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Overview

This Doctoral Thesis, which focuses on the synthesis of bioactive polycerasoidol benzopyran
(BP) analogues, aims to bring novel compounds that could emerge as new hits useful in the
treatment of different pathologies. For this purpose, different BP derivatives containing a
chromane nucleus have been synthetised based on previous structure-activity relationship
(SAR) studies on other BP compounds, and evaluated. The work is divided into an introduction,

two chapters and a section of conclusions, which are briefly explained below.

Introduction section tackles the concept of prenylated BP, localization, structure, biogenesis,
activities and a review of the forms that authors have used for their synthesis. In this work, the
synthesis of the BP nucleus starts from the condensation between hydroxyacetophenones and

alkyl ketones.

In Chapter 1, a general introduction of peroxisome proliferator-activated receptors (PPARS)
is undertaken, where each of the receptors, functions and ligands are discussed, highlighting
those with a BP nucleus. The objective is the synthesis of new BPs with the aim of finding a
potential PPAR agonist in the treatment of metabolic syndrome. Therefore, in a second part,
we find the related articles (1-3), where the synthesis of 2-prenylated derivatives (bearing an
a-alkoxy-a,-unsaturated ester moiety or some isoprenoid units) and 2-alkyl hydrazone
derivatives is described. Synthetised compounds are evaluated in terms of their agonism

activity and anti-inflammatory capacity.

In Chapter 2, a general introduction of cancer is presented, emphasizing one of its most
aggressive types, triple negative breast cancer (TNBC), and outlining anticancer compounds
containing a BP core. The objective is to find new compounds useful in the treatment of this
type of cancer. Therefore, in a second part, we find the related article 4, where the synthesis
of 2-aminopropyl derivatives is described. Synthetised compounds are evaluated against

TNBC cells.



Conclusions section outlines:

1. 2-Prenylated alkoxylated benzopyrans synthetised in article 1 were efficient as dual

PPARo/y agonists.

2. 2-Prenylated benzopyrans synthetised in article 2 displayed selectivity for hPPARa or
showed high efficacy to activate hPPARY.

3. 2-Alkyl hydrazone benzopyrans synthetised in article 3 showed partial hPPARo/y or
hPPARo/B agonism activity and attenuated inflammatory markers such as /L-6 and MCP-1
in THP-1 cells via NF-kB pathway activation.

4. 2-Aminopropyl benzopyrans synthetised in article 4 promoted apoptosis or caused cell
cycle arrest in TNBC cells by downregulating apoptotic Bcl-2 or cyclins (CCNEI and
CCND?2), respectively.

5. Benzopyran derivatives analogues of polycerasoidol emerge as lead compounds for
developing useful candidates to prevent cardiovascular diseases associate with metabolic

disorders or useful agents against breast cancer.



Resumen

La presente Tesis Doctoral, centrada en la sintesis de benzopiranos (BPs) analogos bioactivos
de polycerasoidol, pretende aportar compuestos novedosos que puedan surgir como nuevos
hits utiles en el tratamiento de diferentes patologias. Para ello, se han sintetizado y evaluado
diferentes derivados BP que contienen un ntcleo cromano, basandose en estudios previos de
relacion estructura-actividad (SAR) de otros compuestos BP. El trabajo se divide en una
introduccion, dos capitulos y una seccion de conclusiones, que se explican brevemente a

continuacion.

En la introduccién se aborda el concepto de BPs prenilados, localizacion, estructura,
biogénesis, actividades y una revision de las formas que los autores han utilizado para su
sintesis. En este trabajo, la sintesis del nicleo BP parte de la condensacién entre

hidroxiacetofenonas y alquilcetonas.

En el Capitulo 1, se realiza una introducciéon general de los receptores activados por
proliferadores de peroxisomas (PPARs), donde se discuten cada uno de los receptores,
funciones y ligandos, destacando aquellos con un nucleo BP. El objetivo es la sintesis de
nuevos BPs con el fin de encontrar un agonista potencial PPAR en el tratamiento del sindrome
metabolico. Por lo tanto, en una segunda parte, encontramos los articulos relacionados (1-3),
donde se describe la sintesis de derivados 2-prenilados (con una cadena éster a-alkoxi-a.,f3-
insaturada o con algunas unidades isoprenoides) y derivados 2-alquil hidrazona. Los
compuestos sintetizados se evalan en términos de su actividad agonista y capacidad anti-

inflamatoria.

En el Capitulo 2 se muestra una introduccion general al cancer, haciendo hincapié en uno de
sus tipos mas agresivos, el cancer de mama triple negativo (TNBC), y se describen los
compuestos anticancerigenos que contienen un nucleo BP. El objetivo es encontrar nuevos
compuestos utiles en el tratamiento de este tipo de cancer. Por lo tanto, en una segunda parte,
encontramos el articulo relacionado 4, donde se describe la sintesis de derivados 2-

aminopropil. Los compuestos sintetizados se evaluan frente a células TNBC.



La seccion de conclusiones destaca:

1. Los benzopiranos alcoxilados 2-prenilados sintetizados en el articulo 1 fueron eficientes

como PPARo/y agonistas.

2. Los benzopiranos 2-prenilados sintetizados en el articulo 2 mostraron selectividad para

hPPARa o presentaron alta eficacia para activar hPPARY.

3. Los benzopiranos 2-alquil hidrazona sintetizados en el articulo 3 mostraron una actividad
agonista parcial hPPARa/y o hPPARo/B y disminuyeron marcadores inflamatorios como

IL-6 y MCP-1 en células THP-1 mediante la activacion de la via NF-kB.

4. Los benzopiranos 2-aminopropil sintetizados en el articulo 4 favorecen la apoptosis o
causan arresto del ciclo celular en células TNBC mediante la regulacion a la baja de Bcl-2

o ciclinas (CCNEI y CCND_2), respectivamente.

5. Los derivados benzopirano analogos de polycerasoidol surgen como compuestos lideres
para el desarrollo de candidatos utiles asociados con patologias del sindrome metabdlico o

agentes potenciales contra el cancer de mama.
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Introduction of prenylated benzopyrans

¢ Structure and biogenesis

Secondary metabolites are bioactive molecules that are biosynthesized in nature from primary
metabolites. They have been the main source of chemical diversity driving the discovery and
development of new therapeutic agents in the past century. Prenylated benzopyrans (BPs) are
secondary metabolites widely distributed in marine organisms such as brown algae of the
genera Cystoseira, Cystophora and Sargassum [1,2], sponges of the genus Irnicina [3,4], and
corals and tunicates of the genera Alcyonium and Amaroucium [5,6]. To a lesser extent, they
have also been found in higher plants of the families Clusiaceae [7,8], Umbelliferae [9] and
Mpyristicaceae [10]. In 1995 and 1996, our research group isolated two novel sesquiterpene BP

metabolites from the stem bark of Polyalthia cerasoides (Annonaceae) [11,12] (Figure 1).

Z Z COOH

HO

Figure 1. Prenylated benzopyran of Polyalthia cerasoides

Prenylated BPs are characterized by the combination of a phenolic system and a terpene
subunit which can be linear or cyclic. They may contain one isoprene unit (monoterpenes), one
and a half (sesquiterpenes), two units (diterpenes) or up to eight isoprene units (polyterpenes).
They are probably formed from compounds consisting of a toluquinol, which are condensed
with an isoprene chain by C-alkylation in phenolic OH ortho. Pyranic cycle formation is carried

out by the nucleophilic attack of the electron pair of OH (Scheme 1).

Scheme 1. Biogenetic hypothesis of prenylated benzopyrans



Introduction of prenylated benzopyrans

0 Biologic activity

Prenylated BPs exert prominent pharmacological and biological activities including antitumor
[13-15], cytotoxic [12,15], anti-inflammatory [16], hypoglycemic [14,17,18],
anticholesterolemic [19-21], antibacterial [22-24], antiparasitic [25,26], antiviral [27,28],
antifungal [29,30] and antimalarial [31,32] activity. This work addresses two main research
fields, reported in Chapters 1 and 2, respectively: BPs with PPAR agonism activity and BPs

with antitumor and cytotoxic capacity.

¢ Synthesis

=  BP nucleus

There are different routes for the synthesis of the BP nucleus depending on the starting reagents
used: a) synthesis from hydroxyacetophenones, b) synthesis from salicylic aldehydes or c)
synthesis from hydroquinones, among others. In the present work, the methodology followed
for the synthesis of the chromane nucleus starts from the condensation between

hydroxyacetophenones and alkyl ketones, as explained below.

a) Synthesis from hydroxyacetophenones

This synthesis was proposed by Kabbe and Heitzer [33] and consists of a condensation between
the appropriate hydroxyacetofenone and the corresponding alkyl ketone to generate the
benzopyran-4-one skeleton. Pearce et al. [34] improved the yield for the condensation step
using pyrrolidine as the base and ethanol as the solvent as well as incorporating new methylated

ketones, different alkyl chains or the reduction of carbonyls (Scheme 2).

OH O
(o]
a R b ° R,
Rz/\ﬂ/
(o] (o]

Scheme 2. a) Pyrrolidine, EtOH, 24-95%; b) AICIs/LiAlH4 (2:1), Et,0O, 21-91%



Introduction of prenylated benzopyrans

Witiak et al. started from 2-hydroxy-5-chloroaceto-phenone as the hydroxyacetophenone
and di-ethyloxalate as the alkyl ketone in the presence of NaOEt [35]. A cyclization was
produced by heating in HCI-HOACc (1:4) and then, the reduction of the carbonyl group was
obtained by hydrogenation in the presence of 5% Pd/C (Scheme 3).

OH . OH b o CO,R
- CO,R ’ |
cl (o] Cl Cl

o \/O\H)J\o A~ o o] o

O ‘
c
Cl

Scheme 3. a) NaOEt; b) HOAc, HCI, 60%; ¢) HOAc, 5% Pd/C, 75%

2,5-Dihydroxyacetophenones and 2-methyl-2-hepten-6-one were condensed to 4-
chromanones in the presence of pyrrolidine by Sato et al. [36]. Synthetized chromanones were
smoothly reduced to a diastereomeric mixture of corresponding 4-chromanols by two different

methodologies (Scheme 4).

R (o}
R (o} e =
/ -
HO
HO -

Scheme 4. a) Pyrrolidine/toluene, 63-66%; b) 60°/H,NNTs/HOAc, 30%; (c) 120°/NaOCH,CH,OH,
25%; d) LiAlH4/ THF, 90%; ¢) 180°/DMSO, 5% NaOH, 8-56%



Introduction of prenylated benzopyrans

Our research group obtained benzopyran-4-one nucleus similarly to the method described
by Pearce et al. [34] but the reduction of the carbonyl group was achieved by treating zinc in
hydrochloride under Clemmensen conditions (Scheme 5) [37]. The reaction mechanism
consists of an aldol condensation between the enolate from an ortho-hydroxyacetophenone and
the carbonyl group from an alkyl ketone. This is followed by an intramolecular cyclization via

Michael addition (Scheme 6).

OH ©
o o
a
Ot = OO oo
o
HO HO
OH )K/R o

Scheme 5. a) Pyrrolidine, EtOH, 31-66%; b) Zn/HCI-AcOH, 30-46%

Ho@[:%/_%_’ Ho/©:i\/\n -H(x

OH OH
o °o o
R
R -
pZ
|-|o/(:l"jV HO ) HO% R
0 OH OH

Scheme 6. Hypothetic mechanism of benzopyran-4-one nucleus formation

b) _Synthesis from salicylic aldehydes

A catalytic preparation of 2H-chromenes using resin-bound amine was reported (Scheme 7)

[38].
o R
OH a 2
R1 —_— R1 _
H Ry R,
(o] RZ\/\B/OH
|

OH

Scheme 7. a) Ro:NH (cat.), dioxane, 75-99%



Introduction of prenylated benzopyrans

Lewis acid catalyzed cycloaddition of O-quinonemethides with methylenecyclopropanes

produced novel benzopyran derivatives under mild conditions (Scheme 8) [39].

OH
a b
R, > R4 R,
H R, =

0

Scheme 8. a) CH(OEt)s;, Sc(OTf),, CH:CH,Cly, 61-82%

It has been reported the synthesis of regioselective 3-formyl-2H-chromenes from
Michael/aldol condensation reactions in the presence of 1,5,7- Triazabicyclo[4.4.0]dec-5-ene

(TBD) under solvent free condition (Scheme 9) [40].

OH a (o]
— >
H = H
(o] >:>:o
H

Scheme 9. a) TBD (10 mol%), 87%

Recently, an efficient and chemoselective Knoevenagel/Hemiketalization process for the

synthesis of new 2H-chromenesin a one-pot three-component reaction was developed (Scheme

10) [41].
o o
on A A R, 0 A,
Ry R; —OH Ry R

o 0
Scheme 10. a) L-proline, 64-81%

A highly regioselective one-pot synthesis of 2,3-disubstituted-2H-1-benzopyrans has been

developed through Brensted acid catalyzed [4+2] cycloaddition reaction with a variety of

arylalkynes via orthoquinone methides (Scheme 11) [42].

R3
OH a (0]
NO, | NO, R,
6 R——=R

Scheme 11. a) TfOH, CH(OMe)3, Toluene, MeOH, 37-99%




Introduction of prenylated benzopyrans

¢) Synthesis of benzopyrans from hydroquinones

Pearce et al. designed their synthetic route [43] starting from an ester and reacting it with the

corresponding hydroquinone (Scheme 12).

