spp). Moreover, the Synergetic Effect and Anti-biofilm activity was
investigated against MSSA and MRSA, Membrane Permeability action against B. subtilis, and
cytotoxic activity against BALB/c mice erythrocytes. 4HD-diaryl showed to be strongly active
against bacteria with MIC values of 5-20 pM, mainly against gram-positive bacteria.
Enterococcus spp is the most susceptible to 4HD-diaryl with a 5-10 pM. Furthermore, 4HD-
diaryl at 3.050 pug.mL™? showed a bacteriostatic effect, being bactericide at 6.250 pg.mL*
against B. subtilis and showed damaging the cytoplasmatic membrane of B. subtilis. Moreover,
4HD-diaryl showed potent inhibitory activity against S. aureus MSSA and MRSA biofilm with
BMICso values of 1.56 and 0.78 pg.mL™, respectively, but with indifferent synergistic effect
when combined with vancomycin. In addition, no hemolytic activity was detected at
concentrations ranging from 6.25 to 100 uM when 4HD-diaryl was incubated with BALB/c
mice erythrocytes. So, 4HD-diaryl could be considered safe to normal cells, with low
cytotoxicity even at high concentrations. Thus, 4HD-diaryl is a novel promising antibacterial
compound, which could be an alternative to combat several infections caused by MDR strains

of gram-positive bacteria.

Keywords: Chalcones; Diarylpropane; 4-hydroxyderricin; Antibacterial; Anti-biofilm;
Staphylococcus spp; Enterococcus spp; MRSA; Cytotoxicity; Membrane Permeability.

1. Introduction

The World Health Organization (WHO) classified pathogens (bacteria) in order of
priority - Critical, High, and Medium, which is the greatest emergence for Research and
Development (R&D) of new antibiotics (WHO, 2017). The Critical priority level arises from
bacteria such as Acinetobacter baumannii (carbapenem-resistant), Pseudomonas aeruginosa
(carbapenem-resistant), and Enterobacteriaceae - Klebsiella pneumonia, Escherichia coli,

Enterobacter spp., Serratia spp., Proteus spp., Providencia spp, Morganella spp (carbapenem-
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resistant, 3rd generation cephalosporin-resistant). High priority level includes Enterococcus
faecium (vancomycin-resistant), Staphylococcus aureus (methicillin-resistant, vancomycin-
intermediate and resistant), Helicobacter pylori (clarithromycin-resistant), Campylobacter
(fluoroquinolone-resistant), ~ Salmonella  spp  (fluoroquinolone-resistant),  Neisseria
gonorrhoeae (3rd generation cephalosporin-resistant and fluoroquinolone-resistant). For the
Medium level, there are three species: Streptococcus pneumoniae (penicillin-non-susceptible),
Haemophilus influenzae (ampicillin-resistant), and Shigella spp (Fluoroguinolone-resistant)
(WHO, 2017).

These bacterial species are among the most common bacterial pathogens involved in
many human infections, causing extensive morbidity and mortality, especially in critically ill
and immunocompromised patients.(RICE, 2010) The drug-resistant bacteria are associated with
poor clinical outcomes compared with their susceptible counterparts, resulting in a serious
threat to public health in every geographic region (JOHNSON; WOODFORD, 2013).

In this context, multidrug-resistant (MDR) strains of microbes have emerged, resulting in some
antimicrobials becoming ineffective. This calls for the urgent development and discovery of
new drugs (KAMURAI; MOMBESHORA; MUKANGANYAMA, 2020).

From 1981 to 2014 were approved 112 antibacterial agents by FDA and other regulatory
agencies. About 58% were unaltered natural products and their derivatives, highlighting their
relevance as a prototype to design new antimicrobial agents (NEWMAN; CRAGG, 2016;
SEAN E. ROSSITER, MADISON H. FLETCHER, 2017). Considering our effort in search and
development of small molecules against human pathogenic bacteria, we designed a novel
diarylpropane (4HD-diaryl) derived from 4-hydroxyderricin (4HD) (Figure 1). 4-
hydroxyderricin is a natural prenylated chalcone isolated from Angelica keiskei with a broad
spectrum of action, mainly antibacterial activity (AVILA et al., 2008; BATTENBERG et al.,
2013; INAMORI et al., 1991; OSORIO; MONACHE; et al., 2012; SUGAMOTO et al., 2011,
2008). 4HD-diaryl has an alkyl bridge (propane) interconnected two aromatic rings (A and B),
which a chroman nucleus attached to ring A. Moreover, the substructure chroman-ring A and
alkyl group is found in some natural metabolites such as cannabinoids from Cannabis sativa,
which have a broad spectrum of antibacterial action, especially against multidrug-resistant
bacterial strains. (APPENDINO et al., 2008; GLODOWSKA; LYSZCZ, 2016). 4HD-diaryl has
greater conformational freedom than 4HD (Figure 1) promoted by propane bridge and chroman
subunit, which may act on different molecular targets established to 4HD via covalent
modification or chelatogenic mechanism by the Michael acceptor (BATTENBERG et al., 2013;
ZHUANG etal., 2017). Thus, 4HD-diaryl was synthesized and evaluated against gram-positive
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and gram-negative bacteria. Moreover, we investigated the synergetic effect, anti-biofilm
activity, membrane permeability assay, and cytotoxic activity.

Figure 1. Molecular design of Novel Diarylpronane (4HD-diaryl) from 4-hydroxyderricin (4HD).
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2. Results and Discussion
2.1.  Chemistry
2.1.1. Synthesis of 4HD-diaryl from 4HD

First, we synthesized 4HD using protocols reported by Sugamoto et al. (Scheme 1)
(SUGAMOTO et al., 2011, 2008). The initial synthetic step was the methylation of 2’,4’-
dihydroxyacetophenone (1), obtaining 2’-hydroxy-4’-methoxyacetophenone (2) with 83% of
yield. Next, compound 2 was O-prenylated with isoprenyl bromide (3), furnishing 2’-O-
prenylated acetophenone (4) with a high yield (95%). Then, 4 was condensed with 4-
methoxymethoxybenzaldehyde (6) by Claisen-Schmidt aldolic condensation under basic
catalysis, obtaining the intermediated 2'-O-prenylated chalcone (7), with 98% of yield. The
[1,3]-sigmatropic rearrangement of 7 with montmorillonite K10 in CH.Cl; at 0 °C gave the C-
prenylated chalcone (8) with 56% of yield. Deprotection of 8 using hydrochloric acid (1IN) in
methanol and THF (1:1) gave 4HD, with a yield of 73%. The last step involved the reduction
of 4HD to obtaining 4HD-diaryl, using protocols reported by Akdag and co-authors for the
synthesis of diarylpropanes from bromine chalcones. (AKDAG et al., 2015). Here, 4HD-diaryl
was obtained with 94% of yield from the reduction reaction of 4HD using trifluoroacetic acid
(TFA) and triethylsilane, with an overall yield of 14%.
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Scheme 1. Synthetic route for 4HD-diaryl.

Using these acidic conditions, we obtained a 4HD-diaryl with a chroman nucleus
merged to the aromatic ring A, resulting from an intramolecular cyclization between the tertiary
carbocationic of 3'-isopentyl and the 2'-hydroxyl group due to the ortho-position substitution
relationship. This can be explained by the synthesis mechanism of reduction/cyclization shown

in scheme 2.
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Scheme 2. Synthesis mechanism for intramolecular cyclization of 4HD-diaryl.
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2.2.  Biological Study
2.2.1. Antibacterial activity - Minimum Inhibitory Concentration (MIC)

Antibacterial activity of 4HD-diaryl was examined against the following bacterial
clinical isolates: Enterococcus faecalis (29212 and 51299), Staphylococcus aureus (25923 and
33591), Klebsiella pneumoniae (700603 and id-146/19), Acinetobacter baumannii (19606 and
261/16), Pseudomonas aeruginosa (27853 and S.6065/06), and Escherichia coli (25922 and
35218). The MIC values are summarized in Table 1.



96

4HD-diaryl had no effect against all Gram-negative bacteria, showing MIC > 100 puM.
In contrast, 4HD-diaryl was active against all gram-positive strains, with MIC values of 20 uM
against S. aureus (33591 and 25923) and E. faecalis (51299 and 29212) (Table 1).

Table 1. Antibacterial activity of 4HD-diaryl

T MIC (uM)
Clinical isolates Source AHD-diary] vancomycin
E. faecalis ATCC (51299) Blood 20 55
E. faecalis ATCC (29212) Urine 20 2.8
S. aureus ATCC (33591) Urine 20 0.7
S. aureus ATCC (25923) Blood 20 14
Gram-negative* n.d. >100 n.d.

*K. pneumoniae (700603 and id-146/19), A. baumannii (19606 and 261/16), P. aeruginosa (27853 and S.6065/06)
and E. coli (25922 and 35218); n.d.: Not determined

Considering the promising antibacterial activity against gram-positive bacteria, we
investigated the antibacterial activity of 4HD-diaryl against another 36 clinical isolates of
Enterococcus faecalis (9 isolates), Enterococcus faecium (19 isolates), Enterococcus
casseliflavus (1 isolate), Enterococcus gallinarum (1 isolate), Staphylococcus aureus (3
isolates), Staphylococcus epidermidis (2 isolates) and Staphylococcus hominis (1 isolate)
(Table 2), which have variated degree of drug-resistance. 4-HD-diaryl was able to inhibit all
these bacteria showing MIC ranging from 5 to 20 uM, confirming its antibacterial potential
against gram-positive bacteria. The clinical isolates of Enterococcus spp (E. faecalis, E.
faecium, E. casseliflavus, and E. gallinarum) were the most susceptible to 4HD-diaryl, with the
lowest MIC values of 5 and 10 uM recorded against 18 clinical isolates. For clinical isolates,
Staphylococcus spp (S. aureus, S. epidermidis, and S. hominis) MIC values were 20 uM.

Interestingly, among 30 clinical isolates of Enterococcus, 27 were more susceptible to
4HD-diaryl than at least one standard drug — vancomycin (VAN), teicoplanin (TEI), ampicillin
(AMP), tetracycline (TET), chloramphenicol (CHL), ciprofloxacin (CIP), linezolid (LIN) and
quinupristin-dalfopristin (QUI — DAL). The lowest MIC (5 puM) was recorded against E.
faecium 77/17, being approximately the 1.2 to 19.3-fold more active than the standards drugs
VAN (44 uM), TEI (17 uM), AMP (92 uM), TET (18 uM), CHL (12.4 uM), CIP (96.6 uM)
and LIN (5.9 uM). 4-HD also demonstrated been 1.1 to 19.8-fold more active than controls
drugs, showing MIC of 10 uM in 16 clinical isolates of E. faecalis, E. faecium, E. casseliflavus,
and E. gallinarum and MIC of 20 uM against 12 clinical isolates of E. faecalis and E. faecium.

The same behavior was recorded for 4HD-diaryl against clinical isolates of

Staphylococcus genus, which demonstrated greater antibacterial activity with MIC of 20 puM.
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These MIC values show the potent antibacterial activity of 4HD-diaryl, especially when it is
compared with the standard drug linezolid (LIN), which was less potent against S. epidermidis
SH12/17 (189.7 uM) and S. hominis (> 758.9 uM).

The results found here indicated that the resistance mechanisms of these bacteria to the
clinical antibiotic are not involved or are less effective against 4HD-diaryl. Moreover, 4HD-
diaryl is derived from the natural product 4-hydroxyderricin (4HD), that have potent
antibacterial activity well established against gram-positive bacteria. However, 4-HD did not
show antibacterial activity against resistant multi-drug strains, especially against
MRSA.(AVILA et al., 2008; BATTENBERG et al., 2013; OSORIO; DELLE MONACHE; et
al., 2012; SUGAMOTO et al., 2011, 2008) Thus, we found a novel chemical entity able to
combat the MDR strains of gram-positive bacteria involved in several human infections with
reductive chemical modifications. This reinforces the relevance of natural products as
inspiration in designing novel antibacterial agents (NEWMAN; CRAGG, 2016).



Table 2. Antibacterial activity in uM of 4HD-diaryl against drug-resistant clinical isolates.

. . . MIC (uM)
Bacterial species Strain Source 4HD-diaryl VAN TER AMP> TET* CHL CIP* LIN'  QUI- DALY
E. faecalis 90/17 Urine 20 44 17 29 45 24.8 96.6 59 16
et 08/17 Anal swab 20 44 17 114 0.6 24.8 96.6 5.9 8
96/17 Tracheal secretion 10 44 17 29 144 6.2 96.6 5.9 16
102/17 Blood 20 14 17 5.7 144 24.8 96.6 5.9 16
28/18 Anal swab 20 1.4 0.28 11.4 144 198.2 96.6 2.95 16
35/18 Anal swab 20 2.8 0.14 5.72 9 124 1.5 5.9 8
80/18 Anal swab 20 0.7 0.03 1.43 144 99.1 48.3 59 8
69/18 Anal swab 20 0.04 0.53 2.86 144 24.8 96.6 5.9 8
56/18 Urine 20 14 0.07 5.72 144 24.8 96.6 5.9 32
E. faecium 91/17 Anal swab 10 44 17 92 36 495 96.6 5.9 1
89/17 Anal swab 10 44 17 92 2.3 12.4 96.6 5.9 1
97/17 Anal swab 10 44 17 92 1.1 124 96.6 2.95 1
73/17 Catheter 10 44 17 92 1.1 12.4 96.6 2.95 0.5
77/17 Urine 5 44 17 92 18 124 96.6 5.9 1
24/17 Blood 10 44 17 92 9 99.1 96.6 59 1
14/17 Urine 10 44 17 92 0.3 198.2 96.6 47.4 1
13/17 Blood 10 44 17 92 18 198.2 96.6 474 1
et 04/17 Liquor 20 2.8 0.28 n.d. n.d. n.d. n.d. n.d. n.d.
et 12/17 Urine 20 44 17 92 0.6 198.2 96.6 47.4 1
100/17 Liquor 20 44 17 92 0.6 6.2 96.6 23.7 0.5
101/17 Urine 10 0.3 0.28 92 9 6.2 96.6 59 1
36/16 Urine 10 0.7 0.28 92 1.1 124 96.6 2.95 1
37/15 Blood 10 0.09 0.03 92 9 99.1 96.6 2.95 1
96/15 Urine 10 0.7 0.14 92 2.3 24.8 96.6 5.9 1
33/15 Blood 10 0.7 0.53 n.d. n.d. n.d. n.d. n.d. n.d.
44/15 Blood 10 44 17 92 72 198.2 96.6 2.95 16
49/18 Urine 10 44 17 92 9 124 96.6 5.9 16
17/18 Blood 20 44 2.13 92 0.6 3.1 96.6 2.95 1
E. casseliflavus - Urine 10 11 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
E. gallinarum - Blood 10 11 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
S. aureus SH06/18 - 20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SH10/18 - 20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
SHO01/16 Tracheal secretion 20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
S. epidermidis SH12/17 Blood 20 n.d. n.d. n.d. n.d. n.d. n.d. 189.7 n.d.
SH19/17 Blood 20 n.d. 8.5 n.d. n.d. n.d. n.d. n.d. n.d.
S. hominis SHO05/16 Blood 20 1.4 n.d. n.d. n.d. n.d. n.d. >758.9 n.d.

VAN vancomycin; TEI% teicoplanin; AMP?: ampicillin; TET* tetracycline; CHL3: chloramphenicol; CIP¢: ciprofloxacin; LIN: linezolid;
QUI-DALS®": quinupristin-dalfopristin; *MIC values in pg/mL; n.d.: Not determined.
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2.2.2. Membrane Permeability Assay with Bacillus subtilis
e Minimal bactericidal concentration (MBC) determination

First, we determined by Resazurin Microtiter Assay Plate (REMA) the inhibitory
concentration (IC) able to inhibit 50 (ICso) and 100% (IC100) of Bacillus subtilis growth at
concentrations ranging from 100 to 0.78 pug.mL™. 4HD-diaryl showed IC100 and ICsp of 3.050 and
1.478 pug.mL™:, respectively (Figure 2). Second, we verified its bactericidal or bacteriostatic effect.
We found that 4HD-diaryl at 3.050 pg.mL™ showed just a bacteriostatic effect, being bactericide
at 6.250 pg.mL* (Figure 2).

Figure 2. Graph REMA. Percentage of B. subtilis cells inhibited by the 4HD-diaryl at different concentrations.
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The results against B. subtilis allowed us to compare the antibacterial activity of 4HD-diaryl
with the following related compounds chromanchalcone (Deoxyxanthoangelol, DX-H) and
dihydrochalcone (deoxydihydroxanthoangelol, DHX-H) (Figure 3). Sugamoto et al (2008 and
2010) found that both compounds were inactive against B. subtilis (MIC > 256 pg.mL™?)
(SUGAMOTO et al., 2011, 2008). Compared to 4HD in Sugamoto studies, both cyclizations of the
prenyl group and partial Michael's acceptor reduction led to a loss in antibacterial activity. These
results were also observed in other gram-positive and gram-negative bacteria, showing that this
modification harms antibacterial activity. Interestingly, our study found that prenyl cyclization and
total reduction of o,-unsaturated ketone led to a potent antibacterial activity of 4HD-diaryl against

B. subtilis and human pathogenic gram-positive bacteria. The strong antibacterial activity found of
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4AHD-diaryl may be related to its structural proximity to natural cannabinoids, which are known to
possess several antibacterial against sensitive and multidrug-resistant bacteria (APPENDINO et
al., 2008). This reinforces our efforts to find new antibacterial agents structurally similar to

diarylpropane 4HD-diaryl.

Figure 3. Antibacterial activity of Chalcone (DH-X) and dihydrochalcone (DHX-H)bacteria by Sugamoto et al.
compared to 4HD-diaryl (SUGAMOTO et al., 2011, 2008).
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e Live/Dead test

We used the minimal bactericidal concentration (MBC) of 4HD-diaryl against B. subtilis to
perform a membrane permeability assay. The cells were stained with SYTO9 and propidium iodide
(PD). SYTOQO9 is a fluorescent dye (blue) that naturally enters the cells, staining the bacterial
nucleoid, whether the cells are alive or with corrupted membranes. Whereas P1 is a fluorescent dye
(red) that stains cells with a damaged cytoplasmatic membrane, allowing comparison/analysis of
the number of viable cells with the intact cytoplasmatic membrane (Navarro et al. 2020). At the
bactericidal concentration (3.050 pg.mL™?) 4HD-Diaryl affected the cytoplasmatic membrane in
the first’s minutes of contact (15 min), having more than 60% of cells stained with PI, which means

that the compounds cause destructions/perturbations in the cytoplasmatic membrane (Figure 4).
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Figure 4. Graph microscopy. Percentage of B. subtilis cells with permeabilized membrane after exposure to the
compound. PC, cells treated with Nisin (positive control for permeability); C, cells treated with 4HD-diaryl at the
bactericidal concentration for 15 minutes; NC, negative control.
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We inspected the cells under microscopy analysis, looking for possible morphological
changes, observing any errors in cell division and chromosome segregation with the bacterial
nucleoid stained with SYTO9 (Figure 5). However, reduction or deformation on bacteria
physiologic was not observed, such as cell elongation, chains, misplaced nucleoid, and anucleate
cells, which could indicate errors in cell division or chromosome segregation. Therefore, it was
possible to affirm that 4HD-Diaryl did not affect the cell division, and the primary target of the
compound is the cytoplasmatic membrane.

Figure 5. Fluorescence Microscopy. The cytoplasmic membrane is the primary target of the compound. Cells of B.
subtilis were stained with the Live/Dead BacLight kit after 15 minutes of contact with the compound. Cells with intact
membranes are represented in blue, while the cells with damaged membranes are shown in red. A) negative control,
untreated B. subtilis; B) positive control, cells treated with Nisin; C) compound at its bactericidal concentration after
15 minutes of contact. Scale bar 5 um; magnification of 100x.

Source: own authorship

2.2.3. Checkboard Assay
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We evaluated the synergistic effect of the combination of 4HD-diaryl with vancomycin
against S. aureus ATCC 6538 (MSSA) and S. aureus BAA44 (MRSA), as shown in table 4. 4HD-
diaryl alone showed MIC of 3.12 pg/mL against both strains, whereas vancomycin (VAN) showed
MIC of 0.73 pg/mL. When 4HD-diaryl and VAN were combined, they produced an indifferent
synergistic effect (FICI = 2) against MSSA since both compounds did not affect the antibacterial
activity of which other. The same indifferent effect (FICI = 3) was observed against S. aureus
BAA44 strain when 4HD-diaryl (3.12 pg/mL) and vancomycin (MIC = 1.47 pg/mL) were
combined (Table 4).

Table 3. Antibacterial effect of combination between 4HD-diaryl and vancomycin against S. aureus strains

S. MIC (ug.mL?)
aureus Combination FIC FICI co;%?r?ac;]icon
strains Alone Combined
FICaHp-
323" VAN gi';g'l VAN gi':lg'l VAN giaryl +
FICvan
MSSA 4HD\'/O'A"I3\IW' * 312 073 312 073 1 1 2 Indifferent
MRSA 4HD\'/O'A"I3\IW' Y312 073 312 147 1 2 3 Indifferent

VAN: vancomycin; MSSA = S. aureus 6538; MRSA = S. aureus BAA44;

2.2.4.  Minimum Inhibitory Concentration of Biofilm (MICB)

Biofilm is defined as a group of microorganisms attached to a surface and embedded in a
self-produced polymeric matrix composed of extracellular DNA, proteins, and polysaccharides
(IZANO et al., 2008; MCCARTHY etal., 2015; TASSE et al., 2016). This mode of growth protects
bacteria from the immune system and drugs. Bacterial biofilm is widely found in most human
diseases and especially in patients with indwelling devices, including intravenous catheters,
vascular prostheses, or orthopedic devices (SONG et al., 2013; STEWART, 2015; TASSE et al.,
2016; WU et al., 2015). Therefore, discovering new compounds that can inhibit the formation of
this type of bacterial resistance mechanism is a challenge.

In this context, we evaluated the ability of 4HD-diaryl to inhibit the biofilm formation of S.
aureus MSSA and MRSA (Figure 6). We calculated the Minimum Inhibitory Concentration of
Biofilm inhibited by 50% or more (MICBso). The result of the MICBso is cross-hatched in the
graph, as shown in Figure 6. Moreover, the number of viable cells (logioCFU/mL) after biofilm
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formation was determined, which is represented by the line. The results were compared to
vancomycin.

4HD-diaryl inhibited more than 50% of the MRSA biofilm formation at MICBso of 0.74
pug/mL (Figure 6A), representing the ¥ MIC value recorded for MRSA planktonic cells (MIC =
3.12 pg/mL). Moreover, the number of viable cells decreases about 50% in the presence of 4HD-
diaryl at its MICBso. This MICBs value is equal to those recorded for vancomycin, which strongly
decreased the number of viable cells (Figure 6B).

About MSSA biofilm inhibition, 4HD-diaryl inhibited more than 50% of the formation at
1.56 pg/mL (Figure 6C), representing %2 MIC value recorded for 4HD-diaryl against MSSA
planktonic cells (MIC = 1.56 pg/mL). The 4HD-diaryl was 2x less active than those recorded
against MRSA biofilm (Figure 6A) and also 2x less active than vancomycin against MSSA biofilm
(Figure 6D).

These results highlighted the 4HD-diaryl as a novel promising antibacterial compound that
also can avoid the S. aureus biofilm formation at low concentrations, especially against MRSA

involved in infections difficult to treat.

Figure 6. Biofilm Inhibition Graph. Biofilm inhibition activity graph against S. aureus BAA44 (MRSA) and S.
aureus 6538 (MSSA) of 4HD-diaryl and positive control (vancomycin). The MICBsp values are the values represented
by the hatched columns. A) Inhibition of biofilm in MRSA by 4HD-diaryl (0.195 to 400 pg/mL). B) Inhibition of
biofilm in MRSA by vancomycin (0.0115 to 5.9 pg/mL). C) Inhibition of biofilm in MSSA by 4HD-diaryl (0.195 to
400 pg/mL). D) Inhibition of biofilm in MSSA by vancomycin (0.0115 to 5.9 pug/mL).
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2.2.5. Hemolytic Activity

The hemolysis assay is helpful to establish whether the cytotoxic activity is related to direct
damage on the cell membrane of normal cells or not. A hemolytic assay of 4HD-diaryl was
performed using a colorimetric assay against BALB/c mice erythrocytes. Ultrapure water (MilliQ)
was used as a positive control (100% hemolysis) and Phosphate Buffered Saline (PBS) as a
negative control (0%) (Figure 7).

After 2h of incubation with 4HD-diaryl, no hemolytic activity was detected at
concentrations of 6.25 to 100 uM. A discreet hemolytic activity was recorded for 4HD-diaryl at
200 pM, representing less than 10% compared to positive control. Thus, 4HD-diaryl could be

considered safe to normal cells, with low cytotoxicity even at high concentrations.
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Figure 7. Hemolytic activity of 4HD-diaryl in BALB/c mice erythrocytes. The hemolysis was determined
colorimetrically at 570 nm in a plate reader. Ultrapure water (MilliQ) was used as a positive control (100% hemolysis)
and PBS as a negative control (0%).
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3. Conclusion
4HD was used as a substrate to obtain a novel diarylpropane (4HD-diaryl), which

demonstrated strongly antibacterial activity against gram-positive bacteria, including ATCC and
multidrug-resistant clinical isolates of Enterococcus, Staphylococcus, and Bacillus spp. In addition,
4HD-diaryl could inhibit the MSSA and MRSA biofilm formation at low concentrations. We also
found that 4HD-diaryl has a bactericidal action by damaging the cytoplasmatic membrane of B.
subtilis. No cytotoxicity activity was observed for 4HD-diaryl against BALB/c mice erythrocytes.
Thus, 4HD-diaryl is a novel promising antibacterial compound, which could be an alternative to

combat several infections caused by MDR strains of gram-positive bacteria.

4. Materials and Methods
4.1. General

All reagents were selected commercially from Sigma-Aldrich®, and until the final
compound and its intermediates were obtained, several solvents were used, such as hexane, ethyl
acetate, acetone, ethanol, DMF, DCM, and methanol. All of the Synth® brand. To monitor the
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reactions and analyze the purity of the products, Thin Layer Chromatography was performed on
silica gel chromatoplates under the Supelco® brand aluminum base. Gradients of the hexane/ethyl
acetate and hexane/acetone solvent system according to the analytes' polarity. The chromatoplates
were developed under ultraviolet light at short wavelengths of 254 nm and long wavelengths of
365 nm. The sulfuric anisaldehyde solution was also used as the chemical developer of the
compounds. Purifications by normal phase column chromatography (NP-CC) were performed
using 100 to 200 Mesh silica gel (Sigma-Aldrich®).

'H and 3C NMR spectra were recorded with a Bruker Avance 111 14.1 T, Bruker Avance
I11 9.4 T, and Bruker Fourier 7.1 T spectrometers, using CDCls or acetone-ds as a solvent with
TMS (d 0.00) as an internal standard. The chemical shifts (6) and coupling constants (J) were
expressed in ppm and Hz, respectively. Multiplicities were reported as singlet (s), doublet (d),
doublet of doublet (dd), triplet (t), quartet (g), double triplet (dt), and multiplet (m). Melting points
were measured on an MS Tecnopon PFM-II with an open capillary. The purity of compounds was
measured on HPLC-PAD equipment, and the analysis was performed for calculations of partition
coefficient, using MeOH/H2O (3:1) as an isocratic mobile phase. High-Resolution Mass
Spectrometry (HRMS) by heated electrospray ionization (HESI) (positive mode) spectra were
performed on Exactive plus (Orbitrap™), data achievement, and treatment by XCalibur and Exact
Finder software, Thermo Scientific. Peak attributed to the protonated molecule ion [M+1] was
observed as base peak and selected to MS/MS experiments.

4.2.  Synthesis of 4-hydroxyderricin (4HD) and 4HD-diaryl
The synthesis of 4-hydroxyderricin (4HD) was performed using the protocol published by
Sugamoto and co-authors (SUGAMOTO et al., 2011, 2008).

4.2.1. 2’-hydroxy-4’-methoxyacetophenone (2)

A mixture of 2’,4’-dihydroxyacetophenone 1 (152.15 mg, 1.0 mmol) anhydrous K>CO3
(415.00 mg, 3.00 mmol), and iodomethane (170.33 mg, 1.2 mmol) was stirred in dry acetone (5
mL) at room temperature for 6 h. The reaction mixture was monitored by TLC. At the end of the
reaction, the mixture was diluted with water (15 mL) to remove K>COz and, subsequently,
extraction was performed with ethyl acetate (3x15 mL). The organic phase was treated with a
saturated solution of NaCl (5 mL) and with the drying agent MgSQO4 to remove residual water and



107

filter. The extraction product was concentrated under reduced pressure producing a white solid,
which was vacuum filtered and purified by recrystallization from ethanol/water to afford compound
2 (83%) as colorless crystals.

'H NMR (CDCls, 600 MHz): & = 2.56 (s, 3H, H-0), 3.84 (s, 3H, 4-OCHs), 6.42 (d, 1H, J
=2.5Hz, H-3"), 6.44 (dd, 1H, J1 = 2.5 and J»= 8.8 Hz, H-5"), 7.63 (d, 1H, J=8.8 Hz, H-6"), 12.75
(s, 1H, 2’-OH).

13C NMR (CDCls, 150 MHz): § =26.38 (1C, C-a), 55.73 (1C, 4’-OCH3s), 100.93 (1C, C-3°),
107.81 (1C, C-5%), 114.06 (1C, C-1°), 132.44 (1C, C-6"), 165.43 (1C, C-2°), 166.28 (1C, C-4*),
202.74 (1C, C-p").

4.2.2. 2’-Prenyloxy-4’-methoxyacetophenone (4)

A mixture of 2’-hydroxy-4’-methoxyacetophenone 2 (166.17 mg, 1.00 mmol), anhydrous
K2COs3 (415.00 mg, 3.00 mmol), and 1-Bromo-3-methyl-2-butene (3) (298.10 mg, 2.00 mmol) was
stirred in dry acetone (5 mL) under reflux for 24 h. The reaction mixture was monitored by TLC.
After completion of the reaction, the reaction mixture was filtrated and evaporated under a vacuum.
The residue was purified by silica gel column chromatography with hexane/ethyl acetate to afford
compound 4 (95%) as a colorless oil.

'H NMR (Acetone-ds, 600 MHz): § = 1.79 (s, 3H, CHs, H-4""), 1.80 (s, 3H, CHs, H-5"),
2.49 (s, 3H, H-a), 3.86 (s, 3H, 4’-OCH3), 4.71 (d, 2H, J = 6.6 Hz, CH2, H-2*"), 5.57 (t, IH, J = 6.6
Hz, CH, H-1""), 6.57 (dd, 1H, J1: = 2.3 Hz and J> = 8.8 Hz, H-5"), 6.64 (d, 1H, J = 2.3 Hz, H-3’),
7.60 (d, 1H, J = 8.8 Hz, H-6").

4.2.3. 4-Methoxymethoxybenzaldehyde (6)

To a stirred solution of 4-hydroxybenzaldehyde 5 (122.12 mg, 1.00 mmol) and anhydrous
K2CO3 (276.50 mg, 2.00 mmol) in dry acetone (5 mL) was slowly added chloromethyl methyl
ether (96.60 mg, 1.2 mmol) at room temperature and stirred for 4h. The reaction mixture was
monitored by TLC. After completion of the reaction, the reaction mixture was filtrated and
evaporated under a vacuum. The residue was purified by liquid-liquid extraction with a solution of

K2CO3 (10%) and ethyl acetate to afford compound 6 (95%) as a colorless oil.
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IH NMR (600 MHz, CDCls): 8 = 3.49 (s, 3H, CHs, 4-OCH20CHs), 5.26 (s, 2H, CHs, 4-
OCH,OCHs), 7.16 (d, 2H, J = 9.0 Hz, H-3 and H-5), 7.86 (d, 2H, J = 9.0 Hz, H-2 and H-6), 9.89
(s, 1H, -CHO).

4.2.4. 4°’-Methoxy-4-methoxymethoxy-2 -prenyloxychalcone (7)

To astirred solution of 4 (234.29 mg, 1.00 mmol) and 6 (174.50 mg, 1.05 mmol) in ethanol
(5 mL) was slowly added solution of KOH (60%, 2 mL) at 0 °C, after which the reaction mixture
was stirred at room temperature for 24 h. The reaction mixture was monitored by TLC. After
completion of the reaction, the solution was extracted with ethyl acetate (3x15 mL). The organic
layers were combined, washed with saturated sodium chloride solution, dried over magnesium
sulfate, filtrated, and evaporated under vacuum. The residue was purified via liquid-liquid
extraction with a saturated solution of NaHSO3z and ethyl acetate to afford compound 7 (98%) as a
yellow oil.

'H NMR (CDCls, 600 MHz): § = 1.74 (s, 3H, CHs, H-4"), 1.79 (s, 3H, CH3, H-5"), 3.48 (s,
3H, CHj3, 4-OCH20CHg3), 3.86 (s, 3H, 4’-OCHz), 4.59 (d, 2H, J = 6.7 Hz, CH2, H-17), 5.21 (s, 2H,
CH2, 4-OCH20CHa), 5.54 (t, 1H, J = 6.7 Hz, CH, H-2"), 6.49 (d, 1H, J = 2.2 Hz, H-3"), 6.56 (dd,
1H,J1 =2.2 Hz and J> = 8.7 Hz, H-57), 7.03 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.52 (2H, d, J =8.5
Hz, H-2 and H-6) 7.59 (d, 1H, J = 15.7 Hz, H-0), 7.64 (d, 1H, J = 15.7 Hz, H-B), 7.83 (d, 1H, J =
8.7 Hz, H-6").

4.2.5. 2’-Hydroxyl-4’-methoxy-4-methoxymethoxy-3 -prenylchalcone (8)

To astirred solution of 7 (100.00 mg) in dry CH2Cl> (3.00 mL) was added montmorillonite
K10 (110.00 mg) at 0 °C and stirred for 3h. The reaction mixture was monitored by TLC. After
completion of the reaction, the reaction mixture was filtrated and evaporated under a vacuum. The
residue was purified by silica gel column chromatography with hexane/ethyl acetate/acetone
(8:1:1) to afford compound 8 (56%) as a yellow oil.

'H NMR (CDCl3, 600 MHz): & = 1.68 (s, 3H, CH3, H-4"), 1.79 (s, 3H, CHs, H-5"), 3.39 (d,
2H,J =7.1 Hz, CH2, H-17), 3.49 (s, 3H, CH3, 4-OCH20CHBg), 3.91 (s, 3H, 4’-OCH3s), 5.22 (s, 2H,
CH2, 4-OCH>0OCHg), 5.22 (t, 1H, J = 7.1 Hz, CH, H-2”), 6.50 (d, 1H, J = 9.0 Hz, H-5"), 7.08 (d,
2H, J = 8.7 Hz, H-3 and H-5), 7.49 (d, 1H, J = 15.4 Hz, H-0), 7.60 (2H, d, J = 8.7 Hz, H-2 and
H-6), 7.79 (d, 1H, J=9.0 Hz, H-6"), 7.84 (d, 1H, J = 15.4 Hz, H-B), 13.44 (s, 1H, 2>-OH).
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4.2.6. 4-hydroxyderricin (4HD)

To a stirred solution of 8 (50.00 mg, 0.13 mmol) in MeOH (0.50 mL) and THF (0.50 mL)
was added hydrochloric acid (1N, 0.50 mL) and stirred at 56 °C for 6 h. The reaction mixture was
monitored by TLC. After completion of the reaction, the reaction mixture was evaporated under a
vacuum. After adding 10 mL of water, the mixture was extracted with ethyl acetate (3x20 mL).
The organic layers were combined, washed with brine, dried over magnesium sulfate, filtrated, and
evaporated under vacuum. The residue was purified by silica gel column chromatography with
hexane/ethyl acetate (8:2) to afford compound 4HD as yellow solid, with an unprotected yield of
73% and an overall yield of 29%. Purity: 99.15%, by HPLC DAD (365 nm); M. p. lit. 136 — 137
°C; Found: 137 — 140 °C.

'H NMR (acetone-ds, 600 MHz): & = 1.63 (s, 3H, CHs, H-4"), 1.77 (s, 3H, CHs, H-5), 3.35
(d, 2H,J =7.3 Hz, CH>, H-17), 3.93 (s, 3H, 4’-OCH3), 5.21 (t, 1H, J = 7.3 Hz, CH, H-2"), 6.65 (d,
1H, J =9.0 Hz, H-5"), 6.93 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7.74 (d, 2H, J = 8.5 Hz, H-2 and
H-6)7.78 (d, 1H, J = 15.3 Hz, H-o), 7.85 (d, 1H, J = 15.3 Hz, H-B), 8.12 (d, 1H, J=9.0 Hz, H-6"),
9.09 (s, 1H, 4-OH), 13.77 (s, 1H, 2’-OH).