OH
a Ry
THP\O = 4 o\/ _—
P (o]
Ry OH o]
R,
OH
b,c,d, e
.
[ (o]
Ry
R, o
HO

Scheme 12. a) BF3, dioxane; b) p-toluenesulphonic acid, benzene; c) 2-methoxyethoxymethyl
chloride, NaH, THF; d) AlH3, Et,O; ¢) thiozianate, Me,S, CH>Cl,, 61-94%

In this synthetic section, it is noteworthy the synthesis realized by Cossy et al. [44] where

an unsaturated acetal was reacted with trimethylhydroquinone (Scheme 13).
H

Dan eg

o
7 X
4 \IPH‘Y\O
HO~©—< 0 OH
o
OH
o
HO \©\”/H

o
Scheme 13. a) K,COs, Nal, acetone, 70%; b) HNTf,, CH2Cl,, 30%
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= Prenylated chain elongation

There are several mechanisms for forming and prolonging the prenylated chain. The different
strategies used in this work are explained below.

The Grignard reaction consist of the addition of an organomagnesium halide (Grignard
reagent) to a ketone or aldehyde to form the secondary or tertiary alcohol [45]. This reaction
followed by a Johnson Claisen rearrangement allows to elongate the prenylated chain (Scheme

14).

o/‘\ o /‘*J<°\R® )<9\R2
2 (o] (0]
R :0 (o} - \
1\)']\” R1 ﬁ kﬁ RZ IR2 Rz\
el [N AR ;
®_R
OH (o 2

> HO

R2_0>[ Rg_o
O HO-R —
g % o~ o
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Scheme 14. Chain elongation mechanism

Another synthetic strategy from aldehydes or ketones are the Horner-Wadsworth-Emmons
and the Witting reaction. These reactions are two of the most famous methods for the

construction of carbon—carbon double bonds [46,47] (Scheme 15).

A)
© o
R N R -
h R B - N e A
— ¢ OR,
LD S 2l & :
0/?\621\0/\
o) 1 il
r OR, ~
B) [

Scheme 15. Horner-Wadsworth-Emmons (A) and Witting mechanism reactions (B)
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Objectives

This work has the following objectives:

Chapter 1:

1- Design and synthesis of new benzopyran derivatives containing a 2-prenylated chain (with
some isoprenoid units or an a-alkoxy-o.,B-unsaturated ester moiety) or a 2-alkyl hydrazone

group as potential PPAR agonists

2- In vitro pharmacological studies of the PPAR agonist activity and the anti-inflammatory

effect

Chapter 2:

1- Design and synthesis of 2-aminopropyl benzopyran derivatives as potential agents for the

treatment of triple negative breast cancer

2- In vitro pharmacological studies of the cytotoxic capacity and the cell death mechanism
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Chapter 1

2-Prenylated and 2-alkyl hydrazone derivatives
with dual PPARa/y or PPAR0/0 agonism

1. Peroxisome proliferator activated receptors (PPARs)
2. Benzopyrans as PPAR agonists

3. Articles

Article 1: Synthesis of 2-prenylated alkoxylated benzopyrans by Horner-
Wadsworth—Emmons olefination with PPARa/y Agonist Activity, ACS Medicinal
Chemistry Letters, 12 (2021) 1783-1786.

Article 2: Synthesis and biological studies of “Polycerasoidol” and “trans-o6-
Tocotrienolic acid” derivatives as PPARa and/or PPARy agonists, Bioorganic &

Medicinal Chemistry, 53 (2022) 116532.

Article 3: Benzopyran hydrazones with dual PPARa/y or PPAR@/6 agonism and an
anti-inflammatory effect on human THP-1 macrophages, FEuropean Journal of

Medicinal Chemistry, in press.
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Chapter 1

1. Peroxisome proliferator activated receptors (PPARs)

Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcription factors
of the nuclear hormone receptor superfamily. After the interaction with ligands, PPARs are
translocated to the nucleus and heterodimerise with the retinoid X receptor (RXR) to form the
PPAR-RXR complex. The PPAR-RXR heterodimer bind to DNA specific PPAR-response
elements (PPRESs) in the promoter region of the target genes activating the transcription of that
genes involved in numerous cell functions including the control of lipid and carbohydrate
metabolism and inflammation [48] (Figure 2). PPARs comprise three isotypes, PPARa
(NRICTI), PPARPB/S (NR1C2) and PPARY (NR1C3), which have different tissue distribution,
ligand specificities, and metabolic regulatory activities [49]. PPARa is expressed mainly in the
tissues involved in increased fatty acid oxidation, such as liver, skeletal muscle and heart, and
it is implicated in lipid metabolism, glucose homeostasis and insulin resistance [50-52].
PPARP/6 is ubiquitous, but is highly expressed in those tissues involved in fatty acid
metabolism, such as skeletal and cardiac muscle, hepatocytes and adipocytes. Its activation
improves insulin sensitivity and the plasma lipid profile [53]. PPARYy is widely expressed in
adipose tissue, and is related to adipogenesis, lipid storage, insulin sensitivity and glucose

homeostasis. Its agonists have been used for treating type 2 diabetes [54].

: Corepressors
Coactivators

\ -
gy Ligands

PPAR RXR Target genes

— o e

Transcription ‘

Lipid metabolism
Inflammation
Cell proliferation
Carcinogenesis
Drug sensitization

Figure 2. Transcriptional regulation of PPARs-RXR complex
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Endogenous ligands include mainly saturated or unsaturated fatty acids (FA) and FA derived
compounds, eicosanoids (e.g., leukotriene B4 and 8-HETE), phospholipids (e.g., azelaoyl
phosphatidylcholine, 16:0/18:1 GPC) and certain prostaglandins (e.g., 15-deoxy-'12,14-
prostaglandin-J2) (Figure 3) [55]. The most known synthetic ligands are fibrates and
thiazolidinediones, which act as strong agonists for PPARa and PPARY, respectively (Figure
4) [56]. However, full PPARY activators have shown negative effects, including weight gain,
fluid retention, bone fracture and cardiac hypertrophy. Therefore, there is a great interest to
identify new partial PPARy agonists or PPARY modulators (PPARyMs) lacking of adverse
effects associated to full activation [48]. In addition, the three isoforms (a, B/, v) play a major
role in regulating inflammatory processes, and have been recognised as the target for the
management of metabolic syndrome, obesity, dyslipidaemia, type 2 diabetes, atherosclerosis,
and non-alcoholic fatty liver disease (NAFLD) [57]. Infiltrate macrophages in tissues also
release pro-inflammatory cytokines and chemokines, which contribute to an inflammation
state. PPAR agonists have been reported to suppress the immunoreactive state of macrophages
by the suppression of immune reactive cytokine and chemokines markers, including MCP-1

and IL-6 [48, 58, 59].

OH OH 0 OH 0
« __

leukotriene B4 HETE
(0]
(o) OH
\/\/\/\/\/\/\/\[( _
o \\
HOOC/\/\/\/\H/O 9 @\/\/\/\/
O—P—choline
(0] | (0]
o

azelaoyl-phosphatidylcholine 15-deoxy-12,14-prostaglandin-J2

Figure 3. PPAR endogenous ligands
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chromanol nucleus flexible linker
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Figure 4. PPAR ligands

2. Benzopyrans as PPAR agonists

Some benzopyrans have been demonstrated to be PPAR agonists. Acacetin (Figure 5), an O-
methylated flavone which can be isolated from several medicinal plants such as Betula
pendula, Carthamus tinctorius, Robinia pseudoacacia and Turnera diffusa, acted as an
essential PPARa activator in high glucose-exposed cardiomyocytes [60]. The synthetic
troglitazone (Figure 4), widely used as an antidiabetic and anti-inflammatory drug, contains a
chromanol nucleus. Quercetin (Figure 5) is a flavonoid widely distributed in nature, with a
benzopyran-4-one skeleton, which exerts anti-atherogenic effects by upregulating the gene
expression of PPARy and LXRa [61]. Formononetin (Figure 5), an isoflavonoid identified
from the Chinese herb Astragalus membranaceus, alleviates ox-LDL-induced endothelial
injury in HUVECs by stimulating PPARY signaling [62]. Bavachinin (Figure 5), a flavonoid
with a BP skeleton, is a novel natural pan-PPAR agonist which exhibits synergistic effects with
synthetic PPARy and PPARa agonists [63].

The 2-prenylated benzopyran polycerasoidol (Figure 4), which contains the chromanol
nucleus like the PPARY agonist troglitazone, two isoprenoid units, and a terminal carboxylic
group on the side chain, displayed potent dual PPARa/y agonism with potential anti-
inflammatory effects [11,64]. A new prenylated benzopyran synthetised by our research group,
2-(ethyl-4'-methylpentanoate)-6-(p-fluorobenzyloxy)-2-(methyl)-benzodihydropyran (BP-2)
(Figure 5), displays pan-PPAR agonism with a strong PPARa, moderate PPAR/d and weak
PPARYy activity, and exerted anti-inflammatory effects [65].
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Fg OH O

BP-2 acacetin
(pan PPAR o/y /9) (PPARQ)

OH O
quercetin formonectin bavachinin
(PPARY) (PPARY) (PPARO/Y)

Figure 5. PPAR agonists with a benzopyran nucleus
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3. Articles

Article 1: Synthesis of 2-prenylated alkoxylated benzopyrans by Horner-
Wadsworth—Emmons olefination with PPARa/y Agonist Activity, ACS Medicinal
Chemistry Letters, 12 (2021) 1783.
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ABSTRACT: We have synthesized series of 2-prenylated benzo-
pyrans as analogues of the natural polycerasoidol, a dual PPARa/y
agonist with anti-inflammatory effects. The prenylated side chain
consists of five or nine carbons with an a-alkoxy-a,f-unsaturated
ester moiety. Prenylation was introduced via the Grignard reaction,
followed by Johnson—Claisen rearrangement, and the a-alkoxy-a,f-
unsaturated ester moiety was introduced by the Horner—Wads-
worth—Emmons reaction. Synthetic derivatives showed high
efficacy to activate both hPPARa and hPPARy as dual PPARa/y
agonists. These prenylated benzopyrans emerge as lead compounds potentially useful for preventing cardiometabolic diseases.

KEYWORDS: Prenylated benzopyrans, Horner—Wadsworth—Emmons reaction, PPARa/y activity

mong the nuclear receptor family, peroxisome proliferator

activated receptors (PPARs) are transcription factors
activated by ligands, which are implicated in numerous cell
functions including glucose and lipid metabolism and
inflammation." Dual PPARa@/y activators can improve
atherogenic dyslipidemia and insulin resistance." Polycerasoi-
dol is a trans-5-tocotrienolic acid analogue® isolated from
Polyalthia cerasoides (Annonaceae).” Polycerasoidol, contain-
ing a 6-chromanol nucleus and a 2-prenylated side chain, is
biosynthesized from homogentisate and geranylgeranyl py-
rophosphate via the shikimate pathway and the mevalonate
pathway, respectively (Figure 1). Pharmacologically, it displays
dual PPARa/y agonist activity and ameliorates inflammation of
dysfunctional endothelium.® In structural terms, this natural
benzopyran possesses a benzopyran nucleus (lipophilic tail), a
prenylated chain (flexible linker), and a carboxylic acid (polar
head), as do other natural and synthetic PPARa and/or

o | ° o P
WCODH S/«NH
HO' HO
o

trans-3-tocotrienoloic acid

troglitazone

o
Z Z~CcooH

HO .
polycerasoidol

Figure 1. Bioactive prenylated benzopyrans.
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PPARy agonists.” The structure—activity relationships (SARs)
of polycerasoidol and semisynthetic analogues revealed that
the 6-oxygenated dihydrobenzopyran core and the linker
hydrocarbon chain of at least a five-carbon length are essential
moieties to activate PPARa and/or PPARy.” It is noteworthy
that the chroman-6-ol pharmacophore is present in troglita-
zone, the first PPARy agonist belonging to the class of
thiazolidinediones, which was approved as an antidiabetic
agent.”” Currently, rosiglitazone and pioglitazone are selective
PPARy agonists used to manage hyperglycemia in type 2
diabetes, while saroglitazar and lobeglitazone are PPARa/y
activators (agonists) approved against diabetes in India and
South Korea, respectively.” In order to find new active and
safer PPAR activators, we describe the synthesis and PPAR
activity of 2-prenylated benzopyrans that bear an a-alkyloxy-
a,f-unsaturated ester as a trioxygenated polar head on the
prenylated side chain.

We first prepared the benzopyran-4-one nucleus (-
benzopyrone 3) by conventional methods.'” The reaction
mechanism consists of an aldol condensation between the
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enolate from an ortho-hydroxyacetophenone and the carbonyl
group from an alkyl ketone. This is followed by an
intramolecular cyclization via Michael addition, which is
promoted by the ortho-phenol group.'' Thus, 2,5-dihydrox-
yacetophenone (1) and ethyl levulinate (2) in the presence of
pyrrolidine gave the chroman-4-one 3 as a racemic mixture in a
single step with a good yield (80%) (Figure 2).”'¢ y-
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Figure 2. hPPARa and hPPARy transactivation assays. Synthesized
benzopyrans were tested at 10 uM, and WY-14,643 (10 uM) and
rosiglitazone (1 uM) are reference compounds for a and 7,
respectively.

Benzopyrone 3 was reduced under Clemmensen conditions,
and the phenol hydroxyl group at 6-position was protected by
O-benzylation to give compound 4 with a good overall yield.
The controlled reduction of the ester function by DIBAL-H at
—78 °C gave the aldehyde 5 with a 92% yield. In a first
approach, we synthesized five-carbon side chain alkoxylated
prenylated benzopyrans (series 1) from aldehyde intermediate
S by Horner—Wadsworth—Emmons olefination. For this
purpose, appropriate alkylphosphonates, e.g., ethyl 2-(diethox-
yphosphoryl)-2-ethoxyacetate (8a) and ethyl 2-(diethoxyphos-
phoryl)-2-(2,2,2-trifluoroethoxy)acetate (8b), were previously
prepared from (ethoxyacetate) diethoxyphosphorane and

1784

TsN; (6) in the presence of NaH.'” Then, aldehyde
intermediate S was reacted with phosphonate 8a or 8b to
afford the a-alkyloxy-a,f-unsaturated esters of prenylated
benzopyrans 9 (20%, Z/E = 60:40) or 10 (84%, Z/E =
35:65), respectively. The saponification of ethyl ester (10)
quantitatively afforded carboxylic acid (11, Z/E = 40:60)
(Scheme 1).