13C NMR (acetone-ds, 150 MHz): § = 17.87 (1C, CHs, C-4"), 22,25 (1C, CHp, C-1), 25.88
(1C, CH3s, C-57), 56.29 (1C, 4-OCHj3), 103.18 (1C, C-57), 115.35 (2C, C-3 and C-5), 116.79 (1C,
C-17),117.57 (1C, C-3”), 118.31 (1C, C-a), 123.16 (1C, CH, C-3”), 127.52 (1C, C-1), 130.74 (1C,
C-6"), 131.58 (2C, C-2 and C-6), 131.83 (1C, C-3"), 145.35 (1C, C-p), 161.08 (1C, C-4), 163.76
(1C, C-27), 164.15 (1C, C-4"), 193.44 (1C, C-p).

4.2.7. Novel diarylpropane — 4HD-diaryl

To a stirred solution of 4HD (50.00 mg, 0.15 mmol) in trifluoroacetic acid (1.00 mL) at 0
°C was added dropwise triethylsilane (0.75 mmol). This mixture was stirred for 18 hours at room
temperature. The reaction mixture was diluted in 10 mL of water and extracted with ethyl acetate
(3x15 mL). The organic phase was treated with saturated NaCl solution and magnesium sulfate,
filtered, and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (hexane/ethyl acetate 8: 2) to afford compound 4HD-diaryl as a colorless oil, with
a yield of 94% and an overall yield of 27%. Purity: 98.73%. by HPLC DAD (365 nm); HRMS
(pESI): [M + H]*, found 327.1964. C21H2703 requires 327.1955.
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'H NMR (acetone-ds, 600 MHz): & = 1.30 (s, 6H, CHs, H-4"), 1.77 (t, 2H, J = 6.9 Hz, CH,
H-27), 1.82 (q, 2H, J1 = J2 = 6.4 Hz, CHy, H-2), 2.51 (t, 2H, J = 6.4 Hz, CH, H-3"""), 2.54 (t,
2H, J = 6.4 Hz, CH2, H-1"""), 2.62 (t, 2H, J = 6.9 Hz, CH2, H-1""), 3.78 (s, 3H, 4’-OCH3), 6.37 (d,
1H, J=8.2 Hz, H-5"), 6.76 (d, 2H, J = 8.5 Hz, H-3 and H-5), 6.89 (d, 1H, J = 8.2 Hz, H-6"), 7.03
(d, 2H, J = 8.5 Hz, H-2 and H-6), 8.17 (s, 1H, 4-OH).

13C NMR (acetone-ds, 150 MHz): § = 17.99 (1C, C-17), 26.94 (2C, C-4"), 30.29 (1C,
C-1°""),32.72 (1C, C-2"""), 33.01 (1C, C-2"), 35.47 (1C, C-3""), 55.55 (1C, 4-OCHj3), 73.96 (1C,
C-37), 101.45 (1C, C-57), 110.13 (1C, C-3"), 115.86 (2C, C-3 and C-5), 123.38 (1C, C-1"), 127.87
(1C, C-6"), 130.01 (2C, C-2 and C-6), 134.18 (1C, C-1), 152.97 (1C, C-2°), 156.23 (1C, C-4),
157.01 (1C, C-4").

4.3. Biological study
4.3.1.  Minimum Inhibitory Concentration (MIC) of Isolates Clinical

4HD-diaryl was tested against gram-positive and gram-negative strains at the Centre for
Parasitology and Mycology, Head-Laboratory of Novel Drugs-Neglected Diseases, Institute
Adolfo Lutz, Sdo Paulo, Brazil, under the supervision of Prof. Dr. André Tempone Cardoso. The
microdilution method assessed the inhibitory activity of 4HD-diaryl on pathogens (Clinical
Laboratory Standards Institute, 2015), with some modifications. The culture of bacteria was
adjusted to the 0.5 McFarland standard containing approximately 1 — 2x10® CFU. 4HD-diaryl was
tested in twofold dilution (50 uM to 0.78 uM). The final test bacterial concentration was
approximately 5x10° CFU/mL (5x10* CFU/well). The plate was incubated at 35°C for 24h. MIC
was considered at the lowest concentration of the compound that completely inhibits the bacteria
growth in the microdilution well by unaided eye (CLSI, 2015) (CLSI, 2015).

4.3.2. Mechanism of action: Membrane Permeability Assay with B. subtilis
Mechanism of action assay — Membrane Permeability — was carried out in the Department
of Biochemistry and Microbiology, Institute of Biosciences, Universidade Estadual Paulista, Rio

Claro, Brazil, under the supervision of Prof. Dr. Henrique Ferreira.

e Microorganism
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Bacillus subtilis (B. subtilis), strain 168, was kindly donated by Dr. Frederico Gueiros-Filho
(Dept. of Biochemistry, 1Q, Universidade de S&o Paulo, Brazil). B. subtilis was cultivated in
LB/LB-agar (Sambrook et al. 1989) at 30 £ 1 °C, stirring at 200 rpm for liquid medium.

e Resazurin microtiter assay (REMA)

The inhibitory concentration (IC) of the compound was determined using the Resazurin
Microtiter Assay Plate (REMA) adapted by Silva et al. (SILVA et al., 2013). A stock solution of
the compound at 10 mg.mL™* was diluted into the wells of a 96-multiwell plate to give the final
concentrations ranging from 100 to 0.781 pg.mL?, in total volumes of 100 pL/well (NYG
medium). The negative controls had LB medium without any compound, whereas positive controls
contained 20 pg.mL™ of kanamycin. Vehicle control was also made with 1% DMSO in the LB
medium. The bacteria were then inoculated at a final concentration of 10° cells per 100 L of LB
medium per well. REMA plates were incubated for 12 hours at 30 + 1 °C. Next, 15 pL of 0.1
mg.mL™ resazurin Sigma-Aldrich (Taufkirchen, Germany) was added into each well, followed by
a 2-hour incubation at 30 = 1 °C. The post-reaction plates were evaluated through excitation and
emission wavelengths set to 530 and 590 nm, respectively, using the Fluorescence Synergy H1IN1
(BioTek). The data obtained were used to plot the concentration of the compound versus cell
growth inhibition, and through a polynomial curve regression, it was possible to determine the
percentage of IC100 and ICsp values (the concentration of a given compound able to inhibit 100%
and 50% of the cells in culture, respectively) (MORAO et al., 2019).

Bacterial growth is disrupted by inhibitory compounds by ceasing metabolic and respiratory
activities to a certain extent. If the inhibitory compound leads to death, a bactericidal effect occurs.
However, when an inhibited bacterial cell is moved to another culture medium without such a
compound, it can recover its ability to grow. In this case, the compound acts as a bacteriostatic
agent. We performed a minimum bactericidal/bacteriostatic concentration assay (MBC) to confirm
if the compounds had a bactericidal or bacteriostatic effect. The MBC assay was performed by
inoculating the contents of each REMA well into a 15 cm Petri dish with solid LB medium before
the resazurin addition. The microbial transfer was aided by a stamping replicator fit for a 96-well
microtiter plate (8 x 12 Sigma-Aldrich, Germany). The microbes were then incubated in triplicates
at 30 °C for 24 hours to quantify their growth.
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¢ Fluorescence microscopy

Cells of B. subtilis were exposed to the compound at its bactericidal concentration,
essentially as described for REMA. However, instead of using 96-multiwell plates, the reactions
were performed in 1.5 mL microcentrifuge tubes. The total reaction volume was 100 uL, and 10°
cells were used per treatment. After 15 or 30 minutes of exposure, 900 pL of saline solution (0.85%
NaCl) were added to each tube to dilute the compound and stop the contact reaction. Next, for the
membrane integrity analyses, cells were stained using the Live/Dead BacLight kit following the
manufacturer's instructions (Thermo-Scientific L7012; Waltham, USA). Untreated cells were used
as negative control (cells with intact cytoplasmatic membrane), while the positive control (cells
with permeabilized membranes) was generated by 15 minutes of contact with Nisin at 5 pg.mL™*
(MORAO et al., 2019). Cells were then immobilized on agarose-covered slides (MARTINS et al.,
2010) before the microscope observations and observed using an Olympus BX-61 microscope,
equipped with a monochromatic OrcaFlash-2.8 camera (Hamamatsu, Japan). Image acquisition and
processing were performed with CellSens version 11 (Olympus). Data analyses were conducted

with a minimum of 100 cells per treatment.

4.3.3. Checkboard and Biofilm Assay

The Synergism — Checkboard — and Minimum Inhibitory Concentration of Biofilm (BMIC)
assays were performed in the Laboratério de Ensaios Antimicrobianos (LEA), of the Instituto de
Ciéncias Biomédicas (ICBIM) of the Federal University of Uberlandia (UFU), Uberlandia, Minas
Gerais, Brazil, under the supervision of Prof. Dr. Carlos Henrique G. Martins. The bacteria used in
this assay come from the American Type Culture Collection (ATCC) kept in the culture collection
of the Laboratério de Ensaios Antimicrobianos (LEA), of the Instituto de Ciéncias Biomédicas
(ICBIM) of the Federal University of Uberlandia (UFU) under cryopreservation at — 20°C. Tests
were performed with bacteria S. aureus 6538 (MSSA) and S. aureus BAA44 (MRSA).

e Checkerboard Assay
The synergistic effect of 4HD-diaryl with vancomycin (Merck®) was evaluated against S.
aureus strains (ATCC 6358 and BAA44) using microdilution broth checkerboard assay according
to White et al. (1996) (WHITE et al., 1996), adapted from the standard procedure established by
CLSI (Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow
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Aerobically ; Approved Standard — Ninth Edition, 2012). The fractional inhibitory concentration
(FIC) of the combination between IBC and vancomycin was determined using Mueller-Hinton
broth culture medium (Difco) into 96-well plates, with a final inoculum suspension of 5 x 10°
CFU/mL. The plates were incubated at 37 °C for 24 h. After incubation, it was added an 0.02%
aqueous resazurin solution (Sigma). Fractional inhibitory concentration index (FICI) was
calculated using the equation: XFIC = FICA + FICB, where the FIC is the ratio between the MIC
of the drug in combination with the MIC alone. The drug combination was classified as synergistic
(IFIC <0.5), additive (1> IFIC > 0.5), indifferent (4> IFIC > 1) and antagonistic (IFIC >4) (LEWIS

et al., 2002; ODDS, 2003). The assays were performed in triplicate on independent experiments.

e  Determination of Biofilm Minimum Inhibitory Concentration (MICB)

The capacity of 4HD-diaryl inhibits MSSA, and MRSA biofilm formation was evaluated
using broth microdilution methodology proposed by CLSI (2012) (Methods for Dilution
Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically ; Approved Standard —
Ninth Edition, 2012). The minimum biofilm inhibitory concentration (CIMBso) was defined as the
minimum concentration of 4HD-diaryl to inhibit 50% or more biofilm formation (WEI;
CAMPAGNA; BOBEK, 2006). The CIMBso was determined using two distinct methodologies:
biomass assessment by optical density (OD) reading and determination of viable biofilm cells by
counting colony-forming units per milliliter (CFU/mL). Thus, two microplates were used for each
sample (one to assess biomass and another to determine viable cells). Assays were performed in
triplicate in three independent experiments. The inoculum concentration and optimal incubation
time for this assay were determined by standardizing biofilm formation (data not shown).

Briefly, in 96-well flat-bottom microplates containing Brain Heart Infusion (BHI) broth
supplemented with 2% glucose, serial dilutions of the samples were made from the stock solution
(1600 pg/mL), obtaining a final concentration between 0.195 to 400 pg/ml. From a 24-hour culture
on BHI agar plates, the inoculum of the evaluated bacteria was prepared in BHI broth supplemented
with 2% glucose, with equivalent turbidity on a spectrophotometer operating at a wavelength of
625 nm, to match 0.5 in the McFarland scale (1.5 x 108 CFU/mL). The microorganism suspensions
were diluted to the 1.0 x 108 CFU/mL final concentration. The microplates were incubated at 37
°C for 24 hours. Subsequently, the contents of the wells were aspirated, and non-adhered cells were
removed by washing with Phosphate Buffered Saline (PBS) buffer (pH=7.2). Then, the biofilm
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formed was fixed with methanol for 15 minutes, dried at room temperature, and stained with a
crystal violet solution (0.2%) for 20 minutes. After removing the crystal and washing the wells
with PBS buffer, 33% acetic acid was added for 30 minutes to solubilize the crystal retained in the
biofilm. The absorbance of the wells was determined in a spectrophotometer at a wavelength of
595 nm. The determination of CIMBso was performed using the formula 1 — (Asgs of the test/Asgs
of the untreated control) x 100 (VIEIRA et al., 2018; WEI; CAMPAGNA; BOBEK, 2006).

For the determination of viable cells, plates were prepared following the same methodology
described above. After the incubation period, the contents of each well were gently aspirated and
washed with PBS buffer to remove non-adhered cells. Then, 200 pL of BHI broth with 2% glucose
was added to the wells, and the microplate was subjected to an ultrasound bath for 15 minutes.
Then, the content of the wells was homogenized, and decimal dilutions were performed (100 to 10°
7). After that, 50 L aliquots of each dilution were plated on BHI agar plates and incubated at 37°C
for 24 hours. Finally, the colonies were counted, and the results were expressed in the logio scale
(CFU/mL).

As a negative control, vancomycin was used, with a final concentration between 0.0115 and
5.9 pg/mL. Bacteria evaluated in the absence of the antibacterial agent were used as a positive

control.

e Statistical analysis
All assays were performed in triplicate for three independent experiments. Anti-biofilm
assays data were analyzed by nonparametric Kruskal-Wallis one-way analysis of variance
(ANOVA) with Steel-Dwass-Critchlow-Fligner pairwise comparison test. Results were considered

statistically significant with p < 0.05.

4.3.4. Hemolytic Assay

Erythrocytes were collected from BALB/c mice, seeded at a 3% suspension in 96-well
plates U-shape microplate, and incubated with 4HD-diaryl (200 to 6.25uM) in PBS 1x (Sigma-
Aldrich), for 2h at 24 °C. The hemolytic activity was determined in the cell supernatant by optical
density reading at 570nm (FilterMax F5 Multi-Mode Microplate Reader, Molecular Devices).
Maximum hemolysis was obtained using ultrapure distilled water, and untreated erythrocytes were
used as negative control (AMARAL et al., 2019).
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Appendix B. Supplementary data

Complementary data associated with this article can be found at the end of this document.
These data include Hydrogen Nuclear Magnetic Resonance (*H NMR) and Carbon thirteen (**C
NMR) spectra, Chromatograms, and Mass spectra of the most important compounds described in
this article.
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ABSTRACT

Microbial infections and antibiotic resistance have been the most significant challenges threatening
the health of society today. The treatment of infectious diseases remains an important and
challenging problem due to the rapid increase in multidrug-resistant (MDR) microorganisms and
the limited number of effective antibiotics. Many strategies are being developed to fight the
resistance of microorganisms to drugs, using new antibiotics, combining therapy with natural
substances. In this context, chalcones appear as an alternative in the challenge of developing new
antimicrobial agents. 4-hydroxyderricin (4HD) is a naturally occurring prenylated chalcone that
has been isolated from Angelica keiskei, with a broad spectrum of biological activities, mainly
antibacterial. 4HD and three series of analogs were synthesized as key steps via regio-selective
iodination and Suzuki coupling. Furthermore, some analogs were synthesized via [1,3]-sigmatropic
rearrangement and reduction reactions with some modifications. The antibacterial and
antimycobacterial activities of these new chalcones derivatives were evaluated against gram-
positive and gram-negative bacterial species, and three mycobacterial species. Furthermore, the
most active compounds in the MIC determination studies were evaluated in a study of Synergism
(Checkerboard Assay) and the Antibiofilm Activity against S. aureus MSSA and MRSA. SAR
studies have suggested that 3'-prenyl, 2'-hydroxyl, and 4-hydroxyl are fundamental
pharmacophoric points of 4HD for antibacterial and antimycobacterial activity. Furthermore,
exchanging the prenyl in 4HD for a benzyl by the synthesis of 13 did not significantly alter the
antibacterial activity, providing a non-classical bioisosteric relationship between prenyl and
benzyl. Compound 13 showed classic bioisosterism with compound 14 since both showed the same
potency against gram-positive bacteria. Reduced chalcones derivatives were the most active
compounds classes in this report. The a,B-unsaturated ketone reduction strategy caused an increase
in the antibacterial activity of some chalcones that were initially not active, such as 4'-O-
methylbavachalcone (16). 4HD reduction formed dihydrochalcones 29 and 30, and 1,3-
diarylpropane 33, which were more promising than their substrate, mainly against S. aureus MSSA
and MRSA. Therefore, the reduction of a,B-unsaturated ketone from 4HD did not lead to loss of
antibacterial activity. It is reinforced by the synthesis of 13-reduced derivatives, which showed
approximately the same spectrum of antibacterial action. Compounds 13, 29, 30, and 37 had an
indifferent effect when combined with vancomycin in the Synergism studies. However, these

compounds showed potent activity in inhibiting the Biofilm of S. aureus MSSA and MRSA.
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Compound 29 was chosen as HIT from the series of compounds evaluated, and its cytotoxic activity
was determined against HaCat cells. Low cytotoxicity activity was observed for 29. Thus, 4HD-
derived dihydrochalcone 29 is a promising antibacterial compound, which may be an alternative to

fight various infections caused by these species of mycobacteria and bacteria.

Keywords: 4-hydroxyderricin, Prenylated chalcones, Benzylated chalcones, Suzuki coupling,

Sigmatropic rearrangement, Reduction, Bacteria, Mycobacteria, Bioisosterism, Biofilm.

1. Introduction

Microbial infections and antibiotic resistance have been the most significant challenges
threatening the health of societies today. Microbial infections are responsible for millions of deaths
each year around the world. The evolution of resistance has made existing antibiotics less effective
(GUPTA; SHARMA; KUMAR, 2019; KHAMENEH et al., 2019; WHO, 2014). The Member
States requested the World Health Organization to develop a global priority pathogens list — global
PPL — of antibiotic-resistant bacteria to help in prioritizing the research and development (R&D)
of new and effective antibiotic treatments (WHO, 2017). From this, WHO listed the pathogens
with priorities for R&D of new antibiotics. The priority list is ranked Critical, High, and Medium
priority. The list is composed of gram-positive and gram-negative bacteria from Enterococcus,
Staphylococcus, Streptococcus, Pseudomonas, and mycobacteria, which are also the target of
research and development for new antibiotics (WHO, 2017). The treatment of infectious diseases
remains an important and challenging problem due to the rapid rise in multi-drug resistant (MDR)
microorganisms and the limited number of efficacious antibiotics. Despite the availability of many
chemotherapeutics and antibiotics, the appearance of antibiotic-resistant bacterial strains represents
a substantial need for synthesizing and discovering new safer and potent antimicrobial compounds
(IBRAHIM et al., 2021; PRESTINACI; PEZZOTTI; PANTOSTI, 2015; ZHANG, Wei et al.,
2011).

Natural products have historically been the primary source of medicines for treating many
human ailments. Detailed analysis of new drugs approved by the Food and Drug Administration
(FDA) in recent years revealed that more than half of the medicines were derived from natural
products or their synthetic derivatives (DAN; DAI, 2020; NEWMAN; CRAGG, 2016). Many
strategies are being developed to fight the resistance of microorganisms to drugs, using new
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antibiotics, combining therapy with natural substances. In this context, chalcones appear as an
alternative in the challenge of developing antimicrobial agents. Chalcones are natural products
known as o,f-unsaturated ketones, characterized by having two aromatic rings joined by a three-
carbon chain, and have become very attractive due to their biological activities of great interest,
such as antimicrobial activity (DAN; DAI, 2020; MAHAPATRA; BHARTI; ASATI, 2017, 2015;
ROCHA et al., 2021; UR RASHID et al., 2019). An example of chalcone and the focus of this
report is the natural product 4-hydroxyderricin (1, Scheme 1). 4-hydroxyderricin is a natural
prenylated chalcone that has been isolated from Angelica keiskei, popularly named in Japan as
“ashitaba,” belonging to the family Apiaceae, (KOZAWA; MORITA; BABA, KIMIYE AND
HATA, 1978; SUGAMOTO et al., 2008; ZHUANG et al., 2017) with a broad spectrum of
biological activities such as antibacterial activity (AVILA et al., 2008; BATTENBERG et al.,
2013; INAMORI et al., 1991; OSORIO; MONACHE; et al., 2012; SUGAMOTO et al., 2011,
2008; ZHUANG et al., 2017), anti-viral (PARK, Ji Young et al., 2016, 2011), anti-cancer
(AKIHISA et al., 2003, 2006, 2012; BOMBARDELLI, 1996; NISHIMURA et al., 2007;
OKUYAMA et al., 1991), anti-diabetic (ENOKI et al., 2007; HAGIWARA et al., 2019; KIL et
al., 2017; LEE et al., 2017), anti-obesity (LI; GOTO; IKUTANI; et al., 2016; OGAWA; OHNO;
BABA, 2005; ZHANG, Tianshun et al., 2013, 2015; ZHANG, Tianshun; YAMAMOTO;
ASHIDA, 2014), anti-inflammatory (KAWABATA et al., 2015; SHIN et al., 2011; YASUDA et
al., 2014), coronary heart diseases and hypertension (MASAHARU MATSUURA, YOSHIYUKI
KIMURA, KOJI NAKATA, KIMIYE BABA, 2000; OGAWA; OHNO; BABA, 2005), among
other activities.

4-hydroxyderricin (4HD) has a broad spectrum of antibacterial action described in the
literature, mainly against gram-positive bacteria (AVILA et al., 2008; BATTENBERG et al., 2013;
INAMORI et al., 1991; OSORIO; MONACHE; et al., 2012; SUGAMOTO et al., 2011, 2008;
ZHUANG et al., 2017). The last report on an antibacterial activity described in the literature of
4HD was described by Caesar et al. (2018), which shows 4HD with potential activity against
MRSA (USA300 LAC strain AH1263) (CAESAR et al., 2018). Therefore, based on this, we
propose in this study the synthesis of 4HD and three series of analogs with modifications in Ring
B (series I), ring A (series II), and a,p—unsaturated ketone bridge (series I11) (Scheme 1 and 2).

Series | evaluated the importance of para-hydroxyl subunit in 4HD for antibacterial activity
by removing or changing the position of this subunit, in addition to its exchange for other electro-
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acceptor and electro-donor subunits, through the synthesis of analogs 2 — 12. Series Il evaluates

the importance of subunits present ring A of 4HD, such as 3'-isoprenyl, 2'-hydroxyl, and 4'-

methoxyl, for antibacterial activity, through the synthesis of analogs 13 — 28.
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Scheme 1. Planned analogs from series | and 11 (2 — 28).

The last series — series 111 — assesses the importance of Michael’s acceptor (o,—unsaturated
ketone) for antibacterial activity from the synthesis of reduced analogs 29 — 38, which are defined
as dihydrochalcones (29 — 34) and 1,3-diarylpropanes (35 — 38). According to Battenberg et al.
(2013), the a,p—unsaturated ketone in 4HD is responsible for the antibacterial activity against S.
aureus by inhibiting the Seryl-tRNA synthetase (STS) enzyme. 4HD directly inhibits STS activity
by the alkylation of essential cysteine residues within the enzyme and thus may induce cell death
by the attenuation of bacterial protein biosynthesis (BATTENBERG et al., 2013).
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Scheme 2. Planned reduced analogs from series I11 (29 — 38).

2. Results and Discussion
2.1. Chemistry
2.1.1. Regioselective synthesis of 4-hydroxyderricin (1)

Scheme 3 shows the synthesis of 4-hydroxyderricin (1) by regioselective iodination and
Suzuki coupling (MIYAURA,; SUZUKI, 1995; WANG, Hao Meng et al., 2015). As shown in
scheme 3, the synthesis of 4-hydroxyderricin (1) occurs in seven steps. The first synthesis step is
the regioselective iodination of 4-acetylresorcinol (39) via molecular iodine and potassium iodate
in ethanol and water to afford compound 40 (95%). Product 2-iodo-4-acetylresorcionol (40)
underwent methylation reaction from methyl iodide and potassium carbonate in acetone to produce
synthesis intermediate 41 (80%). 41 was protected via MOMCI and potassium carbonate in acetone

to afford intermediate compound 42 with a 90% vyield. Intermediate 42 was condensed with 4-
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methoxymethoxybenzaldehyde (44) under basic catalysis and ethanol to afford chalcone 1a with a
95% yield. Chalcone 1a reacted with boronic acid pinacol esters (45) via Suzuki coupling catalyzed
by PdClz(dppf) and cesium carbonate in DMF to obtain coupling product 1b (32%). In the last
synthesis step, product 1b was deprotected in hydrochloric acid, methanol, and THF to afford the
natural compound 4-hydroxyderricin (1, 72%), which had an overall yield of 15%.

HO CHl 0 MOMCI
Iz, KIOg _KCOy KyCO4
2 e _ MeCOs
EtOH, H,O, rt. | Acetone, r.t. | Acetone, r.t.
OH O 95% 80% OH O 90% MOMO
39
MOMCI
K,CO3
Acetone, r.t. OMOM / OMOM
95%
N 0

KOH (60%), EtOH PdCly(dppf), Cs2CO3
rt., 24h MOMO DMF, 80 °C, 1.5h
95% 32%

_O OMOM
O O __INHol O
MeOH/THF
MOMO 56 °C, 6h

72%

45

Scheme 3. Regioselective synthesis of 4-hydroxyderricin (4HD, 1).

2.1.2. Series |
e Synthesis of analogs 2 — 11

The synthesis of the prenylated analogs 2 - 11 was also performed via Suzuki coupling, as
shown in scheme 4. Acetophenone 42 is the synthesis intermediate for 3'-C-prenylated compounds
and reacted with benzaldehyde derivatives (48 — 55) via basic catalysis and ethanol to afford
iodinated chalcones 2a - 11a, with yields between 80% and 95%. Chalcones 2a - 11a reacted with
boronic acid pinacol esters (45) via Suzuki coupling catalyzed by PdClx(dppf) and cesium
carbonate in DMF to obtain coupling products 2b - 11b with yields between 32% to 56%. In the
last synthesis step, products 2b - 11b was deprotected in hydrochloric acid, methanol, and THF to
afford the compounds 2 — 11, with yields between 57% to 79% and had an overall yield between
9% to 27%.
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Scheme 4. Synthesis of the prenylated analogs 2 — 11 by Suzuki coupling.

e Synthesis of 12

Scheme 5 shows the synthesis of 12 that occurred from the reduction of analog 11, where
nitro group (-NO2) is converted to amino (-NHz), according to Sonmez and coauthors (SONMEZ
etal., 2011). As shown in scheme 4, analog 12 reacted with SnCl,.H20, ethanol at reflux for 2h to
afford reduced analog 11, with a yield of 61% and overall yield of 8%.

O O 2 Si C|2 ,0 O O
EtOH reflux
12 (6[“/0

Scheme 5. Synthesis of analog 12.

2.1.3. Series 1l
e Synthesis of 13 and 14

The [1,3]-sigmatropic rearrangement of the benzyl group was used to synthesize the
benzylated chalcone 13 and 14, as shown in Scheme 6. The synthesis of 13 and 14 involved the
methylation of 2°,4’-dihydroxyacetophenone 39 to afford 2’-hydroxy-4’-methoxyacetophenone
56, a translucent crystal, with 96% yield. Acetophenone 56 was submitted to O-benzylations to
afford compounds 59 (84%) and 60 (73%). The Claisen-Schmidt reaction between 44 and
acetophenones 59 and 60 under basic catalysis in ethanol at room temperature for 24h led to
chalcones 13a (92%) and 14a (80%). 13a and 14a were deprotected via hydrochloric acid (1N) in
methanol and THF at 56°C to afford compounds 13b (86%) and 14b (62%). Intermediates 13b and

14b were submitted to the [1,3]-sigmatropic rearrangement reaction via montmorillonite K10 clay
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in toluene at 90 °C, producing 13 (35%) and 14 (30%). The overall yields of 13 and 14 were 21%
and 10%, respectively.

R 58.R = [
\©\/ L@-OMOM (o) OMOM
CH |
Tkco, KzCOa CHaCN \©\/ T KOH (60%), EIOH, 60/) EtOH @\/O D O
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0, OH OH
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56 °C, 6h O O 90 °C, 24h
13 R =H (35%)

13b. R = H (86%)

14.R=F (30%)
14b. R = F (62%)

Scheme 6. Synthesis of the benzylated analogs 13 and 14 by [1,3]-sigmatropic rearrangement.

e Synthesis of 15

The synthesis of the 15 was performed via Suzuki coupling, as shown in scheme 7.
Chalcone 1a reacted with 4-methyl boronic acid pinacol ester (61) via Suzuki coupling catalyzed
by PdCl2(dppf) and cesium carbonate in DMF to obtain coupling product 15a (17%). In the last
synthesis step, product 15a was deprotected in hydrochloric acid (1N), methanol, and THF to afford
15 (74%), which had an overall yield of 8%.

—j I
OMOM OMOM 0 OH
SN e < O @ e L
NS
:,Y\/‘/ PdCIz(dppf) 052003 Meg: (':I'HF
OH O 15

MOMO
MOMO 75%
17 %

Scheme 7. Synthesis of the benzylated analog 15 by Suzuki coupling.

e Synthesis of analogs 16 — 18

Scheme 8 shows the synthesis route for analogs 16, 17, and 18. As shown, 56 was O-
prenylated via isoprenyl bromide (62), forming 2’-O-prenylated acetophenone 63, with a 95%
yield. Intermediate 63 was submitted to the [1,3]-sigmatropic rearrangement reaction via
montmorillonite K10 clay in dichloromethane at 0 °C, producing 64 (56%) 65 (30%), 66 (2%) and
56 (11%). Products 64, 65, 66, and 56 were reacted with 4-methoxymethoxybenzaldehyde (44) by
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Claisen-Schmidt aldolic condensation via basic catalysis, obtaining the protected prenylated
chalcone 4HDa (96%), 16a (95%), 17a (85%), and 18a (73%). Deprotections of prenylated
chalcones were performed using hydrochloric acid (IN) in methanol and THF, giving the final
products 4HD (73%) 16 (69%), 17 (78%), and 18 (65%). The overall yields for this synthetic route
were 36% to product 4HD, 18% to 16, 7% to 17, and 1% to 18.

-0 \_O_OMOM
Montmorilonite K10
_—m
KZCO3 DCM R KOH (60%), EtOH

acetone, r.t., 24h 0°C, 0.5h rt, 24h
95% Y\/o ° 256% OH O 73 -96%
63 56.R=R;=H (11%)

64. R = prenyl; R; = H (56%)
65. R =H; R, = prenyl (30%)
66. R = R = prenyl (2%)

R4
/ OMOM /o OH
HCI ( 1N) O O
MeOH THF R S
56 °C OH O
16a, 17a and 18a 65 - 78% 4HD, 16,17 and 18

4HDa. R = prenyl; R; = H (96%) 4HD. R = prenyl; R; = H (73%)

16a. R = H; R; = prenyl (95%) 16. R = H; R, = prenyl (69%)

172. R =R, = H (85%) 17.R =R, = H (78%)

18a. R = R{ = prenyl (73%) 18. R = R, = prenyl (65%)

Scheme 8. Non-regioselective synthesis of 4-hydroxyderricin (4HD) and its analogs 16, 17 and 18 (SUGAMOTO et
al., 2011, 2008).

e Synthesis of 19 and 20

For the synthesis of 19 and 20, the same protocol used by Sugamoto et al. (2011) was
adopted (SUGAMOTO et al., 2011). Scheme 9 shows the synthetic route used to obtain 19 and
20. As shown, 56 was 2’-O-Geranylated via Geranyl bromide (67) to afford 2’-O-Geranylated
acetophenone 68, with a 90% yield. Intermediate 68 was reacted with 44 by Claisen-Schmidt
aldolic condensation via KOH (60%) to afford 2’-O-Geranylated chalcone 69 (86%). 69 was
submitted to the [1,3]-sigmatropic rearrangement reaction via montmorillonite K10 clay in
dichloromethane at 0 °C to afford 17a (48%) 19a (31%) and 20a (19%). Deprotections of
Geranylated chalcones were performed using hydrochloric acid (1N) in methanol and THF to
afford final products 19 (93%) and 20 (90%). The overall yields were 20% to 19 and 12% to 20.
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/0 OMOM /0 OH
Montmorilonite K10 HCI (
> N\ 4> \N
DCM R MeOH, THF R
0°C, 1,5h OH O 56 °C, 6h OH O
17a, 19a and 20a 17,19 and 20
17a. R =R, = H (48%) 17.R = R, = H (75%)
19a. R = Geranyl; R; = H (31%) 19. R = Geranyl; R, = H (93%)
20a. R = H; R; = Geranyl (19%) 20. R = H; Ry = Geranyl (90%)

Scheme 9. Synthesis of 19 and 20 by [1,3]-sigmatropic rearrangement.

e Synthesis of 21

Scheme 10 shows the synthetic route adopted for the synthesis of 21. Intermediate 41 was
2'-O-methylated via CHsl and K>COz in acetone and refluxing for 4h to afford 70 (99%).
Intermediate 70 was condensed with 44 under basic catalysis and ethanol to afford chalcone 21a
with a 98% vyield. Chalcone 21a reacted with boronic acid pinacol esters (45) via Suzuki coupling
catalyzed by PdClz(dppf) and Cs.COs in DMF to obtain 21b (50%). 21b was deprotected in
hydrochloric acid (1N), methanol, and THF to get a novel product 21 (97%) with an overall yield
of 34%.

/o OM OM / OMOM _/—<
CH3
| choa Acetone KOH (60%), EtOH PdCIg(dppf) Cs,CO3

OH O reflux, 4h rt., 24h MF, 80 °C, 1.5h
41 99% 98% 50%

OMOM 0. OH
_ O O O SN
MeOH/THF z NS
56 °C, 6h
oL © 21

97%

Scheme 10. Synthesis of 21 by Suzuki coupling.

e Synthesis of 22
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For the synthesis of 22, the 2'-O-methylation of analog 5 was performed, as shown in
scheme 11. 4-methoxyderricin (5) was 2'-O-methylated via CHzl and K>COs in acetone and
refluxing for 4h to afford 22 (52%). The overall yield of 14%.

/ O O \ CH3I / O O \
K2003 Acetone
reflux, 4h
o

22 (52%)

Scheme 11. Synthesis of 3’-prenylated metochalcone (22).

e Synthesis of 23 — 4HD regioisomer

Scheme 12 shows the synthetic route adopted to synthesize 23, 4-hydroxyderricin
regioisomer. As shown, the first synthesis step occurs the mono protection of 40 via MOMCI and
K2COz in acetone at room temperature for 1h to obtain 71 (95%). Intermediate 71 was 2'-O-
methylated via CHsl and K>COs in acetone and refluxing for 4h to afford 72 (98%). 72 was
condensed with 44 under basic catalysis (KOH, 60%) and ethanol to afford chalcone 23a with a
93% vyield. Chalcone 23a reacted with boronic acid pinacol esters (45) via Suzuki coupling
catalyzed by PdCl>(dppf) and Cs.COs in DMF to obtain 23b (58%). 23b was deprotected in
hydrochloric acid (1N), methanol, and THF to afford 23 (62%), a compound unpublished in the

literature, with an overall yield of 28%.

0,
HO. MOMO MOMO \\_Q_OM om Mowmo OMOM
MOMCI CH3I ~
| K,CO3 Acetone KZCO3 Acetone S KOH (60%), EtOH !

OH © rt, 1h OH O reflux, 4h N rt, 24h O
0 95% 98% 72 93%

OMOM
O Hel ( O
—»
s X A
PdCl,(dppf), Cs,CO3 M;g) HéTg:
DMF, 80 °C, 1.5h o 0\
8% 62%

Scheme 12. Synthesis of 4HD regioisomer (23).

e Synthesis of 24
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Scheme 13 shows the synthetic route adopted to synthesize 24, a simplified analog of 4-
hydroxyderricin. As shown, the first synthesis step is the iodination of acetophenone 73 via
molecular iodine and potassium iodide in water and a concentrated solution of NH4OH to afford
compound 74 (33%) (WANG, Shaojie et al., 2010). Product 74 was protected via MOMBr and
potassium carbonate in acetone to afford intermediate compound 75 with a 99% yield. Intermediate
product 75 was condensed with 4-methoxymethoxybenzaldehyde (44) under basic catalysis and
ethanol to afford chalcone 24a with a 98% yield. Chalcone 24a reacted with boronic acid pinacol
esters (45) via Suzuki coupling catalyzed by PdCI2(dppf) and cesium carbonate in DMF to obtain
coupling product 24b (43%). In the last synthesis step, product 24b was deprotected in hydrochloric
acid, methanol, and THF to afford compound 24 (75%), with an overall yield of 10%.