Scheme 1. Synthesis of Prenylated Benzopyrans 9—11
(Series 1)

o
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“Reaction conditions: (a) Pyrrolidine, EtOH, 60 °C, molecular sieve
3 A, 24 h, 80%; (b) Zn/HCl, AcOH-H,0, rt, 2 h; (c) CICH,C¢H,,
K,CO;,, EtOH, 60 °C, 5 h, 90%; (d) DIBAL-H, CH,Cl,, =78 °C, N,,
20 min, 92%; (e) 0 °C, acetone, 2 h, 81%; (f) 60% NaH, THF, 0 °C,
N,, 16 h, 65%; (g) EtOH, Rh(OAc),, toluene, 45 °C, overnight, 8a
(R = CH,CH,), 40.2% or 8b (R = CH,CF,), 51%; (h) phosphonate
8a or 8b, THF, NaH, 0 °C, N,, 1 h + §, THF, rt, overnight: 9, 20% or
10, 84%; (i) 20% KOH, reflux, S h, 99%.

In a second approach, we synthesized the nine-carbon side
chain O-alkoxylated prenylated benzopyrans (series 2) 18, 16,
and 17 from aldehyde intermediate S. The prenylated side
chain at the 2-position of the dihydrobenzopyran nucleus was
elongated with a sequence of Grignard reaction, Johnson—
Claisen rearrangement and Horner—Wadsworth—Emmons
olefination (Scheme 2). The aldehyde synthon § was treated
with isoprenylmagnesium bromide as the vinyl Grignard
reagent, followed by Johnson—Claisen rearrangement of allylic
alcohol 12 using ethyl orthoacetate to produce unsaturated
ester 13 with a 50% yield in the last two steps. Ester 13 was
subjected to a controlled reduction using DIBAL-H at —78 °C
to give the aldehyde intermediate 14 in 89% yield. The a-
alkoxy-a,f-unsaturated ester on the prenylated side chain was
introduced by a Horner—Wadsworth—Emmons reaction.'”
Thus, aldehyde 14 was treated with phosphonates 8a and 8b to
afford esters 15 (85%) and 16 (82%), respectively.'* It is
noteworthy that ester 15 was obtained as a Z-alkene isomer
exclusively. Once again, the saponification of ethyl ester 15
quantitatively yielded carboxylic acid 17 (Scheme 2). In
addition to O-benzyloxy benzopyrans bearing a nine-carbon
prenylated alkoxy side chain (series 2), we accomplished the

https://doi.org/10.1021/acsmedchemlett.1c00400
ACS Med. Chem. Lett. 2021, 12, 1783-1786
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Scheme 2. Synthesis of Prenylated Benzopyrans 15—17
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©/ 16
“Reaction conditions: (a) CH;C(MgBr)=CH,, THF, —78 °C, N,, 1
h, 84%; (b) MeC(OEt),, isobutyric acid, 140 °C, 2 h, 50%; (c)
DIBAL-H, CH,Cl,, —78 °C, N,, 20 min, 89%; (d) phosphonate 8a or
8b, THF, NaH, 0 °C, Ny, 1 h + 14 in THF, rt, overnight: 15 (R =
CH,CHj,), 85% or 16 (R = CH,CF,), 82%; (e) 20% KOH, reflux, 5 h,
99%.

synthesis of its O-propyloxy and O-p-fluorobenzyloxy benzo-
pyran analogues. According to the second approach followed
to prepare ester 15, but starting from the chroman-4-one 3, we
synthesized O-propyloxy ester 18 and O-p-fluorobenzyloxy
ester 19 (Scheme 3).

Scheme 3. Synthesis of Prenylated Benzopyrans 18 and 19“
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“Reaction conditions: (a) See reagents and conditions described in
Scheme 1 for the synthesis of §, and Scheme 2 for the synthesis of 15
and 16.

The transactivation studies'® of the synthesized benzopyrans
were carried out and compared to the maximal efficacy of WY-
14,643 (at 10 uM) or rosiglitazone (at 1 uM) as hPPARa and
hPPARy reference compounds, respectively. At the 10 uM
dose, compounds 10, 15, 16, and 18 were moderate hPPAR
activators for both receptors while compounds 11, 17, and 19
showed high efficacy as dual hPPARa/y agonists. Indeed,
compound 11 showed higher efficacy to activate hPPARa than
PPARy did (a/y ratio = 1.73), and 17 displayed slight
selectivity toward hPPARy (a/y ratio = 0.64). Therefore, the
elongation of the side chain from five to nine carbons is
beneficial to activate hPPARy. In agreement with a previous
docking analysis of polycerasoidol, the carboxylic moiety at the

1785

C-9’ position of 17 plays a key role as an anchoring point to
bind the PPARy receptor.’

In conclusion, we efficiently prepared new series of the 2-
prenylated O-alkoxylated benzopyrans possessing the a-alkoxy-
a,f-unsaturated moiety on the prenylated chain by the
Horner—Wadsworth—Emmons reaction. Synthetic derivatives
were efficient in activating both hPPARa and hPPARy as dual
PPARa/y agonists. These prenylated benzopyrans emerge as
lead compounds that might be potentially useful for preventing
cardiometabolic diseases.
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ARTICLE INFO ABSTRACT
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hPPAR activity

2-Prenylated benzopyrans represent a class of natural and synthetic compounds showing a wide range of sig-
nificant activities. Polycerasoidol is a natural prenylated benzopyran isolated from the stem bark of Polyalthia
cerasoides (Annonaceae) that exhibits dual PPARa/y agonism and an anti-inflammatory effect by inhibiting
mononuclear leukocyte adhesion to the dysfunctional endothelium. Herein, we report the synthesis of three new
series of prenylated benzopyrans containing one (series 1), two (series 2, “polycerasoidol” analogs) and three
(series 3, “trans-d-tocotrienolic acid” analogs) isoprenoid units in the hydrocarbon side chain at the 2-position of
the chroman-6-ol (6-hydroxy-dihydrobenzopyran) scaffold. Isoprenoid moieties were introduced through a
Grignard reaction sequence, followed by Johnson-Claisen rearrangement and subsequent Wittig olefination.
hPPAR transactivation activity and the structure activity relationships (SAR) of eleven novel synthesized 2-pre-
nylated benzopyrans were explored. PPAR transactivation activity demonstrated that the seven-carbon side chain
analogs (series 1) displayed selectivity for hPPARa, while the nine-carbon side chain analogs (polycerasoidol
analogs, series 2) did so for hPPARy. The side chain elongation to 11 or 13 carbons (series 3) resulted in weak
dual PPARo/y activation. Therefore, 2-prenylated benzopyrans of seven- and nine-carbon side chain (poly-
cerasoidol analogs) are good lead compounds for developing useful candidates to prevent cardiovascular diseases
associated with metabolic disorders.

1. Introduction have reported that polycerasoidol and its analogs are dual peroxisome

proliferator-activated receptors (PPAR) a and y agonists that displayed a

2-Prenylated benzopyrans represent a class of natural and synthetic
compounds with significant biological activity, including hypo-
cholesterolemic,m antioxidant,[l’:ﬂ anti-HIV,W cytotoxic,””ﬂ anti-
bacterial,””! and neuroprotective!® properties. The 2-prenylated
benzopyran moiety, consisting in a chroman-6-ol ring linked with an
isoprenoid side chain at the C-2 position, is limited to a few natural
products.'” In 1995, we isolated the first members of a new class of 2-
prenylated benzopyrans with a terminal carboxylic group, poly-
cerasoidol and polycerasoidin, from the stem bark of Polyalthia cera-
soides (Annonaceae) (Roxb.) Benth. & Hook.f. ex Bedd. and
P. sclerophylla Hook.f. ex Thomson (Annonaceae) (Figure 1).'1”’11| We

potent anti-inflammatory effect by inhibiting mononuclear leukocyte
adhesion to the dysfunctional endothelium.''?' Structure-activity rela-
tionship (SAR) studies, together with a docking analysis of the poly-
cerasoidol and semisynthetic analogs, revealed that the oxygenated
atom at the C-6 position on the chromanol nucleus and the carboxylic
acid at C-9’ of the side chain act as key groups/ atoms to optimally
interact with PPARq- and PPARy-binding domains.'?) It is noticeable
that the chroman-6-ol core is also present in the synthetic troglitazone,
which is a dual PPARa/y agonist with a thiazolidinedione moiety
capable of regulating lipid metabolism, insulin sensitivity, glucose ho-
meostasis and atherosclerosis (Figure 1).08-141 Recently, we have also

* Corresponding authors at: Departamento de Farmacologia, Facultad de Farmacia, Universidad de Valencia, 46100 Burjassot, Valencia, Spain (N. Cabedo).

E-mail addresses: ncabedo@uv.es (N. Cabedo), dcortes@uv.es (D. Cortes).

https://doi.org/10.1016/j.bmc.2021.116532

Received 29 September 2021; Received in revised form 9 November 2021; Accepted 23 November 2021

Available online 27 November 2021
0968-0896/© 2021 Elsevier Ltd. All rights reserved.


mailto:ncabedo@uv.es
mailto:dcortes@uv.es
www.sciencedirect.com/science/journal/09680896
https://www.elsevier.com/locate/bmc
https://doi.org/10.1016/j.bmc.2021.116532
https://doi.org/10.1016/j.bmc.2021.116532
https://doi.org/10.1016/j.bmc.2021.116532
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2021.116532&domain=pdf

L. Vila et al.

described the synthesis and hPPARa/y agonist activity of 2-prenylated
benzopyrans bearing an original a-alkoxy-o,p-unsaturated ester instead
of the carboxylic acid on the side chain [ACS Med Chem Lett 2021].

PPARs are ligand-activated transcription factors of the nuclear hor-
mone receptor superfamily. Upon ligand activation, the PPAR-RXR
heterodimer activate the transcription of the target genes involved in
the control of lipid and carbohydrate metabolism."'>! Consequently,
PPARs have attracted much attention to be able to manage metabolic
diseases, including metabolic syndrome, type 2 diabetes, atherogenic
dyslipemia and non-alcoholic fat liver disease (NAFLD).!'>'®) PPARs
are activated by a wide range of naturally occurring or metabolized
lipids that derive from diet and/or result from metabolic pathways of
fatty acids. Endogenous ligands include mainly saturated or unsaturated
FA and FA-derived compounds, eicosanoids (e.g., leukotriene B4 and 8
(S)-HETE), phospholipids (e.g., azelaoyl phosphatidylcholine, 16:0/
18:1 GPC) and certain prostaglandins (e.g., 15-deoxy-A12,14-prosta-
glandin-J,, prostaglandin PGJy).!'”) Fibrates, which are the most
representative synthetic PPARa agonists, are clinically used to treat
dyslipidemia. They reduce triglycerides, increase plasma HDL-
cholesterol (HDL-C) and can improve glucose homeostasis in predia-
betic patients.“("]s] Glitazones, also called thiazolidinediones (TZDs),
are oral anti-diabetic PPARy agonists with beneficial effects on glucose
homeostasis as they enhance insulin sensitivity."'®'®] Both PPAR iso-
types (a, y) may have synergistic therapeutic effects to improve both
glucose and lipid metabolism in patients with metabolic syndrome and/
or type 2 diabetes.!'® '] However, full PPARy activators have shown
negative effects, including such as weight gain, fluid retention, bone
fracture and cardiac hypertrophy. Therefore, there is a great interest to
identify new partial PPARy agonists or PPARy modulators (PPARyMs)
lacking of adverse effects associated to full activation.!'”’

Given the structural similarity between the benzopyran core and the
dual PPARa/y agonist troglitazone, we were encouraged to explore the
PPAR activity of polycerasoidol and its analogs.['*?%2!] polycerasoidol
contains a flexible linker which is a prenylated chain formed by two
isoprenoid units connecting the polar head (carboxylic acid) and the
hydrophobic tail (benzopyran nucleus) like most PPAR ligands,
including endogenous ligands, fibrates and TZDs.['”! Trans-5-toco-

trienolic acid (garcinoic acid) from Garcinia kola is structurally related to
polycerasoidol, and a bioactive metabolite with anti-inflammatory

properties that contains farnesyl isoprenoid moiety as an unsaturated
]

hydrocarbon chain (Figure 1)./22°2

trans-3-tocotrienoloic acid
(antioxidant, antiinflammatory)
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In order to expand the arsenal of PPAR agonists, we describe herein
the synthesis and hPPAR transactivation activity of novel polycerasoidol
analogs characterized by a variable linker length containing one (series
1), two (series 2) or three (series 3) isoprenoid units. We perform SAR
studies between the prenylated benzopyrans bearing a side chain of
seven-carbons (the shortest ones, series 1), nine-carbons (“poly-
cerasoidol” analogs, series 2) and thirteen-carbons (“trans-3-toco-
trienolic acid”, series 3). Further modifications are also explored by
varying the substituents in the phenolic group at the C-6 position
(lipophilic tail), such as alkyloxy or aryloxy groups, as well as the car-
boxylic function on the isoprenoid side chain (polar head), such as ester
and amide bioisosteres.