OMOM OMOM
Hzo NH,4OH K2C03 KOH (60%), EtOH
Acetone, rt, 24h

OH o t, 24h OH o MOMO rt, 24h
139% 99% Sk MOMO
OMOM
O O __INHol
M(V‘/ MeOH/THF
PdCl,(dppf), Cs,CO. 56 °C, 6h
DMZF 80 °C, 15h MOMO 75%

43%

Scheme 13. Synthesis of the simplified 4'-methoxy analog of 4HD (24).

e Synthesis of 25

Scheme 14 shows the synthetic route adopted for the synthesis of 25, another simplified
analog of 4-hydroxyderricin. As shown, the first synthesis step is the iodination of acetophenone
76 via N-iodosuccinimide and trifluoroacetic acid to afford compound 77 (86%) (BERGSTROM
etal., 2017). Product 77 was condensed with 44 under basic catalysis and ethanol to afford chalcone
25a with a 96% yield. Chalcone 25a reacted with boronic acid pinacol esters (45) via Suzuki
coupling catalyzed by PdCl>(dppf) and cesium carbonate in DMF to obtain coupling product 25b
(65%). In the last synthesis step, product 25b was deprotected in hydrochloric acid, methanol, and
THF to afford compound 25 (73%), which had an overall yield of 37%.



132

O\ o, _/=<
peUN ey .
e
J F_IFzﬁh ! I KOH (60%), EtOH PdCly(dppf), Cs,CO3

o, r.t., 24h DMF, 80 °C, 1.5h
76 86% 77 96% 65%

_O OMOM O O OH
O O __INHCI g'
MeOH/THF z S
56 °C, 6h o
73% 25

Scheme 14. Synthesis of the simplified 2'-hydroxyl analog of 4HD (25).

e Synthesis of 26 — 28

Latency of 4-hydroxyderricin (1) and natural analogs 16 and 17, the methodology of
Mastihubova and Poldkova (2016) was used, they perform the acetylation of p-
hydroxybenzaldehydes (MASTIHUBOVA; POLAKOVA, 2016). Therefore, scheme 15 shows the
acetylation of 1, 16, and 17 via acetic anhydride (78) and pyridine (79) at room temperature to
afford the diacetylated products 26 (75%), 27 (68%), and 28 (84%). The overall yields for 26, 27,

and 28 were approximately 11%, 10%, and 6%, respectively.

_O OH)LJ\78/0 0._0
T T

O O
1. R = Prenyl, Ry = H N Y 26.R =Prenyl, Ry =H
16. R = H, R; = Prenyl rt, 48h o 27.R=H, R; = Prenyl
17.R=R;=H 68% - 84% 28.R=H,R;=H

Scheme 15. Acetylation of 1, 16, and 17.

2.1.4. Series 111
e Synthesis of 29 — 34

Schemes 16 shows the synthetic strategy adopted to synthesize the dihydrochalcones 29 —
34. The synthesis strategy adopted was described by Mirza-Aghayan et al. (2007), which reduces
a,p-unsaturated compounds by triethylsilane (80) and ethanol, catalyzed by palladium salt with
some modifications (MIRZA-AGHAY AN et al., 2007). Therefore, 4-hydroxyderricin (1) and its
analogues 13, 16 and 17 were reduced to dihydrochalcones 29 (60%), 30 (36%), 31 (86%), 32
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(56%), 33 (42%) and 34 (93%) when reacted with ethanol, EtsSiH (80) and Pd(Ac)2 (scheme 15).

Overall synthetic yields were 5 — 18%.
O OH o OH

29 (60%) 30 (36%)

OOO

/\S'/\ 31 (86%)

0. OH

BOPG QL
R S Pd(Ac),, E1OH
OH O Ny, rt.
1. R = Prenyl, R; = H 5 min P OH OH
13.R = Benzyl, R, = H
16.R = H, R, = Prenyl
17.R=R,=H

32 (56%) 33 (42%)

oo

OH O 34 (93%)

Scheme 16. Synthesis of dihydrochalcones 29 — 34.

e Synthesis of 35 — 38

Schemes 17 shows the synthetic strategy adopted to synthesize the 1,3-diarylpropanes
analogs 35, 36, 37, and 38. Akdag and co-authors adopted this strategy to synthesize diarylpropanes
from bromochalcones, where they reduced the Michael acceptor (o, PB-unsaturated ketones)
(AKDAG et al., 2015). Therefore, for the synthesis of 1,3-diarylpropanes, the reduction reaction
of compounds 1, 13, 16, and 17 was carried out using triethylsilane (80) and trifluoroacetic acid
(81) (Scheme 16). Synthesis yields were 94% for the compound 35, 95% for 36, 93% for 37 and
66% for 38, and overall yields 14%, 20%, 14% and 5%, respectively.
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36 (95%)

F.
on o Fﬁ)LOH
1. R = Prenyl, R; = H F 81 /0 OH
13. R = Benzyl, Ry =H
16.R = H, R, — Prenyl r.t., 18h . O O
17.R=R,=H
OH 37 93%)

38 (66%)

Scheme 17. Synthesis of 1,3-diarylpropanes analogs 35 — 38.

2.2. Bacterial study
Table 1 and Table 2 summarize the results obtained for the MICs of compounds 1 — 38

against bacteria and mycobacteria, respectively.

2.2.1. MIC determination
e Antibacterial activity

Table 1 shows the MIC values of compounds 1 — 36 against the bacterial species: H. pylori
ATCC (43526), P. aeruginosa ATCC (27853), K. pneumoniae ATCC (13883), E. coli ATCC
(35218), S. aureus ATCC (6538); S. aureus ATCC (BAA44), S. epidermidis ATCC (14990), E.
faecalis ATCC (1299), S. pneumoniae ATCC (6305), S. sanguinis ATCC 10556, S. sobrinus
ATCC (33478) and S. mutans ATCC (25175).

The series | compounds (2 — 12) were less active (MIC > 400 pg.mL™?) than the prototype
compound 1 (1.56 — 400 pg.mL™) against the gram-positive and gram-negative bacteria evaluated.
Therefore, the modification of the para-hydroxyl subunit in the 4-hydroxyderricin (1) to the ortho-
hydroxyl (2) and meta-hydroxyl (3) positions also leads to a loss of antibacterial activity. Moreover,
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removing this para-hydroxyl subunit on analog 4 or its exchange for other electro-donor groups in
5, 6, and 12, or electro-acceptor groups in 7 — 11, leads to activity loss. Therefore, the para-
hydroxyl subunit is considered a pharmacophoric point in 4HD for antibacterial activity, mainly
due to the acidic character of the phenolic hydroxyl in 4HD.

Compound 13 was shown to be active against the same species of gram-positive bacteria
evaluated for 4HD. The MIC values of 13 (1.56 — 25 pg.mL™) were approximately the same
concentration range as those obtained by 4HD (1.56 — 25 pg.mL™t). The most susceptible gram-
positive bacteria to compound 13 were S. aureus ATCC (6538) and S. epidermidis ATCC (14990),
with MIC values of 1.56 pug.mL™. Furthermore, S. aureus ATCC (6538) was more susceptible to
13 (1.56 pg.mL™?) than to 4HD (3.12 ug.mL™). Furthermore, compound 13 showed to be active
against H. pylori (15.62 pg.mL™) and P. aeruginosa (400 pg.mL™), the same gram-negative
bacteria that 4HD was active. H. pylori was more susceptible to compound 13 (15.62 pg.mL™?) than
4HD (62.50 pg.mL™t). Compound 13 has a non-classical bioisosteric relationship with 4HD since
both have approximately the same spectrum of antibacterial action. Therefore, the exchange of C-
3'-isoprenyl in 4HD for a C-3'-benzyl in 13 did not alter the antibacterial activity.

Compound 14 is another C-3'-Benzylated chalcone. This compound 14 is a classic isostere
of 13, exchanging the Hydrogen (4"-H) in 13 for a Fluorine (4"—F) in 14. In addition, analog 14
was a classic bioisostere of 13 for having the same spectrum of antibacterial action against gram-
positive bacteria, with MIC values between 1.56 — 25 pg.mL. The bacterial species most
susceptible to 14 were S. epidermidis, E. faecalis, and S. sobrinus, with MIC values of 1.56 pg.mL"
! Analog 14 was 2-fold more potent than analog 13 against bacterial species E. faecalis and S.
sobrinus. Therefore, the insertion of the 4"—F subunit into 14 potentiated the activity of compound
13. Compound 15 is another C-3'-benzylated chalcone with a 4"—CHs on the benzyl subunit. Unlike
14, analog 15 was inactive against all bacteria evaluated. Therefore, insertion of an alkyl subunit
as a methyl group, sterically greater than a Fluorine or Hydrogen, causes a loss of antibacterial
activity.

Analogs 16, 17, and 18 evaluated the contribution of isoprenyl to antibacterial activity. The
compound 4'-O-methylbavachalcone (16) is an isoprenyl regioisomer of 4HD (1). This compound
is less potent against gram-positive bacteria than 4HD, with a MIC > 400 pg.mL™. Hence, the
isoprenyl group at the C-3' position is another pharmacophoric point in 4HD for gram-positive
antibacterial activity. However, modifying the isoprenyl position from C-3"in 4HD to C-5'in 16
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potentiated the activity against H. pylori by 4-fold. Compound 17 is a simplified analog of 4HD
and 16, lacking the C-3'-isoprenyl subunit. As with compound 16, analog 17 was inactive against
all bacteria evaluated, with a MIC >400 pg.mL™. In addition, 17 was active against H. pylori (250
ug.mL1); however, it was 4-fold less active than 4HD (62.50 pg.mL™) and 16-fold less active than
compound 16 (15.62 pug.mL™). These results show the importance of the isoprenyl subunit for the
antibacterial activity of 4HD. Diprenylated analog 18 was active against gram-positive bacteria
with MIC values of 12.50 — 400 pg.mL™, with S. epidermidis most susceptible to 18 (12.50 pg.mL"
1y and inactive against gram-negative bacteria evaluated.

Compounds 19 and 20 are geranylated analogs of 4-hydroxyderricin (1) and 4'-O-
methylbavachalcone (16). Compound 19 is xanthoangelol F, a natural geranylated chalcone from
A. keiskei (ROZMER; PERJESI, 2016; SAYED et al., 2020), while its regioisomer 20 has not yet
been reported in the literature. Both 19 and 20 were inactive against the evaluated gram-negative
bacteria. Furthermore, these compounds showed weak antibacterial activity against gram-positive
species with MIC values of 50 — 400 pg.mL™.

Compounds 21, 22, and 23 are methoxylated analogs of 4HD. Compound 21 is a 2'-O-
methylated analog of 4HD and showed to be less potent against most gram-positive bacteria
evaluated than 4HD, with MIC values of 1.56 — 12.50 pg.mL™. Furthermore, it was inactive against
all gram-negative species evaluated. From these results, we can infer that the 2'-hydroxyl subunit
in 4-hydroxyderricin (1) contributes to antibacterial activity. Compound 22, a 4-O-methylated
analog of 21, was inactive against all bacteria evaluated (MIC > 400 pug.mL™* and > 1000 pg.mL"
1. These results reinforce the importance of the 4-hydroxyl subunit for antibacterial activity in 21
and 4HD (1). Therefore, O-methylation in 21 caused activity loss and reaffirmed the previously
described 4-hydroxyl subunit as a pharmacophoric point in 21 and 4HD. Compound 23 is a
methoxyl regioisomer of 4HD and is active against all gram-positive bacteria evaluated with MIC
values of 3.12 — 25 pg.mL™. However, 23 was not more active than 4HD; therefore, 2'-hydroxyl
and 4'-methoxy subunits were changed in 4-hydroxyderricin (1) to 2'-methoxy and 4'-hydroxyl in
23 did not potentiate antibacterial activity. However, 23 showed to be 2-fold more potent than 4HD
against H. pylori, with MIC values of 31.25 pug.mL™.

Compounds 24 and 25 are simplified analogs of 4HD. Furthermore, compound 25 is also a
simplified analog of chalcones 16 and 21. The simplified 4'-methoxy analog 24 of 4HD was active
against all bacteria evaluated with MIC values of 1.56 — 50 pug.mL™t. However, 24 did not show to
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be active against gram-negative bacteria. These results show the relevance of the 4'-methoxyl
subunit in 4HD for antibacterial activity, mainly against S. aureus ATCC (BAA44) and
Streptococcus spp, since removing this subunit caused a decrease in gram-positive antibacterial
activity. Furthermore, simplifying the 4'-methoxyl subunit in 4HD resulted in a 4-fold decrease in
activity against H. pylori. Compound 25, a simplified 2'-hydroxyl analog of 4HD, 16 and 21, was
inactive against almost all bacteria evaluated (MIC > 400 pg.mL™). However, 25 stood out for its
activity against H. pylori with a MIC of 31.25 pg.mL*. These results show the importance of the
2'-hydroxyl subunit in 4HD and 2'-methoxy in 21 for antibacterial activity against the evaluated
gram-positive bacteria. Furthermore, removing the chelatogenic subunit in 4HD and 21 by
simplifying the 2'-hydroxyl and 2'-methoxyl subunits, respectively, by the synthesis of 25, resulted
in a loss of antibacterial activity. Therefore, the chelatogenic subunit formed between 2'-hydroxyl
or 2'-methoxy with carbonyl oxygen represents a pharmacophoric point in 4HD and 21, and its
simplification leads to a loss of antibacterial activity.

Latency of 4HD (1) and compounds 16 and 17 via acetic anhydride and pyridine produced
acetylated analogs 26, 27, and 28. Latency is a transformation of a compound or drug into an
inactive transport form, in vitro or in vivo, releases the active portion at or near the site of action
(CHUNG; FERREIRA, 1999). However, this molecular modification strategy did not have the
desired effect for the acetylated analogs 26 and 27, which were shown to be inactive against all
bacteria evaluated, with MIC of > 400 pug.mL™. However, this latency strategy via acetylation was
adequate for the acetylated analog 28, which was more active against the bacteria evaluated than
its deacetylated analog 17, with MIC values of 15.62 — 200 pug.mL™. The highlight is the activity
against H. pylori of 26 (15.62 pg.mL™), which was 16-fold more potent than its analog 17 (250
pg.mL1).

The most active compound in this study was the series Ill, which are from the class of
dihydrochalcones (29 — 34) and 1,3-diarylpropanes (35 — 38), with MIC values 1.56 — 400 pg.mL"
! Dihydrochalcones 29 and 30 are reduced analogs derived from 4-hydroxyderricin (1). These
compounds evaluated the importance of Michael’s acceptor (o,B-unsaturated ketone) for
antibacterial activity. Interestingly, reduced compounds 29 and 30 were active at the same potency
rate as 4HD against all gram-positive bacteria evaluated, with MIC values of 1.56 — 25 pg.mL™.
The highlight goes to activity against S. aureus MSSA and MRSA strains with MIC of 1.56 — 3.12
pg.mL?



Table 1. Antibacterial activity in MIC (ug.mL™?) of 4-hydroxyderricin (1) and its analogs 2 — 38
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-1
Entry ugmL

H.p. P.a. K. p. EXc S.a.l S.a? S. e. E.f. S. p. S. sa. S. so. S.m.

1* 62.50 400 >400 >400 3.12 3.12 1.56 6.25 25 3.12 3.12 3.12
2 >1000 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
3 >1000 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
4 >1000 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
5 250 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
6 500 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
7 >1000 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
8 1000 >400 >400 >400 400 >400 >400 >400 n.d. n.d. n.d. n.d.
9 >1000 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
10 125 >400 >400 >400 >400 >400 >400 >400 n.d. n.d. n.d. n.d.
11 125 >400 >400 >400 >400 >400 >400 >400 >400 400 >400 >400
12 >1000 >400 >400 >400 >400 n.d. >400 >400 >400 400 >400 400
13 15.62 400 >400 >400 1.56 3.12 1.56 6.25 25 3.12 6.25 3.12
13b 1000 >400 >400 >400 >400 n.d. >400 >400 n.d. n.d. n.d. n.d.
14 62.50 >400 >400 >400 3.12 3.12 1.56 1.56 25 6.25 1.56 3.12
14b >1000 >400 >400 >400 >400 n.d. >400 >400 >400 >400 >400 >400
15 >1000 >400 >400 >400 >400 n.d. >400 >400 400 400 >400 400
16 15.62 >400 >400 >400 >400 400 400 >400 400 100 400 400
17 250 >400 >400 >400 >400 n.d. >400 >400 n.d. n.d. n.d. n.d.
18 >1000 >400 >400 >400 >400 n.d. 12.50 25 50 25 400 400
19 >1000 >400 >400 >400 >400 n.d. >400 >400 50 200 >400 >400
20 >1000 >400 >400 >400 >400 n.d. >400 >400 50 50 >400 400
21 >1000 >400 >400 >400 1.56 n.d. 12.50 >400 25 6.25 12.50 6.25
22 >1000 >400 >400 >400 >400 n.d. >400 >400 >400 400 >400 >400
23 31.25 >400 >400 >400 3.12 6.25 6.25 12.50 25 3.12 12.50 6.25
24 250 >400 >400 >400 3.12 12.50 1.56 3.12 50 3.12 25 6.25
25 31.25 400 >400 >400 >400 >400 >400 >400 400 400 >400 >400
26 >1000 >400 >400 >400 >400 n.d. >400 >400 400 >400 >400 >400
27 >1000 >400 >400 >400 >400 n.d. >400 >400 400 >400 >400 >400
28 15.62 >400 >400 >400 50 25 100 200 50 100 >400 >400
29 31.25 >400 >400 >400 1.56 1.56 3.12 3.12 25 6.25 6.25 3.12
30 250 400 >400 >400 3.12 1.56 1.56 6.25 25 3.12 3.12 3.12
31 >1000 >400 >400 >400 1.56 n.d. 1.56 3.12 25 6.25 6.25 6.25
32 1000 >400 >400 >400 100 n.d. 100 200 400 100 400 200
33 15.62 >400 >400 >400 3.12 3.12 1.56 1.56 25 3.12 200 6.25
34 31.25 >400 >400 >400 400 400 400 >400 400 400 >400 >400
35 250 400 >400 >400 3.12 3.12 3.12 6.25 25 3.12 3.12 3.12
36 n.d. >400 >400 >400 6.25 6.25 125 400 50 6.25 6.25 6.25
37 250 400 >400 >400 3.12 3.12 6.25 6.25 25 3.12 3.12 3.12
38 62.50 400 100 100 50 50 50 200 25 50 50 50
jracye 147 59 1.47 0.73 0.09 >5.9 >5.9 1.47 0.18 n.d. n.d. n.d.
gz:%he n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.92 1.84 0.46

*Results already described in chapter 2; H. p.: Helicobacter pylori ATCC (43526); P. a.: Pseudomonas aeruginosa
ATCC (27853); K. p.: Klebsiella pneumoniae ATCC (13883); E. c.: Escherichia coli ATCC (35218); S. a.:
Staphylococcus aureus ATCC (6538); S. a.2: Staphylococcus aureus ATCC (BAA44) (MRSA); S. e.: Staphylococcus
epidermidis ATCC (14990); E. f.: Enterococcus faecalis ATCC (1299); S. p.: Streptococcus pneumoniae ATCC
(6305); S. sa.: Streptococcus sanguinis ATCC 10556; S. so.: Streptococcus sobrinus ATCC 33478; S. m.:
Streptococcus mutans ATCC 25175; n.d.: not determined;

These results suggest that these compounds (29 and 30) act in a way independent from that

proposed by Battenberg et al. (2013) for 4HD, which presents that Michael’s acceptor would be

the subunit responsible for the potent antibacterial activity of 4-hydroxyderricin, mainly against S.

aureus. Battenberg et al. suggest that 4HD directly inhibits STS activity by the alkylation of
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essential cysteine residues within the enzyme and thus may induce cell death by the attenuation of
bacterial protein biosynthesis. This modification inhibits the amino acylation of tRNAs catalyzed
by S. aureus STS, an essential enzymatic pathway for bacterial viability (BATTENBERG et al.,
2013).

Reduction of the benzylated compound 13 also produced the analog dihydrochalcone 31,
which was active against the evaluated gram-positive bacteria, with MIC values of 1.56 — 25
ug.mL. The reduced analog 31 had approximately the same antibacterial potency as its chalcone
analog 13, with S. aureus being the most susceptible bacteria to 31 (1.56 pg.mL™). However, 31
showed to be inactive (MIC > 400 pg.mL™) against gram-negative bacteria. Therefore, the
reduction of a,B-unsaturated ketone in 13 to a ketone in 31 had no significant changes in
antibacterial activity against gram-positive bacteria, suggesting that the antibacterial mechanism of
action does not depend on Michael’s acceptor, like compounds 29 and 30.

Compounds 32 and 33 are analogs of the natural product 4'-O-methylbavachalcone (16).
These reduced compounds were more potent against gram-positive bacteria evaluated with MIC
values of 1.56 — 400 pug.mL* than 16. Among these two dihydrochalcones, compound 33 was more
potent than 32, with 33 being 2 — 128-fold more potent than analog 32 against gram-positive
bacteria. Furthermore, 33 was 64-fold more potent than 32 against H. pylori, as shown in table 1.
The partial reduction of Michael’s acceptor of 16 from these results increased the antibacterial
potency against gram-positive bacteria. Furthermore, the exchange of a C-5'-isoprenyl group in 32
for a C-5'-isopentyl group in 33 caused a considerable increase in the antibacterial activity against
gram-positive bacteria.

Dihydrochalcone 34 was synthesized to assess the relevance of isoprenyl subunits in 29 and
32, isopentyl in 30 and 33, and benzyl subunit in 31 for antibacterial activity. The importance of
subunits for antibacterial activity has already been evaluated from the synthesis of chalcone 17 was
inactive against all bacteria evaluated. Therefore, as described above, the isoprenyl subunits in
4HD and benzyl in 13 are critical for antibacterial activity. Thus, the synthesis of 34 reinforces
what was observed for chalcone 17, since 34 was less active than its analogs isoprenylated 29 and
32, isopentylated 30 and 33, and benzylated 31, with MIC values of > 400 pg.mL™, against gram-
positive bacteria. However, 34 was more active than its non-reduced analog 17, as shown in table
1.
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Compounds 35 — 38 are 1,3-diarylpropanes analogs of 1, 13, 16, and 17. These analogs
have the a,B-unsaturated ketone fully reduced to propane. Compounds 35 and 37 were previously
described in studies carried out by the group and showed potent antibacterial activity against
clinical strains of S. aureus and E. faecalis (Chapter 4). To enhance the antibacterial action of
these compounds, we evaluated them against S. aureus and E. faecalis, in addition to other bacteria,
as shown in table 1. Compounds 35 and 37 were most active against gram-positive bacteria
evaluated with MIC values of 3.12 — 25 ug.mL™. Moreover, H. pylori were the most susceptible to
35 and 37, with a MIC of 250 pg.mL™.

Compound 36 is a fully reduced analog of 13. This compound is active against all gram-
positive bacteria evaluated with MIC values of 6.25 — 400 pg.mL™. However, 36 was inactive
against gram-negative bacteria evaluated with MIC > 400 ug.mL™. Furthermore, we synthesized
compound 38, a natural product called "Broussonin A" [55-57], obtained by the total reduction of
a,B-unsaturated ketone from 17. Compound 38 was synthesized to assess the importance of benzyl
subunit in 36 and isopentyl subunit in 37 and assess the significance of the chroman nucleus at 35
for antibacterial activity. Broussonin A was less potent than its analogs 35, 36, and 37 against gram-
positive bacteria, with MIC values of 25 — 200 pg.mL™. We showed the relevance of chroman at
35, benzyl at 36, and isopentyl at 37 subunits for antibacterial activity against gram-positive
bacteria. However, Broussonin A showed to be more active than its analogs against gram-negative
bacteria, with a MIC of 62.50 — 400 pg.mL™. These results, compound 38, showed a broad
spectrum of antibacterial action against gram-positive and gram-negative bacteria from these

results.

o Anti-mycobacterial activity

Table 2 shows the MIC values of compounds 1 — 38 against the mycobacterial species: M.
avium ATCC (25291), M. kansasii ATCC (12478), and M. tuberculosis ATCC (27294). The results
obtained for mycobacteria had approximately the same Structure-Activity Relationship (SAR) as
that observed for gram-positive and gram-negative bacteria. Briefly, the compounds from series |
(2 — 12) were also inactive against the mycobacteria species evaluated, with MIC > 500 pg.mL™.
These results showed that changing the position or removal of the p-hydroxyl subunit in 4HD by
synthesizing 2, 3, and 4 resulted in the loss of anti-mycobacterial activity. Furthermore, the
exchange of the p-OH subunit in 4HD by electron donor in 5, 6, and 12, and electron-withdrawing
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groups in 7 — 11 resulted in a loss of anti-mycobacterial activity observed for gram-positive bacteria
as shown above. Thus, these results show the importance of the p-OH subunit in 4HD for biological
activity against mycobacteria and that this subunit is an essential pharmacophoric point of 4HD,
mainly due to its acidic character.

For chalcones of series I (13 — 28), the MIC values were 15.62 — 1000 pg.mL2. The 3'-C-
benzylated analog (13) was active against all mycobacteria evaluated at the same MIC values as
4HD (15.62 — 31.25 pg.mL™). The exchange of isoprenyl subunit in 4HD for benzyl subunit in 13
did not change the anti-mycobacterial activity, and this shows a non-classical bioisosteric
relationship between 4HD and 13. Chalcones 13a, 14, 14a, and 15 are analogs of 13 and did not
show to be more active against the mycobacteria evaluated, with MIC values between 31.25 — 1000
pg.mL™.

The synthesis of the natural chalcone 4'-O-methylbavachalcone (16), regioisomer of 4HD,
resulted in a 4-fold decrease in biological activity against M. avium (125 pg.mL™) and 2-fold
against M. kansasii (62.50 pug.mL™). However, there was no change in activity against M.
tuberculosis (15.52 pg.mL™). Furthermore, the molecular simplification of 4HD by the synthesis
of 17, analog without the isoprenyl subunit, shows the relevance of this subunit for anti-
mycobacterial activity. Simplified analog 17 was shown to be 16-fold less potent against M. avium
(500 pg.mL™?) and 4-fold less potent against M. tuberculosis (62.50 pg.mL™) than 4HD. In
addition, it was inactive against M. kansasii (>1000 pg.mL™). These results show the relevance of
the presence of the isoprenyl subunit and its position for anti-mycobacterial activity. Therefore,
changing position or removing the isoprenyl subunit in 4HD by synthesizing 16 and 17 results in
a loss of activity.

The di-prenylated analog 18 is less active than 4HD, with MIC values of 31.25 — 500
pg.mL™2. Compound 18 was 16-fold less potent against M. avium (500 pg.mL™?) and 2-fold less
potent against M. kansasii (62.50 pg.mL™) and M. tuberculosis (31.25 pg.mL™t) compared to 4HD.
Therefore, inserting a second isoprenyl group in 4HD leads to a loss of anti-mycobacterial activity.
Furthermore, geranylated chalcones 19 and 20 were less active than their prenylated analogs 4HD
and 16, respectively, with MIC values ranging from 500 to 1000 pg.mL™. Therefore, the change
of terpenoid subunits, isoprenyl to geranyl, resulted in the loss of anti-mycobacterial activity, as

was observed for bacteria.



142

Compound 21, a 2'-O-methylated analog of 4HD, assessed the importance of the 2'-
hydroxyl subunit in 4HD to mycobacterial activity and showed that methylation of this subunit
resulted in a total loss of anti-mycobacterial activity, with MIC values of 500 — 1000 pg.mL™.
Furthermore, compound 22, a 4-O-methylated analog of 21, was also not active against
mycobacteria evaluated with MIC values equal to 21 (500 — 1000 pg.mL™). These results show the
importance of the 2'-hydroxyl subunit in 4HD for anti-mycobacterial activity. In addition,
compound 23, methyl regioisomer of 4HD, was also inactive against all mycobacteria evaluated
with a MIC of 500 — 1000 pg.mL. This result shows that the change in the position of 2'-hydroxy
and 4'-methoxy subunits in 4HD resulted in activity loss.

Compounds 24 and 25, simplified analogs of 4HD, were also evaluated against the
mycobacteria species and had different results. Chalcone 24 assessed the importance of the
presence of 4'-methoxyl subunit in the nucleus of 4HD and showed that the removal of this subunit
resulted in a total loss of anti-mycobacterial activity (MIC = 1000 pg.mL™). Therefore, the 4'-
methoxyl subunit is a pharmacophoric point in 4HD for antimycobacterial activity; however, this
does not occur for bacteria. Chalcone 25, on the other hand, assessed the importance of the 2’-
hydroxyl subunit in 4HD for anti-mycobacterial activity. Removal of this subunit did not result in
a total loss of action, as occurred for 24, but 25 was less active than 4HD (62.50 pg.mL™).
Therefore, the 2’-hydroxyl subunit aid in activity against mycobacteria, especially against M.
tuberculosis.

The acetylated compounds 26, 27, and 28 are latent analogs of 4HD, 16, and 17,
respectively. Chalcone 26, an acetylated analog of 4HD, was inactive against all mycobacteria
evaluated, with MIC values of 500 — 1000 pg.mL™. This result reinforces the importance of the 2'-
and 4-hydroxyl subunits for the anti-mycobacterial activity of 4HD. However, for compounds 16
and 17, the latency strategy via acetylation triggered a response and increased activity against the
mycobacteria M. avium and M. kansasii. The acetylated compound 27 showed activity 4-fold
higher against M. Avium (31.25 pg.mL™) and 2-fold higher against M. kansasii (31.25 pg.mL™?)
than its deacetylated analog 16. However, 16 continued to be more active, 32-fold more, than its
acetylated analog 27, as shown in Table 2.

The acetylated compound 28, on the other hand, was shown to be even more active than its
non-acetylated analog 17 against M. avium and M. kansasii. 28 was 8-fold more potent against M.
avium (62.50 pg.mL?) and 4-fold more potent against M. kansasii (250 pg.mL™) than its
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deacetylated analog 17. Furthermore, 28 had the same MIC value of 17 against M. tuberculosis
(62.50 pg.mL7Y). Therefore, the acetylation strategy was essential to increase the anti-
mycobacterial activity of compounds that initially were not as active against mycobacteria, mainly

M. avium and M. kansasii, and could be to other compounds in the future.

Table 2. Anti-mycobacterial activity in MIC of 4-hydroxyderricin (1) and its analogs 2 — 38

ug.mL*? pg.mL?
Entry M. avium M. kansasii M. tuberculosis Entry M. avium M. kansasii M. tuberculosis
25291 12478 27294 25291 12478 27294
1* 31.25 31.25 15.62 20 500 500 1000
2 1000 1000 1000 21 1000 500 1000
3 1000 500 1000 22 1000 500 1000
4 1000 1000 1000 23 500 500 1000
5 >1000 >1000 1000 24 1000 1000 1000
6 1000 >1000 1000 25 62.50 62.50 62.50
7 1000 1000 500 26 500 500 1000
8 1000 500 1000 27 31.25 31.25 500
9 >1000 >1000 1000 28 62.50 250 62.50
10 1000 1000 1000 29 31.25 31.25 15.62
11 >1000 >1000 >1000 30 31.25 31.25 15.62
12 1000 500 500 31 62.50 62.50 1000
13 31.25 31.25 31.25 32 125 62.50 1000
13b 1000 1000 500 33 62.50 125 500
14 1000 >1000 >1000 34 62.50 1000 62.50
14b 1000 >1000 >1000 35 31.25 31.25 31.25
15 31.25 125 500 36 62.50 62.50 31.25
16 125 62.50 15.62 37 62.50 62.50 31.25
17 500 >1000 62.50 38 62.50 125 62.50
18 500 62.50 31.25 isoniazid >1.0 1.0 0.5
19 500 500 1000

*Results already described in chapter 2;

Series 111 compounds (29 — 38) assess the importance of o,3-unsaturated ketone (Michael’s
Acceptor) for anti-mycobacterial activity. Compounds 29 — 34 are dihydrochalcones analogs of 1,
13, 16, and 17, as described previously, and presented MIC values of 15.62 — 1000 pg.mL™* against
the mycobacteria evaluated. Compounds 35 — 38 are 1,3-diarylpropanes analogs of 1, 13, 16, and
17, as described previously, and presented with MIC values of 31.25 — 125 pug.mL™.

Compounds 29 and 30 are reduced analogs of 4HD. These dihydrochalcones had equal MIC
values of 4HD (15.62 — 31.25 pug.mL™). Therefore, the simplification of o,B-unsaturated ketone in
4HD to a simple ketone in 29 and 30 did not change the anti-mycobacterial activity. Thus,
Michael’s acceptor subunit is not fundamental to anti-mycobacterial activity. Moreover, the
dihydrochalcones 29 and 30 differ only in the substituted C-3' subunit, where 29 has a C-3'-

isoprenyl and 30 a C-3'-isopentyl. Therefore, the exchange of an isoprenyl subunit in 29 by an
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isopentyl subunit in 30 did not alter the anti-mycobacterial activity. Both compounds 29 and 30
were potent in the same concentration range (15.52 — 31.25 ug.mL?) for the identical mycobacteria.
However, the strategy of partial reduction of the a,B-unsaturated ketone of 13 to afford
dihydrochalcone 31 resulted in a decrease of its anti-mycobacterial activity against M. avium (62.50
ug.mL?) and M. kansasii (62.50 pg.mL™) by 2-fold, and loss of action against M. tuberculosis
(1000 pg.mL?) by 32-fold (Table 2). Differently from what was observed for the 4HD reduction,
the reduction of its benzylated analog 13 resulted in a decrease in anti-mycobacterial activity, thus
showing that 13 has a dependence on the Michael acceptor for anti-mycobacterial activity.

The same result was obtained when chalcone 16 was reduced to produce 32 and 33
dihydrochalcones analogs. This strategy did not positively modify the anti-mycobacterial activity,
especially against M. tuberculosis, since 32 (1000 pg.mL™) and 33 (500 pug.mL™?) were 64- and 32-
fold less potent than 16, respectively. These results show the importance of the Michael Acceptor
for the anti-mycobacterial activity in 16, but for the antibacterial activity, the a,p-unsaturated
ketone is not fundamental for the biological activity.

The last dihydrochalcone evaluated against mycobacteria was compound 34, resulting from
the reduction of chalcone 17. The 17 reduction strategy produced more active synthetic derivatives
than its substrate, mainly against M. avium, where 34 (64.50 ug.mL™) was 8-fold more potent than
17. These results show that Michael Acceptor is not critical for antimycobacterial activity in 17.

Diarylpropanes 35 — 38, in addition, to being active against gram-positive and gram-
negative bacteria, were also shown to be active in the three species of mycobacteria evaluated, with
MIC values of 31.25 — 125 pg.mL™. Diarylpropane 35 was the most active of this class of
compounds against all mycobacteria assessed, with a MIC of 31.25 ug.mL™. Diarylpropanes 36
and 37 were 2-fold less potent than 35 against M. avium and M. kansasii, with a MIC of 62.50
ug.mL?, but they had the same potency against M. tuberculosis (31.25 pg.mL). Diarylpropane
38, Broussonin A, was less active than the other compounds of this class against mycobacteria,
with MIC values of 62.50 to 125 pug.mL™. These results suggest that removing the chroman nucleus
in 35 and the benzyl subunits in 36 and isopentyl in 37 caused a 2- to 4-fold smaller decrease in

antimycobacterial potency, mainly against M. kansasii.

e Structure and Activity Relationship Study
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From the results of the determination of Minimum Inhibitory Concentration (MIC) of 4HD
and its analogs for bacteria and mycobacteria, we can study structure and activity relationship
(SAR). Scheme 18, below, shows how the chemical-structural modifications made in 4HD from
the synthesis of its analogs influenced the antibacterial activity.

As previously described, some subunits in 4HD are essential for antibacterial activity
(bacteria and mycobacteria). Briefly, as shown in scheme 18, the p-OH subunit in 4HD is an
important pharmacophoric point since the withdrawal of this subunit or its change in position to o-
OH and m-OH resulted in the loss of antibacterial activity and anti-mycobacterial. Furthermore,
the exchange of p-OH by other chemical groups is also characterized by activity loss. Therefore,
this p-OH subunit is represented as an essential pharmacophoric point in the chemical nucleus of
4-hydroxyderricin.