2. Results and discussion
2.1. Synthesis of 2-prenylated benzopyrans

2-Alkyl chromans (dihydrobenzopyrans) were prepared via a
chroman-4-one scaffold, which is usually obtained by the aldol
condensation between ortho-hydroxyacetophenones and ketones or al-
dehydes in the presence of a secondary amine (e.g., pyrrolidine, piper-
idine or morpholine) via enamino intermediate followed by oxa-Michael
addition.["**?!] Thus, the choman-4-one or y-benzopyrone skeleton was
prepared in accordance with Pearce'! and Kabbe’s method'?*! as briefly
described in our previous report.?°?!! The first key step involves a
single condensation between the commercially available 2,5-dihydrox-
yacetophenone and an appropriate methyl ketone, the ethyl levulinate
in the presence of pyrrolidine (Scheme 1). The obtained y -benzopyrone
1 was reduced in one step to give the chroman-6-ol ring of the dihy-
drobenzopyran ester by Clemmensen conditions using dust zinc in acid
medium. Subsequently, the phenolic hydroxyl group of dihy-
drobenzopyran was protected using propyl bromide in the presence of
an appropriate base to afford O-propyloxy-dihydrobenzopyran 2 with a
good yield.”* 2! The aldehyde 4 intermediate was prepared by the
controlled reduction of the ester function to give a good yield by using
DIBAL-H reagent!) along with small amounts of the corresponding
alcohol 3 which after pyridinium dichromate (PDC) oxidation could turn
into aldehyde 4.

By elongating the hydrocarbon side chain from aldehyde 4, we
achieved the synthesis of a series 1 of benzopyrans containing a flexible
hydrocarbon linker length of seven-carbons. This elongation was

(o) o
o SJ<

troglitazone
(PPARa/y agonist)

flexible linker

benzopyran

nucleus HO

CO,H Polar head
e

polycerasoidol
(PPARa/y agonist)

seven-carbons
series 1

nine-carbons

ﬂ thirteen-carbons

(8-tocotrienolic acid analogs)
series 3

(polycerasoidol analogs)
series 2

Figure 1. Bioactive prenylated benzopyrans.
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Scheme 1. Synthesis of prenylated benzopyrans with seven-carbon side chain (6-9): Series 1. Reagents and conditions: (a) Pyrrolidine, EtOH, 60 °C, molecular
sieve 3A, 24 h; (b) Zn / HCl, AcOH-H;0, rt, 2 h; (c) PrBr, K2CO3, CH3CN, reflux, 5 h; (d) DIBAL-H, CH,Cl,, —78 °C, N5, 20 min; (e¢) PDC, CH,Cl,, reflux, 2 h; (f) THF,
—78 °C, Ny, 60 min; (g) MeC(OEt)3, isobutyric acid, 140 °C, 2 h; (h) KOH 20 %, MeOH, reflux, 2 h; SOCl, / CHyCl,, reflux, 3 h; aniline, 4-DMAP, Et3N, No,

rt, overnight.

performed by an efficient Grignard reaction, followed by Johnson-
Claisen rearrangement to obtain the desired 2-prenylated benzopyran
6.!%°) The Grignard reaction consisted in the nucleophilic attack of
propenyl magnesium bromide to the electrophilic carbon of aldehyde
intermediate 4 to form a carbon-carbon bond. Prenylated benzopyran
ester 6 was prepared by Johnson-Claisen rearrangement, using allylic
alcohol intermediate 5, which quickly reacted with 1,1,1-triethoxy-
ethane and catalytic amounts of isobutyric acid (Scheme 1).

After saponification of ethyl ester 6 with basic conditions, the residue
was treated with SOCl, at reflux to obtain the corresponding acid
chloride intermediate, which was added dropwise to a solution of ani-
line in the presence of catalytic amounts of 4-DMAP and Et3N to give
amide 7. In order to explore the benzyloxy group versus the propyloxy
substituent at the C-6 position on the chromanol ring, we prepared the
corresponding 6-benzyloxybenzopyran homologs, ester 8 and amide 9,
following the same procedure as described above for 6 and 7 (Scheme
1.

We designed the synthesis of a series 2 of benzopyrans containing a
flexible hydrocarbon linker length of nine-carbons like polycerasoidol
(Figure 1). Starting from O-propyloxy-benzopyran ester 6, we performed
an initial controlled reduction using DIBAL-H®!! to provide the key
aldehyde 11, which was also provided by the oxidation of alcohol 10.
The side chain of seven-carbons was elongated to synthesize 12 through
Wittig olefination®®! between aldehyde 11 and the ylide. For this

purpose, (carbethoxyethylidene) triphenylphosphorane was freshly
prepared from 2-bromoethyl propanoate and triphenylphosphine. Then,
aldehyde 11 was treated with the ylide to obtain the desired vinyl ester
12 (Scheme 2). By following the same procedure starting from O-ben-
zyloxy ester 8, we prepared its homolog O-benzyloxy-benzopyran ester
14. Both polycerasoidol analogs 12 and 14 were reacted with aniline
under the same conditions as those described above for compound 7 to
obtain amide 13 and amide 15, respectively (Scheme 2).

The synthesis of series 3 was achieved from the benzopyrans con-
taining a flexible hydrocarbon linker length of thirteen-carbons like
trans-5-tocotrienolic acid (Figure 1). As described above, aldehyde 11
was prepared by either a controlled reduction of ester 6 or the oxidation
of alcohol 10. Aldehyde 11 was subjected to Grignard reaction by
adding organomagnesium reagent, followed by Johnson-Claisen rear-
rangement using 1,1,1-triethoxyethane to provide the benzopyran ester
17 bearing an eleven-carbon side chain. A controlled reduction of 17
with DIBAL-H resulted in aldehyde intermediate 19, which was also
obtained by the oxidation of alcohol 18. The side chain was elongated
via Wittig olefination between aldehyde 19 and the (carbethox-
yethylidene)triphenylphosphorane to give the desired vinyl ester 20 as
the “trans-8-tocotrienolic acid” analog (Scheme 3). Saponification of 20
with KOH, followed by the preparation of acid chloride by SOCl, and its
treatment with aniline, gave O-propyloxy benzopyran amide 21 ac-
cording to the same procedure reported for the synthesis of compound 7
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Scheme 2. Synthesis of prenylated benzopyrans as “polycerasoidol” analogs (12-15): Series 2. Reagents and conditions: (a) DIBAL-H, CHCl,, —78 °C, N5, 20 min;
(b) PDC, CH,Cly, reflux, 2 h; (c) AcOEt, reflux, 5 h; NaOH, EtOH, 20 min; (d) THF, rt, N,, 24 h; () KOH 20 %, reflux, 2 h; SOCl,/CH,Cl,, reflux, 3 h; aniline, 4-DMAP,

Et3N, Ny, rt, overnight.

(Scheme 3).

2.2. PPARa and PPARy agonist activity

All the synthesized compounds were assayed in vitro for hPPARa and
hPPARYy transactivation activity by means of an established cell-based
transcription assay in Cos-7 cells transiently transfected with a
luciferase-reported plasmid in the presence of expression vectors
PGAL4hPPARa and pGAL4hPPARy.!'22%21:27] The synthesized com-
pounds were tested at the 10 pM dose and compared to the reference
compounds such as WY-14,643 at 10 uM and rosiglitazone at 1 pM for
hPPARa and hPPARy, respectively. The activating efficacy of com-
pounds was calculated as the maximal transactivation response,
expressed as a percentage of the maximum activity of the reference
compounds for each receptor subtype (Figure 2). Natural polycerasoidol
showed full agonist activity for both hPPARa and hPPARy, exhibiting
the maximal transactivation percentage (107% and 95% for hPPAR«x
and hPPARy, respectively).''>) The benzopyrans containing a shorter
side chain of seven-carbons (series 1: 6-9) (series 1, Scheme 1) were able
to activate both hPPAR « and y isotypes. It is noteworthy that the O-
benzyloxy-ester 8 displayed a full agonism for hPPARa with high
selectivity (123 % and 38% for « and vy, respectively). By contrast, the

polycerasoidol analogs (series 2, Scheme 2) containing a side chain of
nine-carbons, ester 12 (61 %, ester) and principally amide 15 (73 %),
showed the highest efficacy for PPARy. Finally, long-chain derivatives,
such as the trans-8-tocotrienolic acid analogs (series 3, Scheme 3) con-
taining a side chain of eleven- or thirteen-carbons, showed weak dual
PPARa/y agonism (Figure 2).

In order to provide a structural understanding of how benzopyran 15
and 8 activate PPARy and PPARa, respectively, we carried out molecular
docking analysis. Compound 15/PPARy complex showed a nearby
spatial location to the natural polycerasoidol, which was previously
reported.''?) Compound 15 showed a hydrogen bond between nitrogen
of amide group and Cys285, and also strong interactions with Tyr473,
Tyr327, Leu330 and Ile 341 of PPARy (Figure 3A). Benzopyran 8/PPAR«x
complex exhibited strong interactions with Ala333, Ser280, Thr283,
Tyr314 and His440. This analysis indicated that molecule 8 adopted a
spatial ordering slightly different than polycerasoidol for PPAR«a
(Figure 3B).[12]

3. Conclusion

Herein, we efficiently prepared three series of prenylated benzo-
pyrans with a sequence of reactions, including Grignard reaction
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Scheme 3. Synthesis of prenylated benzopyrans as “trans-8-tocotrienoloic acid” analogs (20, 21): Series 3. Reagents and conditions: (a) DIBAL-H, CHxCl,, —78 °C,
Nj, 20 min; (b) PDC, CH.Cly, reflux, 2 h; (¢) THF, —78 °C, N5, 60 min.; (d) MeC(OEt)s3, isobutyric acid, 140 °C, 2 h; (e) DIBAL-H, CH,Cl,, —78 °C, N5, 20 min; (f) PDC,
CH,Cly, reflux, 2 h; (g) THF, rt, No, 24 h; (h) KOH 20 %, reflux, 2 h; SOCl,/CHCl,, reflux, 3 h; aniline, 4-DMAP, Et3N, Ny, rt, overnight.

followed by Johnson-Claisen rearrangement, as well as Wittig olefina-
tion with (carbethoxyethylidene) triphenylphosphorane to introduce
one, two or three prenylated moieties in the side chain. Seven-carbon
side chain analogs like 8 (series 1), displayed selectivity for hPPARa.
By contrast, nine-carbon side chain analogs, like 15 (series 2), showed
high efficacy to activate hPPARy without raising a full agonism and
probably avoiding adverse effects. Therefore, these novel molecules are
good lead compounds for developing useful candidates to prevent car-
diovascular diseases associated with metabolic disorders.

4. Experimental section
4.1. General instrumentation

EIMS and HREIMS, were recorded on a VG Auto Spec Fisons spec-
trometer instruments. Liquid chromatography with mass spectrometry
detection (LC-MSD) with API (atmospheric pressure ionization) source
configurated as APIES (electrospray ionisation) in positive or negative
mode were determined on a Hewlett-Packard (HP-1100). Liquid
chromatography-mass spectrometry detection was performed on a
liquid chromatography UHPLC apparatus (Shimadzu, LCMS-8040)
coupled to a tandem mass spectrometry (MS/MS) triple quadrupole

equipped with electrospray ionization (ESI) ion source (Shimadzu,
Kyoto, Japan). 'H NMR and '3C NMR spectra were recorded with CDCl3
as solvent on a Bruker AC-300, AC-400 or AC-500. Multiplicities of 13C
NMR resonances were assigned by DEPT experiments. The assignments
in proton and carbon NMR were made by COSY 45, HSQC and HMBC
correlations recorded at 400 or 500 MHz. All reactions were monitored
by analytical TLC with silica gel 60 F254 (Merck 5554). The residues
were purified through 60H silica gel column (5-40 pm, Merck 7736) and
by flash chromatography (230-400 pm, Merck 9385). Solvents and re-
agents were used as purchased from commercial sources. Quoted yields
are of purified material.

4.2. General procedure for synthesis of prenylated benzopyrans 1 and 2
2-(Ethylpropanoate)-6-hydroxy-2-methyldihydrobenzopyran-4-one
(1) and 2-(ethylpropanoate)-2-methyl-6-propoxydihydrobenzopyran

(2) were prepared from 2,5-dihydroxy acetophenone and ethyl levuli-
nate as previously described.? 2!