Regarding the 4HD isoprenyl subunit, its removal or change of position in ring A resulted
in the loss of antibacterial activity against gram-positive bacteria and mycobacteria. Therefore, this
subunit is an essential pharmacophoric point of 4HD; in addition, its orientation at the C-3' position
is more favorable than at the C-5' position for gram-positive antibacterial activity and against M.
avium and M. kansasii. However, the change in place of the isoprenyl group from C-3' to C-5' did
not alter the activity against M. tuberculosis. Furthermore, it lost antibacterial activity when the
isoprenyl subunit was exchanged for geranyl by the synthesis of 19. However, the antibacterial
activity remained practically the same when the isoprenyl subunit was exchanged for a benzylic to
synthesize compound 13. However, 13 was more potent than 4HD against H. pylori, increasing by
4-fold. Therefore, 4HD and its benzyl analog 13 have a non-classical bioisosterism relationship, as
13 was equal to or more potent than 4HD in antibacterial studies. Another compound that showed
a bioisosterism relationship with 13 was its analog 14, which offered similar values of antibacterial
activity against gram-positive bacteria. This bioisosteric relationship is classic since hydrogen is
isosteric of fluorine.

To assess the importance of the 2'-OH and 4'-OCHz subunits in 4HD, simplified analogs 24
and 25 were synthesized. Compound 24 showed that the 4'-OCHjs subunit acts as a group that aids
in antibacterial activity and that its removal did not cause a considerable loss of activity. However,
the 4'-OCHjs subunit is fundamental to anti-mycobacterial activity. Compound 25, on the other

hand, shows that the 2'-OH subunit is also an essential pharmacophoric point for 4HD concerning
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antibacterial activity, and the removal of this subunit causes loss of activity. However, this subunit
helps in mycobacteria, and its removal does not cause a considerable loss of activity.

Compound 21, a 2'-O-methylated analog of 4HD, shows the importance of the proton in the
2'-OH subunit for antibacterial activity. This methylation strategy caused a decrease in antibacterial
activity against gram-positive bacteria and loss of anti-mycobacterial activity and H. pylori. The
possible explanation is that the proton in the 2'-OH subunit makes a pseudo-ring with the carbonyl
oxygen and consequently limits the conformational freedom of 4HD. The pseudo-ring is lost when
there is methylation, and the active conformation no longer exists. Therefore, the pseudo-ring that
exists in 4HD would be an essential pharmacophoric point limiting conformational freedom.
Furthermore, this subunit increases hydrophobicity since the proton in 2'-OH is unavailable for

interactions with the medium.
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Scheme 18. Structure and Activity Relationship (SAR) of 4HD.

Compound 23, 4HD regioisomer, changed the position of the hydroxyl and methoxyl

subunits in ring A and caused a loss of anti-mycobacterial activity. In addition to a decrease in
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potency of antibacterial activity against gram-positive bacteria. The loss of the pseudo-ring that
forms between 2'-OH and carbonyl oxygen has an essential contribution to the antibacterial activity
of 4HD.

Michael acceptor (a,B-unsaturated ketone) is the pharmacophoric group responsible for the
antibacterial activity of chalcones (ZHUANG et al., 2017). In the case of 4HD, the mechanism of
action has been elucidated by Battenberg et al. (2013), who propose that 4HD be a covalent
modifier in S. aureus (BATTENBERG et al., 2013). Therefore, in this work, an analog was
synthesized to evaluate the subunit responsible for the antibacterial activity of 4HD, i.e., the
Michael acceptor. The compound is dihydrochalcone 29, a reduced product and derivative of 4HD.
Unlike 4HD, 29 does not have a covalent modifier site, i.e., theoretically, it would be an inactive
compound since the leading pharmacophoric group was removed. Surprisingly, reduced derivative
29 was equal to or more active than 4HD against the same bacteria and mycobacteria evaluated,
mainly against S. aureus MSSA and MRSA. This is new since Michael's acceptor was destroyed.
This result does not contradict what Battenberg et al, (2013) reported, but rather suggests that
compound 29 acts through a pathway independent of that proposed for 4HD. Therefore, based on
these results, a study was needed to assess the possible mechanism of action of 29. During the
synthesis of 29, another reduced analog was obtained. Compound 30 has an isopentyl at C-3',
therefore being a result of the reduction of the isoprenyl of 29. The change of an isoprenyl in 29 by
an isopentyl in 30 did not cause decreasing the antibacterial potency of 29 further produced a

chemically more stable compound.

2.2.2. Determination of Partition Coefficient (Log Pow) and Predict Aqueous Solubility (Log S)
The lipophilicity modifies the penetration of bioactive molecules through the cell
membranes. This property is usually characterized by the partition coefficient, which is determined
from the compound's distribution studies between an immiscible polar and non-polar solvent pair.
Lipophilicity is a pharmacokinetic parameter, expressed as a partition coefficient logarithm in a
specific solvent (log Poctanol/Pwater; LOg Po/w) (LEO; HANSCH; ELKINS, 1971). This quantitative
descriptor of lipophilicity is one of the key determinants of pharmacokinetic properties
(PODUNAVAC-KUZMANOVIC; CVETKOVIC; BARNA, 2008). Furthermore, the solubility of
organic compounds in water — Aqueous Solubility (Log S) — is a property that must be considered
when designing new drug candidates since this property influences the uptake, distribution,
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transport, and activity of a drug. Thus, it is important to estimate the aqueous solubility of new
compounds that are drug candidates (LIPINSKI et al., 1997, 2001; YAN; GASTEIGER, 2003). A
compound should have Log S between -1 and -5 to decrease the likelihood of failure in advanced
clinical phases (JORGENSEN; DUFFY, 2002). Therefore, we experimentally determined the Log
P and Log S values for compounds 1 — 38. Log P values were determined by HPLC method
according to procedures described by OECD Guidelines for the Testing of Chemicals (OECD,
1989) (OECD, 1989) and predicted the aqueous solubility applying a general solubility equation
(GSE), Log S = 0,5 - Log P - 0,01*(MP - 25) (Table 3) (RAN et al., 2002; RAN; JAIN;
YALKOWSKY, 2001; SANGHVI et al., 2003).

Table 3. Physicochemical properties of 4HD and analogs 2 — 38
Physicochemical Properties

Physicochemical Properties

Entry Entry

Log Pow bLog S 3Log Pomw ®Log S
1 4.3 -5.0 19 5.4 -5.5
2 4.6 -5.2 20 54 -54
3 4.6 -5.2 21 3.7 -4.2
4 5.1 5.1 22 4.3 -3.8
5 5.1 -5.2 23 2.8 -2.3
6 5.4 -5.6 24 n.d. n.d.
7 5.1 5.1 25 n.d. n.d.
8 5.4 -5.8 26 3.4 -3.7
9 5.4 -5.9 27 35 -3.9
10 5.4 -5.9 28 2.2 -1.7
11 4.8 -5.6 29 4.2 -3.7
12 n.d. n.d. 30 4.5 -4.0
13b 3.1 -4.1 31 3.9 -3.4
13 4.2 -5.0 32 4.0 -3.5
14b 3.1 -3.8 33 4.4 -4.4
14 4.2 -4.9 34 2.7 -2.2
15 44 -4.9 35 4.2 -3.7
16 45 -4.9 36 3.2 -2.7
17 3.0 -3.7 37 n.d. n.d.
18 5.4 -4.9 38 2.2 -1.7

aDetermined by partition coefficient (n-octanol/water), HPLC method (OECD, 1989);
®Log S= 0.5 - Log P - 0.01*(MP - 25) (RAN; JAIN; YALKOWSKY, 2001);
n.d. not determined: under evaluation;

As shown in Table 3, Log P values ranged from 2.2 to 5.4, and Log S values ranged from -
5.9t0-1.7. The isoprenyl subunit provides an increase in Log P of chalcones, favoring their passage
across lipidic membranes, which may increase their bioactivity (GO; WU; LIU, 2005; MIRANDA,
Cristobal L. et al., 2000). 4-hydroxyderricin demonstrated a log P value of 4.3, significantly higher
than its non-prenylated analog (17, log P = 3.0). This increase in log P value could be related to

the antibacterial and antimycobacterial activity of 4HD.
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Compounds 13, 14, 21, 29, 30, 31, 33, 35, and 37 had Log P values of 3.9 — 4.5, values
close to the Log P value of 4HD. This similarity in Log P values of these compounds may explain
why these compounds have antibacterial similar to that of 4HD. Benzyl compounds 13 and 14 had
Log P values approximately equal to that of 4HD and Log S values. The similarity of these
physicochemical properties between 4HD and its benzylic analogs 13 and 14 may explain why
these compounds have approximately the same potency in antibacterial activity. Therefore, the
exchange of an isoprenyl subunit in 4HD for a benzyl in 13 did not change the physicochemical
characteristics of Log P and Log S.

Compounds 29 and 30 have Log P values of 4.2 and 4.5, respectively. The reduced
derivatives 29 and 30 of 4HD showed antibacterial activity approximately equal to its prototype.
However, 29 and 30 had Log S values of -3.7 and -4.0, respectively, having greater aqueous
solubility than 4HD. Compound 35 is another reduced derivative of 4HD and has Log P
approximately equal to 4HD. However, its aqueous solubility was higher (log S = -4.4).

Overall, most compounds showing Log P values between 3.7 and 4.4 were active against
gram-positive bacteria. However, compound 23 is an exception as its Log P is 2.8, showing
antibacterial activity. In that case, we must consider the electronic factors. Furthermore,
compounds with Log P values greater than 4.5 were inactive in antibacterial assays, mainly because
of the low water solubility of these compounds (Log S < -5.0).

2.2.3. Checkerboard Assay

We evaluated the combined effect of 4-hydroxyderricin (4HD, 1) with vancomycin against
S. aureus 6538 and S. aureus BAA44, as shown in chapter 2. 4HD and vancomycin had an
indifferent synergistic effect for the two strains of S. aureus evaluated. Moreover, compound 33
had its synergistic effect also evaluated against the same strains of S. aureus in a previous study
carried out by the group (Chapter 4). To expand the synergism study, we chose compounds 13,
27, 28, and 35, which showed a broad antibacterial spectrum, mainly against MSSA and MRSA,
for synergistic evaluation with vancomycin against the same two strains of S. aureus ATCC (6538
and BAA44) previously evaluated for 4HD and 33. Table 4 shows the synergistic effect between
these compounds and vancomycin.

As shown in Table 3, all compounds evaluated had an indifferent effect when combined
with vancomycin; results are the same as those previously obtained for 4HD (chapter 2) and 33
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(chapter 4). The Fractional Inhibitory Concentration Index (FICI) values were between 2 and 3;
moreover, combining the compounds with the standard drug did not positively change the MIC
values for the evaluated S. aureus strains. A synergistic combination was defined as FICI < 0.5, an
additive combination was defined as 0.5 < FICI < 1.0, an indifferent combination was defined as
1.0 < FICI < 4.0 and an antagonistic combination as FICI > 4 (GARCIA et al., 2021; LEWIS et
al., 2002; ODDS, 2003). From this, the combination of 13, 29, 30, 37 and vancomycin showed an
indifferent combination (1.0 < FICI < 4.0).

Table 4. Synergistic evaluation against MSSA and MRSA

MIC (ug.mL?) - ;
S.aureus  Combination FIC FICI Comﬁ?ﬁa‘iion
Alone Combined
13 VAN 13 VAN 13 VAN  FlCu*
FICvan
MSSA 13 + VAN 3.12 0.73 3.12 0.73 1 1 2 Indifferent
MRSA 13+VAN 156  0.73 156 0.73 1 1 2 Indifferent
29 VAN 29 VAN 29 VAN F1Cz +
FICvan
MSSA 29+VAN 156 073 312 0.73 2 1 3 Indifferent
MRSA 29+VAN 156  0.73 156 0.73 1 1 2 Indifferent
30 VAN 30 VAN 30 VC F1Cs0 +
FICvan
MSSA 304+VAN 312 073 312 073 1 1 2 Indifferent
MRSA 30 + VAN 1.56 0.73 156 0.73 1 1 2 Indifferent
37 VAN 37 VAN 37 VAN FICs7 +
FICvan
MSSA 37 + VAN 3.12 0.73 3.12 0.73 1 1 2 Indifferent
MRSA 37+VAN 312 073 312 147 1 2 3 Indifferent

VAN: vancomycin; MSSA: S. aureus ATCC (6538); MRSA: S. aureus ATCC (BAA44);

2.2.4. Biofilm Assay against MSSA and MRSA
A biofilm can be defined as a microbially-derived sessile community, typified by cells
attached to a substratum, interface, or each other, embedded in a matrix of extracellular polymeric

substance, and exhibit an altered phenotype about growth, gene expression, and protein production
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(ARCHER et al., 2011). The burden of biofilms on human health is that they are highly tolerant to
immune responses and conventional antibiotics (MANNER et al., 2015). Indeed, in contrast to the
non-biofilm (planktonic form) lifestyle, biofilms have been demonstrated to resist 10 to 1000-fold
higher concentrations of antibiotics, which often exceed their highest deliverable clinical
concentrations (MANNER et al., 2015). Staphylococci have an incredible skill to acquire antibiotic
resistance traits in this context. The rise of community and hospital-acquired methicillin-resistant
Staphylococcus aureus (MRSA) is a significant health problem that has created a pressing need for
new therapeutic options (OHLSEN; LORENZ, 2007; RAIMONDI et al., 2012). The ability to form
biofilms, bacterial communities able to grow on surfaces and surrounded by an extracellular
polymeric substance (EPS) matrix, is probably an essential virulence factor of staphylococci in the
development of the chronic and persistent form of some infectious diseases in humans and
especially in patients with indwelling devices, including intravenous catheters, vascular prostheses,
or orthopedic devices (IZANO et al., 2008; LISTER; HORSWILL, 2014; MCCARTHY et al.,
2015; RAIMONDI et al., 2012; SONG et al., 2013; STEWART, 2015; TASSE et al., 2016; WU
et al., 2015). Thus, compounds with anti-biofilm action are of great interest in developing new
antibiotics. Then, in this context, we evaluated the activity of some compounds in inhibiting the
biofilm of S. aureus 6538 (MSSA) and S. aureus BAA44 (MRSA).

The compounds chosen for anti-biofilm evaluation were 1, 13, 29, 30, 35, and 37, as they
presented MIC values between 1.56 — 6.25 pg.mL™ for these strains of S. aureus (Table 1).
Compounds 14, 21, 23, 24, 31, 33, and 36 also had MIC values between 1.56 — 6.25 pg.mL™?;
however, we did not evaluate them against the anti-biofilm activity. 4-hydroxyderricin (1) and
diarylpropane derivative 35 showed potent inhibitory activity against the biofilm of S. aureus
MSSA and MRSA with MICBs values of 1.56 and 0.78 pg.mL?, respectively, for both compounds
as described previously in chapters 2 and 4.

Figures 1 and 2 show the inhibitory action of compounds 13, 29, 30, and 37 and
vancomycin on the biofilm of S. aureus MSSA and MRSA, respectively (Graphs 1.A — 1.E and
2.A — 2.E). Its compounds showed anti-biofilm activity against S. aureus 6538 (MSSA) and S.
aureus BAA44 (MRSA) strains from the Minimum Inhibitory Concentration of Biofilm (MICB)
data. We calculated the Minimum Inhibitory Concentration of Biofilm that inhibited 50% or more
(MICBso). The result of the MICBso is cross-hatched in the graphs, as shown in Figures 1 and 2.
The vertical bars represent the biofilm mass and are characterized by the optical density of the
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biofilm. Biofilm optical density, measured as intensity reduction of a light beam transmitted
through the biofilm, correlates with biofilm mass, measured as total carbon and cell mass
(BAKKE; KOMMEDAL; KALVENES, 2001). Moreover, the lines in graphs represent cell
viability represented by the count of colony-forming units per milliliter (logio CFU/mL).

Graph 1.A — 1.C showed that compounds 13, 29, and 30 had MICBs of 3.12 pg.mL™* with
a biofilm optical density between 2 and 3 and cell viability between 8 to 12 log10CFU/mL. At the
concentration of 3.12 pg.mL?, 13 completely inhibited the biofilm (optical density from 0 to 1)
but did not decrease bacterial cell viability (count from 8 to 10 logio0CFU/mL). Compound 37
showed greater potency in inhibiting S. aureus 6538 biofilms with MICBso of 0.78 ug.mL™* (optical
density from 0 to 2), but not decreased bacterial cell viability (count from 8 to 10 logioCFU/mL).
Vancomycin showed a MICBso value of 0.7375 pg.mL?, with high bacterial biofilm inhibition
(optical density from 0 to 1) and low bacterial cell viability (count from 4 to 6 log10CFU/mL), as

shown in graph 1.E.

Figure 1. Biofilm inhibition graph of S. aureus 6538 (MSSA). Graph 1.A, 1.B, 1.C and 1.D) Inhibitions of biofilm
in MSSA by 13, 29, 30 and 37 (0.195 to 400 pg/mL). Graph 1.E) Inhibition of biofilm in MSSA by vancomycin
(0.0115 to 5.9 ug/mL). The MICBsp values are the values represented by the hatched columns.
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Figure 2 shows the anti-biofilm action of 13, 29, 30, and 37 against the MRSA strain, which
showed potent anti-biofilm activity with MICBso values of 0.78 — 3.12 pug.mL™. Interestingly,
compounds 30 and 37 had BMICsp values (0.78 pg.mL™) equal to the standard drug (vancomycin)
with optical density from 0 to 6 and a decrease in bacterial cell viability (count from 8 to 12
log10CFU/mL). Compounds 13 and 29 had MICBso values equal to 1.56 and 3.12 pg.mL?,
respectively, with optical density from 0 to 2 and a decrease in bacterial cell viability (count from
8 to 12 log1o0CFU/mL), which were very close to that obtained by vancomycin (0.74 pg.mL™).

The dihydrochalcones 29 and 30 are analogs of 4HD as described previously. Reduction of
a,B-unsaturated ketone in 4HD did not interfere in anti-biofilm activity since dihydrochalcone 29
could inhibit the biofilm of S. aureus MSSA and MRSA at the same concentration rate of 4HD as
shown in chapter 2. In addition, the exchange of the isoprenyl subunit at 29 to the isopentyl subunit
at 30 improved activity against MRSA (graphs 2B and 2C). Moreover, compound 13 is an analog
of 4HD, with the 3'-benzyl subunit in place of the isoprenyl in 4HD. Changing the isoprenyl subunit
in 4HD by a benzyl group decreased the MICBso value as shown in graphs 1A and 2A, but still, 13
is a very promising compound for antibacterial activity. Therefore, these results suggest that these
compounds have potent inhibitory activity against S. aureus MSSA and MRSA in the planktonic

lifestyle and the biofilm matrix formed by these bacteria.

Figure 2. Biofilm inhibition graph of S. aureus BAA44 (MRSA). Graph 2.A, 2.B, 2.C and 2.D) Inhibitions of biofilm
in MSSA by 13, 29, 30 and 37 (0.195 to 400 pg/mL). Graph 2.E) Inhibition of biofilm in MSSA by vancomycin
(0.0115 to 5.9 ug/mL). The MICBsg values are the values represented by the hatched columns.
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S. aureus ATCC (BAA44)
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2.2.5. Cytotoxicity Assay of 29

4HD has already had its cytotoxic activity evaluated against HaCat cells in a previous study
by the group and showed low cytotoxicity (high cell viability) up to a concentration of 12.5 pg/mL.
This concentration is 4-fold higher than that found for MIC against S. aureus (MSSA and MRSA)
and 8-fold higher against S. epidermidis (chapter 2). From this, and the results obtained for
dihydrochalcone 29, mainly due to its antibacterial activity against S. aureus, we evaluated the
cytotoxicity effect of this compound against the same cell lineage that was evaluated for 4HD, i.e.,
HaCat cells. HaCaT cells are immortalized in human keratinocytes and have been extensively used
to study epidermal homeostasis and its pathophysiology (SEO et al., 2012). Figure 3 shows the
percentage of viable human keratinocytes cells (HaCat) exposed to 29 and chlorhexidine (CHX)
for 24h.

As observed for 4HD, compound 29 showed high cell viability against human keratinocytes
cells up to a concentration of 12.5 pg/mL and showed a cytotoxic effect at 25 pg/mL. At the 12.5

png/mL concentration, 29 showed low cytotoxicity, and this concentration is 8-fold higher than that
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found for MIC against S. aureus (1.56 pg/mL) and S. epidermidis (1.56 pg/mL) strains. These
results show that the reduction of a,-unsaturated ketone in 4HD to a ketone in 29 did not increase
cytotoxicity. Therefore, as for 4HD, dihydrochalcone 29 has low cytotoxicity at the concentration
at which it is active against S. aureus MSSA and MRSA (planktonic form and biofilm matrix),
being considered a safe alternative in the treatment of infections caused by these types of bacteria.

Therefore, 29 showed cytotoxicity values lower to CHX at all concentrations evaluated in
this study (0.39 — 25 pug/mL), highlighting the concentration of 12.5 pg/mL, where 29 had high cell
viability, while CHX had low cell viability. Chlorhexidine (CHX) is a commonly used antiseptic
mouthwash used by dental practitioners and the public due to its antimicrobial effects (BESCOS
et al., 2020; BROOKES et al., 2020). Moreover, 29 and CHX were statistically different when
applied at 3.12 — 25 pg/mL (p < 0.05). However, 29 did not differ from CHX at concentrations of
0.39 — 1.56 pg/mL (p > 0.05).

Figure 3. Effect of different concentrations of 4-hydroxydihydroderricin (29) and a chlorhexidine (CHX) on the
viability of human keratinocytes cells (HaCat). The results are expressed as means + SDs. 2P Different lowercase letters
show statistical difference between groups, considering each concentration separately, according to ANOVA and
Tukey’s test (p <0.05).
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3. Conclusion

In summary, the first total synthesis of 4-hydroxyderricin (1) was carried out in 7 steps via
Regioselective lodination and Suzuki Coupling with an overall yield of 15%. Furthermore, of the
final products obtained, 26 are new, and 8 are natural products such as 4-hydroxyderricin (1),
derricin (4), 4'-O-methylbavachalcone (16), 4'-O-methylisoliquiritigenin (17), Xanthoangelol F
(19), Tonkinochroman L (32), 4'-O-methyldavidigenin (34) and Broussonin A (38). The improved
synthesis of 4'-O-methylbavachalcone (16) and xanthoangelol F (19) was carried out in 6 steps,
and the preparation of a series of novel 3' and/or 5' prenylated/geranylated/benzylated chalcone
derivatives were accomplished. The synthesis of the reduced derivatives, dihydrochalcones, and
1,3-diarylpropanes was performed in 7 or 8 steps. The antibacterial and antimycobacterial activities
of 39 newly synthesized chalcone derivatives against gram-positive bacteria and mycobacteria
were evaluated, and test results illustrated that 3'-C-benzylations and reductions of chalcones could
significantly increase their activity. However, 3'- or 5'-C-geranyl chalcones such as xanthoangelol
F (19) and isoxanthoangelol F (20), respectively, did not further improve the antibacterial activity.
Despite this, of the 39 substances synthesized, 14 showed antibacterial activity against gram-
positive species (MSSA, MRSA, S. epidermidis, E. faecalis, S. mutans, S. sanguinis, S. sobrinus)
with a MIC of 1.56 to 12.5 pg.mL™; 11 substances showed anti-H. pylori activity with MIC from
15.62 to 62.50 pg.mL?; and 19 substances showed antimycobacterial activity against M.
tuberculosis, M. kansasii, and M. avium with a MIC of 15.62 to 62.50 pug.mL;

Compounds 13, 29, 30, and 37 showed antibacterial and antimycobacterial activity equal to
4HD. Analog 13 showed that the benzyl subunit has a non-classical bioisosterism with isoprenyl
in 4-hydroxyderricin. Compounds 13 and 14 are classic bioisosteres as they both had approximately
the same antibacterial potency. Furthermore, analog 29 showed that the a,B-unsaturated ketone in
4HD is not a pharmacophoric group for antibacterial and antimycobacterial activities. Moreover,
compounds 13, 29, 30, and 37 showed potent inhibitory activity against S. aureus Biofilms (MSSA
and MRSA). Compound 29 was chosen as HIT from the series of compounds evaluated, and its
cytotoxic activity was determined against HaCat cells. Low cytotoxicity activity was observed for
29. Thus, 4HD-derived dihydrochalcone 29 is a promising antibacterial compound, which may be

an alternative to fight various infections caused by these species of mycobacteria and bacteria.

4. Experimental
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4.1. Chemistry
4.1.1. General

All reagents were selected commercially from Sigma-Aldrich®, and until the final
compound and its intermediates were obtained, several solvents were used, such as hexane, ethyl
acetate, acetone, ethanol, DMF, DCM, and methanol. All of the Synth® brand. To monitor the
reactions and analyze the purity of the products, Thin Layer Chromatography was performed on
silica gel chromatoplates under the Supelco® brand aluminum base. Gradients of the hexane/ethyl
acetate and hexane/acetone solvent system according to the analytes' polarity. The chromatoplates
were developed under ultraviolet light at short wavelengths of 254 nm long wavelengths of 365
nm. The sulfuric anisaldehyde solution was also used as the chemical developer of the compounds.
Purifications by normal phase column chromatography (NP-CC) were performed using 100 to 200
Mesh silica gel, preparative TLC plate silica gel, and Sephadex® LH-20 (Sigma-Aldrich®).

!4 and 3C NMR spectra were recorded with a Bruker Avance 111 14.1 T, Bruker Avance
11 9.4 T, and Bruker Fourier 7.1 T spectrometers, using DMSO-ds, CDCl3, or acetone-des as a
solvent with TMS (d 0.00) as an internal standard. The chemical shifts (o) in ppm and coupling
constants (J) in Hz. Multiplicities were reported as singlet (s), doublet (d), doublet of doublet (dd),
triplet (t), quartet (q), double triplet (dt), and multiplet (m). Melting points were measured on an
MS Tecnopon PFM-I1 with an open capillary. The purity of compounds was measured on HPLC-
PAD equipment, and the analyses were performed for calculations of partition coefficient, using
MeOH/H-0 (70:30, 75:25, and 80:20) as isocratic mobile phase.

4.1.2. Synthesis of 4-hydroxyderricin (1)
The protocol adopted for the synthesis of 1 was the regioselective iodination and Suzuki
coupling, according to Wang et al. (2015).

e 1-(2,4-Dihydroxy-3-iodophenyl)ethanone (40)

To a solution of 2,4-Dihydroxyacetophenone 39 (1.00 g, 6.57 mmol) in ethanol (5 mL) and
water (8 mL) was added iodine (0.75 g, 2.96 mmol) and potassium iodate (0.28 g, 1.31 mmol) at
room temperature. The reaction was stirred vigorously overnight. Then, the mixture was diluted

with a 10% NaHSO3 solution (10 mL) under an ice bath to remove the residual iodine and form a
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precipitate. The precipitate was purified by recrystallization from hexane/ethyl acetate (9:1) to
produce compound 40 (95%) as a white crystal. Mp: 150 — 155 °C.

'H NMR (CDCls, 600 MHz): & = 2.59 (s, 3H, CHs, H-a), 6.19 (bs, 1H, 4’-OH), 6.62 (d, 1H,
J=8.8 Hz, H-5%), 7.66 (d, 1H, J = 8.8 Hz, H-6"), 13.77 (s, 1H, 2°-OH).

13C NMR (CDCls, 150 MHz): § = 26.19 (1C, C-0), 77.73 (1C, C-3°), 106.94 (1C, C-5°),
114.15 (1C, C-1°), 132.76 (1C, C-6"), 161.84 (1C, C-4"), 163.68 (1C, C-2°), 202.37 (1C, C-B).

e 1-(2-hydroxy-3-iodo-4-methoxyphenyl)ethanone (41)

To a stirred solution of compound 40 (278.00 mg, 1.00 mmol) and anhydrous K>COs
(414.63 mg, 3.00 mmol) in dry acetone (10 mL) was slowly added iodomethane (212.91 mg, 1.5
mmol) at 0 °C and stirred for 1 h. The reaction mixture was monitored by TLC. After completion
of the reaction, the reaction mixture was diluted with ethyl acetate (30 mL), the organic layer was
washed with water (3x15 mL), dried over MgSOg4, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography to afford compound 41 (80%) white
crystals. Mp: 130 — 131 °C.

'H NMR (CDCls, 600 MHz): § = 2.61 (s, 3H, CH3s, H-a), 3.98 (s, 3H, 4’-OCHj3), 6.46 (d,
1H,J=8.9 Hz, H-5), 7.75 (d, 1H, J = 8.9 Hz, H-6), 13.55 (s, 1H, 2°-OH).

13C NMR (CDCl3, 150 MHz): § = 26.22 (1C, C-a), 56.93 (1C, 4’-OCHjs), 77.05 (1C, C-3°),
102.56 (1C, C-57), 114.88 (1C, C-17), 132.89 (1C, C-6’), 163.56 (1C, C-2), 164.68 (1C, C-4’),
202.52 (1C, C-p).

o 1-(3-iodo-4-methoxy-2-(methoxymethoxy)phenyl)ethanone (42)

To a stirred solution of compound 41 (292.07 mg, 1.00 mmol) and anhydrous K>COs
(414.63 mg, 3.00 mmol) in dry acetone (10 mL) was slowly added chloromethyl methyl ether
(120.75 mg, 1.5 mmol) at 0 °C and stirred for 24h. The reaction mixture was monitored by TLC.
After completion of the reaction, the reaction mixture was diluted with ethyl acetate (30 mL), the
organic layer was washed with water (3x15 mL), dried over MgSOa, and concentrated under
reduced pressure to afford compound 42 (95%) as a colorless oil.

!H NMR (CDCls, 600 MHz): § =2.60 (s, 3H, H-a), 3.54 (s, 3H, CHs, 2°-OCH,0CHs), 3.93
(s, 3H, 4’-OCH3s), 5.06 (s, 2H, CH>, 2°-OCH,0OCH3), 6.67 (d, 1H, J = 8.6 Hz, H-5"), 7.63 (d, 1H, J
= 8.6 Hz, H-6").
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o 4-methoxymethoxybenzaldehyde (44)
The procedure to afford 44 was described in Chapter 111, item 4.1.2.

e (E)-1-(3-iodo-4-methoxy-2-(methoxymethoxy)phenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-
en-1-one (1a)

To a stirred solution of 42 (336.12 mg, 1.00 mmol) and 44 (174.50 mg, 1.05 mmol) in
ethanol (5 mL) was slowly added solution of KOH (60%, 2 mL) at 0 °C. The reaction mixture was
stirred at room temperature for 24 h. The reaction mixture was monitored by TLC. After
completion of the reaction, the solution was extracted with ethyl acetate (3x15 mL). The organic
layers were combined, washed with saturated sodium chloride solution, dried over MgSQsa,
filtrated, and evaporated under vacuum. The residue was purified via liquid-liquid extraction with
a saturated solution of NaHSOs3 and ethyl acetate to afford compound 1a (95%) as a yellow oil.

'H NMR (CDCls, 600 MHz): § = 3.47 (s, 3H, OCHgs, 4-OCH,0CHj3), 3.49 (s, 3H, OCHs,
2’-OCH20CHBg), 3.94 (s, 3H, 4’-OCHj3), 5.01 (s, 2H, OCH>, 2’-OCH>0CH3), 5.20 (s, 2H, OCHy,
4-OCH,0CHs3), 6.70 (d, 1H, J = 8.6 Hz, H-5"), 7.04 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.25 (d, 1H,
J=15.9 Hz, H-0), 7.55 (d, 2H, J = 8.7 Hz, H-2 and H-6), 7.63 (d, 1H, J = 8.6 Hz, H-6"), 7.64 (d,
1H, J = 15.9 Hz, H-p).

13C NMR (CDCl3, 150 MHz): § =56.29 (1C, 4’-OCHjs), 56.96 (1C, -OCHs, 4-OCH,OCHj3),
58.52 (1C, -OCHp3s, 2°-OCH20CH3), 85.76 (1C, C-37), 94.28 (1C, -OCHa, 4-OCH>0CHz3), 101.49
(1C, -OCHz2, 2’-OCH,0CHs3), 107.04 (1C, C-57), 116.62 (2C, C-3 and C-5), 124.39 (1C, C-u),
128.52 (1C, C-1"), 128.64 (1C, C-1), 130.33 (2C, C-2 and C-6), 131.89 (1C, C-6’), 143.72 (1C, C-
B), 157.37 (1C, C-2), 159.33 (1C, C-4), 162.17 (1C, C-4’), 191.03 (1C, C-B’).

e (E)-1-(4-methoxy-2-(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-
(methoxymethoxy)phenyl)prop-2-en-1-one (1b)

To a stirred solution of compound la (484.28 mg, 1.00 mmol) and 3-methyl-2-
butenylboronic acid pinacol ester 45 (235.00 mg, 1.20 mmol) in anhydrous DMF (3.00 mL) was
added PdClz(dppf) (73.20 mg, 0.10 mmol), Cs2CO3 (651.42 mg, 2.00 mmol). The mixture was
heated at 70 °C for 1.5h. The reaction mixture was cooled and monitored by TLC. After completion
of the reaction, the mixture was diluted with ethyl acetate (15 mL) and filtered through a pad of
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celite. The filtrate was washed with H>O (3x20 mL), treated with a saturated NaCl solution, dried
over MgSOy, filtered, and concentrated under reduced pressure. The residue was purified by silica
gel column chromatography with hexane/ethyl acetate (8:2) to afford compound 1b (32%) as a
yellow oil.

'H NMR (CDClI3, 600 MHz): § = 1.69 (s, 3H, CHs, H-4"), 1.79 (s, 3H, CHs, H-57), 3.44 (s,
3H, CHs, 2°-OCH>0CH?3), 3.44 (d, 2H, J = 7.0 Hz, H-1”), 3.48 (s, 3H, CH3, 4-OCH,OCH3), 3.88
(s, 3H, 4’-OCHj3), 4.91 (s, 2H, CHa, 2°-OCH20CHs3), 5.21 (s, 2H, CHa, 4-OCH>0OCH3), 5.21 (s,
1H, H-2”), 6.74 (d, 1H, J = 8.6 Hz, H-5), 7.05 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.27 (d, 1H, J =
15.8 Hz, H-a), 7.52 (d, 1H, J = 8.6 Hz, H-6"), 7.55 (d, 2H, J = 8.7 Hz, H-2 and H-6), 7.63 (d, 1H,
J=15.8 Hz, H-p).

13C NMR (CDCls, 150 MHz): & = 18.06 (1C, CH3, C-4”), 23.37 (1C, CH,, C-17), 25.89
(1C, CHjs, C-5), 55.97 (1C, -OCHjs, 4-OCH20CHB3), 56.30 (1C, 4’-OCHs), 58.09 (1C, -OCHg, 2’-
OCH20CHs), 94.33 (1C, -OCHa, 4-OCH20CHs), 101.38 (1C, -OCHa, 2’-OCH20CHs), 106.66
(1C, C-5"), 116.62 (2C, C-3 and C-5), 122.65 (1C, C-0), 124.41 (1C, C-1"), 125.04 (1C, C-3"),
127.41 (1C, CH, C-27), 128.96 (1C, C-1), 129.21 (1C, C-6’), 130.17 (2C, C-2 and C-6), 131.92
(1C, C-37), 143.06 (1C, C-B), 155.58 (1C, C-4), 159.14 (1C, C-2"), 161.41 (1C, C-4*), 192.28 (1C,
C-p).

e 3’-Prenyl-2’4-dihydroxy-4 -methoxychalcone: 4-hydroxyderricin (1)

To a stirred solution of 1b (50.00 mg, 0.12 mmol) in MeOH (0.50 mL) and THF (0.50 mL)
was added hydrochloric acid (1N, 0.50 mL) and stirred at 56 °C for 6 h. The reaction mixture was
monitored by TLC. After completion of the reaction, the reaction mixture was evaporated under a
vacuum. After adding 10 mL of water, the mixture was extracted with ethyl acetate (3x20 mL).
The organic layers were combined, washed with brine, dried over MgSQsu, filtrated, and evaporated
under vacuum. The residue was purified by silica gel column chromatography with hexane/ethyl
acetate (8:2) to afford compound 1 (72%) as yellow solid, with an overall yield of 15%; Purity:
99.97% by HPLC-PAD (365 nm); Mp: 139 — 140 °C.

'H NMR (Acetone-ds, 600 MHz): & = 1.63 (s, 3H, CHs, H-4”), 1.77 (s, 3H, CHs, H-57),
3.35(d, 2H, J = 7.3 Hz, CH>, H-17), 3.93 (s, 3H, 4’-OCHg), 5.21 (t, 1H, J = 7.3 Hz, CH, H-2"),
6.65 (d, 1H, J = 9.0 Hz, H-5"), 6.93 (d, 2H, J = 8.5 Hz, H-3 and H-5), 7.74 (d, 2H, J = 8.5 Hz, H-
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2 and H-6) 7.78 (d, 1H, J = 15.3 Hz, H-a), 7.85 (d, 1H, J = 15.3 Hz, H-p), 8.12 (d, 1H, J=9.0
Hz, H-6"), 9.09 (s, 1H, 4-OH), 13.77 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): § = 17.87 (1C, CHs, C-4”), 22.25 (1C, CHz, C-17), 25.88
(1C, CHs, C-57), 56.29 (1C, 4’-OCHjs), 103.18 (1C, C-5°), 115.35 (2C, C-3 and C-5), 116.79 (1C,
C-17), 117.57 (1C, C-37), 118.31 (1C, C-0), 123.16 (1C, CH, C-2"), 127.52 (1C, C-1), 130.74 (1C,
C-6"), 131.58 (2C, C-2 and C-6), 131.83 (1C, C-3"), 145.35 (1C, C-B), 161.08 (1C, C-4), 163.76
(1C, C-2°), 164.15 (1C, C-4), 193.44 (1C, C-p").

4.1.3. Synthesis of 2 — 11

The protocol adopted for the synthesis of 2 — 11 was the same for synthesizing 4-
hydroxyderricin (1), i.e., from regioselective iodination and Suzuki coupling, according to Wang
et al. (2015).

e Synthesis of 2a—11a

The procedure is the same as preparing compound la by using acetophenone 42 (1.00
mmol) and benzaldehydes 46 — 55 (1.05 mmol) as the substrate to give compounds 2a — 11a, with
yields of 80% to 95%.

e Synthesis of 2b —11b
The procedure is the same as preparing compound 1b by using compounds 2a — 11a (100

mg) as the substrate to give compounds 2b — 11b, with yields of 20% to 56%.

e Synthesisof 2 - 11
The procedure is the same as the preparation of compound 1 by using compounds 2b — 11b

(50 mg) as the substrate to give compounds 2 — 11, with yields of 56% to 79%.

e 3’-Prenyl-2’4-dihydroxy-4 -methoxychalcone: 2-hydroxyderricin (2)
Compound (2) as yellow solid, with an unprotected yield of 56% and an overall yield of
13%. Purity: 98.52% by HPLC-PAD (365 nm); Mp: 135 — 136 °C.
'H NMR (Acetone-ds, 600 MHz): & = 1.63 (s, 3H, CHs, H-4"), 1.77 (s, 3H, CHs, H-57),
3.36 (d, J = 7.3 Hz, CH2, H-1), 3.94 (s, 3H, 4’-OCH3), 5.21 (t, 1H, J = 7.3 Hz, CH, H-1"), 6.67



162

(d, 1H, J = 9.0 Hz, H-5"), 6.93 (ddd, 1H, J1 = 1.0 Hz, J, = 7.3 Hz and Js = 7.8 Hz, H-5), 7.01 (dd,
1H, J; = 1.0 Hz and J, = 8.2 Hz, H-3), 7.29 (ddd, 1H, J; = 1.6 Hz, J; = 7.3 Hz and Js = 8.2 Hz, H-
4), 7.83 (dd, 1H, J; = 1.6 Hz and Jz = 7.8 Hz, H-6), 8.00 (d, 1H, J = 15.6 Hz, H-a), 8.09 (d, 1H, J
= 9.0 Hz, H-6"), 8.28 (d, 1H, J = 15.6 Hz, H-p), 9.30 (s, 1H, 2-OH), 13.72 (s, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): § = 17.88 (1C, CHs, C-4), 22.25 (1C, CHz, C-17), 25.88
(1C, CHs, C-5”), 56.32 (1C, 4’-OCHs), 103.28 (1C, C-5%), 115.41 (1C, C-1°), 117.15 (1C, C-3),
117.63 (1C, C-3"), 120, 89 (1C, C-5), 121.09 (1C, C-a), 122.85 (1C, C-1), 123.14 (1C, CH, C-2"),
130.06 (1C, C-6), 130.76 (1C, C-6"), 131.62 (1C, C-4), 132.86 (1C, C-3"), 140.62 (1C, C-B),
158.07 (1C, C-2), 163.80 (1C, C-2°), 164.24 (1C, C-4*), 193.83 (1C, C-B").

e 3’-Prenyl-2’,3-dihydroxy-4 -methoxychalcone: 3-hydroxyderricin (3)

Compound (3) as yellow solid, with an unprotected yield of 70% and an overall yield of
14%. Purity: 99.20% by HPLC-PAD (365 nm); Mp: 139 — 140 °C.

'H NMR (Acetone-ds, 600 MHz): & = 1.63 (s, 3H, CHs, H-4"), 1.77 (s, 3H, CH3s, H-57),
3.35(d, 2H, J = 7.3 Hz, CH>, H-17), 3.94 (s, 3H, 4’-OCHg), 5.21 (t, 1H, J = 7.3 Hz, CH, H-2"),
6.67 (d, 1H, J =9.0 Hz, H-5"), 6.96 (ddd, 1H, J1 = 1.1 Hz, J> = 2.4 Hz and J3 = 7.8 Hz, H-4), 7.30
(m, 3H, H-2, H-5 and H-6), 7.81 (d, 1H, J = 15.4 Hz, H-a), 7.90 (d, 1H, J = 15.4 Hz, H-B), 8.16 (d,
1H, J=9.0 Hz, H-6’), 8.61 (s, 1H, 3-OH), 13.59 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): & = 17.88 (1C, CHs, C-47), 22.24 (1C, CHa, C-17), 25.88
(1C, CHs, C-57), 56.36 (1C, 4’-OCHg), 103.37 (1C, C-57), 115.32 (1C, C-2), 116.10 (1C, C-1"),
117.64 (1C, C-37), 118.69 (1C, C-4), 121.18 (1C, C-6), 121.70 (1C, C-w), 123.09 (1C, CH, C-27),
130.85 (1C, C-6%), 131.06 (1C, C-5), 131.67 (1C, C-37), 137.29 (1C, C-1), 145.11 (1C, C-B),
158.74 (1C, C-3), 163.81 (1C, C-2"), 164.44 (1C, C-4’), 193.44 (1C, C-pB’).

e 3’-Prenyl-2-hydroxy-4-methoxychalcone: derricin (4)
Compound (4) as yellow needle crystal, with an unprotected yield of 65% and an overall
yield of 18%. Purity: 98.40% by HPLC-PAD (365 nm); Mp: 71 - 72 °C.
'H NMR (CDCls, 600 MHz): § = 1.69 (s, 3H, CH3, H-4"), 1.80 (s, 3H, CHs, H-5"), 3.39 (d,
2H, J = 7.0 Hz, CHg, H-17), 3.92(s, 3H, 4-OCH3), 5.23 (t, 1H, J = 7.0 Hz, CH, H-2"), 6.51 (d, 1H,
J = 9.0 Hz, H-5"), 7.42-7.45 (m, 3H, H-3, H-4 and H-5), 7.61 (d, 1H, J = 15.50 Hz, , H-0), 7.65
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(dd, 2H, J1 = 2.7 Hz and J2 = 6.5 Hz, H-2 and H-6) 7.80 (d, 1H, J =9.00 Hz, H-6"), 7.88 (d, 1H, J
=15.50 Hz, H-B), 13.37 (s, 1H, 2’-OH).

13C NMR (CDCls, 150 MHz): & = 17.96 (1C, CH3, C-4”), 21,84 (1C, CH,, C-17), 25.97
(1C, CHas, C-5), 55.92 (1C, 4’-OCHs), 102.28 (1C, C-57), 114.75 (1C, C-17), 117.71 (1C, C-3"),
120.71 (1C, C-u), 122.10 (1C, CH, C-2”), 128.63 (2C, C-2 and C-6), 129.11 (2C, C-3 and C-5),
129.39 (1C, C-6), 130.69 (1C, C-4), 132.10 (1C, C-3), 135.01 (1C, C-1), 144.24 (1C, C-p),
163.18 (1C, C-2°), 163.50 (1C, C-4"), 192.35 (1C, C-p").

e 3’-Prenyl-2’-hydroxy-4’,4-dimethoxychalcone: 4-methoxyderricin (5)

Compound (5) as yellow solid, with an unprotected yield of 75% and an overall yield of
26%. Purity: 99.88% by HPLC-PAD (365 nm); Mp: 88 — 89 °C.

'H NMR (Acetone-ds, 600 MHz): & = 1.63 (d, 3H, CHs, H-4”), 1.77 (s, 3H, CHs, H-5"),
3.35(d, 2H, J = 7.3 Hz, CH>, H-17), 3.87 (s, 3H, 4-OCH?3), 3.93 (s, 3H, 4’-OCH3), 5.21 (t, 1H, J =
7.3 Hz, CH, H-2”), 6.65 (d, 1H, J = 9.0 Hz, H-5"), 7.01 (d, 2H, J = 8.8 Hz, H-3 and H-5), 7.81 (d,
2H,J = 8.8 Hz, H-2 and H-6), 7.82 (d, 1H, J = 15.3 Hz, H-a), 7.87 (d, 1H, J = 15.3 Hz, H-p),
8.13 (d, 1H, J = 9.0 Hz, H-6"), 13.73 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): 5 =17.88 (1C, CH3, C-4"), 22,26 (1C, CHz, C-17), 25.89
(1C, CHa, C-57), 55.82 (1C, 4-OCHg, C-4), 56.52 (1C, 4’-OCHg), 103.22 (1C, C-5%), 115.29 (2C,
C-3 and C-5), 115.36 (1C, C-1"), 117.61 (1C, C-37), 119.09 (1C, C-a), 123.17 (1C, CH, C-2"),
128.52 (1C, C-1), 130.82 (1C, C-6’), 130.85 (2C, C-2 and C-6), 131.59 (1C, C-37), 144.97 (1C, C-
B), 162.92 (1C, C-4), 163.80 (1C, C-2"), 164.23 (1C, C-4’), 193.41 (1C, C-p).

e 3’-Prenyl-2-hydroxy-4-methoxy-4-methylchalcone: 4-methylderricin (6)

Compound (6) as yellow solid, with an unprotected yield of 75% and an overall yield of
26%. Purity: 99.99% by HPLC-PAD (365 nm); Mp: 99 — 100 °C.

'H NMR (Acetone-ds, 600 MHz) & = 1.63 (s, 3H, CHs, H-4), 1.77 (s, 3H, CHs, H-5"), 2.38
(s, 3H, 4-CHs), 3.35 (d, 2H, J = 7.3 Hz, CH2, H-17), 3.94 (s, 3H, 4’-OCHj3), 5.21 (t, 1H, J = 7.3
Hz, CH, H-17), 6.67 (d, 1H, J = 9.0 Hz, H-5"), 7.28 (d, 2H, J = 8.0 Hz, H-3 and H-5), 7.74 (d, 2H,
J =8.0 Hz, H-2 and H-6), 7.86 (d, 1H, J = 15.4 Hz, H-a), 7.92 (d, 1H, J = 15.4 Hz, H-B), 8.15 (d,
1H,J =9.0 Hz, H-6"), 13.65 (s, 1H, 2’-OH).
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13C NMR (Acetone-ds, 150 MHz) & = 17.88 (1C, CHs, C-4”), 21.48 (1C, 4-CH3), 22,25
(1C, CHy, C-17), 25.89 (1C, CHs, C-5”), 56.35 (1C, 4’-OCHz), 103.31 (1C, C-5°), 115.34 (1C, C-
17), 117.63 (1C, C-3"), 120.65 (1C, C-at), 123.12 (1C, CH, C-2”), 129.77 (2C, C-2 and C-6), 130.52
(2C, C-3 and C-5), 130.98 (1C, C-6"), 131.65 (1C, C-3"), 133.21 (1C, C-1), 142.00 (1C, C-4),
145.07 (1C, C-B), 163.82 (1C, C-2°), 164.37 (1C, C-4), 193.46 (1C, C-B").

e 3’-Prenyl-2’-hydroxy-4-methoxy-4-fluorochalcone: 4-fluoroderricin (7)

Compound (7) as yellow solid, with an unprotected yield of 71% and an overall yield of
16%, Purity: 96.22% by HPLC-PAD (365 nm); Mp: 75— 76 °C.

'H NMR (CDCls, 600 MHz) § = 1.69 (s, 3H, CHs, H-4"), 1.80 (s, 3H, CHs, H-57), 3.39 (d,
2H,J =7.1 Hz, CHa, H-17) 3.91 (s, 3H, 4’-OCHs), 5.23 (t, 1H, J = 7.1 Hz, CH, H-2"), 6.50 (d, 1H,
J=9.0 Hz, H-5), 7.12 (dd, 2H, J1 = J> = 8.6 Hz, H-3 and H-5), 7.52 (d, J = 15.5 Hz, H-a), 7.64
(dd, 2H, J: =5.41 and J; = 8.6 Hz, H-2 and H-6), 7.78 (d, 1H, J = 9.0 Hz, H-6"), 7.83 (d, 1H, J =
15.5 Hz, H-B), 13.3 (s, 1H, 2’-OH).

13C NMR (CDCls, 150 MHz) 6 = 17.96 (1C, CH3, C-4”), 21,85 (1C, CHz, C-17), 25.96 (1C,
CHjs, C-57), 56.93 (1C, 4’-OCHg), 102.3 (1C, C-5”), 114,7 (1C, C-17), 116.3 (d, 2C, J = 22.00 Hz,
C-3and C-5), 117.8 (1C, C-3"), 122.1 (1C, C-a), 129.3 (1C, C-67), 130.5 (d, 2C, J = 8.70 Hz, C-2
and C-6), 131.3 (d, 1C, J = 3.7 Hz, C-1), 143.9 (1C, C-B), 163,3 (1C, C-2°), 163.4 (d, 1C, J =52.31
Hz, C-4), 165.0 (1C, C-4"), 192.1 (1C, C-B’).

e 3’-Prenyl-2-hydroxy-4-methoxy-4-chlorochalcone: 4-chloroderricin (8)

Compound (8) as yellow solid, with an unprotected yield of 69% and an overall yield of
16%, Purity: 99.27% by HPLC-PAD (365 nm); Mp: 119 — 120 °C.

'H NMR (Acetone-ds, 600 MHz) & = 1.63 (s, 3H, CH3, H-4"), 1.77 (s, 3H, CHs, H-5), 3.35
(d, 2H, J = 7.3 Hz, CHg, H-17) 3.95 (s, 3H, 4’-OCHs), 5.20 (t, 1H, J = 7.3 Hz, CH, H-2"), 6.68 (d,
1H,J = 9.1 Hz, H-5"), 7.49 (d, 2H, J = 8.4 Hz, H-3 and H-5), 7.85 (d, 1H, J = 15.5 Hz, H-0), 7.88
(d, 2H, J = 8.4 Hz, H-2 and H-6), 8.00 (d, 1H, J = 15.50 Hz, H-B), 8.16 (d, 1H, J = 9.1 Hz, H-6"),
13.53 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz) & = 17.87 (1C, CHs, C-47), 22,22 (1C, CHa, C-17), 25.88
(1C, CHas, C-5), 56.38 (1C, 4’-OCHj3), 103.42 (1C, C-5°), 115.27 (1C, C-17), 117.65 (1C, C-3°),
122.54 (1C, C-0), 123.02 (1C, CH, C-27), 129.93 (2C, C-2 and C-6), 131.13 (1C, C-6"), 131.22



165

(2C, C-3 and C-5), 131.70 (1C, C-3"), 134.77 (1C, C-1), 136.69 (1C, C-4), 143.36 (1C, C-p),
163.82 (1C, C-2), 164.54 (1C, C-4"), 193.22 (1C, C-B").

e 3’-Prenyl-2-hydroxy-4 -methoxy-4-bromicechalcone: 4-brominederricin (9)

Compound (9) as yellow solid, with an unprotected yield of 76% and an overall yield of
9%, Purity: 99.92% by HPLC-PAD (365 nm); Mp: 130 — 131 °C.

'H NMR (CDCls, 600 MHz) § = 1.68 (s, 3H, CH3, H-4”), 1.79 (s, 3H, CH3, H-5"), 3.39 (d,
2H, J = 7.1 Hz, CH2, H-17) 3.92 (s, 3H, 4’-OCHs), 5.22 (t, 1H, J = 7.1 Hz, CH, H-2"), 6.50 (d, 1H,
J=9.0 Hz, H-5"), 7.51 (d, 2H, J = 8.5 Hz, H-3 and H-5), 7.56 (d, 2H, J = 8.5 Hz, H-2 and H-6),
7.58 (d, 1H, J = 15.5 Hz, H-a), 7.78 (d, 1H, J = 9.0 Hz, H-6"), 7.79 (d, 1H, J = 15.5 Hz, H-B),
13.30 (s, 1H, 2’-OH).

13C NMR (CDCls, 150 MHz) 6 = 17.96 (1C, CHs, C-4”), 21,86 (1C, CHz, C-17), 25.96 (1C,
CHs, C-5"), 55.95 (1C, 4’-OCH3), 102.36 (1C, C-57), 114.70 (1C, C-1°), 117.82 (1C, C-3"), 121.34
(1C, C-a), 122.06 (1C, CH, C-27), 124.94 (1C, C-4), 129.37 (1C, C-6), 129.96 (2C, C-2 and C-
6), 132.13 (1C, C-3”), 133.36 (2C, C-3 and C-5), 133.96 (1C, C-1), 142.78 (1C, C-B), 163.24 (1C,
C-2%), 163.64 (1C, C-4’), 192.02 (1C, C-B’).

e 3’-Prenyl-2’-hydroxy-4 -methoxy-4-trifluoromethylchalcone: 4-trifluoromethylderricin

(10)

Compound (10) as yellow needle crystal, with an unprotected yield of 66% and an overall
yield of 19%, Purity: 99.95% by HPLC-PAD (365 nm); Mp: 130 — 131 °C.

'H NMR (CDCl3, 600 MHz): § = 1.67 (s, 3H, CHs, H-4”), 1.79 (s, 3H, CHs, H-5"), 3.38 (d,
2H,J=7.1Hz, CHz, H-17) 3.91 (s, 3H, 4’-OCHg), 5.21 (t, 1H, J = 7.1 Hz, CH, H-2"), 6.51 (d, 1H,
J=9.0 Hz, H-5"), 7.64 (d, 1H, J = 15.5 Hz, H-a), 7.66 (d, 2H, J = 9.6 Hz, H-2 and H-6), 7.73 (d,
2H, J = 8.3 Hz, H-3 and H-5), 7.78 (d, 1H, J = 9.0 Hz, H-6"), 7.84 (d, 1H, J = 15.5 Hz, H-p), 13.21
(s, 1H, 2°-OH).

13C NMR (CDCls, 150 MHz): & = 17.92 (1C, CHs, C-4), 21,81 (1C, CH,, C-17), 25.92
(1C, CHjs, C-5), 55.94 (1C, 4’-OCHj3), 102.50 (1C, C-5”), 114.60 (1C, C-3"), 117.80 (1C, C-1"),
121.8 (1C, C-a), 123.10 (1C, CH, C-2), 126.01 (2C, q, J = 3.92 Hz, C-3 and C-5), 128.6 (2C, C-
2 and C-6), 129.50 (1C, C-6"), 131.90 (1C, d, J = 34.5 Hz, C-4), 132.14 (1C, C-37), 138.40 (1C,
C-1), 142.10 (1C, C-B), 163.20 (1C, C-27), 163.8 (1C, C-4"), 191.80 (1C, C-p’).
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e 3’-Prenyl-2-hydroxy-4-methoxy-4-nitrochalcone: 4-nitroderricin (11)

Compound (11) as yellow solid, with an overall yield of 13%; Purity: 99.94% by HPLC-
PAD (365 nm); Mp: 154 — 155 °C.

'H NMR (Acetone-ds, 600 MHz): § = 1.69 (s, 3H, CHs, H-4”), 1.80 (s, 3H, CHs, H-5"),
3.39 (d, 2H, J = 7.2 Hz, CH2, H-17) 3.93 (s, 3H, 4’-OCHg), 5.22 (t, 1H, J = 7.2 Hz, CH, H-2"),
6.52 (d, 1H, J = 9.0 Hz, H-5), 7.69 (d, 1H, J = 15.5 Hz, H-0), 7.78 (d, 2H, J = 8.69 Hz, H-2 and
H-6), 7.78 (d, 1H, J = 9.0 Hz, H-6"), 7.86 (d, 1H, J = 15.5 Hz, H-B), 8.27 (d, 2H, J = 8.76 Hz, H-
3and H-5), 13.14 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): 6 =17.95 (1C, CHs, C-4"), 21,84 (1C, CH2, C-17),25.95
(C, CHs, C-57), 56.00 (1C, 4’-OCHpg), 102.60 (1C, C-5%), 114.61 (1C, C-1), 117.96 (1C, C-3°),
121.90 (1C, C-a), 124.35 (1C, CH, C-2”), 124.78 (2C, C-3 and C-5), 129.08 (2C, C-2 and C-6),
129.50 (1C, C-6%), 132.24 (1C, C-37), 140.94 (1C, C-1), 141.19 (1C, C-p), 148.64 (1C, C-4),
163.35 (1C, C-27), 163.98 (1C, C-4"), 191.35 (1C, C-p).

4.1.4. Synthesis of 12

The 4-nitroderricin 11 (30.00 mg, 0.08 mmol) was dissolved in 0.40 mL of ethanol, and
this solution was treated with SnCl».2H,0 (0.40 mmol), heated under reflux, stirred for 2h, treated
with 10 mL of water, and neutralized with a solution of 5% NaHCOs. The aqueous phase was
extracted with 3x20 mL of ethyl acetate. The combined organic phase was dried with MgSOa,
filtered, and evaporated to a residue that was purified by chromatography on silica gel with
hexane/ethyl acetate/acetone (6:2:2) as eluent to afford analog 4-aminoderricin 12 (17.00 mg, 0.05
mmol). Compound 12 is red oil with a 61% reduction and 8% overall yield.

e 3’-Prenyl-2-hydroxy-4 -methoxy-4-aminochalcone: 4-aminoderricin (12)

'H NMR (Acetone-ds, 600 MHz): & = 1.63 (s, 3H, CHs, H-4”), 1.77 (s, 3H, CHs, H-5"),
3.34(d, 2H, J = 7.2 Hz, H-17), 3.93 (s, 3H, 4-OCHs3), 5.21 (t, 1H, J = 7.2 Hz, H-2”), 5.41 (s, 2H,
NH>), 6.64 (d, 1H, J = 9.0 Hz, H-5"), 6.73 (d, 2H, J = 8.5 Hz, H-3 and H-5), 7.60 (d, 2H, J = 8.5
Hz, H-2 and H-6), 7.67 (d, 1H, J = 15.2 Hz, H-a), 7.82 (d, 1H, J = 15.2 Hz, H-B), 8.11 (d, 1H, J =
9.0 Hz, H-6), 13.96 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): & = 17.87 (1C, CHs, C-47), 22,26 (1C, CHa, C-17), 25.88
(C, CHs, C-5), 56.27 (1C, 4-OCHs), 103.02 (1C, C-5), 114.64 (1C, C-1°), 114.96 (2C, C-3 and
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C-5), 115.38 (1C, C-3"), 117.52 (1C, C-a), 123.26 (1C, CH, C-2"), 130.45 (1C, C-6), 131.51 (IC,
C-3”), 131.97 (2C, C-2 and C-6), 139.87 (1C, C-1), 146.48 (1C, C-B), 152.15 (1C, C-4), 152.84
(1C, C-27), 163.88 (1C, C-4"), 193.39 (1C, C-B).

4.1.5. Synthesis of 13 and 14
The synthesis of 13 and 14 was performed using the protocol published by Sugamoto et al.
(2008 and 2011), with some modifications (SUGAMOTO et al., 2011, 2008).

e Synthesis of 56

A mixture of 2’°,4’-dihydroxyacetophenone 39 (152.15 mg, 1.0 mmol) anhydrous K>COs
(415.00 mg, 3.00 mmol), and CHal (170.33 mg, 1.2 mmol) was stirred in dry acetone (5 mL) at
room temperature for 1h. The reaction mixture was monitored by TLC. At the end of the reaction,
the mixture was diluted with water (15 mL) to remove K>COs3, and, subsequently, extraction was
performed with ethyl acetate (3x15 mL). The organic phase was treated with a saturated solution
of NaCl (5 mL) and with the drying agent MgSO4 to remove residual water and filter. The
extraction product was concentrated under reduced pressure, producing a white solid, vacuum
filtered, and purified by recrystallizing from ethanol/water to afford compound 56 (96%) as
colorless crystals. Mp: 52 — 53 °C.

'H NMR (CDCls, 600 MHz): & = 2.56 (s, 3H, H-a), 3.84 (s, 3H, 4’-OCH3), 6.42 (d, 1H, J
=2.5Hz, H-3"), 6.44 (dd, 1H, J1 = 2.5 Hz and J.= 8.8 Hz, H-5"), 7.63 (d, 1H, J = 8.8 Hz, H-6"),
12.75 (s, 1H, 2’-OH).

13C NMR (CDCls, 150 MHz): § =26.38 (1C, C-a), 55.73 (1C, 4’-OCHj3), 100.98 (1C, C-3),
107.81 (1C, C-57), 114.06 (1C, C-17), 132.44 (1C, C-6’), 165.43 (1C, C-2"), 166.28 (1C, C-4’),
202.74 (1C, C-p’).

e Synthesis of 59

A mixture of 56 (1.00 mmol), K2COs (3.00 mmol), and acetonitrile (10 mL) on an ice bath
was stirred for 10 minutes. Benzyl chloride 57 (1.2 mmol) was added to the reaction medium in
small portions. The mixture was refluxed and stirred for 24h. An aliquot of 15 mL of H.O was
added to the reaction flask to remove K,COs. The solution was extracted with ethyl acetate (3x15
mL). The organic phase was washed with a saturated NaCl solution (5 mL), dried over MgSOg4, and
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filtered. The organic phase was concentrated under reduced pressure producing a white solid and
purified by silica gel column chromatography with hexane/ethyl acetate (8:2) as eluent to afford
59 (84%) colorless crystals. Mp: 67 — 68 °C.

'H NMR (CDCls, 600 MHz): & = 2.56 (s, 3H, H-0), 3.83 (s, 3H, 4’-OCHjs), 5.14 (s, 2H,
CH>), 6.53 (dd, 1H, J1 = 2.2 Hz and J> = 8.6 Hz, H-5"), 6.55 (d, 1H, J = 2.2 Hz, H-3"), 7.35 (dd,
1H, J1 =14 Hzand J, =7.8 Hz, H-4”), 7,41 (dd, 2H, J1 = 7.4 Hz and J; = 7.8 Hz, H-3” and H-5"),
7.45 (dd, 2H, J1 = 1,4 Hz and J2 = 7.3 Hz, H-2” and H-67), 7.85 (d, 1H, J = 8.6 Hz, H-6").

e Synthesis of 60

The procedure is the same as the preparation of compound 59 by using acetophenone 56
(1.00 mmol) and 4-fluorobenzyl chloride 58 (1.2 mmol) as the substrate to give compound 60, a
white solid with a yield of 73%. Mp: 68 — 69 °C.

'H NMR (CDCl3, 600 MHz): & = 2.53 (s, 3H, CH3, H-0), 3.84 (s, 3H, CHs, 4’-OCHs), 5.09
(s, 2H, 2°-OCHy), 6.50 (d, 1H, J = 2.2 Hz, H-3), 6.55 (dd, 1H, J1 = 2.2 Hz and J. = 8.7 Hz, H-5"),
7.09 (dd, 2H, J1 = J> = 8.5 Hz, H-3” and H-5), 7.42 (dd, 2H, J1 = 5.4 Hz and J> = 8.5 Hz, H-2”
and H-67), 7.85 (d, 1H, J = 8.7 Hz, H-6).

o Synthesis of 13a and 14a

The procedure is the same as the preparation of compound 1a by using acetophenones 59
and 60 (1.00 mmol) and benzaldehyde 44 (1.05 mmol) as substrates to give compounds 13a (92%)
and 14a (80%).

e (E)-1-(2-(benzyloxy)-4-methoxyphenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-en-1-one

(13a)

Compound (13a) as yellow solid, Mp: 74 — 75 °C.

H NMR (CDCls3, 600 MHz): § = 3.50 (s, 3H, OCHs, 4-OCH,OCHj3), 3.87 (s, 3H, 4’-OCHa),
5.14 (s, 2H, OCHa, 2’-O-benzyl), 5.20 (s, 2H, OCHa, 4-OCH,0OCHz), 6.59 (dd, 1H, J; = 2.1 Hz
and J2 = 8.5 Hz, H-5°), 6.61 (d, 1H, J = 2.1 Hz, H-3"), 6.93 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.26
(d, 2H, J = 8.7 Hz, H-2 and H-6), 7.33 (m, 3H, H-3”, H-4” and H-5"), 7.46 (dd, 2H, J1 = 2.5 Hz
and J2 = 6.7 Hz, H-2” and H-6"), 7.53 (d, 1H, J = 15.7 Hz, H-a), 7.64 (d, 1H, J = 15.7 Hz, H-p),
7.88 (d, 1H, J = 8.5 Hz, H-6").
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o (E)-1-(2-((4-fluorobenzyl)oxy)-4-methoxyphenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-

en-1-one (14a).

Compound (14a) as white solid, Mp: 88 — 89 °C.

'H NMR (CDCls, 600 MHz): § = 3.52 (s, 3H, OCH3, 4-OCH,0OCHs), 3.89 (s, 3H, 4’-OCHj),
5.12 (s, 2H, OCHz2, 2°-O-benzyl), 5.23 (s, 2H, OCH, 4-OCH20CHj3), 6.59 (d, 1H, J = 2.2 Hz, H-
3%), 6.63 (dd, 1H, J1 = 2.2 Hz and J. = 8.6 Hz, H-57), 6.98 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.02
(dd, 2H, J; =8.6 and J> = 8.7 Hz, H-3” and H-5"), 7.28 (d, 2H, J = 8.7 Hz, H-2 and H-6), 7.44 (dd,
2H, J1 =5.4 Hz and J> = 8.6 Hz, H-2” and H-6"), 7.47 (d, 1H, J = 15.7 Hz, H-a), 7.63 (d, 1H, J =
15.7 Hz, H-B), 7.89 (d, 1H, J = 8.6 Hz, H-6").

e Synthesis of 13b and 14b

The procedure is the same as the preparation of compound 1 by using compound 13a
(100.00 mg, 0.24 mmol) and 14a (100.00 mg, 0.26 mmol) as substrates to give compounds 13b
(86%) and 14b (62%).

o (E)-1-(2-(benzyloxy)-4-methoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one (13b).

Compound (13b) as yellow crystals, Purity: 99.96% by HPLC-PAD (365 nm); Mp: 172 —
173 °C.

'H NMR (Acetone-ds, 600 MHz): § = 3.89 (s, 3H, 4’-OCHj3), 5.27 (s, 2H, CH2, O-benzyl
group), 6.66 (dd, 1H, J: = 2.3 Hz and J> = 8.7 Hz, H-5"), 6.81 (d, 1H, J = 9.1 Hz, H-3"), 6.81 (d,
2H, J = 8.6 Hz, H-3 and H-5), 7.30 (d, 2H, J = 8.6 Hz, H-2 and H-6), 7.38 (m, 3H, H-3", H-4” and
H-57), 7.53 (d, 1H, J = 15.7 Hz, H-a), 7.56 (d, 1H, J = 15.7 Hz, H-B), 7.59 (m, 2H, H-2” and H-
6”), 8.67 (d, 1H, J = 8.7 Hz, H-67), 8.99 (s, 1H, 4-OH).

13C NMR (Acetone-ds, 600 MHz): § = 56.00 (1C, 4’-OCHj3), 71.49 (1C, CH>), 100.23 (1C,
C-3%), 106.97 (1C, C-5°), 116.58 (2C, C-3 and C-5), 123.08 (1C, C-1°), 125.46 (1C, C-a), 127.93
(1C, C-1), 128.96 (1C, C-47), 129.10 (2C, C-2” and C-6"), 129.48 (2C, C-3” and C-5"), 131.00
(2C, C-2 and C-6), 133.48 (1C, C-6"), 137.57 (1C, C-17), 142.19 (1C, C-B), 160.27 (1C, C-4),
160.64 (1C, C-2°), 165.16 (1C, C-4"), 189.37 (1C, C-p").
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e (E)-1-(2-((4-fluorobenzyl)oxy)-4-methoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one

(14b)

Compound (14Db) as light yellow solid, Purity: 99.78% by HPLC-PAD (365 nm); Mp: 149
—150 °C.
'H NMR (Acetone-ds, 600 MHz): & = 3.91 (s, 3H, 4’-OCHz), 5.25 (s, 2H, OCH?>), 6.66 (dd, 1H, J1
=2.3Hzand J, = 8.7 Hz, H-5"), 6.80 (d, 1H, J = 2.3 Hz, H-3"), 6.82 (d, 2H, J = 8.6 Hz, H-3 and
H-5), 7.13 (dd, 2H, J1 = 8.7 Hz and J> = 8.9 Hz, H-3” and H-5"), 7.29 (d, 2H, J = 8.6 Hz, H-2 and
H-6), 7.50 (d, 1H, J = 15.7 Hz, H-a), 7.53 (d, 1H, J = 15.7 Hz, H-B), 7.64 (dd, 2H, J; = 5.5 Hz and
Jo» = 8.7 Hz, H-2” and H-6”), 7.76 (d, 1H, J = 8.7 Hz, H-6"), 8.88 (bs, 1H, 4-OH).

13C NMR (Acetone-ds, 600 MHz): § = 56.03 (1C, 4’-OCHj3), 70.77 (1C, CH>), 100.24 (1C,
C-3%), 107.03 (1C, C-57), 116.19 (d, 2C, J = 21.6 Hz, C-3” and C-57), 116.55 (2C, C-3 and C-5),
123.08 (1C, C-1"), 125.50 (1C, C-a), 127.92 (1C, C-1), 130.95 (2C, C-2 and C-6), 131.37 (d, 2C,
J=8.3Hz, C-2” and C-6"), 133.47 (1C, C-6"), 133.77 (d, 1C, J = 3.1 Hz, C-17), 142.11 (1C, C-p),
160.54 (1C, C-4),160.89 (1C, C-2), 163.48 (d, 1C, J =244.6 Hz, C-4), 165.17 (1C, C-4’), 189.32
(1C, C-p).

e Rearrangement of 13b

Compound 13b (50.00 mg, 0.14 mmol) was solubilized in toluene (2.00 mL) on an ice bath,
and montmorillonite K10 clay (100 mg) was added in small portions. The reaction mixture was
stirred for 24h at 90 °C. After this period, the reaction medium is filtered and concentrated under
reduced pressure. The sample was purified by column chromatography on silica gel and
hexane/ethyl acetate/acetone (8:1:1) as eluent to afford compound 13 (35%) as a yellow solid.
Purity: 99.98% by HPLC-PAD (365 nm); Mp: 158 — 159 °C.

e (E)-1-(3-benzyl-2-hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one (13).

'H NMR (Acetone-ds, 600 MHz): & = 3.92 (s, 3H, 4-OCHs), 3.97 (s, 2H, CHa, benzyl
group), 6.70 (d, 1H, J = 9.1 Hz, H-5°), 6.91 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.08 (dd, 1H, J; =
1.0 Hz and J; = 7.5 Hz, H-4”), 7.18 (dd, 2H, J1 = 7.5 Hz and J2 = 8.0 Hz, H-3" and H-5"), 7.27
(dd, 2H, J1 = 1.0 Hz and J> = 8.0 Hz, H-2” and H-6), 7.71 (d, 2H, J = 8.7 Hz, H-2 and H-6), 7.77
(d, 1H, J =15.3 Hz, H-a), 7.84 (d, 1H, J = 15.3 Hz, H-B), 8.18 (d, 1H, J = 9.1 Hz, H-6"), 13.86
(s, 1H, 2°-OH).
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13C NMR (Acetone-ds, 150 MHz) § = 28.69 (1C, CHz), 56.39 (1C, 4°’-OCHs), 103.29 (1C,
C-5%), 115.44 (1C, C-1°), 116.81 (2C, C-3 and C-5), 117.39 (1C, C-3"), 118.23 (1C, C-), 126.35
(1C, C-4), 127.48 (1C, C-1), 128.81 (2C, C-3” and C-5"), 129.45 (2C, C-2” and C-6”), 131.35
(1C, C-6), 131.88 (2C, C-2 and C-6), 142.01 (1C, C-17), 145.55 (1C, C-B), 161.18 (1C, C-4),
163.93 (1C, C-4"), 164.31 (1C, C-2°), 193.50 (1C, C-B").

e Rearrangement of 14b

The procedure is the same as the rearrangement of compound 13b. Compound 14b (50.00
mg, 0.13 mmol) was rearrangement to 14 (30%) as a yellow solid. Purity: 98.96% by HPLC-PAD
(365 nm); Mp: 135 - 136 °C.

o (E)-1-(3-(4-fluorobenzyl)-2-hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-

one (14).