4.3. General procedure for synthesis of alcohol 3 and aldehyde 4

A solution of (250 mg, 0.816 mmol) of 2 in anhydrous CH»Cl, (10
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Figure 2. In vitro hPPARa (A) and hPPARy activation (B) for active benzo-
pyrans at 10 pM. Results refer to the maximal PPAR fold activation of each
compound relative to the maximum activation of reference compounds, WY-
14,643 (10 pM) and rosiglitazone (1 pM), which corresponded to 100% in
GAL4 chimeric hPPARa and hPPARy system.

mL) at —78 °C under nitrogen atmosphere was stirred for 10 min. To this
solution was added dropwise 4.4 mL of 1.0 M DIBAL-H solution in THF.
After 20 min, the mixture was quenched by addition of 5 mL of MeOH
and 10 mL of halfsat aqueous NH4Cl solution. The reaction mixture was
stirred for additional 10 min at room temperature and concentrated in
vacuo. Then, water was added and extracted with EtOAc. The combined
organic layers were washed with water, dried over anhydrous NaySO4
and evaporated to dryness. The residue was purified by silica gel column
chromatography (hexane/EtOAc, 90:10) to afford 80 mg of the corre-
sponding alcohol 3 (35%) and 120 mg of the aldehyde 4 (53%).12!!
Alcohol 3 (80 mg, 0.303 mmol) in anhydrous CH5Cl, (4 mL) was treated
with pyridinium dichromate (PDC) (230 mg, 0.611 mmol). The reaction
mixture was stirred under reflux for 2 h. The mixture was diluted with
diethyl ether and filtered through a pad of silica gel. The filtrate was
concentrated under reduced pressure, and the crude purified as above
described to give 71 mg of aldehyde 4 (89%) as a colorless oil.
2-Methyl-2-propanol-6-propoxydihydrobenzopyran (3): 'H NMR (300
MHz, CDCl3): 8y 6.63 (m, 3H, H-5, 7, 8), 3.83 (t, J = 6.6 Hz, 2H,
OCH,CH,CHs), 3.65 (m, 2H, CHy-3'), 2.74 (m, 2H, CHy-4), 1.72 (m, 8H,
CH,-1/, CH,-2/, CH»-3, OCH2CH2CH3), 1.27 (s, 3H, CH3-4), 1.01 (t, J =
7.3 Hz, 3H, CHs); 13C NMR (75 MHz, CDCl3): 8¢ 152.4 (C-6), 147.8 (C-
8a), 121.5 (C-4a), 117.5 (CH-7), 114.7 (CH-5), 114.0 (CH-8), 75.5 (C-2),
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Figure 3. Spatial view obtained for the benzopyran 15/ PPARy complex (A)
and 8/ PPARa complex (B). Molecules 15 and 8 are depicted in green, and the
hydrogen bonds established with the different amino acids in these conforma-
tions are also shown. Benzopyran 15 establishes strong hydrogen bond in-
teractions with Cys285, Tyr473, Tyr327, Leu330 and Ile 341 of PPARy, while
benzopyran 8 establishes strong hydrogen bond interactions with Ala333,
Ser280, Thr283, Tyr314 and His440 of PPARa. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

70.0 (OCH2CH2CH3), 63.1 (CH3-3"), 35.8 (CH»-2'), 31.2 (CH»-3), 26.8
(CH»-1"), 24.3 (CH3-4), 22.6 (OCH,CH,CH3), 22.3 (CHz-4), 10.9
(OCH2CH,CH3). MS (ESD) m/z: 265 [M + H] ™.

2-Methyl-2-propanal-6-propoxydihydrobenzopyran (4): 'H NMR (300
MHz, CDCl3): 6y 9.73 (s, CHO), 6.67 (m, 3H, H-5, H-7, H-8), 3.84 (t, J =
6.6 Hz, 2H, OCH,CH2CH3), 2.76 (m, 2H, CH>-4), 2.60 (m, 2H, CH»-2),
2.02, 1.89 (m, 2H, CH»-1'), 1.77 (m, 4H, CH-3, OCH,CH,CH3), 1.25 (s,
3H, CH3-4'), 1.01 (t, J = 7.3 Hz, 3H, CH3); *C NMR (75 MHz, CDCl3): 8¢
202.3 (CHO), 152.6 (C-6), 147.2 (C-8a), 121.2 (C-4a), 117.6 (CH-7),
114.7 (CH-5), 114.2 (CH-8), 74.5 (C-2), 70.0 (OCH,CH,CH3), 38.4
(CH,-2"), 31.7 (CHy-1"), 31.2 (CH,-3), 23.7 (CHs3-4), 22.6
(OCH2CH2CH3), 22.2 (CH2-4), 10.5 (OCH2CH2CH3); MS (ESI) m/z: 263
M +H]

5. General procedure for synthesis of Seven-Carbons side chain
prenylated Benzopyrans: Compounds 6-9 (series 1)

A mixture of aldehyde 4 (300 mg, 1.14 mmol) and 13.7 mL of 0.5 M
isopropenylmagnesium bromide solution (6.84 mmol) in THF (30 mL) at
—78 °C was stirred for 1 h under nitrogen atmosphere. The resulting
mixture reaction was quenched by addition of halfsat aqueous NH4Cl
solution. The reaction was stirred for 15 min at room temperature. Then,
water was added and extracted with ethyl acetate. The combined
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organic layers were washed with water, dried with anhydrous NaySO4
and evaporated to dryness. The residue obtained, 174 mg of 5 (not
isolated), was directly treated with 10 mL of triethylorthoacetate and a
catalytic amount of isobutyric acid. The mixture was stirred at 140 °C for
2 h, and then, cooled and concentrated under reduced pressure to
remove the excess of ethylorthoacetate. The residue diluted with hex-
ane, and successively washed with water, dried over anhydrous Na;SO4
and concentrated in vacuo. The residue was purified by silica gel column
chromatography (hexane/EtOAc, 80:20) to afford 135 mg of benzo-
pyran 6 (31.6 %). Amide 7 was obtained from 6 (100 mg, 0.27 mmol) by
KOH 20% solution at reflux for 2 h and SOCI; (0.15 mL, 2.06 mmol) in
anhydrous CHCl; refluxed for 3 h. Then, the solvent was removed to
obtain quantitatively the acid chloride which was used in the next step
without further purification. The crude of acid chloride in dry CHxCl; (1
mL) was added dropwise to a solution of aniline (32 pL, 0.35 mmol), 4-
DMAP (2.4 mg, 0.02 mmol) and EtsN (19 pL, 0.14 mmol) under N at-
mosphere and in a cooling ice bath. After stirring at room temperature
for 1 h, 5% aq HCI (1.5 mL) solution was added and extracted with
CHCl,. The organic layer was washed with 5% aq NaHCOj3 solution,
brine, water, dried and the solvent was removed under reduced pressure
to give 23 mg of amide 7 (37.5 %) as a colorless oil. The 6-benzylated
homologs of type 6, compounds 8 and 9 were prepared according to
the procedure for the synthesis of 6 and 7.

2-Methyl-2-((4'-methyl)ethylhept-3'-enoate)-6-propoxydihy-
drobenzopyran (6). 'H NMR (300 MHz, CDCl3): 8y 6.67 (m, 3H, H-5, 7,
8),5.15 (t,J =7 Hz, 1H, CH-3'), 4.11 (q, J = 7.2 Hz, 2H, OCH,CH3), 3.84
(t, J = 6.6 Hz, 2H, OCH,CH,CH3), 2.72 (t, J = 6.6, 2H, CH>-4), 2.32 (m,
4H, CH,-5', CH3-6'), 2.09 (q, J = 7.8 Hz, 2H, CH»-2'), 1.68 (m, 6H, CH>-
3, OCH,CH,CH3, CH»-1'), 1.61 (s, 3H, CH3-8), 1.26 (s, 3H, CH3-9), 1.24
(t, J = 7.2 Hz, 3H, OCH2CH3), 1.01 (t, J = 7.3 Hz, 3H, OCH2CH>CH3);
13C NMR (75 MHz, CDCl3): §¢ 173.3 (CO), 152.3 (C-6), 147.7 (C-8a),
133.4 (C-4), 124.9 (CH-3'), 121.4 (C-4a), 117.6 (CH-7), 114.7 (CH-5),
114.0 (CH-8), 75.3 (C-2), 70.0 (OCH2CH>CH3s), 60.1 (OCH2CH3), 39.1
(CHy-1"), 34.6 (CHy-5'), 34.5 (CH,-6), 33.1 (CH,-3), 24.0 (CH3-9), 22.6
(CH»-4), 22.3 (OCH,CH,CHj3, CH»-2), 15.7 (CH3-8'), 14.1 (OCH,CH3),
10.4 (OCHCH,CH3); HREIMS m/z 375.5233 [M + H]* (375. 5216,
calcd. for C23H3504).

2-Methyl-2-((4'-methyl)-N-phenylhept-3'-enamide)-6-propoxydihy-
drobenzopyran (7). 'H NMR (300 MHz, CDCl3): 8y 7.47 (d, J = 7.8 Hz,
2H, H-2"”,6"),7.30 (t,J =7.8 Hz, 2H, H-3"", 5""), 7.09 (t, J = 7.4 Hz, 1H,
H-4"), 6.70 (m, 3H, H-5, H-7, H-8), 5.25 (t, J = 7 Hz, 1H, CH-3'), 3.84 (t,
J=6.6 Hz, 2H, OCH,CH>CH3), 2.73 (t, J = 6.6, 2H, CH»-4), 2.38 (m, 4H,
CH,-5', CHy-6), 2.12 (q, J = 7.8 Hz, 2H, CH»-2'), 1.75 (m, 4H, CH;-3,
OCH,CH,CH3), 1.65 (s, 3H, CHs-8'), 1.58 (m, 2H, CHz-1'), 1.27 (s, 3H,
CH3-9), 1.01 (t, J = 7.3 Hz, 3H, OCH,CH,CHs); '*C NMR (75 MHz,
CDCl3y): 8¢ 173.7 (CO), 152.4 (C-6), 147.7 (C-8a), 137.8 (C-1"), 133.7 (C-
4),129.3 (C-3, 5'),129.0 (C-4"), 125.8 (C-3'), 121.6 (C-4a), 117.6 (CH-
7), 115.1 (CH-5), 114.8 (CH-8), 75.4 (C-2), 70.1 (OCH,CH,CH3), 39.1
(CHy-1"), 36.2 (CH2-6'), 35.1 (CH-5'), 31.1 (CH»-3), 24.1 (CH3-9), 22.7
(CH-4), 22.2, 22.4 (OCH,CH,CH3) and (CH2-2'), 15.9 (CH3-8), 10.5
(OCHCH,CH3); HREIMS m/z 421.2620 [M]t (421.2457 caled. for
Co7H35NO3).

6-Benzyloxy-2-methyl-2-((4'-methyDethylhept-3'-enoate)-dihy-
drobenzopyran (8). 1 NMR (400 MHz, CDCl3): 8y 7.35 (m, 5H, H-2" to
H-6"), 6.72 (m, 3H, H-5, H-7, H-8), 5.20 (t, J = 7 Hz, 1H, CH-3'), 4.99 (s,
2H, OCHAr), 4.11 (q, J = 7.4 Hz, 2H, OCH,CH3), 2.75 (t, J = 6.7, 2H,
CHj-4), 2.38 (m, 4H, CH,-6', CH-5'), 2.09 (m, 2H, CH,-2'), 1.68 (m, 4H,
CH,-3, CH»-1), 1.61 (s, 3H, CH3-8'), 1.27 (s, 3H, CH3-9'), 1.23 (t, J =
7.3 Hz, 3H, OCH2CH3). 13C NMR (100 MHz, CDClg): 8¢ 173.4 (CO),
152.1 (C-6), 148.1 (C-8a), 137.5 (C-1"), 133.5 (C-4"), 128.5, 127.8,
127.4 (CH-2” to CH-6""), 125.0 (CH-3'), 121.6 (C-4a), 117.7 (CH-7),
115.1 (CH-5), 114.4 (CH-8), 75.5 (C-2), 70.6 (OCHjAr), 60.2
(OCHCH3), 39.2 (CH2-1), 34.6 (CH»-6), 33.2 (CH,-5'), 30.9 (CH»-3),
24.1 (CHs3-9'), 22.3 (CHy-4), 22.1 (CH»-2'), 15.8 (CH3-8), 14.2
(OCH,CH3); HREIMS m/z 422.2473 [M]" (422.2457 caled. for
Ca7H3404).
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6-Bengzyloxy-2-methyl-2-(N-phenyl(4'-methyl) hept-3'-enamide)-dihy-

drobenzopyran (9). H NMR (400 MHz, CDCl3): 8y47.47 (d, J = 7.8 Hz,
2H, H-2"’,6"*), 7.36 (m, 8H, H-3'’ to H-5""” and H-2” to H-6"*), 6.72 (m,
3H, H-5, H-7, H-8), 5.26 (t, J = 6.8 Hz, 1H, CH-3'), 4.96 (s, 2H, OCHAr),
2.73 (t, J = 6.8 Hz, 2H, CH»-4), 2.42 (m, 4H, CH,-5/, 6), 2.14 (m, 2H,
CH,-2), 1.70 (m, 4H, CH»-3, CH»-1"), 1.65 (s, 3H, CH3-8'), 1.27 (s, 3H,
CH3-9'); ¥C NMR (100 MHz, CDCl3): 8¢ 170.9 (CO), 152.1 (C-6), 148.0
(C-8a), 137.9, 137.5 (C-1", C-1""), 133.7 (C-4), 128.9-125.7 (CH-Ar),
124.2 (CH-3), 121.7 (C-4a), 119.7 (CH-2"’, 6'*), 117.7 (CH-7), 115.2
(CH-5), 114.4 (CH-8), 75.5 (C-2), 70.6 (OCH2Ar), 39.2 (CHz-1'), 36.2
(CH»-6'), 35.0 (CH2-5"), 31.0 (CH,-3), 24.2 (CH3-9'), 22.5 (CHy-4), 22.2
(CH,-2'), 15.9 (CH3-8'); HREIMS m/z 469.2596 [M]" (469.2616 calcd.
for C31H35N03).

5.0.1. General procedure for synthesis of nine-carbon side chain
prenylated benzopyrans: “polycerasoidol” analogs 12-15 (series 2)

Alcohol 10 and aldehyde 11, obtained by controlled reduction from
ethyl-ester 6, were prepared according to the procedure for the synthesis
of 3 and 4. For Wittig olefination the carbethoxyethylidene triphenyl-
phosphorane was previously prepared. For this purpose, triphenyl-
phosphine dissolved was dissolved in ethyl acetate, and then splashed
into 2-bromoethyl propanoate under room temperature at reflux for 5 h.
The obtained white solid was dissolved in EtOH and treated with 20%
NaOH during 20 min, to obtain carbethoxyethylidene triphenylphos-
phorane. The aldehyde 11 (200 mg, 0.60 mmol) was added to a solution
of the ylide (350 mg, 0.97 mmol) in THF under N2 atmosphere. The
reaction was stirred for 24 h at room temperature. Then, water was
added and extracted with ethyl acetate. The organic layer was washed
with 5% aq NaHCOj3 solution, brine, water, dried and the solvent was
removed under reduced pressure. The residue was purified via silica gel
column chromatography (hexane/EtOAc, 85:15) to afford 237 mg of
ethyl-ester polycerasoidol analog 12 (54.5%) as a colorless oil. The 6-
benzylated homolog 14 was prepared according to the same proced-
ure for the synthesis of 12 above. The corresponding amides 13 and 15
were prepared according to the procedure for the synthesis of 7 (Scheme
2).