'H NMR (Acetone-ds, 600 MHz): § = 3.96 (s, 3H, 4’-OCHj3), 3.98 (s, 2H, CH>), 6.71 (d,
1H,J=9.0 Hz, H-5"), 6.94 (d, 2H, J = 8.7 Hz, H-3 and H-5), 6.97 (d, 2H, J = 8.9 Hz, H-2” and H-
6”), 7.33 (d, 2H, J1 = 5.6 Hz and J> = 8.9 Hz, H-3” and H-5"), 7.75 (d, 2H, J = 8.6 Hz, H-2 and H-
6), 7.81 (d, 1H, J = 15.3 Hz, H-a), 7.87 (d, 1H, J = 15.3 Hz, H-p), 8.21 (d, 1H, J = 9.0 Hz, H-6"),
13.91 (bs, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): § = 27.91 (1C, CHy), 56.46 (1C, 4’-OCHj3), 103.35 (1C,
C-5%), 115.35 (d, 2C, J = 21.2 Hz, C-3” and C-5”), 115.48 (1C, C-17), 116.85 (2C, C-3 and C-5),
117.31 (1C, C-3), 118.20 (1C, C-a), 127.48 (1C, C-1), 131.11 (d, 2C, J = 7.9 Hz, C-2” and C-6”),
131.48 (1C, C-6), 131.93 (2C, C-2 and C-6), 138.05 (d, 1C, J = 3.0 Hz, C-17), 145.66 (1C, C-B),
161.21 (1C, C-4), 161.26 (1C, C-2"), 162.80 (1C, C-4’), 164.04 (d, 1C, J =59.2 Hz, C-4”), 193.55
(1C, C-p).

4.1.6. Synthesis of 15

The protocol adopted for the synthesis of 15 was the same adopted for synthesizing 4-
hydroxyderricin (1), i.e., from regioselective iodination and Suzuki coupling, according to Wang
et al. (2015).

e Synthesis of 15a
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To a stirred solution of compound 1a (300.00 mg, 0.62 mmol) and 4-methylbenzylboronic
acid pinacol ester 61 (278.55 mg, 1.20 mmol) in anhydrous DMF (3.00 mL) was added PdClI(dppf)
(73.20 mg, 0.10 mmol), Cs2CO3 (651.42 mg, 2.00 mmol). The mixture was heated at 80 °C for 3h.
The reaction was monitored by TLC. After completion of the reaction, the mixture was diluted
with EtOAc (15 mL) and filtered through a pad of celite. The filtrate was washed with H20 (3x20
mL), treated with a saturated NaCl solution, dried over MgSQsa, filtered, and concentrated under
reduced pressure. The residue was purified by silica gel column chromatography with hexane/ethyl

acetate (8:2) to afford compound 15a (17%) as a yellow oil.

o (E)-1-(4-methoxy-2-(methoxymethoxy)-3-(4-methylbenzyl)phenyl)-3- (4-

(methoxymethoxy)phenyl)prop-2-en-1-one (15a).

'H NMR (Acetone-ds, 600 MHz): & = 2.28 (s, 3H, CHs), 3.49 (s, 3H, OCHs, 2’-
OCH,0CH3), 3.50 (s, 3H, OCH3s, 4-OCH20CH3), 3.91 (s, 3H, 4’-OCHj3), 4.01 (s, 2H, CH2, 3°-
benzyl), 5.21 (s, 2H, OCHa, 2’-OCH20CHg), 5.23 (s, 2H, OCH, 4-OCH.0CH3), 6.51 (d, 1H, J =
9.0 Hz, H-5%), 7.04 (d, 2H, J = 8.0 Hz, H-3” and H-5"), 7.08 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.23
(d, 2H, J = 8.0 Hz, H-2” and H-6"), 7.49 (d, 1H, J = 15.4 Hz, H-a), 7.60 (d, 2H, J = 8.7 Hz, H-2
and H-6), 7.82 (d, 1H, J =9.0 Hz, H-6"), 7.85 (d, 1H, J = 15.4 Hz, H-B).

e Synthesis of 15

The procedure is the same as the preparation of compound 1 by using compound 15a (40.00
mg, 0.086 mmol) as the substrate to give compounds 15 (75%) as yellow solid. Purity: 99.62% by
HPLC-PAD (365 nm); Mp: 129 — 130 °C.

e (E)-1-(2-hydroxy-4-methoxy-3-(4-methylbenzyl)phenyl)-3-(4-hydroxyphenyl)prop-2-en-1-

one (15).

'H NMR (Acetone-ds, 600 MHz): § =2.23 (s, 3H, 4”-CHa), 3.93 (s, 3H, 4’-OCHs), 3.95 (s,
2H, CH»), 6.68 (d, 1H, J = 9.0 Hz, H-5"), 6.94 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7.01 (d, 2H, J =
8.0 Hz, H-3” and H-57), 7.18 (d, 2H, J = 8.0 Hz, H-2” and H-6"), 7.74 (d, 2H, J = 8.6 Hz, H-2 and
H-6), 7.80 (d, 1H, J = 15.3 Hz, H-0), 7.86 (d, 1H, J = 15.3 Hz, H-B), 8.18 (d, 1H, J = 9.0 Hz, H-
6°), 13.88 (bs, 1H, 2°-OH).
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13C NMR (Acetone-ds, 150 MHz): § = 23.33 (1C, 4”-CHs), 30.37 (1C, CH2), 56.08 (1C, 4’-
OCHj), 101.72 (1C, C-5°), 108.06 (2C, C-3 and C-5), 114.64 (1C, C-1°), 114.93 (1C, C-3°), 116.86
(2C, C-2 and C-6), 118.12 (1C, C- a), 127.41 (1C, C-1), 129.37 (1C, C-6"), 129.44 (1C, C-4”),
131.91 (2C, C-3” and C-5"), 131.91 (2C, C-2” and C-6), 132.77 (2C, C-2 and C-6), 139.87 (1C,
C-17), 145.56 (1C, C-B), 161.33 (1C, C-4), 167.14 (C-4"), 167.60 (C-2), 193.07 (1C, C-B").

4.1.7. Synthesis of 16, 17 and 18
The synthesis of 16, 17, and 18 was performed using the protocol published by Sugamoto
et al. (2008 and 2011) (SUGAMOTO et al., 2011, 2008).

e 2’-Prenyloxy-4’-methoxyacetophenone (63)
The procedure to afford 63 was described in Chapter 111, item 4.1.2.
e 1-(4-methoxy-2-((3-methylbut-2-en-1-yl)oxy)phenyl)ethanone (63).
'H NMR (Acetone-ds, 600 MHz): § = 1.79 (s, 3H, CH3, H-4""), 1.80 (s, 3H, CHgs, H-5),
2.49 (s, 3H, H-a), 3.86 (s, 3H, 4’-OCHa3), 4.71 (d, 2H, J = 6.64 Hz, CH>, H-2""), 5.57 (t, IH, J =
6.64 Hz, CH, H-1"’), 6.57 (dd, 1H, J1 = 2.29 Hz and J> = 8.73 Hz, H-5"), 6.64 (d, 1H, J = 2.29 Hz,
H-3%), 7.60 (d, 1H, J =8.94 Hz, H-6").

o Rearrangement of 63

To astirred solution of 63 (100.00 mg) in dry CH2Cl> (3.00 mL) was added montmorillonite
K10 (110.00 mg) at 0 °C and stirred for 1h. The reaction mixture was monitored by TLC. After
completion of the reaction, the reaction mixture was filtrated and evaporated under a vacuum. The
residue was purified by silica gel column chromatography with hexane/ethyl acetate/acetone
(8:1:1) to afford intermediate 64 (56%), 65 (30%), 66 (2%), and 56 (11%).

e 1-(2-hydroxy-4-methoxy-3-(3-methylbut-2-en-1-yl)phenyl)ethanone (64).
Compound (64) as colorless oil;
'H NMR (CDCls, 600 MHz): § = 1.67 (s, 3H, CHs, H-4""), 1.78 (s, 3H, CHgs, H-5""), 2.56
(s, 3H, H-a), 3.35 (d, 2H, J = 7.11 Hz, CHa, H-2""), 3.89 (s, 3H, 4’-OCH3), 5.20 (t, 1H, J = 7.11
Hz, CH, H-1"), 6.45 (d, 1H, J =8.94, H-5"), 7.60 (d, 1H, J =8.94 Hz, H-6"), 12.75 (s, 1 H, 2°-OH).
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e 1-(2-hydroxy-4-methoxy-5-(3-methylbut-2-en-1-yl)phenyl)ethanone (65).
Compound (65) as colorless oil;
'H NMR (CDCls, 600 MHz): & = 1.70 (s, 3H, CHs, H-4""), 1.75 (s, 3H, CHs, H-5), 2.54
(s, 3H, H-a), 3.21 (d, 2H, J = 7.25 Hz, CH>, H-2""), 3.86 (s, 3H, 4’-OCHz), 5.25 (t, 1H, J = 7.25
Hz, CH, H-1""), 6.39 (s, 1H, H-3"), 7.40 (s, 1H, H-6"), 12.71 (s, 1H, 2’-OH).

e 1-(2-hydroxy-4-methoxy-3,5-bis(3-methylbut-2-en-1-yl)phenyl)ethanone (66).
Compound (66) as colorless oil;
'H NMR (CDCls, 600 MHz): § = 1.68 (s, 3H, CH3, H-4""), 1.73 (s, 3H, CHs, H-4°""), 1.76
(s, 3H, CHs, H-5"), 1.79 (s, 3H, CHs, H-5"""), 2.57 (s, 3H, H-a), 3.30 (d, 2H, J = 7.10 Hz, CH,
H-1"""), 3.38 (d, 2H, J = 6.74 Hz, CH2, H-1""), 3.76 (s, 3H, 4’-OCH3s), 5.22 (t, 1H, J = 6.74 Hz,
CH, H-2"""), 5.26 (t, 1H, J = 7.10 Hz, CH, H-2"), 7.40 (s, 1H, H-6"), 12.60 (s, 1H, 2’-OH).

e Synthesis of 4HDa, 16a, 17a, and 18a

The procedure is the same as preparing compound 1a using prenylacetophenones 64, 65,
66, and 56 (1.00 mmol) and benzaldehyde 44 (1.05 mmol) as the substrate to give chalcones 4HDa,
133, 144, and 15a with yields of 73% to 96%.

e 2’-hydroxyl-4-methoxy-4-methoxymethoxy-3 -prenylchalcone (4HDa).

Compound 4HDa (96%) as yellow oil;

'H NMR (CDCls, 600 MHz): § = 1.68 (s, 3H, CH3, H-4"), 1.79 (s, 3H, CH3, H-5"), 3.39 (d,
2H,J=7.1Hz, CHz, H-1"), 3.49 (s, 3H, CHs, 4-OMOM), 3.91 (s, 3H, 4’-OCHz), 5.22 (s, 2H, CHz,
4-OMOM), 5.22 (t, 1H, J = 7.1 Hz, CH, H-2"), 6.50 (d, 1H, J = 9.0 Hz, H-5"), 7.08 (d, 2H, J = 8.7
Hz, H-3 and H-5), 7.49 (d, 1H, J = 15.4 Hz, H-a), 7.60 (2H, d, J = 8.7 Hz, H-2 and H-6), 7.79 (d,
1H, J=9.0 Hz, H-6"), 7.84 (d, 1H, J = 15.4 Hz, H-B), 13.44 (s, 1H, 2°-OH).

e 2’-hydroxyl-4’-methoxy-4-methoxymethoxy-5 -prenylchalcone (16a).
Compound 16a (95%) as yellow oil;
'H NMR (CDCls, 600 MHz): & = 1.74 (s, 3H, CHs, H-4""), 1.78 (s, 3H, CHs, H-5>"), 3.26
(d, 2H,J=7.2 Hz, CH2, H-2""), 3.49 (s, 3H, CH3, 4-OMOM), 3.88 (s, 3H, 4’-OCHg), 5.23 (s, 2H,
CHy, 4-OMOM), 5.28 (t, 1H, J = 7.2 Hz, CH, H-1""), 6.44 (s, 1H, H-3"), 7.09 (d, 2H, J = 8.7 Hz,
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H-3 and H-5), 7.45 (d,1H, J = 15.4 Hz, H-a), 7.59 (s, 1H, H-6"), 7.60 (d, 2H, J = 8.7 Hz, H-2 and
H-6), 7.84 (d, 1H, J =15.4 Hz, H-B), 13.47 (s, 1H, 2’-OH).

e 2’-hydroxyl-4’-methoxy-4-methoxymethoxychalcone (17a).
Compound 17a (85%) as a yellow oil.
'H NMR (CDCls, 600 MHz): & = 3.50 (s, 3H, OCHs, 4-OCH,0CHjs), 3.86 (s, 3H, 4-OCHj3),
5.23 (s, 2H, OCH>, 4-OCH>0CH3), 6.48 (dd, 1H, J1 = 2.5 Hz and J> = 8.7 Hz, H-5), 6.50 (d, 1H,
J=25Hz, H-3), 7.08 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.47 (d, 1H, J = 15.4 Hz, H-a), 7.61 (d,
2H, J=8.7 Hz, H-2 and H-6), 7.83 (d, 1H, J = 8.7 Hz, H-6"), 7.86 (d, 1H, J = 15.4 Hz, H-B), 13.52
(s, 1H, 2’-OH). (Figure S35. 1).

e 2’-hydroxyl-4’-methoxy-4-methoxymethoxy-3’,5 -diprenylchalcone (18a).
Compound 18a (73%) as a yellow oil.

o Synthesis of 16, 17 and 18
The procedure is the same as preparing compound 1 using compounds 16, 17, and 18 (50

mQ) as the substrate to give compounds 13, 14, and 15, with 65% to 78% yields.

e 2’ 4-Hydroxyl-4’-methoxy-5-prenylchalcone: 4’-O-methylbavachalcone (16).

Compound (16) as yellow solid, with an unprotected yield of 69% and an overall yield of
15%. Purity: 99.91% by HPLC-PAD (365 nm); Mp 123 — 126 °C.

H NMR (Acetone-ds, 600 MHz): & = 1.70 (s, 3H, CHs, prenyl group, H-4""), 1.72 (s, 3H,
CHas, prenyl group, H-5""), 3.26 (d, 2H, J = 7.2 Hz, CHy, prenyl group, H-2""), 3.92 (s, 3H, 4°-
OCHs), 5.28 (t, 1H, J = 7.2 Hz, CH, prenyl group, H-1""), 6.48 (s, H-3"), 6.93 (d, 2H, J = 8.6 Hz,
H-3 and H-5), 7.70 (d, 2H, J = 8.6 Hz, H-2 and H-6), 7.74 (d,1H, J = 15.4 Hz, H-a), 7.83 (d, 1H,
J =15.4 Hz, H-p), 7.95 (s, 1H, H-6"), 9.09 (brs, 1H, 4-OH), 13.67 (s, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): § = 17.84 (1C, -CHs, C-4), 25.84 (1C, -CHs, C-5"),
28.89 (1C, -CHz, C-17), 56.26 (1C, 4-OCHjz), 100.02 (1C, C-3"), 114.09 (2C, C-3 and C-5), 118.13
(2C, C-1" and C-5), 122.37 (1C, C-a), 123.71 (1C, -CH, C-27), 127.29 (1C, C-1), 131.18 (2C, C-2
and C-6), 131.71 (1C, C-3”), 132.50 (1C, C-6’), 145.25 (1C, C-B), 161.30 (1C, C-4), 165.06 (1C,
C-2°), 166.35 (1C, C-4"), 192.89 (1C, C-p").
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e 2’ 4-Hydroxyl-4’-methoxy-chalcone (17).

Compound (17) as yellow solid, with an unprotected yield of 78% and an overall yield of
7%. Purity: 98.08% by HPLC-PAD (365 nm); Mp 145 — 148 °C.

'H NMR (Acetone-ds, 600 MHz): & = 3.88 (s, 3H, 4’-OCHs) 6.46 (d, 1H, J = 2.5 Hz, H-3),
6.52 (dd, 1H, J1 = 2.5 Hz and J> = 9.0 Hz, H-57), 6.93 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7,75 (d,
2H, J = 8.6 Hz, H-2 and H-6) 7.78 (d, 1H, J = 15.3 Hz, H- @), 7.86 (d, 1H, J = 15.3 Hz, H- ), 8.17
(d, 1H, J =9.0 Hz, H-6"), 9.22 (brs, 1H, 4-OH), 13.7 (s, 1H. 2°-OH).

13C NMR (Acetone-ds, 150 MHz): § = 56.07 (1C, 4’-OCHjs), 101.68 (1C, C-3"), 108.07
(1C, C-57), 114.87 (1C, C-1°), 116.78 (2C, C-3 and C-5), 118.11 (1C, C-a), 127.42 (1C, C-1),
131.89 (2C, C-2 and C-6), 132.75 (1C, C-6"), 145.52 (1C, C-B), 161.18 (1C, C-4), 167.18 (1C, C-
2%),167.57 (1C, C-4’), 193.05 (1C, C-p’).

e 2’ 4-Hydroxyl-4’-methoxy-3’,5 -diprenylchalcone — 4’-O-methylmedicagenin (18).

Compound (18) as a yellow oil, with an unprotected yield of 65% and an overall yield of
1%. Purity: 98.83% by HPLC-PAD (365 nm);

H NMR (Acetone-ds, 600 MHz): § = 1.66 (s, 3H, CHs, H-4"""), 1.73 (s, 3H, CHs, H-4"),
1.76 (s, 3H, CHs, H-5"""), 1.78 (s, 3H, CHs, H-5”), 3.35 (d, 2H, J = 7.1 Hz, CH, H-1"""), 3.38 (d,
2H,J =6.9 Hz, CHz, H-1"), 3.79 (s, 3H, 4’-OCHa), 5.25 (t, 1H, J = 6.9 Hz, CH, H-2”), 5.31 (t, 1H,
J=7.1Hz, CH, H-2"""), 6.94 (d, 2H, J =8.6 Hz, H-3 and H-5), 7.73 (d, 2H, J = 8.5 Hz, H-2 and
H-6), 7.79 (d, 1H, J = 15.4 Hz, H-a), 7.88 (d, 1H, J = 15.4 Hz, H-B), 7.96 (s, 1H, H-6), 9.18 (bs,
1H, 4-OH), 13.59 (s, 1H 2’-OH).

13C NMR (acetone-ds, 150 MHz): & = 17.99 (1C, CHs, C-4>*"), 23.32 (1C, CH3, C-4”),
23.47 (1C, CHgs, C-5""), 25.83 (1C, CH3, C-57), 29.11 (1C, CHy, C-1"""), 32.63 (1C, CH2, C-17),
61.62 (1C, 4-OCHs), 116.87 (2C, C-3 and C-5), 117.38 (1C, C-3°), 118.29 (1C, C-1°), 123.65 (1C,
C-0), 123.99 (1C, C-2°>), 124.49 (1C, C-27), 126.58 (1C, C-5°), 127.41 (1C, C-1), 129.97 (1C, C-
6%), 131.77 (1C, C-3°*"), 131.91 (2C, C-2 and C-6), 132.61 (1C, C-37), 145.94 (1C, C-p), 161.30
(1C, C-27), 163.06 (1C, C-4), 163.89 (1C, C-4°), 194.00 (1C, C-B’).

4.1.8. Synthesis of 19 and 20
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The synthesis of 19 and 20 was performed using the protocol published by Sugamoto et al.
(2008 and 2011) (SUGAMOTO et al., 2011, 2008).

e Synthesis of 68
The procedure is the same as the preparation of 63 using compound 56 (500.00 mg, 3.00
mmol) and geranyl bromide 67 (781.73 mg, 3.60 mmol) as the substrate to give compound 68, a

colorless oil, with a yield of 90%.

o (E)-1-(2-((3,7-dimethylocta-2,6-dien-1-yl)oxy)-4-methoxyphenyl)ethanone (68).
'H NMR (CDCls, 600 MHz): & = 1.60 (s, 3H, CHs, H-4"), 1.66 (s, 3H, CHs, H-97), 1.74 (s,
3H, CHs, H-10"), 2.11 (m, 4H, CH>, H-5" and H-6"), 2.58 (s, 3H, CH3, H-a), 3.84 (s, 3H, 4’-
OCHpa), 4.61 (d, 2H, J = 6.5 Hz, CH2, H-1"), 5.08 (t, 1H, J = 6.7 Hz, CH, H-7”), 5.50 (t, 1H, J =
6.5 Hz, CH, H-2”), 6.45 (d, 1H, J = 2.3 Hz, H-3"), 6.51 (dd, 1H, J1 = 2.3 Hz and J, = 8.7 Hz, H-
5%),7.83 (d, 1H, J = 8.7 Hz, H-6").

e Synthesis of 69

The procedure is the same as the preparation of compound la by using 2’-O-
geranylacetophenones 68 (1.00 mmol) and benzaldehyde 44 (1.05 mmol) as the substrate to give
chalcone 69, a yellow oil, with a yield of 86%.

e (E)-1-(2-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-4-methoxyphenyl)-3-(4-

(methoxymethoxy)phenyl)prop-2-en-1-one (69).

'H NMR (CDCls, 600 MHz): & = 1.56 (s, 3H, CHs, H-4"), 1.65 (s, 3H, CHs, H-97), 1.74 (s,
3H, CHs, H-107), 2.11 (m, 4H, CHz, H-5” and H-6"), 3.48 (s, 3H, OCH3s, 4-OCH,OCH3), 3.86 (s,
3H, 4’-OCHs3), 4.63 (d, 2H, J = 6.6 Hz, CH2, H-17), 5.19 (s, 2H, OCH>, 4-OCH>0CH3), 5.21 (s,
1H, CH, H-7"), 5.53 (t, 1H, J = 6.6 Hz, CH, H-2"), 6.50 (d, 1H, J = 2.2 Hz, H-3"), 6.56 (dd, 1H, J;
=2.2Hzand J; = 8.6 Hz, H-5"), 7.02 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.52 (d, 2H, J = 8.7 Hz, H-
2 and H-6), 7.58 (d, 1H, J = 15.7 Hz, H-a), 7.65 (d, 1H, J = 15.7 Hz, H-B), 7.82 (d, 1H, J = 8.6 Hz,
H-6).

e Rearrangement of 69
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To astirred solution of 69 (200.00 mg) in dry CH2Cl> (6.00 mL) was added montmorillonite
K10 (220.00 mg) at 0 °C and stirred for 1.5h. The reaction mixture was monitored by TLC. After
completion of the reaction, the reaction mixture was filtrated and evaporated under a vacuum. The
residue was purified by silica gel column chromatography with hexane/ethyl acetate (9:1) to afford
17a (48%), 19a (31%), and 20a (19%).

e (E)-1-(3-((E)-3,7-dimethylocta-2,6-dien-1-yl)-2-hydroxy-4-methoxyphenyl)-3-(4-

(methoxymethoxy)phenyl)prop-2-en-1-one (19a).

Compound 19a (31%) as yellow oil;

'H NMR (CDClIs, 600 MHz): § = 1.64 (s, 3H, CHs, H-4"), 1.69 (s, 3H, CHs, H-97), 1.79 (s,
3H, CHs, H-10"), 1.97 (t, 2H, J = 7.1 Hz, CH2, H-5"), 2.05 (m, 2H, CH2, H-6"), 3.39 (d, 2H, J =
7.0 Hz, CH2, H-17), 3.49 (s, 3H, OCHzs, 4-OCH>0CHz3), 3.91 (s, 3H, 4’-OCH3), 5.07 (t, 1H,J=7.0
Hz, CH, H-77), 5.23 (s, 2H, OCH2, 4-OCH,0CHs3), 5.30 (t, 1H, J = 7.0 Hz, CH, H-2"), 6.50 (d,
1H, J=9.0 Hz, H-5), 7.08 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.50 (d, 1H, J = 15.4 Hz, H-a), 7.60
(d, 2H, J = 8.7 Hz, H-2 and H-6), 7.80 (d, 1H, J = 9.0 Hz, H-6"), 7.85 (d, 1H, J = 15.4 Hz, H-p),
13.43 (s, 1H, 2’-OH).

e (E)-1-(5-((E)-3,7-dimethylocta-2,6-dien-1-yl)-2-hydroxy-4-methoxyphenyl)-3-(4-

(methoxymethoxy)phenyl)prop-2-en-1-one (20a).

Compound 20a (31%) as a yellow oil;

'H NMR (CDCl3, 600 MHz): § = 1.59 (s, 3H, CHs, H-4"), 1.67 (s, 3H, CHs, H-97), 1.73 (s,
3H, CH3, H-10"), 2.06 (m, 2H, CH», H-6"), 2.17 (m, 2H, CH2, H-5"), 3.27 (d, 2H, J = 7.2 Hz, CH_,
H-17), 3.49 (s, 3H, OCH3s, 4-OCH20CHa), 3.88 (s, 3H, 4’-OCHs3), 5.16 (t, 1H, J = 7.0 Hz, CH, H-
7, 5.32 (s, 2H, OCH>, 4-OCH>0CHg), 5.32 (t, 1H, J = 7.2 Hz, CH, H-2"), 6.45 (s, 1H, H-3"), 7.07
(d, 2H, J = 8.7 Hz, H-3 and H-5), 7.45 (d, 1H, J = 15.4 Hz, H-a), 7.59 (d, 2H, J = 8.7 Hz, H-2 and
H-6), 7.60 (s, 1H, H-6"), 7.84 (d, 1H, J = 15.4 Hz, H-P), 13.49 (s, 1H, 2°-OH).

o Synthesis of 19 and 20
The procedure is the same as the preparation of compound 1 by using compounds 19a and
20a (35.00 mg) as the substrate to give compounds 19 (93%) and 20 (90%).
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e (E)-1-(3-((E)-3,7-dimethylocta-2,6-dien-1-yl)-2-hydroxy-4-methoxyphenyl)-3- (4-

hydroxyphenyl)prop-2-en-1-one: Xanthoangelol F (19).

Compound 19 (93%) as yellow solid, with an overall yield of 20%. Purity: 99.79% by
HPLC-PAD (365 nm); Mp: 94 — 95 °C;

'H NMR (Acetone-ds, 600 MHz): § = 1.54 (s, 3H, CHs, H-4”), 1.59 (s, 3H, CH3, H-9”),
1.78 (s, 3H, CHs, H-10"), 1.95 (t, 2H, J = 7.6 Hz CH2, H-5"), 2.05 (q, 2H,J=7.1 Hzand J = 7.6
Hz, CH2, H-67), 3.36 (d, 2H, J = 7.2 Hz, CH2, H-17), 3.94 (s, 3H, 4’-OCH3), 5.06 (t, 1H,J=7.1
Hz, CH, H-77),5.23 (t, 1H, J = 7.2 Hz, CH, H-2”), 6.66 (d, 1H, J = 9.0 Hz, H-5), 6.93 (d, 2H, J =
8.6 Hz, H-3 and H-5), 7.74 (d, 2H, J = 8.6 Hz, H-2 and H-6), 7.80 (d, 1H, J = 15.3 Hz, H-a), 7.86
(d, 1H, J = 15.3 Hz, H-B), 8.14 (d, 1H, J = 9.0 Hz, H-6"), 13.77 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): 8 =16.21 (1C, CHs, C-4"), 17.68 (1C, CHs, C-9), 22.18
(1C, CHa, C-17), 25.80 (1C, CHs, C-107), 27.37 (1C, CH2, C-6”), 40.49 (1C, CHz, C-57), 56.32
(1C, 4-OCHj3), 103.21 (1C, C-57), 115.38 (1C, C-17), 116.79 (2C, C-3 and C-5), 117.65 (1C, C-
3%), 118.30 (1C, C-0), 123.13 (1C, CH, C-2"), 125.13 (1C, CH, C-7), 127.48 (1C, C-1), 130.75
(1C, C-6), 131.57 (1C, C-8”), 131.84 (2C, C-2 and C-6), 135.28 (1C, C-37), 145.39 (1C, C-p),
161.16 (1C, C-4), 163.81 (1C, C-27), 164.21 (1C, C-4’), 193.47 (1C, C-p’).

e (E)-1-(5-((E)-3,7-dimethylocta-2,6-dien-1-yl)-2-hydroxy-4-methoxyphenyl)-3-(4-

hydroxyphenyl)prop-2-en-1-one (20).

Compound 20 (90%) as a yellow solid, with an overall yield of 12%; Purity: 98.42% by
HPLC-PAD (365 nm); Mp: 81 — 83 °C.

'H NMR (Acetone-ds, 600 MHz): & = 1.57 (s, 3H, CHs, H-4”), 1.62 (s, 3H, CHs, H-9”),
1.74 (s, 3H, CHs, H-10”), 2.04 (m, 2H, CHa, H-6), 2.15 (m, 2H, CHa, H-5"), 3.28 (d, 2H, J = 7.2
Hz, CHz, H-17),3.93 (s, 3H, 4’-OCHg), 5.13 (t, 1H, J = 7.1 Hz, CH, H-7), 5.33 (t, IH, J = 7.2 Hz,
CH, H-27), 6.48 (s, 1H, H-3"), 6.92 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7.69 (d, 2H, J = 8.6 Hz, H-2
and H-6), 7.71 (d, 1H, J = 15.3 Hz, H-a), 7.84 (d, 1H, J = 15.3 Hz, H-B), 7.93 (s, 1H, H-6), 13.65
(s, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): = 16.24 (1C, CHs, C-4”), 17.76 (1C, CH3, C-9”), 23.33
(1C, CHz, C-107), 27.75 (1C, CHs, C-67), 28.60 (1C, CHa, C-17), 40.52 (1C, CHa, C-57), 56.29
(1C, 4’-OCHs), 100.04 (1C, C-3°), 114.12 (1C, C-17), 114.65 (1C, C-57), 116.83 (2C, C-3 and C-
5), 118.25 (1C, C-a), 122.25 (1C, CH, C-2"), 123.50 (1C, CH, C-7”), 125.03 (1C, C-1), 127.50
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(1C, C-87), 130.99 (1C, C-6"), 131.72 (2C, C-2 and C-6), 136.71 (1C, C-3”), 145.17 (1C, C-B),
161.10 (1C, C-4), 165.12 (1C, C-2), 166.46 (1C, C-4"), 192.84 (1C, C-p").

4.1.9. Synthesis of 21
The synthesis of compound 21 was performed using the protocol published by Wang et al.
(2015) by Suzuki coupling (MIYAURA; SUZUKI, 1995; WANG, Hao Meng et al., 2015).

e Synthesis of 70

To a stirred solution of compound 41 (1.00 mmol) and K>COs (3.00 mmol) in acetone (10
mL) was slowly added CHzsl (1.50 mmol) at reflux and stirred for 4h. The reaction mixture was
monitored by TLC. After completion of the reaction, the reaction mixture was diluted with ethyl
acetate (30 mL), and the organic layer was washed with water (3x15 mL), dried over MgSQ4, and

concentrated under reduced pressure to afford compound 70 (99%) as a colorless oil.

e 1-(3-iodo-2,4-dimethoxyphenyl)ethanone (70).
'H NMR (CDCls, 600 MHz): § = 2.64 (s, 3H, CH3, H-0), 3.83 (s, 3H, 2°-OCHjs), 3.95 (s,
3H, 4’-OCHg), 6.67 (d, 1H, J = 8.7 Hz, H-5"), 7.74 (d, 1H, J = 8.7 Hz, H-6").

e Synthesis of 21a

The procedure is the same as preparing compound 1a using acetophenone 70 (1.00 mmol)
and benzaldehyde 44 (1.05 mmol) as the substrate to give compound 21a, yellow oil with a yield
of 98%.

e (E)-1-(3-iodo-2,4-dimethoxyphenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-en-1-one
(21a).
'H NMR (CDCls, 600 MHz): § = 3.49 (s, 3H, OCH3, 4-OCH,0OCHa), 3.77 (s, 3H, 2°-OCHj),
3.96 (s, 3H, 4’-OCHj3), 5.21 (s, 2H, OCHz, 4-OCH.0CH3), 6.70 (d, 1H, J = 8.7 Hz, H-5"), 7.05 (d,
2H, J = 8.7 Hz, H-3 and H-5), 7.45 (d, 1H, J = 15.8 Hz, H-a), 7.58 (d, 2H, J = 8.7 Hz, H-2 and H-
6), 7.71 (d, 1H, J = 15.8 Hz, H-B), 7.73 (d, 1H, J = 8.7 Hz, H-6").

e Synthesis of 21b
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The procedure is the same as preparing compound 1b by using compound 21a (100.00 mg)
as the substrate to give compound 21D, a yellow oil, with yields of 50%.

e (E)-1-(2,4-dimethoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-
(methoxymethoxy)phenyl)prop-2-en-1-one (21b).
'H NMR (CDCls, 600 MHz): § = 1.69 (s, 3H, CH3, H-4"), 1.79 (s, 3H, CHs, H-5"), 3.40 (d,
2H, J =6.9 Hz, H-17), 3.48 (s, 3H, OCH3s, 4-OCH,0OCHz3), 3.69 (s, 3H, 2’-OCHj3), 3.88 (s, 3H, 4’-
OCHs3), 5.19 (t, 1H, J = 6.9 Hz, H-2"), 5.21 (s, 2H, OCHz2, 4-OCH20CH?3), 6.73 (d, 1H, J = 8.7 Hz,
H-5"), 7.05 (d, 2H, J = 8.8 Hz, H-3 and H-5), 7.43 (d, 1H, J = 15.8 Hz, H-a), 7.57 (d, 2H, J = 8.8
Hz, H-2 and H-6), 7.59 (d, 1H, J = 8.7 Hz, H-6"), 7.69 (d, 1H, J = 15.8 Hz, H-B).

e Synthesis of 21

The procedure is the same as the preparation of compound 1 using compound 21b (50.00
mQ) as the substrate to afford compound 21, a yellow solid with a yield of 97% and an overall yield
of 34%. Purity: 99.42% by HPLC-PAD (365 nm); Mp: 119 — 120 °C.

o (E)-1-(2,4-dimethoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-hydroxyphenyl)prop-2-en-1-

one (21).

'H NMR (Acetone-ds, 600 MHz): & = 1.66 (s, 3H, CHs, H-4), 1.78 (s, 3H, CHs, H-57),
3.39 (d, 2H, J = 7.0 Hz, H-17), 3.69 (s, 3H, 2°-OCHBa), 3.93 (s, 3H, 4’-OCHzs), 5.19 (t, 1H, J = 7.0
Hz, H-2”), 6.87 (d, 1H, J = 8.7 Hz, H-5"), 6.91 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.37 (d, 1H, J =
15.8 Hz, H-a), 7.54 (d, 1H, J = 8.7 Hz, H-6"), 7.59 (d, 2H, J = 8.7 Hz, H-2 and H-6), 7.60 (d, 1H,
J =15.8 Hz, H-B), 9.04 (bs, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz): 8 = 17.94 (1C, CH3, C-4”),23.38 (1C, CHa, C-17), 25.87
(1C, CHs, C-5"), 56.32 (1C, 4’-OCH3), 63.26 (1C, 2°-OCH3), 107.27 (1C, C-5°), 116.79 (2C, C-3
and C-5), 123.78 (1C, C-a), 124.24 (1C, CH, C-27), 124.31 (1C, C-3°), 127.34 (1C, C-1°), 127.72
(1C, C-1), 130.16 (1C, C-6%), 131.19 (2C, C-2 and C-6), 131.68 (1C, C-3), 143.78 (1C, C-B),
159.51 (1C, C-4), 160.63 (1C, C-2’), 162.06 (1C, C-4’), 191.21 (1C, C-p’).

4.1.10. Synthesis of 22
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The procedure is the same as preparing compound 68 using 4-methoxyderricin 5 (30.00
mg) as the substrate to afford compound 22, a yellow oil, with a yield of 52% and an overall yield
of 14%. Purity: 99.87% by HPLC-PAD (365 nm);

e (E)-1-(2,4-dimethoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-methoxyphenyl)prop-2-en-1-

one (22).

'H NMR (Acetone-ds, 600 MHz): & = 1.66 (s, 3H, CHs, H-4"), 1.78 (s, 3H, CHs, H-57),
3.39(d, 2H,J=7.1Hz,H-17),3.69 (s, 3H, 2°-OCHs3), 3.86 (s, 3H, 4-OCHa), 3.91 (s, 3H, 4’-OCHj),
5.19 (t, 1H,J =7.1 Hz, H-2"), 6.88 (d, 1H, J = 8.6 Hz, H-5), 7.01 (d, 2H, J = 8.8 Hz, H-3 and H-
5), 7.42 (d, 1H, J = 15.8 Hz, H-a), 7.55 (d, 1H, J = 8.6 Hz, H-6"), 7.62 (d, 1H, J = 15.8 Hz, H-p),
7.67 (d, 2H, J = 8.8 Hz, H-2 and H-6).

13C NMR (Acetone-ds, 150 MHz): § = 17.95 (1C, CHs, C-4"), 23.38 (1C, CHz, C-17), 25.87
(1C, CHs, C-5), 55.79 (1C, 4-OCHpa), 56.34 (1C, 4’-OCHpa), 63.29 (1C, 2’-OCHg), 107.31 (1C, C-
5%),115.31 (2C, C-3and C-5), 123.77 (1C, C-0), 124.34 (1C, C-3°), 124.92 (1C, CH, C-2"), 127.28
(1C, C-1), 128.72 (1C, C-1), 130.21 (1C, C-6’), 130.97 (2C, C-2 and C-6), 131.71 (1C, C-37),
143.35 (1C, C-B), 159.56 (1C, C-4), 162.14 (1C, C-2°), 162.56 (1C, C-4’), 191.12 (1C, C-p’).