2-Methyl-2-((4'-methyl) hept-3'-enol)-6-propoxydihydrobenzopyran
(10). 'H NMR (500 MHz, CDCl3): 81 6.63 (m, 3H, H-5, 7, 8), 5.14 (t, J =
6.5 Hz, 1H, H-3'), 3.82 (t, J = 6.4 Hz, 2H, OCH2CH,CH3), 3.59 (t,J = 6.5
Hz, 2H, CH»-7'), 2.70 (t, J = 6.8 Hz, 2H, CHy-4), 2.07 (m, 2H, CH-2/),
2.02 (t, J = 7.4 Hz, 2H, CH3-5"), 1.75 (m, 4H, CH-3, OCH2CH2CH3),
1.63 (m, 4H, CH,-1, CH3-6), 1.58 (s, 3H, CH3-8'), 1.25 (s, 3H, CH3-9'),
0.99 (t, J = 7.4 Hz, 3H, OCH,CH>CH3); 13C NMR (125 MHz, CDCl3): 8¢
152.4 (C-6), 147.8 (C-8a), 133.4 (C-4), 124.6 (CH-3'), 121.5 (C-4a),
117.6 (CH-7), 114.7 (CH-5), 114.0 (CH-8), 75.5 (C-2), 70.1
(OCH,CH,CH3), 62.7 (CHp-7'), 39.2 (CH-1'), 35.8 (CH»-6'), 30.9 (CH-
3), 30.6 (CH2-5'), 24.0 (CHs-9'), 22.6 (CHy-4), 22.3 (OCH2CH2CHs),
22.0 (CHp-2"), 15.7 (CH3-8'), 10.4 (OCH2CH,CH3); MS (ESI) m/z 333 [M
+HI".

2-Methyl-2-((4'-methyDhept-3'-enal)-6-propoxydihydrobenzopyran
(11). *H NMR (400 MHz, CDCls): 8y 6.65 (m, 3H, H-5, 7, 8), 5.15 (t, J =
6.5 Hz, 1H, H-3'), 3.84 (dd, J = 6.6 Hz, 2H, OCH,CH2CH3), 2.73 (t, J =
6.8 Hz, 2H, CHz-4), 2.50 (t, J = 6.5 Hz, 2H, CH»-6'), 2.30 (t, J = 7.4 Hz,
2H, CH»-5'), 2.10 (dq, J = 7.4 Hz, 1.6 Hz, 2H, CH-2'), 1.78 (m, 6H, CH»-
3, OCH,CH2CH3, CHp-1), 1.57 (s, 3H, CHs-8"), 1.27 (s, 3H, CH3-9'), 1.01
(t, J = 7.4 Hz, 3H, CH3); '3C NMR (100 MHz, CDCl3): 5¢ 202.5 (CHO),
152.4 (C-6), 147.8 (C-8a), 133.1 (C-4), 125.3 (CH-3'), 121.6 (C-4a),
117.7 (CH-7), 114.8 (CH-5), 114.1 (CH-8), 75.4 (C-2), 70.1
(OCH2CH2CH3), 42.1 (CH2-6"), 39.2 (CH»-1"), 31.7 (CH2-5'), 31.1 (CHa-
3), 24.1 (CH3-9"), 22.7 (CHy-4), 22.4 (OCH,CH,CH3), 22.2 (CHa-2)),
16.0 (CHs-8), 10.5 (OCHCHyCHs); HREIMS m/z 330.2247 [M]*
(330.2194 calcd. for C21H3003).

2-((4,8'-DimethyDethylnonan-3, 7 -dienoate)-2-methyl-6-propoxydihy-
dro-benzopyran (12). 11 NMR (400 MHz, CDCl3): 8y 6.70 (m, 1H, H-7'),
6.65 (m, 3H, H-7, 8), 6.60 (m, 3H, H-5), 5.15 (t, J = 7.2 Hz, 1H, H-3'),
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4.17 (q, J = 7.1 Hz, 2H, OCH,CH3), 3.84 (t, J = 6.6 Hz, 2H,
OCH,CH,CH3), 2.73 (t, J = 6.8 Hz, 2H, CH-4), 2.25 (q, J = 7.5 Hz, 2H,
CH,-6'), 2.09 (m, 4H, CH,-2/, 5'), 1.81 (d, J = 1.2 Hz, 3H, CH3-10'), 1.74
(m, 6H, CH»-3, OCH,CH,CH3, CH»-1'), 1.60 (s, 3H, CH3-11'), 1.28 (t, J
= 7.2 Hz, 3H, OCH,CH3), 1.27 (s, 3H, CH3-12'), 1.01 (t, J = 7.4 Hz, 3H,
OCH>CH,CH3); 13C NMR (100 MHz, CDCl3): 8¢ 168.2 (CO), 152.4 (C-6),
147.8 (C-8a), 141.8 (CH-7'), 134.1 (C-4'), 127.8 (C-8'), 124.3 (CH-3'),
121.6 (C-4a), 117.7 (CH-7), 114.8 (CH-5), 114.1 (CH-8), 75.5 (C-2),
70.1 (OCH,CH,CH3s), 60.4 (OCH,CH3), 39.2 (CHj-1'), 38.2 (CHp-5),
31.1 (CH»-3), 27.3 (CHy-6'), 24.2 (CH3-12'), 22.7 (CH2-4), 22.5
(OCH,CH,CH3), 22.2 (CH,-2'), 15.9 (CHs-11'), 14.3 (OCH,CHg), 12.4
(CHs-10), 10.6 (OCH,CH,CH3); HREIMS m/z 414.2768 [M]*
(414.2770 caled. for C26H3804).

2-Methyl-2-((4',8'-dimethyl)-N-phenylnona-3', 7' -dienamide)-6-propox-
ydihydro-benzopyran (13): ' NMR (300 MHz, CDCl3): 8y 7.52 (d, J =
8.2 Hz, 2H, H-2",6"), 7.36 (t, 2H, J = 8.2 Hz, H-3”,5"), 7.12 (t,J = 8.2
Hz, 1H, H-4"), 6.72 (m, 3H, H-5, H-7, H-8), 6.38 (dt, J = 7.1 Hz, 1.3 Hz,
1H, H-7'), 5.18 (t, J = 7 Hz, 1H, CH-3'), 3.83 (t, J = 6.6 Hz, 2H,
OCH,CH,CH3), 2.73 (t, J = 6.7 Hz, 2H, CHy-4), 2.28 (m, 2H, CH»-6'),
2.13 (m, 4H, CH»-2/, 5), 1.95 (s, 3H, CH3-10'), 1.76 (m, 6H, CH5-3,
OCH,CH,CH3s, CH,-1'), 1.62 (s, 3H, CH3-11"), 1.27 (s, 3H, CH3-12') 1.01
(t, J = 7.4 Hz, 3H, OCH>CH,CH3); 13¢ NMR (75 MHz, CDCl3): 8¢ 167.7
(C0O), 152.4 (C-6), 147.7 (C-8a), 138.1 (C-1"), 136.2 (CH-7’), 134.0 (C-
4, 132.0 (C-8'), 129.0 (CH-3"”, 5"°), 125.2 (CH-4"), 124.1 (CH-3),
121.6 (C-4a), 120.0 (CH-2", 6"”), 117.7 (CH-7), 114.8 (CH-5), 114.1
(CH-8), 75.5 (C-2), 70.1 (OCH2CH,CH3s), 39.2 (CHz-1'), 38.4 (CH»-5"),
31.0 (CH»-3), 26.9 (CH,-6'), 24.1 (CH3-12'), 22.7 (CH»-4), 22.4
(OCH,CH,CH3), 22.2 (CHp-2), 15.9 (CHs-117), 12.9 (CHs-10'), 10.6
(OCH2CH2CH3); HREIMS m/z 461.2625 [M]* (461.2520 calcd. for
C30H39NO3).

6-Benzyloxy-2-((4,8'-dimethyl)ethylnona-3', 7' -dienoate)-2-methyl-
dihydro-benzopyran (14). 'H NMR (300 MHz, CDCl3): 8y 7.33 (m, 5H, H-
2" toH-6""), 6.70 (m, 1H, H-7"), 6.68 (m, 3H, H-5, 7, 8), 5.14 (t,J = 6 Hz,
1H, H-3'), 4.98 (s, 2H, OCHAr), 4.18 (q, J = 7.1 Hz, 2H, OCH,CH3),
2.73 (t,J = 6.8 Hz, 2H, CH3-4), 2.26 (q, J = 7.5 Hz, 2H, CH»-6'), 2.10 (m,
4H, CH»-2', 5), 1.82 (s, 3H, CH3-10'), 1.76 (q, J = 6.8 Hz, 2H, CH»-3),
1.63 (m, 2H, CH,-1), 1.60 (s, 3H, CH3-11'), 1.28 (s, 3H, CH3-12), 1.26
(t, J = 7.1 Hz, 3H, OCH,CHs); *>*C NMR (75 MHz, CDCls): 8¢ 168.2 (CO),
152.1 (C-6), 148.1 (C-8a), 141.8 (CH-7"), 137.5 (C-1"), 134.1 (C-4'),
128.5 (CH-2"", 6’"), 127.8 (C-8'), 127.7 (CH-4"), 127.5 (CH-3"”, CH-5"),
125.0 (CH-3"), 121.7 (C-4a), 117.7 (CH-7), 115.1 (CH-5), 114.3 (CH-8),
75.6 (C-2), 70.6 (OCH2Ar), 60.3 (OCH2CH3), 39.2 (CHp-1"), 38.2 (CHy-
5’), 30.9 (CHy-3), 27.2 (CHy-6'), 24.1 (CH3-12'), 22.4 (CHy-4), 22.1
(CH»-2'),15.9 (CH3-11’), 14.3 (OCH2CH3), 12.4 (CH3-10"); HREIMS m/z
462.2729 [M]" (462.2770 calcd. for C3oH3g04).

6-Benzyloxy-2-methyl-2-(-((4',8'-dimethyl)-N-phenylnona-3', 7' -dien-
amide)-dihydro-benzopyran (15). 1H NMR (300 MHz, CDCl3): 8y 7.54 (d,
J = 8.7 Hz, 2H, H-2""", 6"°), 7.36 (m, 7H, H-3""*, 5" and H-2"" to H-6'"),
7.14 (m, 1H, H-4"), 6.72 (m, 3H, H-5, H-7, H-8), 6.37 (dt, J = 7.1 Hz,
1.3 Hz, 1H, H-7'), 5.18 (t, J = 7 Hz, 1H, CH-3'), 4.98 (s, 2H, OCHAr),
2.73 (t,J = 6.7 Hz, 2H, CH»-4), 2.28 (m, 2H, CH»-6'), 2.12 (m, 4H, CH»-
2/,5"),1.93 (s, 3H, CH3-10"), 1.78 (m, 2H, CH5-3), 1.64 (m, 2H, CH,-1),
1.62 (s, 3H, CH3-11"), 1.27 (s, 3H, CH3-12"); 13C NMR (75 MHz, CDCls):
8¢ 167.6 (CO), 152.1 (C-6), 148.0 (C-8a), 138.1, 137.5 (C-1", C-1""),
136.1 (CH-7’), 134.0 (C-4'), 132.0 (C-8'), 129.0, 128.5, 127.8, 127.5 and
125.2 (CH-Ar), 124.2 (CH-3), 121.7 (C-4a), 120.0 (CH-2""*, 6""), 117.1
(CH-7), 115.2 (CH-5), 114.4 (CH-8), 75.6 (C-2), 70.7 (OCH2Ar), 39.2
(CHy-1), 38.4 (CHy-5"), 31.1 (CHy-3), 26.9 (CHy-6"), 24.1 (CH3-12"),
22.7 (CHz-4), 22.5 (CH-2"), 15.8 (CH3-11"), 12.9 (CH3-10'); HREIMS m/
2509.2953 [M] " (509.2930 calcd. for C34H3gNO3).