4.1.11. Synthesis of 23

The synthesis of 4-hydroxyderricin regioisomer 23 was performed using the protocol
published by Wang et al. (2015) by Suzuki coupling (MIYAURA; SUZUKI, 1995; WANG, Hao
Meng et al., 2015).

e Synthesis of 71

To a stirred solution of 40 (1.00 mmol) and K>COs (2.00 mmol) in dry acetone (10 mL)
was slowly added chloromethyl methyl ether (1.1 mmol) at 0 °C and stirred for 1h. The reaction
mixture was monitored by TLC. After completion of the reaction, the reaction mixture was diluted
with ethyl acetate (30 mL), and the organic layer was washed with water (3x15 mL), dried over
MgSQ4, and concentrated under reduced pressure to afford compound 71 (95%) as a colorless oil.

e 1-(2-hydroxy-3-iodo-4-(methoxymethoxy)phenyl)ethanone (71).
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IH NMR (CDCls, 600 MHz): & = 2.60 (s, 3H, CHs, H-a), 3.51 (s, 3H, OCHs, 4'-
OCH,OCHs3), 3.51 (s, 3H, OCHs, 4’-OCH;0CHs3), 5.33 (s, 2H, OCHz, 4°-OCH,OCHs3), 6.67 (d,
1H, J = 8.9 Hz, H-5"), 7.70 (d, 1H, J = 8.9 Hz, H-6"), 13.55 (s, 1H, 2’-OH).

13C NMR (CDCls, 150 MHz): & = 26.29 (1C, C-0), 56.86 (1C, OCHs, 4’-OCH20CHs),
78.33 (1C, C-3°), 94.72 (1C, OCHj, 4°-OCH,0OCHs), 105.55 (1C, C-5°), 115.21 (1C, C-1°), 132.52
(1C, C-6), 162.58 (1C, C-4), 163.63 (1C. C-2), 202.70 (1C, C-B").

e Synthesis of 72
The procedure is the same as preparing compound 70 using 71 (1.00 mmol) as the substrate

to afford compound 72, a colorless oil, with a yield of 98%.

e 1-(3-iodo-2-methoxy-4-(methoxymethoxy)phenyl)ethanone (72).
'H NMR (CDCls, 600 MHz): & = 2.63 (s, 3H, CHs, H-a), 3.52 (s, 3H, OCHs, 4’-
OCH20CHs3), 3.84 (s, 3H, 2’-OCH3), 5.30 (s, 2H, OCH., 4’-OCH>0CH3), 6.89 (d, 1H, J = 8.7 Hz,
H-5"), 7.68 (d, 1H, J = 8.7 Hz, H-6").

o Synthesis of 23a

The procedure is the same as preparing compound 1a using acetophenone 72 (1.00 mmol)
and benzaldehyde 44 (1.05 mmol) as the substrate to afford compound 23a, a yellow oil, with a
yield of 98%.

e (E)-1-(3-iodo-2-methoxy-4-(methoxymethoxy)phenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-en-1-
one (23a).
'H NMR (CDCls3, 600 MHz): § = not determined:;

e Synthesis of 23b
The procedure is the same as preparing compound 1b by using compound 23a (100.00 mg)

as the substrate to afford compound 23b, a yellow oil, with yields of 58%.

o (E)-1-(2-methoxy-4-(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-
(methoxymethoxy)phenyl)prop-2-en-1-one (23b).
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IH NMR (CDCls, 600 MHz): § = 1.69 (s, 3H, CHs, H-4”), 1.80 (s, 3H, CHs, H-5"), 3.43 (d,
2H, J = 6.9 Hz, H-17), 3.48 (s, 6H, 2-OCHs, 4°-OCH20CHs and 4-OCH,OCH3), 3.69 (s, 3H, 2’
OCHs), 5.21 (t, 1H, J = 6.9 Hz, H-2), 5.21 (s, 2H, OCHz, 4-OCH20CH3), 5.25 (s, 2H, OCHa, 4°-
OCH20CHs), 6.92 (d, 1H, J = 8.7 Hz, H-5), 7.05 (d, 2H, J = 8.7 Hz, H-3 and H-5), 7.39 (d, 1H, J
= 15.8 Hz, H-a), 7.53 (d, 1H, J = 8.7 Hz, H-6"), 7.56 (d, 2H, J = 8.7 Hz, H-2 and H-6), 7.68 (d, 1H,
J=15.8 Hz, H-p).

e Synthesis of 23

The procedure is the same as the preparation of compound 1 by using compound 23b (50.00
mQ) as the substrate to afford compound 23, a yellow oil, with a yield of 62% and an overall yield
of 28%. Purity: 99.11% by HPLC-PAD (365 nm);

o (E)-1-(4-hydroxy-2-methoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-hydroxyphenyl)prop-

2-en-1-one (23).

'H NMR (Acetone-ds, 600 MHz): § = 1.67 (s, 3H, CHs, H-4”), 1.79 (s, 3H, CH3, H-5"),
3.41 (d, 2H, J = 7.0 Hz, CH>, H-17), 3.69 (s, 3H, 2’-OCH3), 5.26 (t, 1H, J = 7.0 Hz, CH, H-2"),
6.75 (d, 1H, J=8.5 Hz, H-5%), 6.91 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7.41 (d, 1H, J = 15.7 Hz, H-
a), 7.42 (d, 1H, J=8.5 Hz, H-6), 7.58 (d, 2H, J = 8.6 Hz, H-2 and H-6), 7.60 (d, 1H, J = 15.7 Hz,
H-B), 9.11 (s, 1H, 4-OH), 9.25 (s, 1H, 4°-OH).

13C NMR (Acetone-ds, 150 MHz): & = 17.98 (1C, CHs, C-47), 23.42 (1C, CHa, C-17), 25.87
(1C, CHs, C-57), 63.22 (1C, 2’-OCH3), 111.83 (1C, C-5"), 116.78 (2C, C-3 and C-5), 122.79 (1C,
C-3%), 123.94 (1C, C-a), 124.29 (1C, CH, C-27), 126.25 (1C, C-17), 127.79 (1C, C-1), 130.02 (1C,
C-6”), 131.11 (2C, C-2 and C-6), 131.52 (1C, C-37), 143.43 (1C, C-B), 160.39 (1C, C-4), 160.48
(1C, C-2°), 160.55 (1C, C-4’), 190.98 (1C, C-B’).

4.1.12. Synthesis of 24

The synthesis of simplified 4'-methoxy analog of 4HD (24) was performed using the
protocol published by Wang et al. (2010) for iodination (WANG, Shaojie et al., 2010) and by Wang
et al. (2015) for Suzuki coupling (MIYAURA; SUZUKI, 1995; WANG, Hao Meng et al., 2015).

e Synthesis of 74
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To a solution of KI (5.00 mmol) and I> (1.00 mmol) in water (1.6 mL), 2’-
hydroxyacetophenone 74 (1.00 mmol) in concentrated NH4OH (5 mL) was added rapidly with
stirring. The reaction was stirred vigorously overnight at room temperature. After the reaction was
completed, the mixture was extracted with ethyl acetate (3x10 mL). The combined organic extract
was acidified with concentrated HCI solution. The crude residue obtained was subjected to silica
gel column chromatography using hexane/DCM (7:3) to afford 74 (33%) white solid. Mp: 49 — 51
°C.

e 1-(2-hydroxy-3-iodophenyl)ethanone (74).

!H NMR (CDCls, 600 MHz): § = 2.65 (s, 3H, H-a), 6.70 (dd, 1H, J1 =7.7 Hzand J, = 7.9
Hz, H-5"), 7.74 (dd, 1H, J1=15Hzand J, = 7.9 Hz, H-4"), 7.95 (dd, IH, J1 =15Hzand J. = 7.7
Hz, H-6"), 13.16 (s, 1H, 2°-OH).

o Synthesis of 75
The procedure is the same as preparing compound 42 using acetophenone 74 (1.00 mmol)
to afford compound 75, a colorless oil, with a yield of 99%.

e 1-(3-iodo-2-(methoxymethoxy)phenyl)ethanone (75)
'H NMR (CDCls3, 600 MHz): § = not determined:;

o Synthesis of 24a

The procedure is the same as preparing compound 1a using acetophenone 75 (1.00 mmol)
and benzaldehyde 44 (1.05 mmol) as the substrate to afford compound 24a, yellow oil with a yield
of 98%.

o (E)-1-(3-iodo-2-(methoxymethoxy)phenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-en-1-one
(24a)

'H NMR (CDCls, 600 MHz): § = not determined;

o Synthesis of 24b
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The procedure is the same as preparing compound 1b by using compound 24a (100.00 mg)
as the substrate to afford compound 24b, a yellow oil, with yields of 43%.

e (E)-1-(2-(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-(methoxymethoxy)phenyl)prop-
2-en-1-one (24b)
'H NMR (CDCls, 600 MHz): § = Not determined;

e Synthesis of 24

The procedure is the same as the preparation of compound 1 using compound 24b (50.00
mQ) as the substrate to afford compound 24, yellow solid, with a yield of 86% and an overall yield
of 10%.

e (E)-1-(2-hydroxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one

(24)

H NMR (Acetone-ds, 600 MHz): § = 1.72 (s, 6H, CHs, H-4” and H-5"), 3.37 (d, 2H, J =
7.1 Hz, H-17), 5.35 (t, 1H, J = 7.1 Hz, H-2"), 6.90 (dd, 1H, J1 = J = 7.6 Hz, H-5"), 6.95 (d, 2H, J
= 8.1 Hz, H-3 and H-5), 7.41 (dd, 1H, J1 =2.3 Hz and J, = 7.6 Hz, H-4"), 7.78 (d, 2H, J = 8.1 Hz,
H-2 and H-6), 7.87 (d, 1H, J = 15.3 Hz, H-a), 7.91 (d, 1H, J = 15.3 Hz, H-B), 8.09 (dd, 1H, J1 =
2.3 Hzand J; = 7.6 Hz, H-6"), 13.54 (s, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): & = 17.81 (1C, CHs, C-4”), 25.87 (1C, CHs, 5”), 28.31
(1C, CH,, C-17), 116.86 (2C, C-3 and C-5), 118.13 (1C, C-5°), 119.19 (1C, C-a), 120.38 (1C, C-
17), 122.87 (1C, CH, C-2”), 127.34 (1C, C-1), 128.77 (1C, C-6), 131.28 (1C, C-3"), 132.10 (2C,
C-2 and C-6), 133.29 (1C, C-3"), 136.55 (1C, C-4"), 146.54 (1C, C-B), 161.43 (1C, C-2), 162.48
(1C, C-4), 195.13 (1C, C-p").

4.1.13. Synthesis of 25

The synthesis of simplified 2'-hydroxyl analog of 4HD (25) was performed using the
protocol published by Bergstrom et al. (2017) for regioselective iodination (BERGSTROM et al.,
2017) and by Wang et al. (2015) for Suzuki coupling (MIYAURA; SUZUKI, 1995; WANG, Hao
Meng et al., 2015).

e Synthesis of 77
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To a solution of 4’-methoxyacetophenone 76 (1.00 mmol) in TFA (3 mL) was added NIS
(1.20 mmol) in small portions at room temperature. The reaction was stirred vigorously overnight.
The iodinated product 77 was isolated by pouring the reaction mixture into cold water and then
extracting it with DCM (3x2.5 mL). The combined organic extracts were washed with 10%
Na>S204 in water and dried with MgSOs. The crude residue obtained was subjected to silica gel
column chromatography using hexane/ethyl acetate (9:1) to afford 77 (86%) as a white solid. M.p.
lit. 201 — 103 °C (KIRSCHNING et al., 2007), found 86 °C.

e 1-(3-iodo-4-methoxyphenyl)ethanone (77)
!H NMR (CDCls, 600 MHz): § = 2.53 (s, 3H, CH3s, H-a), 3.94 (s, 3H, 4’-OCHj3), 6.83 (d,
1H, J = 8.6 Hz, H-5"), 7.93 (dd, 1H, J1 = 2.2 Hz and J, = 8.6 Hz, H-6"), 8.37 (d, 1H, J = 2.2 Hz,
H-2%).

o Synthesis of 25a

The procedure is the same as the preparation of compound 1a by using acetophenone 77
(1.00 mmol) and benzaldehyde 44 (1.05 mmol) as the substrate to afford compound 25a (96%) as
a yellow solid. M.p. 93 - 96 °C.

e (E)-1-(3-iodo-4-methoxyphenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-en-1-one (25a)
'H NMR (CDCls3, 600 MHz): § = not determined:;

e Synthesis of 25b
The procedure is the same as the preparation of compound 1b by using compound 25a

(100.00 mg) as the substrate to afford compound 25b, a yellow oil, with yields of 65%.

o (E)-1-(4-methoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-(methoxymethoxy)phenyl)prop-
2-en-1-one (25b)
'H NMR (Acetone-ds, 600 MHz): & = 1.72 (s, 3H, CHs, H-4”), 1.73 (s, 3H, CHs, H-5),
3.36 (d, 2H, J =7.4 Hz, CH2, H-17), 3.44 (s, 3H, CHs, 4-OCH20CHpg), 3.94 (s, 3H, 4’-OCHj3), 5.26
(s, 2H, CHaz, 4-OCH20CHy), 5.32 (t, 1H, J = 7.4 Hz, CH, H-2"), 7.07 (d, 1H, J = 8.6 Hz, H-5"),
7.10 (d, 2H, J = 8.8 Hz, H-3 and H-5), 7.71 (d, 1H, J = 15.6 Hz, H-0), 7.75 (d, 1H, J = 15.6 Hz, H-
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B),7.76 (d, 2H, J = 8.8 Hz, H-2 and H-6), 7.95 (d, 1H, J = 2.3 Hz, H-2"), 8.06 (dd, 1H, J1 = 2.3 Hz
and J, = 8.6 Hz, H-6").

e Synthesis of 25

The procedure is the same as the preparation of compound 1 by using compound 25b (50.00
mg) as the substrate to afford compound 25, a yellow solid, with a yield of 73% and an overall
yield of 37%. Mp 113 - 116 °C;

e (E)-3-(4-hydroxyphenyl)-1-(4-methoxy-3-(3-methylbut-2-en-1-yl)phenyl)prop-2-en-1-one

(25)

'H NMR (Acetone-ds, 600 MHz): & = 1.72 (s, 3H, CHs, H-4”), 1.73 (s, 3H, CHs, H-57),
3.36 (d, 2H, J = 7.3 Hz, CH>, H-17), 3.94 (s, 3H, 4’-OCH3), 5.32 (t, 1H, J = 7.3 Hz, CH, H-2"),
6.92 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7.07 (d, 1H, J = 8.6 Hz, H-5"), 7.66 (d, 1H, J = 15.5 Hz, H-
a), 7.67 (d, 2H, J = 8.6 Hz, H-2 and H-6), 7.70 (d, 1H, J = 15.5 Hz, H-B), 7.94 (d, 1H, J = 2.3 Hz,
H-2"), 8.04 (dd, 1H, J1 = 2.3 Hz and J; = 8.6 Hz, H-6"), 9.01 (s, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz): 6 = 17.86 (1C, CHs, C-4"), 25,90 (1C, CHz, C-17), 29.24
(1C, CHs, 57), 56.11 (1C, 4’-OCH3), 110.73 (1C, C-5%), 116.71 (2C, C-3 and C-5), 119.78 (1C, C-
a), 123.11 (1C, CH, C-27), 127.83 (1C, C-3"), 129.46 (1C, C-6"), 130.55 (1C, C-1), 130.90 (1C,
C-2%), 131.30 (2C, C-2 and C-6), 132.04 (1C, C-3”), 133.05 (1C, C-17), 144.04 (1C, C-P), 160,61
(1C, C-4),161.99 (1C, C-4’), 188.35 (1C, C-P’).

4.1.14. Synthesis of 26, 27 and 28

For the synthesis of the diacetylated analogs (26, 27, and 28) of 4-hydroxyderricin (1), 4’-
O-methylbavachalcone (16), and chalcone 17, respectively, the acetylation protocol via acetic
anhydride and pyridine published by Mastihubovd and Polakova (2016) was adopted
(MASTIHUBOVA; POLAKOVA, 2016).

e Synthesis of 26
To a stirred solution of 4-hydroxyderricin 1 (32.00 mg, 0.095 mmol) and pyridine 79 (2.00
mL) was added acetic anhydride 78 (2.00 mL) dropwise in an ice bath. The reaction was kept at

room temperature and stirred for 48h. The reaction mixture was monitored by TLC. After
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completion of the reaction, the reaction mixture was diluted with ethyl acetate (15 mL) and was
washed with water (3x10 mL), dried over MgSOa, and concentrated under reduced pressure. The
sample was subjected to purification by column chromatography on silica gel and hexane/ethyl
acetate (8:2) as eluent to afford compound 26, as light yellow solid with 75% yield and overall
yield of 11%. Purity: 99.86% by HPLC-PAD (365 nm); Mp: 114 — 117 °C.

e (E)-4-(3-(2-acetoxy-4-methoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-oxoprop-1-en-1-

yl)phenyl acetate (26).

'H NMR (CDCls, 600 MHz): § = 1.67 (s, 3H, CHs, H-4"), 1.75 (s, 3H, CHs, H-57), 2.29 (s,
3H, CHs, 2’-acetyl), 2.32 (s, 3H, CHa, 4-acetyl), 3.30 (d, 2H, J = 7.0 Hz, H-17), 3.91 (s, 3H, 4’-
OCHa), 5.11 (t, 1H, J = 7.0 Hz, H-2”), 6.82 (d, 1H, J = 8.7 Hz, H-5"), 7.14 (d, 2H, J = 8.6 Hz, H-3
and H-5), 7.21 (d, 1H, J = 15.9 Hz, H-a), 7.59 (d, 1H, J = 15.9 Hz, H-B), 7.60 (d, 2H, J = 8.6 Hz,
H-2 and H-6), 7.67 (d, 1H, J = 8.7 Hz, H-6").

13C NMR (CDCls, 150 MHz): 8 = 17.94 (1C, CHs, C-4”), 21.11 (1C, CH3, 2’-acetyl), 21.28
(1C, CHs, 4-acetyl), 23.30 (1C, CH,, C-17), 25.85 (1C, CHs, C-57), 56.09 (1C, 4’-OCH3), 107.53
(1C, C-57), 121.37 (1C, C-u), 122,31 (2C, C-3 and C-5), 124.37 (1C, C1°), 124.83 (1C, C-3),
125.20 (1C, CH, C-27), 129.44 (1C, C-6’), 129.56 (2C, C-2 and C-6), 132.28 (1C, C-3”), 132.74
(1C, C-1), 143.09 (1C, C-B), 148.84 (1C, C-4), 152.28 (1C, C-27), 161.49 (1C, C-4’), 169.27 (1C,
2’-acetyl), 169.53 (1C, 4-acetyl), 189.88 (1C, C-p’).

o Synthesis of 27

The procedure is the same as the preparation of compound 26 by using compound 16 (30.00
mq) as the substrate to afford compound 27, a white solid with a yield of 68% and an overall yield
of 10%. Purity: 99.83% by HPLC-PAD (365 nm); Mp: 117 — 120 °C.

o (E)-4-(3-(2-acetoxy-4-methoxy-5-(3-methylbut-2-en-1-yl)phenyl)-3-oxoprop-1-en-1-
ylphenyl acetate (27).
'H NMR (CDClIs, 600 MHz): § = 1.70 (s, 3H, CHs, H-4"), 1.74 (s, 3H, CHs, H-57), 2.25 (s,
3H, CHa, 2’-acetyl), 2.31 (s, 3H, CHs, 4-acetyl), 3.31 (d, 2H, J = 7.3 Hz, H-17), 3.87 (s, 3H, 4°-
OCHa), 5.28 (t, 1H, J = 7.3 Hz, H-2"), 6.59 (s, 1H, H-3"), 7.14 (d, 2H, J = 8.7 Hz, H-3 and H-5),
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7.19 (d, 1H, J = 15.8 Hz, H-a), 7.56 (s, 1H, H-6"), 7.57 (d, 1H, J = 15.8 Hz, H-B), 7.59 (d, 2H, J =
8.7 Hz, H-2 and H-6).

13C NMR (CDCls, 150 MHz): 6 =17.92 (1C, CH3, C-4”), 21.18 (1C, CHs, 2’-acetyl), 21.22
(1C, CHa, 4-acetyl), 25.87 (1C, CHgs, C-57), 28.07 (1C, CH>, C-17), 55.88 (1C, 4’-OCH3), 105.64
(1C, C-37), 121.53 (1C, C-a), 122,31 (2C, C-3 and C-5), 123.73 (1C, C-1"), 125.35 (1C, CH, C-
27), 128.08 (1C, C-5”), 129.46 (2C, C-2 and C-6), 130.97 (1C, C-6), 132.67 (1C, C-3”), 133.52
(1C, C-1), 142.84 (1C, C-B), 149.28 (1C, C-4), 152.26 (1C, C-27), 160.94 (1C, C-4"), 169.22 (1C,
2’-acetyl), 169.68 (1C, 4-acetyl), 189.74 (1C, C-p’).

e Synthesis of 28

The procedure is the same as the preparation of compound 26 by using compound 17 (30.00
mg) as the substrate to afford compound 28, a light yellow oil, with a yield of 84% and an overall
yield of 6%. Purity: 99.98% by HPLC-PAD (365 nm);

o (E)-4-(3-(2-acetoxy-4-methoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl acetate (28).

'H NMR (CDCls, 600 MHz): § = 2.27 (s, 3H, CHs, 4-OCOCHj), 2.31 (s, 3H, CHa, 2’-
OCOCHs), 3.87 (s, 3H, 4-OCH3), 6.67 (d, 1H, J = 2.4 Hz, H-3"), 6.86 (dd, 1H, J1 = 2.4 Hz and J>
= 8.7 Hz, H-5%), 7.14 (d, 2H, J = 8.6 Hz, H-3 and H-5), 7.20 (d, 1H, J = 15.9 Hz, H-0), 7.59 (d, 1H,
J =15.9 Hz, H-p), 7.60 (d, 2H, J = 8.6 Hz, H-2 and H-6), 7.76 (d, 1H, J = 8.7 Hz, H-6").

13C NMR (CDCls, 150 MHz): & = 21.21 (1C, CHs, 2’-acetyl), 21.27 (1C, CHa, 4-acetyl),
55.86 (1C, 4-OCHs), 109.35 (1C, C-3°), 111.86 (1C, C-5°), 122,35 (2C, C-3 and C-5), 124.57 (1C,
C-1%), 125.13 (1C, C-a), 129.57 (2C, C-2 and C-6), 131.97 (1C, C-6°), 132.61 (1C, C-1), 143.19
(1C, C-B), 151.19 (1C, C-4), 152.36 (1C, C-2°), 163.46 (1C, C-4"), 169.26 (1C, 2’-acetyl), 169.50
(1C, 4-acetyl), 189.51 (1C, C-B).

4.1.15. Synthesis of 29 — 34

For the synthesis of dihydrochalcones 29 — 34, the protocol of reduction of a,-unsaturated
ketones via triethylsilane and palladium was published by Mirza-Aghayan et al. (2007), was
adopted (MIRZA-AGHAYAN et al., 2007).

o Synthesis of 29 and 30
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To a solution of 4-hydroxyderricin 1 (1.00 mmol) and triethylsilane (2.00 mmol) in ethanol
(5 mL) was added a catalytic amount of Pd(Ac)2 (0.10 mmol) under a nitrogen atmosphere and
room temperature. The reaction mixture was monitored by TLC and was stirred for 5 minutes.
After completion of the reaction, the reaction mixture was diluted with ethyl acetate (20 mL) and
filtered through a tablet of celite. The organic layer was washed with H>O (3%x10 mL), dried over
Mg2SOg4, and concentrated under reduced pressure. The residue was purified by preparative TLC
plate chromatography on the mobile phase hexane/ethyl acetate/acetone (9:0.5:0.5) to afford
compounds 29 (60%) and 30 (36%) as colorless oils.

e 3’-isoprenyl-2’,4-dihydroxy-4 -methoxydihydrochalcone:4-hydroxydihydroderricin (29)

Compound (29) as a colorless oil, with a yield of 60% and an overall yield of 9%. Purity:
99.73% by HPLC-PAD (300 nm);

'H NMR (Acetone-ds, 600 MHz): & = 1.62 (s, 3H, CHs, H-4), 1.75 (s, 3H, CHs, H-57),
2.93 (t, 2H, J = 7.7 Hz, H-B), 3.28 (t, 2H, J = 7.7 Hz, H-a), 3.31 (d, 2H, J = 7.3 Hz, CH2, H-17),
3.91 (s, 3H, 4’-OCHj3), 5.17 (t, 1H, J = 7.3 Hz, CH, H-2"), 6.61 (d, 1H, J = 9.0 Hz, H-5"), 6.75 (d,
2H, J = 8.5 Hz, H-3 and H-5), 7.11 (d, 2H, J = 8.5 Hz, H-2 and H-6), 7.85 (d, 1H, J = 9.0 Hz, H-
6°), 8.21 (s, 1H, 4-OH), 12.96 (s, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): § = 17.85 (1C, C-4™), 22.16 (1C, C-17), 25.86 (1C, C-
57),30.26 (1C, C-B), 40.49 (1C, C-a), 56.31 (1C, 4’-OCHz3), 103.30 (1C, C-5°), 114.71 (1C, C-1"),
116.05 (2C, C-3 and C-5), 117.44 (1C, C-3”), 123.08 (1C, CH, C-27), 130.21 (2C, C-2 and C-6),
131.10 (1C, C-6"), 131.65 (1C, C-37), 132.70 (1C, C-1), 156.62 (1C, C-4), 162.51 (1C, C-2"),
164.08 (1C, C-4%), 205.84 (1C, C- B*).

e 3’-isopentyl-2’,4-dihydroxy-4 -methoxydihydrochalcone (30).

Compound (30) as a colorless oil, with a yield of 36% and an overall yield of 5%. Purity:
99.97% by HPLC-PAD (300 nm);

'H NMR (Acetone-ds, 600 MHz): § = 0.93 (d, 6H, CHs, J = 6.6 Hz, H-4” and H-5"), 1.36
(m, 2H, H-2"), 1.55 (m, 1H, H-3"), 2.64 (m, 2H, H-17), 2.93 (t, 2H, J = 7.7 Hz, H-p), 3.27 (t, 2H,
J = 7.7 Hz, H-a), 3.90 (s, 3H, 4’-OCHz3), 6.60 (d, 1H, J = 9.0 Hz, H-5"), 6.76 (d, 2H, J = 8.4 Hz,
H-3 and H-5), 7.11 (d, 2H, J = 8.4 Hz, H-2 and H-6), 7.83 (d, 1H, J = 9.0 Hz, H-6"), 8.18 (bs, 1H,
4-OH), 12.95 (s, 1H, 2’-OH).
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13C NMR (Acetone-ds, 150 MHz): § = 20.95 (2C, CHs, C-4” and C-5), 22.91 (1C, CHy,
C-17),28.95 (1C, CH, C-3”), 30.24 (1C, CHz, C-B), 38.62 (1C, CHz, C-2”), 40.49 (1C, CHz, C-0),
56.26 (1C, 4-OCHs), 103.19 (1C, C-5°), 114.59 (1C, C-1), 116.04 (2C, C-3 and C-5), 118.68 (1C,
C-3), 130.19 (2C, C-2 and C-6), 130.88 (1C, C-6"), 132.69 (1C, C-1), 156.58 (1C, C-4), 162.65
(1C, C-2°), 164.21 (1C, C-4%), 205.77 (1C, C-B°).

o Synthesis of 31

The procedure is the same as the preparation of compounds 29 and 30 by using compound
13 (20.00 mg) as the substrate to afford compound 31, colorless oil with a yield of 86% and an
overall yield of 18%. Purity: 99.67% by HPLC-PAD (300 nm);

e 1-(3-benzyl-2-hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (31).

'H NMR (Acetone-ds, 600 MHz): & = 2.93 (t, 2H, J = 7.7 Hz, CHa, H-B), 3.29 (t, 2H, J =
7.7 Hz, CH2, H-a), 3.92 (s, 3H, CHas, 4’-OCHz), 3.97 (s, 2H, CH>, 3°-benzyl), 6.65 (d, 1H, J =9.0
Hz, H-5%), 6.75 (d, 2H, J = 8.4 Hz, H-3 and H-5), 7.10 (m, 3H, H-3”, H-4”” and H-5"), 7.18 (m, 2H,
H-2” and H-6"), 7.27 (d, 2H, J = 8.4 Hz, H-2 and H-6), 7.90 (d, 1H, J = 9.0 Hz, H-6), 8.18 (bs,
1H, 4-OH), 13.07 (s, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): § = 28.60 (1C, CHz, 3’-benzyl), 30.20 (1C, CHa, C-B),
40.53 (1C, CH2, C-a), 56.39 (1C, 4’-OCHs), 103.39 (1C, C-57), 114.78 (1C, C-1"), 116.04 (2C, C-
3 and C-5), 117.25 (1C, C-3’), 126.37 (1C, C-4”), 128.81 (2C, C-3” and C-57), 129.42 (2C, C-2
and C-6), 130.21 (2C, C-2” and C-6"), 131.68 (1C, C-6"), 132.66 (1C, C-1), 141.92 (1C, C-17),
156.61 (1C, C-4), 162.64 (1C, C-2’), 164.21 (1C, C-4’), 205.89 (1C, C-p’).

e Synthesis of 32 and 33
The procedure is the same as the preparation of compounds 29 and 30 by using compound
16 (30.00 mg) as the substrate to afford compounds 32 and 33.

e 1-(2-hydroxy-4-methoxy-5-(3-methylbut-2-en-1-yl)phenyl)-3-(4-hydroxyphenyl)propan-1-
one (32).
Compound (32) as a colorless oil, with a yield of 56% and an overall yield of 8%. Purity:
96.40% by HPLC-PAD (275 nm);
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'H NMR (Acetone-ds, 600 MHz): & = 1.68 (s, 3H, CHs, H-4"), 1,70 (s, 3H, CHs, H-57),
2.91 (t, 2H, J = 7.9 Hz, H-B), 3.22 (d, 2H, J = 7.3 Hz, H-17), 3.22 (t, 2H, J = 7.9 Hz, H-0)), 3.90 (s,
3H, 4’-OCHs), 5.26 (t, 1H, J = 7.3 Hz, H-2"), 6.44 (s, 1H, H-3"), 6.75 (d, 2H, J = 8.5 Hz, H-3 and
H-5), 7.10 (d, 2H, J = 8.5 Hz, H-2 and H-6), 7.64 (s, 1H, H-6"), 8.18 (bs, 1H, 4-OH), 12.81 (s, 1H,
2’-OH).

13C NMR (Acetone-ds, 150 MHz): § =17.81 (1C, CHs, C-4"), 25.88 (1C, CH3, C-5), 28.55
(1C, CHa, C-17), 30.45 (1C, C-), 40.66 (1C, C-a), 56.28 (1C, 4-OCHg), 99.85 (1C, C-3°), 113.48
(1C, C-1°), 116.07 (2C, C-3 and C-5), 122.30 (1C, C-5°), 123.34 (1C, C-2”), 130.20 (2C, C-2 and
C-6), 131.43 (1C, C-3”), 132.72 (1C, C-6"), 132.91 (1C, C-1), 156.63 (1C, C-4), 164.94 (1C, C-
2%), 165.03 (1C, C-4’), 205.28 (1C, C-p").

e 1-(2-hydroxy-5-isopentyl-4-methoxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (33).

Compound (33) as white solid, with a yield of 42% and an overall yield of 6%. Purity:
99.89% by HPLC-PAD (275 nm); Mp: 75 — 76 °C.

'H NMR (Acetone-ds, 600 MHz): & = 0.91 (d, 6H, J = 6.6 Hz, CHs, H-4”), 1.41 (m, 2H,
CHz, H-27), 1.55 (m, 1H, CH, H-3"), 2.53 (m, 2H, CHz, H-17), 2.92 (t, 2H, J = 7.6 Hz, CHa, H-p),
3.26 (t, 2H, J = 7.6 Hz, CH>, H-a), 3.89 (s, 3H, 4’-OCHj3), 6.43 (s, 1H, H-3”), 6.75 (d, 2H, J =8.5
Hz, H-3 and H-5), 7.10 (d, 2H, J = 8.5 Hz, H-2 and H-6), 7.67 (s, 1H, H-6"), 8.16 (bs, 1H, 4-OH),
12.79 (s, 1H, 2°-OH).

13C NMR (Acetone-ds, 150 MHz): & = 22.85 (2C, CHs, C-4"), 28.08 (1C, CH, C-3"), 28.65
(1C, CH2, C-17), 30.24 (1C, C-B), 40.02 (1C, CHg, C-27), 40.58 (1C, C-a), 56.21 (1C, 4’-OCH3),
99.80 (1C, C-3"), 113.54 (1C, C-1°), 116.04 (2C, C-3 and C-5), 123.62 (1C, C-5°), 130.23 (2C, C-
2 and C-6), 131.74 (1C, C-6"), 132.75 (1C, C-1), 156.60 (1C, C-4), 164.84 (1C, C-2"), 165.01 (1C,
C-4%),205.27 (1C, C-p).

e Synthesis of 34
The procedure is the same as the preparation of compounds 29 and 30 by using compound

17 (30.00 mg) as the substrate to afford compound 34.

e 1-(2-hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (34).
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Compound (34) as a colorless oil, with a yield of 93% and an overall yield of 6%. Purity:
99.94% by HPLC-PAD (275 nm);

'H NMR (Acetone-ds, 600 MHz): § = 2.92 (t, 2H, J = 7.6 Hz, CHy, H-p), 3.27 (t, 2H, J =
7.6 Hz, CHz, H-0), 3.86 (s, 3H, 40C3), 6.42 (d, 1H, J = 2.5 Hz, H-3"), 6.48 (dd, 1H, J; = 2.5 and
J2 = 9.0 Hz, H-5"), 6.75 (d, 2H, J = 8.5 Hz, H-3 and H-5), 7.11 (d, 2H, J = 8.5 Hz, H2 and H-6),
7.87 (d, 1H, J = 9.0 Hz, H-6"), 8.18 (s, 1H, 4-OH), 12.85 (s, 1H, 2’-OH).

13C NMR (Acetone-ds, 150 MHz): & = 30.14 (1C, C-B), 40.49 (1C, C-u), 56.09 (1C,
40CHs), 101.59 (1C, C-3°), 108.08 (1C, C-5°), 114.31 (1C, C-17), 116.04 (2C, C-3 and C-5),
130.21 (2C, C-2 and C-6), 132.65 (1C, C-1), 133.14 (1C, C-6"), 156.59 (1C, C-4), 166.19 (1C, C-
2%), 167.04 (1C, C-4"), 205.42 (1C, C- B").

4.1.16. Synthesis of 35 — 38
Analogs 35 — 38 were synthesized using the methodology of Akdag et al. (2015) to
synthesize diarylpropanes from bromochalcones (AKDAG et al., 2015).

o Synthesis of 35

To a solution of 4-hydroxyderricin 1 (15.00 mg) and trifluoroacetic acid 81 (0.50 mL) was
added triethylsilane 80 (0.15 mL). The reaction was stirred at room temperature for 18h. The
reaction mixture was monitored by TLC. After completion of the reaction, the reaction mixture
was diluted with ethyl acetate (10 mL), washed with HO (3x10 mL), dried over MgSOs, and
concentrated under reduced pressure. The residue was purified by silica gel column
chromatography with hexane/ethyl acetate/acetone (8:1:1) as eluent to afford compounds 35 (94%)
as a colorless oil.

e  4-(3-(5-methoxy-2,2-dimethylchroman-8-yl)propyl)phenol (35)
Compound (35) as a colorless oil, with a yield of 94% and an overall yield of 14%. Purity:
99.96% by HPLC-PAD (254 nm);
'H NMR (Acetone-ds, 600 MHz): & = *H NMR (acetone-ds, 600 MHz): & = 1.30 (s, 6H,
CHs, H-4"), 1.77 (t, 2H, J = 6.9 Hz, CH3, H-2"), 1.82 (q, 2H, J1 = J» = 6.4 Hz, CH2, H-2""), 2.51
(t, 2H,J = 6.4 Hz, CH2, H-3"""), 2.54 (t, 2H, J = 6.4 Hz, CH2, H-1"""), 2.62 (t, 2H, J = 6.9 Hz, CH>,
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H-1"), 3.78 (s, 3H, 4’-OCHz), 6.37 (d, 1H, J = 8.2 Hz, H-5), 6.76 (d, 2H, J = 8.5 Hz, H-3 and
H-5), 6.89 (d, 1H, J = 8.2 Hz, H-6"), 7.03 (d, 2H, J = 8.5 Hz, H-2 and H-6), 8.17 (s, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz): § = 17.99 (1C, C-1"), 26.94 (2C, C-4™), 30.29 (1C,
C-1"), 32.72 (1C, C-2"), 33.01 (1C, C-2), 35.47 (1C, C-3""), 55.55 (1C, 4-OCHz), 73.96 (1C,
C-3”), 101.45 (1C, C-5"), 110.13 (1C, C-3), 115.86 (2C, C-3 and C-5), 123.38 (1C, C-1"), 127.87
(1C, C-6), 130.01 (2C, C-2 and C-6), 134.18 (1C, C-1), 152.97 (1C, C-2), 156.23 (1C, C-4),
157.01 (1C, C-4").

e Synthesis of 36
The procedure is the same as the preparation of compound 35 by using compound 13 (15.00

mg) as the substrate to afford compound 36.

e 2-benzyl-6-(3-(4-hydroxyphenyl)propyl)-3-methoxyphenol (36).