5.0.2. General procedure for synthesis of eleven- and thirteen-carbon side
chain prenylated benzopyrans: “trans-§-tocotrienolic acid” analogs 17-21
(series 3)

Following the same methodology described to synthesize compound
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6, the prenylated benzopyran 17 was prepared by reacting aldehyde 11
with a solution of isopropenylmagnesium bromide. Intermediate 16 was
treated directly with triethylorthoacetate, to give compound 17 (50%)
as a colorless oil. For the preparation of compounds 20, prenylated
benzopyran “trans-5-tocotrienolic acid” type, the same procedure was
followed as that used for the synthesis of compound 12 (63%) as a
colorless oil. The amidation from compound 20 to give compound 21
(23 %) as a colorless oil was carried out following the procedure
described to synthesize compound 7 (Schemes 2, 3 and 4).
2-((4,8'-Dimethyl)ethylundeca-3', 7' -dienoate)-2-methyl-6-propox-
ydihydro-benzopyran (17). 'H NMR (300 MHz, CDCl3): 8y 6.75 (m, 3H,
H-5, 7, 8), 5.10 (m, 2H, H-3, 7)), 4.11 (q, J = 7.1 Hz, 2H, OCH,CH3),
3.84 (t, J = 6.6 Hz, 2H, OCH,CH,CH3), 2.73 (t, J = 6.8 Hz, 2H, CH»-4),
2.30 (m, J = 4H, CH»-9/, 10), 2.10 (m, 6H, CH»-2', 5/, 6'), 1.80 (m, 6H,
CH,-3, OCH,CH,CH3, CHp-1'), 1.59 (s, 6H, CH3-12/, 13'), 1.27 (t, J =
7.2 Hz, 3H, OCH,CH3), 1.24 (s, 3H, CH3-14), 1.00 (t, J = 7.4 Hz, 3H,
OCH,CH,CHs); 13C NMR (75 MHz, CDCls): 8¢ 173.5 (CO), 152.3 (C-6),
147.8 (C-8a), 135.0 (C-8'), 133.3 (C-4'), 125.0 (CH-7"), 124.2 (CH-3"),
121.6 (C-4a), 117.7 (CH-7), 114.8 (CH-5), 114.0 (CH-8), 75.6 (C-2),
70.1 (OCH2CH2CH3), 60.2 (OCH2CHs), 39.5 (CH2-1"), 39.3 (CH2-5),
34.7 (CH3-10), 33.3 (CH3-9'), 31.0 (CH3-3), 26.5 (CH-6'), 24.1 (CH3-
14'), 22.7 (CH>-4), 22.4 (OCH2CH»CH3), 22.1 (CH»-2'), 15.9, 15.8 (CH3-
12/,13'), 14.2 (OCH,CH3), 10.5 (OCH,CH2CH3); HREIMS m/z 442.3123
[M] (442.3083 caled. for CagHy204).
2-((4,8-DimethyDundeca-3,7'-dien-11'-oD)-2-methyl-6-propoxydihy-
drobenzopyran (18). H NMR (500 MHz, CDCl3): 8y 6.70 (m, 3H, H-5, 7,
8),5.12 (m, 2H, H-3/,7), 3.84 (t, J = 6.6 Hz, 2H, OCHo,CH2CH3), 3.61 (t,
J = 6.4 Hz, 2H, CH,-11), 2.73 (t, J = 6.7 Hz, 2H, CH-4), 2.30 (m, 4H,
CH,-9, 10", 2.10 (m, 6H, CHy-2, 5, 6), 1.80 (m, 6H, CHy-3,
OCH,CH,CH3, CH»-1), 1.59 (s, 6H, CH3-12/, 13'), 1.28 (s, 3H, CH3-14"),
1.01 (t, J = 7.4 Hz, 3H, OCH2CH>CH3); *3C NMR (125 MHz, CDCl3): 5¢
152.3 (C-6), 147.8 (C-8a), 135.0 (C-8'), 133.3 (C-4'), 124.7 (CH-7'),
124.3 (CH-3), 121.6 (C-4a), 117.7 (CH-7), 114.8 (CH-5), 114.1 (CH-8),
75.6 (C-2), 70.1 (OCH,CH,CHj3), 62.8 (CHa-117), 39.5 (CHy-1'), 39.3
(CH3-5"), 36.0 (CH2-9'), 31.0 (CH»-3), 30.7 (CH2-10"), 26.4 (CH2-6'),
24.2 (CH3-14"), 22.7 (CHy-4), 22.4 (OCH,CH,CH3), 22.2 (CHz-2), 15.9
(CHs3-12/, 13'), 10.6 (OCH,CH>CH3); HREIMS m/z 400.3048 M1+
(400.2977 calcd. for C26H4003).
2-((4,8-DimethyDundeca-3, 7' -dienal)-2-methyl-6-propoxydihy-
drobenzopyran (19). H NMR (500 MHz, CDCl3): 6y 9.8 (d, J = 1.6 Hz,
CHO-11'), 6.68 (m, 3H, H-5, 7, 8), 5.14 (m, 2H, H-3,7'), 3.84 (t,J = 6.6
Hz, 2H, OCH,CH,CH3), 2.73 (t, J = 6.8 Hz, 2H, CH»-4), 2.50 (dt,J = 7.6
Hz, 1.6 Hz, 2H, CH,-10'), 2.30 (t, J = 7.5 Hz, 2H, CH»-9'), 2.10 (m, 6H,
CH,-2', 5/, 6'), 1.80 (m, 6H, CH,-3, OCH,CH,CH3, CH»-1'), 1.60, (s, 3H,
CH3-12'), 1.57 (s, 3H, CH3-13"), 1.27 (s, 3H, CH3-14'), 1.01 (t, J = 7.4
Hz, 3H, OCH,CH,CHs); 13C NMR (125 MHz, CDCls): 8¢ 202.6 (CO),
152.4 (C-6), 147.7 (C-8a), 133.1 (C-8 and C-4'), 125.3 (CH-7’ and CH-
3'), 121.6 (C-4a), 117.6 (CH-7), 114.8 (CH-5), 114.1 (CH-8), 75.5 (C-2),
70.1 (OCH2CH2CH3), 42.1 (CH»-10'), 39.1 (CH»2-1/, 5'), 31.7 (CH2-9),
31.0 (CH3-3), 30.7 (CH,-10'), 26.4 (CH2-6'), 24.2 (CH3-14'), 22.7 (CH,-
4), 22.4 (OCHoCH,CH3), 22.2 (CH2-2"), 16.0 (CH3-12, 13", 10.5
(OCH2CH,CH3); HREIMS m/z 398.2913 [M]' (398.2821 caled. for
C26H3g03).
2-Methyl-6-propoxy-2-((4',8,12'-trimethyDethyltrideca-3',7',11'-trien-
oate)-dihydro-benzopyran (20). 'H NMR (400 MHz, CDCls): 8y 6.72 (dt,
J =7.3Hz, 1.4 Hz, H-11'), 6.65 (m, 3H, H-5, 7, 8), 5.15 (dt, J = 5.7 Hz,
1.2 Hz, 2H, H-7', H-3), 4.18 (q, J = 7.1 Hz, 2H, OCH,CH3), 3.84 (t, J =
6.6 Hz, 2H, OCH,CH,CH3), 2.73 (t, J = 6.8 Hz, 2H, CH»-4), 2.25 (q, J =
7.5 Hz, 2H, CH»-10'), 2.08 (m, 8H, CH»-2/, 5/, 6/, 9), 1.83 (s, 3H, CH3-
14), 1.77 (m, 6H, CH,-3, OCHoGH,GHs, CHp-1), 1.60 (s, 6H, CH3-15/,
16),1.30 (t, J = 7.2 Hz, 3H, OCH2CH3), 1.27 (s, 3H, CH3-17), 1.02 (t, J
= 7.4 Hz, 3H, OCHCH,CH3); '*C NMR (100 MHz, CDCl3): 5¢ 168.1
(CO), 152.3 (C-6), 147.7 (C-8a), 141.8 (CH-11"), 134.9 (C-8'), 133.8 (C-
4), 127.6 (C-12), 125.0 (CH-7"), 124.2 (CH-3), 121.5 (C-4a), 117.7
(CH-7), 114.8 (CH-5), 114.0 (CH-8), 75.5 (C-2), 70.0 (OCH2CH>CH3),
60.3 (OCH>CH3), 39.5 (CH2-1), 39.3 (CH»-5'), 38.2 (CH2-9'), 31.0 (CHa-
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3), 27.3 (CH»-10), 26.5 (CH»-6'), 24.1 (CH3-17’), 22.7 (CH-4), 22.5
(OCH,CH,CH3), 22.1 (CH»-2), 15.9 (CH3-15/, 16/), 14.2 (OCH2CHs),
12.3 (CHs-14), 10.5 (OCH2CH2CH3); HREIMS m/z 482.2538 1+
(482.2402 calcd. for C31H4604).
2-Methyl-2-(N-phenyl(4',8',12'-trimethyDtrideca-3',7',11'-trienamide)-
6-propyloxy-dihydrobenzopyran (21). 'H NMR (300 MHz, CDCl3): 8y 7.42
(m, 5H, H-2" to 6), 6.65 (m, 3H, H-5, 7, 8), 6.37 (dt, J = 7.1 Hz, 1.3 Hz,
1H, H-11'), 5.15 (t, J = 7.2 Hz, 2H, H-3', H-7'), 3.83 (t, J = 6.6 Hz, 2H,
OCH,CH,CH3), 2.73 (t, J = 6.8 Hz, 2H, CH2-4), 2.25 (q, J = 7.5 Hz, 2H,
CH,-10"), 2.08 (m, 8H, CH»-2', 5, 6/, 9'), 1.83 (s, 3H, CH3-14'), 1.77 (m,
6H, CH2-3, OCH,CH,CHs, CH,-1), 1.60 (s, 3H, CHs-15'), 1.59 (s, 3H,
CH3-16"), 1.27 (s, 3H, CH3-17"), 1.00 (t, J = 7.4 Hz, 3H, OCHoCH,CHs);
13¢ NMR (75 MHz, CDCl3): 8¢ 168.2 (CO), 152.4 (C-6), 147.8 (C-8a),
141.8 (CH-11'), 134.9 (C-8), 133.8 (C-4'), 129.0, 127.8 and 125.2 (CH-
Ar), 127.6 (C-12), 125.0 (CH-7’), 124.2 (CH-3'), 121.5 (C-4a), 117.7
(CH-7), 114.8 (CH-5), 114.0 (CH-8), 75.5 (C-2), 70.0 (OCH>CH,CH3),
39.5 (CHy-1"), 39.3 (CHx-5"), 38.2 (CH5-9"), 31.0 (CH,-3), 27.3 (CHy-
10, 26.5 (CH»-6"), 24.1 (CHs-12'), 22.7 (CH2-4), 22.5 (OCH2CH,CHy3),
22.1 (CH,-2"), 15.9 (GH3-15', 16/), 12.3 (GH3-17"), 10.5 (OCH,CH,GHs);
HREIMS m/z 529.2416 [M]" (529.2230 calcd. for C35HayNO3).

5.1. Evaluation of PPAR activity by transactivation assays

PPAR transcriptional activity of synthesized compounds was per-
formed using a human chimera PPAR/Gal4 gene reporter luciferase
system to obtain the maximal transactivation response for each com-
pound at 10 pM dose and compared with WY-14,643 (pirinixic acid,
Sigma-Aldrich, St. Louis, MO) at 10 pM for PPAR«a or rosiglitazone
(Sigma-Aldrich) at 1 pM for PPARy. Cos-7 cells (CRL-1651, ATCC,
Manassas, VA) were maintained under standard culture conditions
(Dulbecco’s modified Eagle’s minimal essential medium: DMEM sup-
plemented with 10% fetal calf serum [FCS], Thermo Fisher Scientific,
Waltham, MA) at 37 °C in a humidified atmosphere of 5% COs. The
medium was changed every 2 days. Cells (5.5 x 10° cells/mL) were
seeded in 60-mm dishes in DMEM supplemented with 10% FCS and
incubated at 37 °C for 16 h prior to transfection. Cells were transfected
in DMEM with the jetPEI transfection reagent (Polyplus-Transfection S.
A., Strasbourg, France) using the reporter plasmid pG5-TK-pGL3 in
combination with one of the expression plasmids, pGal4hPPARa or
pGal4hPPARy. The pCMV-B-galactosidase expression plasmid was
included as a control of transfection efficiency. The transfection was
stopped after 16 h by the addition of DMEM supplemented with 10%
FCS, and cells were detached with trypsin and re-seeded in 96-well
plates and incubated for 6 h in DMEM containing 10% FCS. Cells were
then incubated for 24 h in DMEM containing 0.2% FCS and increasing
concentrations of the compound tested or vehicle (dimethylsulfoxide,
DMSO, 0.1% final concentration). At the end of the experiment, cells
were washed once with ice-cold phosphate-buffered saline (PBS) and
lysed, and luciferase and p-galactosidase activity was measured. Each
experiment was achieved in triplicate, and mean =+ standard error (SEM)
values were calculated using GraphPad Prism 5 Software.

6. Molecular modeling

Molecular docking simulation was performed to localize the ligand
15 in the binding pocket of PPARy and molecular interactions. The 3D
crystal structure of PPARy in complex with rosiglitazone (PDB code:
4EMA) and PPAR« in complex with WY-14,643 (PDB code: 4BCR) were
retrieved from RCSB Protein Data Bank (PBD, https://www.rcsb.org).
USCF Chimera software'?®! was used for ligand and protein preparation.
Solvent molecules were removed, while hydrogens and Gesteiger
charges were added.'””’ Docking simulations were performed with
AutoDock Vina tool, and the results obtained were analyzed with USCF
Chimera. The ligand/protein complex was considered stable when the
values of the binding free energy (AGiigand.residue) Were lower than —5
Kcal/mol.
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ARTICLE INFO ABSTRACT

Keywords: Peroxisome proliferator-activated receptors (PPARs) play a major role in regulating inflammatory processes, and
Benzopryan hydrazones dual or pan-PPAR agonists with PPARy partial activation have been recognised to be useful to manage both meta-
Synthesis

bolic syndrome and metabolic dysfunction-associated fatty liver disease (MAFLD). Previous works have demon-
strated the capacity of 2-prenylated benzopyrans as PPAR ligands. Herein, we have replaced the isoprenoid bond
by hydrazone, a highly attractive functional group in medicinal chemistry. In an attempt to discover novel and
safety PPAR activators, we efficiently prepared benzopyran hydrazone/hydrazine derivatives containing ben-
zothiazole (series 1) or 5-chloro-3-(trifluoromethyl)-2-pyridine moiety (series 2) with a 3- or 7-carbon side chain
at the 2-position of the benzopyran nucleus. Benzopyran hydrazones 4 and 5 showed dual hPPAR«/y agonism,
while hydrazone 14 exerted dual hPPARa/§ agonism. These three hydrazones greatly attenuated inflammatory
markers such as IL-6 and MCP-1 on the THP-1 macrophages via NF-kB activation. Therefore, we have discovered
novel hits (4, 5 and 14), containing a hydrazone framework with dual PPARa/y or PPARa/§ partial agonism, de-
pending on the length of the side chain. Benzopyran hydrazones emerge as potential lead compounds which
could be useful for treating metabolic diseases.