Compound (36) as a colorless oil, with a yield of 95% and an overall yield of 20%. Purity:
99.76% by HPLC-PAD (254 nm);

'H NMR (Acetone-ds, 600 MHz): & = 1.85 (m, 2H, CH2, H-2""), 2.56 (m, 2H, CHa, H-1""),
2.64 (m, 2H, CHa, H-3"7), 3.75 (s, 3H, 4’-OCHz), 4.04 (s, 2H, CH2, benzyl group), 6.49 (d, 1H, J
=8.4 Hz, H-5"), 6.74 (d, 2H, J = 8.5 Hz, H-3 and H-5), 6.95 (d, 1H, J=8.4 Hz, H-6"), 7.01 (d, 2H,
J =85 Hz, H-2 and H-6), 7.08 (m, 1H, H-4"), 7,17 (m, 2H, H-3” and H-5"), 7.23 (m, 2H, H-2"
and H-6), 7.28 (s, 1H, 2°-OH), 8.13 (s, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz): & = 29.54 (1C, CHo, benzyl), 30.37 (1C, CH,, C-1°""),
33.19 (1C, CHy, C-2"""), 35.46 (1C, CH2, C-3"""), 55.86 (1C, 4’-OCHzs), 103.38 (1C, C-5), 115.91
(2C, C-3 and C-5), 116.87 (1C, C-3"), 122.28 (1C, C-1"), 126.12 (1C, C-4), 128.50 (1C, C-6"),
128.69 (2C, C-3” and C-5”), 129.32 (2C, C-2 and C-6), 130.05 (2C, C-2” and C-6"), 134.04 (1C,
C-1), 142,52 (1C, C-17), 154.07 (1C, C-4), 156.27 (1C, C-2°), 157.67 (1C, C-4°).

e Synthesis of 37
The procedure is the same as the preparation of compound 35 by using compound 16 (30.00

mg) as the substrate to afford compound 37.

o 2-(3-(4-hydroxyphenyl)propyl)-4-isopentyl-5-methoxyphenol (37).
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Compound (37) as a colorless oil, with a yield of 93% and an overall yield of 14%. Purity:
98.51% by HPLC-PAD (254 nm);

'H NMR (Acetone-ds, 600 MHz): & = 0.91 (d, 6H, J = 6.6 Hz, CH3, H-4"), 1.39 (q, 2H, J1
= 6.8 Hz and J> = 10.1 Hz, CH2, H-2"), 1.54 (n, 1H, J; = 6.8 Hz and J> = 10.1 Hz, CH, H-3”), 1.83
(9, 2H, J1 = J2 = 11.2 Hz, CHa, H-2"), 2.48 (t, 2H, J = 6.8 Hz, CH2, H-1), 2.55 (t, 2H, J = 11.2
Hz, CHa, H-3""), 2.55 (t, 2H, J = 11.2 Hz, CHa, H-1""), 3.71 (s, 3H, 4’-OCHj3), 6.44 (s, 1H, H-3"),
6.74 (d, 2H, J = 8.5 Hz, H-3 and H-5), 6.81 (s, 1H, H-6"), 7.02 (d, 2H, J = 8.5 Hz, H-2 and H-6),
7.91 (s, 1H, 2°-OH), 8.10 (s, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz): § = 22.93 (2C, CHs, C-4”), 27.99 (1C, CH, C-3”), 28.55
(1C, CHa, C-17), 29.88 (1C, CHa, C-1""), 33.19 (1C, CH2, C-2"’), 35.51 (1C, CHa, C-3""), 40.62
(1C, CHa, C-27), 55.58 (1C, 4-OCHz), 99.77 (1C, C-3"), 115.87 (2C, C-3 and C-5), 120.52 (1C,
C-5%), 122.25 (1C, C-17), 130.03 (2C, C-2 and C-6), 131.68 (1C, C-6"), 134.17 (1C, C-1), 154.52
(1C, C-2°), 156.21 (1C, C-4), 157.03 (1C, C-4").

o Synthesis of 38
The procedure is the same as the preparation of compound 35 by using compound 17 (30.00

mg) as the substrate to afford compound 38.

e 2-(3-(4-hydroxyphenyl)propyl)-5-methoxyphenol — Broussonin A (38).

Compound (38) as a colorless oil, with a yield of 66% and an overall yield of 5%. Purity:
99.71% by HPLC-PAD (254 nm);

'H NMR (Acetone-ds, 600 MHz): § = 1.83 (m, 2H, CHa, H-2"), 2.55 (m, 4H, CHa, H-1”
and H-2"), 3.69 (s, 3H, 4-OCHz), 6.35 (dd, 1H, J1 = 2.4 Hz and J; = 8.3 Hz, H-5"), 6.42 (d, 1H, J
= 2.4 Hz, H-3), 6.73 (d, 2H, J = 8.4 Hz, H-3 and H-5), 6.97 (d, 1H, J = 8.3 Hz, H-6"), 7.02 (d, 2H,
J =8.4 Hz, H-2 and H-6), 8.14 (s, 1H, 2°’-OH), 8.27 (s, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz): & = 29.92 (1C, CHz, C-17), 33.08 (1C, CHz, C-2"), 35.51
(1C, CH2, C-3), 55.30 (1C, 4’-OCHs), 102.32 (1C, C-3°), 105.23 (1C, C-5"), 115.89 (2C, C-3 and
C-5), 121.81 (1C, C-1), 130.05 (2C, C-2 and C-6), 131.16 (1C, C-6°), 134.17 (1C, C-1), 156.24
(1C, C-4), 156.70 (1C, C-2"), 159.91 (1C, C-4").

4.1.17. Partition coefficient (n-octanol/water) measured by HPLC method
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Log Pow Was determined using a constructed log kxlog Po/w curve with good linear
relationships, applying the procedures that the OECD Guidelines preconized for the Testing of
Chemicals (OECD, 1989). The theoretical Log P used for reference compounds was extracted from
SwissADME (DAINA; MICHIELIN; ZOETE, 2017). Capacity factor (k) values of reference
compounds were calculated according to their respective retention time (rt) in HPLC
chromatogram analysis by the formula k = (rt— rto)/rto, where rto is the retention time of thiourea.
As reference compounds, acetophenone, cinnamic acid, benzophenone, thymol, toluene, biphenyl,
fluoranthene, and triphenylamine were used. A standard curve was constructed for each used
isocratic flow of MeOH:H,O (70:30, 75:25, or 80:20).

4.1.18. Predict Aqueous Solubility by general solubility equation (GSE)

The prediction of water solubility was performed using the general solubility equation
(GSE), established by Ran et al., (2002) (RAN et al., 2002): Log S = 0.5 — 0.01(MP — 25) — Log
Po/w, where logS = molar solubility, MP = melting point and logPo/w = n-octanol/water partition

coefficient.

4.2. Biological Study

4.2.1. MIC Determination
Chapter I11, item 4.2.1;

4.2.2. Checkboard Assay
Chapter 111, item 4.2.2;

4.2.3. Biofilm assay
Chapter 111, item 4.2.3;

4.2.4. Cytotoxicity assay
Chapter 111, item 4.2.5;
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General Conclusions

This work used 4-hydroxyderricin as a prototype for the planning of analogs, which were
designed by the permutation of the p-hydroxyl subunit by electron donor and electro-attracting
groups (Series 1), changing the 2'-hydroxyl, 3'-prenyl and 4'-methoxyl subunits (Series II) and a,[3-
unsaturated ketone reductions (Series Ill). The synthesized 111 substances were described,
including intermediates (68) and target substances (45), 26 of which were new and 8 were natural
products. The target substances (1 — 45) were prepared through Regioselective lodations, O-
Methylations, Protections, Aldol Condensations between aldehydes and ketones on basic catalysis,
Suzuki couplings, [1,3]-Sigmatropic Rearrangements, Deprotections, and reactions of Reduction.

4HD demonstrated strongly antibacterial activity against mycobacteria and bacteria species;
in addition, it was able to inhibit the MSSA and MRSA biofilm formation at low concentrations.
We also found that 4HD has a bactericidal action by damaging the cytoplasmatic membrane of B.
subtilis. Low cytotoxicity activity was observed for 4HD against HaCat cells. Thus, 4HD is a
promising antibacterial compound, which could be an alternative to combat several infections

caused by many mycobacteria and bacteria species.

4HD has demonstrated antibacterial activity against gram-positive bacteria, being inactive

or weakly active against gram-negative:
v'MIC against MSSA and MRSA = 3.12 ug.mL?;
v'It showed antibacterial activity against other gram-positive

o OH species (S. epidermidis, E. faecalis, S. mutans, S. sanguinis, S.

7
O ~ O sobrinus) with a MIC of 1.56 to 12.5 pg.mL™%;
‘2
OH O v'MIC against M. tuberculosis, M. avium, and M. kansassi of 15,56
4-hydroxyderricin to 31,25 ug.mL‘l;

vIt inhibited MSSA and MRSA biofilm formation at MICBsp of
1.56 to 0.78 ug.mL?, respectively;
v'Caused damage to the plasma membrane of B. subtilis;

v'It was not against human keratinocytes;

Furthermore, 4HD was a potent antifungal agent against T. rubrum and T. mentagrophytes
strains and moderate activity against C. auris. In addition, 4HD acted synergistically and

potentiated the activity of the antifungal drugs terbinafine and itraconazole. The cell membrane of
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dermatophyte fungi was the main target of 4HD. Thus, our results showed that 4-hydroxyderricin

Is a promising antifungal agent with low toxicity.

4HD demonstrated antifungal activity against Trichophyton species, being reactive or weakly

active against Candida species:

v'"MIC against T. mentagrophytes = 0,9 — 3,9 pg.mL;

P OH v'"MIC against T. rubrum = 0,9 — 31,2 pg/mL;
v'4HD showed synergism when combined with terbinafine and
OH O itraconazole against T. mentagrophytes and T. rubrum;
Fhydroxyderricin v'4HD acts on the cell membrane by inhibiting Ergosterol;
4HD was used as a substrate to obtain a novel diarylpropane (4HD-diaryl, 35), which
demonstrated strongly antibacterial activity against gram-positive bacteria, including ATCC and
multidrug-resistant clinical isolates of Enterococcus, Staphylococcus, and Bacillus spp. In addition,
4HD-diaryl was able to inhibit the MSSA and MRSA biofilm formation at low concentrations. We
also found that 4HD-diaryl has a bactericidal action by damaging the cytoplasmatic membrane of
B. subtilis. No cytotoxicity activity was observed for 4HD-diaryl against BALB/c mice
erythrocytes. Thus, 4HD-diaryl is a novel promising antibacterial compound, which could be an

alternative to combat several infections caused by MDR strains of gram-positive bacteria.

4HD-diaryl has demonstrated antibacterial activity against gram-positive bacteria multi-

drug resistant (MDR), being inactive or weakly active against gram-negative:

v 4HD-diaryl was active against Clinical Isolates of drug-resistant
Enterococcus and Staphylococcus species with MIC of 5 to 20 uM (1.6
t0 6.5 pg.mLY);

vIt showed antibacterial activity against other gram-positive species (S.

epidermidis, E. faecalis, S. mutans, S. sanguinis, S. sobrinus) witha MIC
of 3.12 t0 6.25 pg.mL%;

v'MIC against M. tuberculosis, M. avium, and M. kansassi of 31,25

4HD-diaryl (35)

ug.mL*;

VIt inhibited MSSA and MRSA hiofilm formation at MICBs of 1.56 to
0.78 pg.mL1, respectively;

v'Caused damage to the plasma membrane of B. subtilis;

v'It was not toxic against erythrocytes collected from BALB/c mice;
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Compounds 13, 29, 30, and 37 showed antibacterial and antimycobacterial activity equal to
4HD. Compound 13 showed that the benzyl subunit has a non-classical bioisosterism with
isoprenyl in 4-hydroxyderricin. Compounds 13 and 14 are classic bioisosteres as they both had
approximately the same antibacterial potency. Furthermore, analog 29 showed that the o,B-
unsaturated ketone in 4HD is not a pharmacophoric group for antibacterial and antimycobacterial
activities since the reduced analog 29 was as potent as 4HD. Moreover, compounds 13, 29, 30, and
37 showed potent inhibitory activity against S. aureus Biofilms (MSSA and MRSA). Compound
29 was chosen as HIT from the series of compounds evaluated, and its cytotoxic activity was

determined against HaCat cells. Low cytotoxicity activity was observed for 29.

The other analogs also showed antibacterial activity against gram-positive bacteria, being

inactive or weakly active against gram-negative bacteria:

|
O ° O 0 OH v/ 14 synthesized substances showed antibacterial activity
N

against gram-positive species (MSSA, MRSA, S.

OH O I3 epidermidis, E. faecalis, S. mutans, S. sanguinis, S.

F <|3 OH
sobrinus) with a MIC of 1.56 to 12.5 pg.mL™%;
o & v 11 substances showed anti-H. pylori activity with MIC
o OH from 15.62 to 62.50 pg.mL;
O @ v" 19 substances showed antimycobacterial activity against
Y\M/‘ M. tuberculosis, M. kansasii and M. avium with a MIC of
_o OH 15.62 to 62.50 pg.mL*;
O 0 v Compounds 13, 29, 30 and 37 inhibited MSSA and MRSA
M biofilm formation at concentrations from 0.78 to 3.12
Hg.mL*,;

_O OH OH
v Compound 29 was not toxic against human keratinocytes;
37
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HPLC chromatogram and NMR spectra of 4HD
Figure A.1. I) *H NMR spectrum of compound 3 (600 MHz — CDCls).
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Figure A.3. I) *H NMR spectrum of compound 6 (600 MHz — CDCls).
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Figure A.5. 111) HPLC chromatogram of 4-hydroxyderricin (1). Methanol:Water (3:1), 254 nm.
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HPLC chromatogram and NMR spectra of 4HD: APPENDIX A;

HPLC chromatogram, NMR, and HRMS spectra of 4HD-Diaryl

Figure B.1. 1) *H NMR spectrum of compound 4HD-diaryl (600 MHz — acetone-dg).
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Figure B.1. IV) Theoretical and Experimental Mass Spectra (MS) of compound 4HD-diaryl.
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NMR spectra and HPLC chromatogram of 4HD and its analogs 2 — 38

C.1. 4-hydroxyderricin (1)
e 1-(2,4-Dihydroxy-3-iodophenyl)ethanone (40)
Figure C1. 1) 'H NMR spectrum of compound 40 (600 MHz — CDCls).
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Figure C2. 1) 'H NMR spectrum of compound 41 (600 MHz — CDCls).
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Figure C9. I1) 3C NMR spectrum of compound 4 (150 MHz — CDCls).
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C.4. Compounds 13 and 14

1-(2-hydroxy-4-methoxyphenyl)ethanone (56)
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Figure C18. 1) 'H NMR spectrum of compound 56 (600 MHz — CDCls).
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o  (E)-1-(4-methoxy-2-(methoxymethoxy)-3-(4-methylbenzyl)phenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-en-

1-one (15a).

Figure C27. 1) *H NMR spectrum of compound 15a (600 MHz — CDCls).



263

Wﬁm.n
19£°C

zes't

70 69 68 67 6.6 6.5

f1 (ppm)

74 73 72 7.1

78 77 76 75

7.9

OTS'ET ——

09'E
206'T

=988'Y

m\.mom.N

*¥86'T

=9€S'E

m\nmo..n
TS0

L6'T
kﬂwn.N

—LES'T
»69L'T
~L0ET
70" T
oT'T

=1vL0

@

fL (ppm)

one (15).

-en-1-

2

(E)-1-(2-hydroxy-4-methoxy-3-(4-methylbenzyl)phenyl)-3-(4-hydroxyphenyl)prop-

Figure C28. 1) *H NMR spectrum of compound 15 (600 MHz — Acetone-ds).

o
n
N
~N
|
|
———
2.06

“F1 (ppm) f1 (ppm)

©
N
o
~N
|
|
o
©
o)
T
2.25

TE6'E— 8E'E b3 £
aS

€S6°€E — TNn.N bl
TEG'E

g

vL9'9 — I
689'9 \\M I
[ R&

b

626'0 —— FE
£96'9 — i =
T

666'9 ~_ r &
i orTt &
z10°L MAT L2
r g

SLTL— L &
88T'L \M&wn wee
[ =
. e
6zLL— . g
vooL \\M régce 2
=
€8LL— FE
rrevrl £

808, — =
6v8'L —— 9§
. 1866'07 <&
vL8L— =
89T'8 —— £
bzt =8

€8T'8 — M og
T

g

6L8°ET \\ATSSW 2&

oo

bl

N

€S6°E

6L8'ET ———

8E'E
{434

=Ivv'0

de).

Figure C28. 11) 3C NMR spectrum of compound 15 (150 MHz — Acetone-



8 bz - oH
9 @
g O A KK s . .
| 7 b2 o in 3
I OH 0 a @ 2
- ] N
) -
I \
I
o
© 3
in 2 @ a
i N S R
o~ -
% a § | E
N o | 1n
s H ‘ |3 38 ‘ :
" ° N N 4]
N ° N - N ~
~Y A P N Q; ‘:N ] |
S 8 g8/ 3 8
0 a ]
3 &g 3 !
| | Y /
L NI { I A Ve b L Wb
T T T T T T T T T T T T T T - T T T T T T
165 160 155 150 145 140 135 130 125 120 115 110 105 28 26
1 (ppm) f1 (ppm) f1 (ppm)
o ©
© a g E Sin
- 5 <
N s9% 8o SA389R48R 2 3
5} LR n © Ao T oY 0.y 8 b Iy
- N3 e + @ ~N% $98¢c A o
) No o = a M N AT [ )
- O | @ - IAR- el | q 4
| T |
] - [ | i
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10 0
f1 (ppm)
Figure C28. 111) HPLC chromatogram of compound 15. Methanol:Water (4:1), 254 nm
500
100 24.686
E)
= 300
E
]
g 200
©
£
2
2
o 100
<
0
0 10 20 30 40 50 60 70
-100 ) .
Time (min.)

C.6. Compounds 16, 17 and 18
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2’-Prenyloxy-4 -methoxyacetophenone: 1-(4-methoxy-2-((3-methylbut-2-en-1-yl)oxy)phenyl)ethanone (63).
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Figure C31. 1) 'H NMR spectrum of compound 65 (600 MHz —~CDCls).
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Figure C36. 1) *H NMR spectrum of compound 16 (600 MHz — Acetone-ds).
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C.7. Compounds 19 and 20
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Figure C43. 11) 3C NMR spectrum of compound 19 (150 MHz — Acetone-de).
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Figure C44. 1) *H NMR spectrum of compound 20 (600 MHz — Acetone-ds).
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Figure C44. 11) 3C NMR spectrum of compound 20 (150 MHz — Acetone-ds).
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Figure C48. 11) 3C NMR spectrum of compound 21 (150 MHz — Acetone-
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o (E)-1-(2,4-dimethoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (22).
Figure C49. 1) *H NMR spectrum of compound 22 (600 MHz — Acetone-dg).
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e  1-(2-hydroxy-3-iodo-4-(methoxymethoxy)phenyl)ethanone (71).
Figure C50. 1) *H NMR spectrum of compound 71 (600 MHz —~CDCls).
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(E)-1-(2-methoxy-4-(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-(methoxymethoxy)phenyl)prop-

2-en-1-one (23b).
Figure C53. 1) *H NMR spectrum of compound 23b (600 MHz —CDCly).
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Figure C54. 1) *H NMR spectrum of compound 23 (600 MHz — Acetone-dg).

999'T —

=

o

n
w—v—v—v—ry—,—,—,—rj_,_,_,_rN

2.10

98L'T —— TL8'T

e

S0°C —

fL (ppm) f1 (ppm) f1 (ppm)

i

T
TorE~ g
o T zerf &
£Tr'E— AL\. W =
FE
169'€ — rovezl &
o=
0ST'S~_ rE
T9T's —- rSSL0F 2
vrs - F o
LyL'9 — [ &
6ol 08
1929 — FRg
206'9 H
— Ay
otes ——= 20 2
L oz
o
Y6E"L—— °
LY
NI
tov't | E
L5
ETL— oo
0TVL—=— |g/zy[ ~
v
sesL—
ST
. 27
065'2 —— [ 2E
g
[ =
rseg o[
9192 — B
(DN
-
L0T'6——==/T180 [ g
g
~E
L oE
I ol 7T
vsT'6 1900
o

999'T ~_
98L'T
0S0°'C ==

TOb'E~ _
eTve )

T69°€~

0sT’s
NwN.mW\l
vLT'S

19,9
206’9
916’9

Y6€L

€IV L )

ozv'L

LTV'L =

SLS'L
06S°L

L0T°6
YST'6

#£0S'T
S1L8'T

=9TE'T
=0v6'T

=§SL°0

=V£6°0
5680°C
T0V'T
Kth:n
18T
€8°0

=T180
B19/'0




Figure C54. 11) 3C NMR spectrum of compound 23 (150 MHz — Acetone-ds).
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Figure C54. 111) HPLC chromatogram of compound 23. Methanol:Water (3:1), 254 nm
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Figure C55. 1) *H NMR spectrum of compound 74 (600 MHz — Acetone-dg).

70

285



286

—13.162
——6.704

——7.954
~\-7.951
__7.941
—~7.939
__-7.749
7747
__~7.736
—-7.734

o 671§
0.81&§
%—4 7.260
 /6.691
33 ooo—J%u 2.650

N\ 6.717

A

8 2
S N
o
T T : 2,66
f1 (ppm) 7.95 7.74  7.27 6.72 6.70 f1 (ppm)
f1 (ppm) f1 (ppm) f1 (ppm) 1 (ppm)
(=]
wn
]
o~
I
o~
©°
" THHOADNO T N g Ll
(2] (=]
= 583ORRRRERS
1 NNNNRRRRTG6 ) ©
W P -~
l | |
b b h &
~N N o =3
© © & ~ S
o oo o Ll
T T T T T T T T T T T T T T T
14 13 12 11 10 9 8 5 4 3 2 1 0

7
f1 (ppm)

e Synthesis of 75

Figure C56. 1) 'H NMR spectrum of compound 75 (600 MHz — Acetone-dg). Not determined:;
e Synthesis of 24a

Figure C57. 1) 'H NMR spectrum of compound 24a (600 MHz — Acetone-dg). Not determined:;
e  Synthesis of 24b
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Figure C59. 1) 'H NMR spectrum of compound 24 (600 MHz — Acetone-dg).
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1-(3-iodo-4-methoxyphenyl)ethanone (77)
Figure C60. 1) *H NMR spectrum of compound 77 (600 MHz — CDCls).
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Figure C69. 111) HPLC chromatogram of compound 31. Methanol:Water (3:1), 275 nm
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e  1-(2-hydroxy-4-methoxy-5-(3-methylbut-2-en-1-yl)phenyl)-3-(4-hydroxyphenyl)propan-1-one (32).
Figure C70. 1) *H NMR spectrum of compound 32 (600 MHz — Acetone-dg).
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Figure C70. 11) 3C NMR spectrum of compound 32 (600 MHz — Acetone-ds).

0v8°6Z

88'ST
6vS'8Z~

20

f1 (ppm)

25

808°LT ——

88'sT
6v5'8T NH

08Y"ETT — —3

2

TLOITT — —————

YOT0ET —

€0€°TCT ——
6EEETT —

e —

8TV'TET —

STLTET ~ __
606'CET

182°S0T —

f1 (ppm)

130 128 126 124 122 120 118 116 114 308
f1 (ppm)

132

f1 (ppm)

205.5

ESY'0E

6590V ———

LLT9S ——

SV8°66 ——

08Y'€TT —
TL0'9TT
£0€°TTT
Proteghts
YOT'OET~ |
STY'IET —
STLTET
606'ZET

€€9'9ST ——

v6'v9T
870°S9T

182°S0T -~ __ |

190 180 170 160 150 140 130 120 110 _ 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

200

Figure C70. 111) HPLC chromatogram of compound 32. Methanol:Water (3:1), 275 nm



300

250

27.162

200

A S 3
- -

(nvw) @oueqiosqy

(=]

70

60

50

40

30

20

10

-50

Time (min.)

1-(2-hydroxy-5-isopentyl-4-methoxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (33).

Figure C71. 1) *H NMR spectrum of compound 33 (600 MHz — Acetone-dg).
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e 1-(2-hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)propan-1-one (34).
Figure C72. 1) *H NMR spectrum of compound 34 (600 MHz — Acetone-dg).
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C.14. Compounds 35 — 38
o  4-(3-(5-methoxy-2,2-dimethylchroman-8-yl)propyl)phenol (35)

Figure C73. 1) 'H NMR spectrum of compound 35 (600 MHz — Acetone-dg).
Chapter V;

Figure C73. 11) 13C NMR spectrum of compound 35 (150 MHz — Acetone-de).
Chapter V;

Figure C73. 111) HPLC chromatogram of compound 35. Methanol:Water (4:1), 275 nm
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e  2-benzyl-6-(3-(4-hydroxyphenyl)propyl)-3-methoxyphenol (36).
Figure C74. 1) *H NMR spectrum of compound 36 (600 MHz — Acetone-ds).
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Figure C74. 11) 13C NMR spectrum of compound 36 (150 MHz — Acetone-ds).
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o  2-(3-(4-hydroxyphenyl)propyl)-5-methoxyphenol — Broussonin A (38).
Figure C76. 1) *H NMR spectrum of compound 38 (600 MHz — Acetone-ds).
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Figure C76. 11) 3C NMR spectrum of compound 38 (150 MHz — Acetone-dg).
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Figure C76. 111) HPLC chromatogram of compound 38. Methanol:Water (3:1), 275 nm;
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APPENDIX D.
Complementary Results

The latest results obtained in this work were the synthesis of new compounds that

complemented the 4HD structure-activity relationship studies described in chapter VI.

e Synthesis of the diaryl analogs
Scheme 1 describes the synthesis of chalcone 85 and diarylpropane analogs 86, 89, and 90,
which are novel compounds in the literature. These compounds were characterized only by *H
NMR. 3C NMR and Mass spectra are still missing, and the purity assessment by HPLC. After the
characterizations and analysis of the purity of these compounds, they will be sent for antibacterial

and antimycobacterial testing.

0
Ho. HO, _o \\_Q_OMOM _o OMOM
NBS CH,I 44 O 0
" . —_— N
CHCl, Br K,cOo, Br NaOH, Dioxane Br

OH O OH O Acetone oL © o_© 84
39 82 83

_o _o OMOM
_HOLaN) O O Et3SIH O O _Momcl O
MeOH/THF Br :;?03 Br
cetone oL 87
>—-\_- Oj
— /

B _o OMOM _o, OH _o OH
_HOIaN) ® O O O
o
PACly(dppf), Cs,CO; McOH/THE Y7 -
DMF, 70 °C oL NG <

90

Scheme 1. Synthesis of the diaryl analogs

e 1-(3-bromo-2,4-dihydroxyphenyl)ethanone (82):
'H NMR (Acetone-ds, 600 MHz): § = Not determined,;

e 1-(3-bromo-2,4-dimethoxyphenyl)ethanone (83):
'H NMR (Acetone-ds, 600 MHz): § = Not determined;

e (E)-1-(3-bromo-2,4-dimethoxyphenyl)-3-(4-(methoxymethoxy)phenyl)prop-2-en-1-one
(84):
Compound (84) as yellow oil;
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'H NMR (Acetone-ds, 600 MHz): § = Not determined,;

e (E)-1-(3-bromo-2,4-dimethoxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one (85):
Compound (85) as yellow oil;
'H NMR (Acetone-ds, 600 MHz): & = Not determined;
13C NMR (Acetone-ds, 150 MHz): & = Not determined;

e 4-(3-(3-bromo-2,4-dimethoxyphenyl)propyl)phenol (86):

Compound (86) as colorless oil;

'H NMR (Acetone-ds, 600 MHz): & = 1.86 (q, 2H, J1 = 7.5 Hz and J, = 7.8 Hz, CHa, H-
2°%), 258 (t, 2H, J = 7.5 Hz, CH», H-1"""), 2.64 (t, 2H, J = 7.8 Hz, CH2, H-3"""), 3.74 (s, 3H, 4’-
OCHpa), 3.85 (s, 3H, 2°-OCHa), 6.75 (d, 2H, J = 8.0 Hz, H-3 and H-5), 6.80 (d, 1H, J = 8.5 Hz, H-
5%), 7.04 (d, 2H, J = 8.0 Hz, H-2 and H-6), 7.18 (d, 1H, J = 8.5 Hz, H-6"), 8.07 (bs, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz): § = 29.99 (1C, CHy, C-1>>"), 33.68 (1C, CHz, C-2"*"),
35.44 (1C, CHz, C-3"""), 56.71 (1C, 4’-OCHj3), 60.94 (1C, 2°-OCHzs), 107.53 (1C, C-3”), 108.71
(1C, C-5°), 115.94 (2C, C-3 and C-5), 130.00 (1C, C-17), 130.01 (1C, C-6’), 130.11 (2C, C-2 and
C-6), 133.73 (1C, C-1), 156.36 (1C, C-4), 156.44 (1C, C-4’), 157.25 (1C, C-2°).

e 2-bromo-1,3-dimethoxy-4-(3-(4-(methoxymethoxy)phenyl)propyl)benzene (87):
Compound (87) as colorless oil;
'H NMR (Acetone-ds, 600 MHz): § = Not determined;

e 1,3-dimethoxy-4-(3-(4-(methoxymethoxy)phenyl)propyl)-2-(3-methylbut-2-en-1-
yl)benzene (88):
Compound (88) as colorless oil;
'H NMR (Acetone-ds, 600 MHz): § = Not determined;

o 4-(3-(2,4-dimethoxy-3-(3-methylbut-2-en-1-yl)phenyl)propyl)phenol (89):
Compound (89) as colorless oil;
'H NMR (Acetone-ds, 600 MHz): & = 1.63 (s, 3H, CHs, H-4”), 1.75 (s, 3H, CHs, H-5"),
1.86 (m, 2H, CH2, H-2"""), 2.58 (m, 4H, 2CH>, H-1""* and H-3""), 3.32 (d, 2H, J = 6.5 Hz, H-17),
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3.64 (s, 3H, 4’-OCHg), 3.78 (s, 3H, 2°-OCHa), 5.17 (t, 1H, J = 6.5 Hz, H-2"), 6.68 (d, 1H, J = 8.4
Hz, H-5%), 6.75 (d, 2H, J = 8.1 Hz, H-3 and H-5), 7.01 (d, 1H, J = 8.4 Hz, H-6"), 7.04 (d, 2H, J =
8.1 Hz, H-2 and H-6), 8.08 (bs, 1H, 4-OH).

13C NMR (Acetone-ds, 150 MHz):  =17.92 (1C, CHs, C-4”), 23.84 (1C, CHa, C-17), 25.85
(1C, CHs, C-5),29.76 (1C, CHz, C-1"""), 33.82 (1C, CHy, C-2°*"), 35.63 (1C, CHj, C-3""), 55.95
(1C, 4-OCHg), 61.48 (1C, 2°-OCHs), 107.41 (1C, C-5), 115.90 (2C, C-3 and C-5), 123.82 (1C,
C-3”), 124.60 (1C, CH, C-27), 128.23 (1C, C-1°), 128.32 (1C, C-6"), 130.12 (2C, C-2 and C-6),
130.95 (1C, C-37), 133.94 (1C, C-1), 156.30 (1C, C-4), 157.75 (1C, C-4"), 158.02 (1C, C-2").

o 4-(3-(2,4-dimethoxy-3-(3-methoxy-3-methylbutyl)phenyl)propyl)phenol (90):
Compound (90) as colorless oil;
'H NMR (Acetone-ds, 600 MHz): & = 1.63 (s, 6H, 2CHa, H-4"), 1.64 (m,2H, CHa, H-2"),
1.86 (m, 2H, CHa, H-2"""), 2.58 (m, 4H, 2CH3, H-1" and H-3"""), 2.63 (m, 2H, CH2, H-1"""), 3.20
(s, 3H, 3”-OCHpa), 3.68 (s, 3H, 4’-OCHj3), 3.79 (s, 3H, 2’-OCHg), 6.67 (d, 1H, J = 8.4 Hz, H-5"),
6.75 (d, 2H, J = 8.0 Hz, H-3 and H-5), 7.00 (d, 1H, J = 8.4 Hz, H-6"), 7.04 (d, 2H, J = 8.0 Hz, H-2
and H-6), 8.058 (bs, 1H, 4-OH).

Figure D1. 1) *H NMR spectrum of compound 82 (600 MHz — Acetone-ds).

Not determined;

Figure D2. 1) *H NMR spectrum of compound 83 (600 MHz — Acetone-ds).

Not determined;

Figure D3. 1) 'H NMR spectrum of compound 84 (600 MHz — Acetone-ds).

Not determined;

Figure D4. 1) 'H NMR spectrum of compound 85 (600 MHz — Acetone-ds).

Not determined;

Figure D4. 11) 3C NMR spectrum of compound 85 (150 MHz — DMSO-dg).
Not determined;

Figure D5. 1) IH NMR spectrum of compound 86 (600 MHz — Acetone-ds).
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Not determined;
Figure D7. 1) IH NMR spectrum of compound 88 (600 MHz — Acetone-ds).

Figure D6. 1) 'H NMR spectrum of compound 87 (600 MHz — Acetone-ds).
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Figure D8. 1) 'H NMR spectrum of compound 89 (600 MHz — Acetone-ds).
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Figure D8. I1) 3C NMR spectrum of compound 89 (150 MHz — Acetone-ds).
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Figure D9. 1) 'H NMR spectrum of compound 90 (600 MHz — Acetone-ds).
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Figure D9. I1) 3C NMR spectrum of compound 90 (150 MHz — Acetone-ds).

Not determined;

e Synthesis of 4-carboxydericin

Scheme 2 shows the synthesis of the 4-carboxyderricin analog (92). This compound
synthesized aldol condensation between 64 and 91 via basic catalysis. Compound 92 has already
been characterized with a *H NMR spectrum, still lacking the characterization of **C NMR and
Mass spectrum, in addition to the purity analysis by HPLC. After the characterization and purity
analysis of 92, it will be sent for antibacterial and antimycobacterial evaluation.

This compound will be of great importance for the optimization of the natural product 4-
hydroxyderricin. As described in Chapter VI, 4HD has potent antibacterial activity due to the p-
hydroxyl subunit, an essential pharmacophoric point of 4HD. Through the synthesis of 92, we will
evaluate whether the insertion of a more acidic subunit, such as a carboxyl, in place of the phenolic

hydroxyl, would not enhance the antibacterial activity.
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Scheme 2. Synthesis of 4-carboxidericin (92).

e (E)-4-(3-(2-hydroxy-4-methoxy-3-(3-methylbut-2-en-1-yl)phenyl)-3-oxoprop-1-en-1-yl)benzoic
acid (92):

Compound (92) as yellow solid; Mp: 225 — 228 °C.

'H NMR (DMSO-ds, 600 MHz): § = 1.61 (s, 3H, CH3, H-4"), 1.72 (s, 3H, CHgs, H-57), 3.26
(d, 2H, J = 7.5 Hz, H-1”), 3.91 (s, 3H, 4’-OCHa), 5.12 (t, 1H, J = 7.5 Hz, H-2”), 6.71 (d, IH, J =
9.0 Hz, H-5"), 7.85 (d, 1H, J = 15.6 Hz, H-0), 7.99 (bs, 4H, H-2, H-3, H-5 and H-6), 8.11 (d, 1H,
J=15.6 Hz, H-B), 8.28 (d, 1H, J =9.0 Hz, H-6"), 13.49 (s, 1H, 2’-OH).

13C NMR (DMSO-ds, 150 MHz): § = Not determined

Figure D10. 1) *H NMR spectrum of compound 92 (600 MHz — DMSO-ds).
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Figure D10. I1) 3C NMR spectrum of compound 92 (150 MHz — DMSO-dg).
Not determined,;
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