Molecular modelling
PPAR agonists
Anti-inflammatory activity
Cytotoxicity

1. Introduction the target genes [3-5]. The three PPAR isoforms are involved in fatty

acid oxidation, glucose metabolism, and lipid metabolism. PPAR« is ex-

Peroxisome proliferator-activated receptors (PPARs) are members
of the nuclear receptor superfamily of transcription factors, comprising
three isotypes [PPARx (NR1C1), PPARB/S (NR1C2) and PPARy
(NR1C3)] which have different tissue distribution, ligand specificities,
and metabolic regulatory activities [1,2]. In structural terms, PPARs
contain a DNA-binding domain (DBD) in the N-terminus and a ligand-
binding domain (LBD) in the C-terminus. The DBD sets the binding with
PPAR response elements (PPREs) in specific regions of the target genes
and the LBD forms the pocket for direct interaction with specific lig-
ands. After the interaction with ligands, PPARs are translocated to the
nucleus and heterodimerise with the retinoid X receptor (RXR) to form
the PPAR-RXR complex. PPAR-RXR binding by agonists induces the re-
cruitment of coactivators (e.g., CBP or p300) and the release of core-
pressors (e.g., NCoR or SMRT) by stimulating the gene transcription of

pressed mainly in the tissues involved in increased fatty acid oxidation,
such as liver, skeletal muscle and heart, and controls lipid metabolism.
PPAR« activation decreases triglyceride levels in plasma and increases
HDL-c to play a significant role in the treatment of dyslipidaemia [6].
PPARa is also implicated in glucose homeostasis and insulin resistance
[7,8]. PPARJ/$ is ubiquitous, but is highly expressed in those tissues in-
volved in fatty acid metabolism, such as skeletal and cardiac muscle,
hepatocytes and adipocytes. Its activation improves insulin sensitivity
and the plasma lipid profile, which may manage both dyslipidaemia
and type 2 diabetes, although no PPARB/S agonist has yet been ap-
proved for clinical use [9]. PPARYy is widely expressed in adipose tissue
and its activation is related to adipogenesis, lipid storage, insulin sensi-
tivity and glucose homeostasis. Its agonists have been widely used for
treating type 2 diabetes. However, much evidence indicates that potent
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and full PPARy activators are related with serious adverse effects, and a
partial agonism would lead to safer drugs [2]. The endogenous ligands
for PPARs are fatty acids, cyclooxygenase-derived eicosanoids and
prostaglandins, as well as their metabolites. The most known synthetic
ligands are fibrates and WY-14,643, GW501516 or rosiglitazone (thia-
zolidinedione) (Fig. 1), which act as strong agonists for PPARa,
PPARP/S or PPARYy, respectively [10]. In addition, the three isoforms
(o, /5, y) play a major role in regulating inflammatory processes, and
have been recognised as the target for the management of metabolic
syndrome, obesity, dyslipidaemia, type 2 diabetes, atherosclerosis
[2,4], and metabolic dysfunction-associated fatty liver disease
(MAFLD). They are all accompanying with a persistent chronic, low-
grade inflammation state in several tissues, including adipose tissue,
pancreatic islets and liver [11]. Macrophages are phagocytic innate im-
mune cells involved in immunity, tissue remodelling and lipid home-
ostasis. These immune cells are present in all tissues and play a crucial
role during the development of metabolic disorders [11-13] and associ-
ated inflammation. The three PPAR isoforms are highly expressed in
human macrophages [13], whose function can be regulated by PPAR
agonists to prevent metabolic diseases. Infiltrate macrophages in tissues
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also release pro-inflammatory cytokines and chemokines, which con-
tribute to an inflammation state. Of them, monocyte chemoattractant
protein-1 (MCP-1/CCL2) is an important chemokine that is implicated
in both the recruitment and activation of monocytes [14], and its down-
regulation has been found to occur with improvement of metabolic dis-
orders [15,16]. Interleukin 6 (IL-6) is an inflammatory cytokine IL-6
whose overproduction is directly related to obesity, diabetes and pro-
gression to metabolic and cardiovascular disorders [17]. PPAR agonists
have been reported to suppress the immunoreactive state of
macrophages by the suppression of immune reactive cytokine and
chemokines markers, including MCP-1 and IL-6 [2,18].

In 1995, our research group isolated polycerasoidol from the stem
bark of Polyalthia cerasoides (Annonaceae) [19] (Fig. 1). This 2-
prenylated benzopyran contains the chroman-6-ol nucleus like the
PPARy agonist troglitazone (Fig. 1), two isoprenoid units and a terminal
carboxylic group on the side chain at 2-position. Polycerasoidol dis-
played potent dual PPARa/y agonism and anti-inflammatory effects by
inhibiting mononuclear cell-endothelium interactions in a dysfunc-
tional endothelium [20]. Polycerasoidol became the first-in-class with
potential to manage several of the risk factors involved in the develop-

O/L
e /||°7<m°
= S
o

Fenofibrate
(PPAR«a)

=
| - (o) o)
I o}
S
Rosiglitazone

(PPARy)

HO

Troglitazone 0
(PPARY)

prenylated side chain
(flexible linker)

carboxylic function
(polar head)

Z O =
|
0

Fig. 1. Synthetic ligands, and natural or synthetic benzopyrans as PPAR agonists.
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ment of metabolic syndrome. Next, we carried out structure-activity re-
lationship (SAR) studies of synthetic polycerasoidol analogues and mol-
ecular modelling study analyses to explore those key structural features
implicated in the modulation of PPARs [21-23]. These studies have in-
dicated that: i) the oxygen atom at 6-position in the benzopyran nucleus
(pharmacophore); ii) the length of the prenylated side chain (flexible
linker) from 5- to 11-carbons; iii) ester, amide and O-alkoxylated
bioisosters in the carboxylic function (polar head) can improve hPPAR«a
and hPPARy interactions. A recent hit-to-lead strategy identified 2-
(ethyl-4'-methylhept-4'-enoate)-6-(p-fluorobenzyloxy)-2-(methyl)-
benzodihydropyran (BP-2) (Fig. 1) as a pan-PPAR with PPARy partial
activation, and capable of ameliorating metabolic alterations in an
obese and diabetic mouse model (ob/ob mice) [24].

On the other hand, hydrazone (-CH=N-NH-) and hydrazine
(—-CH-N-NH-) functions are present in many bioactive natural and syn-
thetic compounds [25-29], attracting the interest as privilege moieties
in medicinal chemistry. Among them, the antibiotic rifampicin and the
antiparasitic nifurtimox (anti-parasitic drug for Chagas disease) contain
the hydrazone moiety, while the hydrazine group is found in the anti-
hypertensive hydralazine (vasodilator), the antidepressant phenelzine
(monoamine oxidase inhibitor) and the anticancer procarbazine, all of
which are clinically used drugs (Fig. 2). Synthesised hydrazones were
also reported to display antidyslipidaemic and antidiabetic activities by
different mechanisms [30,31]. In addition, heterocyclic systems are
valuable scaffolds to design new therapeutic derivatives. Benzo[d]thia-
zole moiety is found in lanifibranor (Fig. 3), a pan-PPAR agonist and
the first drug clinically approved for MAFLD, whereas pyridyl fragment
is present in rosiglitazone (Fig. 1) and pioglitazone (Fig. 3), two thiazo-
lidinediones with full PPARy agonism and used as anti-diabetic agents.

Based on our previous works on 2-prenylated benzopyrans, and in a
view of discovering novel chemical entities with dual- or pan-PPAR ag-
onism, but with PPARy partial agonism to avoid adverse effects associ-
ated to a full and selective PPARy activation, we have explored the pos-
sibility to replace both the isoprenyl (flexible linker) and the ethyl car-
boxylate (polar head) moieties by potential bioisosters. Herein, we have
synthesised and evaluated the PPAR activity of novel benzopyrans
(pharmacophore) containing in the hydrocarbon side chain at 2-
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position a hydrazone or hydrazine (its reduced form) function linked to
a heterocyclic system such as benzothiazole or 5-chloro-3-
(trifluoromethyl)-2-pyridine, two attractive templates for PPAR target
(Fig. 3). The anti-inflammatory potential of synthesised compounds
was also evaluated in vitro in terms of modulating the expression of
MCP-1 and IL-6 in human THP-1 macrophages under inflammatory
conditions. Accordingly, we have identified novel hits as potential
drugs to develop lead candidates which could be useful for metabolic
syndrome, type 2 diabetes, dyslipidaemia, MAFLD or inflammation,
which can further progress to microvascular problems and cardiovascu-
lar events, primary causes of morbidity and death worldwide [32].

2. Results and discussion
2.1. Synthesis of benzopyran hydrazones

We prepared two series of benzopyran hydrazones/hydrazines con-
taining  benzothiazole moiety (series 1) or 1-[5-chloro-3-
(trifluoromethyl)-2-pyridyl] (series 2). The benzopyran nucleus was
synthesised via a chroman-4-one scaffold, which was obtained by the al-
dol condensation between an ortho-hydroxyacetophenone and a ketone
in the presence of a secondary amine by Michael addition as previously
reported [21-23]. The reaction started with the condensation between
2,5-dihydroxyacetophenone and ethyl levulinate as the proper ketone
in the presence of pyrrolidine (Scheme 1). Then, the y-benzopyrone was
reduced under Clemmensen conditions using dust zinc in acid medium
to afford the benzodihydropyran 1, and its phenolic group was pro-
tected utilising p-fluorobenzyl chloride in the presence of potassium
carbonate to give the p-fluorobenzyloxy benzodihydropyran 2. The con-
trolled reduction of the ester function of benzopyran 2 using DIBAL-H
reagent allowed us to obtain the aldehyde intermediate 3.

In a first approach, we prepared benzopyran hydrazones with a 3-
carbon side chain. For this purpose, aldehyde intermediate 3 condensed
with the available hydrazines such as 2-hydrazinobenzothiazole and 1-
[5-chloro-3-(trifluoromethyl)-2-pyridyl]hydrazine in anhydrous
dichloroethane gave imines (Schiff bases) with hydrazone moieties 4
(series 1) and 5 (series 2), respectively [33]. Deprotection of compounds
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1 h 30 min (58%); (b) p-fluorobenzyl chloride, K2C03, EtOH, reflux, 4 h (79%); (c) 1 M DIBAL-H in THF, CHZCIZ, -78 °C, Nz’ 15 min (92%); (d) hydrazines: 2-
hydrazinobenzothiazole or 1—[5—C1—3—(CF3—2—pyridyl]NHNHZ), (CHZ)ZCIZ, r.t, Nz’ 1 h (80% for 4; 89% for 5); (e) BBrB, CH2C12’ I.t, Nz’ 1 h (91% for 6; 92% for 7); (f)

NaBH4CN, BFBOEt, MeOH, Nz, reflux, 1 h (96% for 8; 75% for 9).
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4 and 5 with boron tribromide afforded compounds 6 (series 1) and 7
(series 2), respectively, bearing both a hydrazone moiety and a free phe-
nolic group (Scheme 1) [34]. The reduction of the imine double bond in
hydrazones (-C=NH-NH-) to attain hydrazines (—CHZ—NH—NH—) has
been reported by catalytic hydrogenation under high pressure or hy-
dride reductions, including lithium aluminium hydride [35], sodium
borohydride in Raney nickel [36], sodium cyanoborohydride [37], the
borane trimethylamine complex in hydrochloric acid [38] and magne-
sium in methanol [39], which are usually tedious or inefficient proce-
dures. In our approach, hydrazones were reduced using a methodology
previously reported to reduce quinolines to tetrahydroquinolines [40].
Thus, benzopyran hydrazines 8 (series 1) and 9 (series 2) were easily and
efficiently prepared from their hydrazones 4 and 5, respectively, by
sodium cyanoborohydride and boron trifluoride etherate as catalyst to
generate diborane in situ (Scheme 1).

In a second approach, we synthesised two series of benzopyran hy-
drazones with a 7-carbon side chain (C-1’ to C-7’) instead of 3-carbons
(C-1’ to C-3"). The elongation of the hydrocarbon side chain from alde-
hyde 3 was performed by an efficient Grignard reaction, followed by
Johnson-Claisen rearrangement to obtain benzopyran ester 11
[21,22,24]. The Grignard reaction consisted in the nucleophilic attack
of propenyl magnesium bromide to the electrophilic carbon of aldehyde
3 to form a carbon-carbon bond. The Johnson-Claisen rearrangement of
allylic alcohol intermediate 10 was carried out using 1,1,1-
triethoxyethane and catalytic amounts of isobutyric acid. Then ben-
zopyran ester 11 was subjected to controlled reduction with DIBAL-H
reagent to give aldehyde 12. The condensation of aldehyde 12 with the
corresponding hydrazines, such as 2-hydrazinobenzothiazole and 1-[5-
chloro-3-(trifluoromethyl)-2-pyridyl]hydrazine in anhydrous
dichloroethane gave benzopyran hydrazones 13 (series 1) and 14 (series
2), respectively (Scheme 2).

10: R= p-F(Ph)CH,

hydrazine
series 1
HaN d
-
= 4
. / \ .
A o 2 J\A' 6 1l \ /;(,
BN 2
A A 3 B H
ROE &7 ¥

13: R= p-F(Ph)CH,
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2.2. PPARa, PPARp/5 and PPARy agonist activity

All the synthetized compounds were assayed in vitro for hPPARa,
hPPARP/S or hPPARy transcriptional activity by a cell-based transacti-
vation assay in Cos-7 cells properly transfected with a luciferase-
reported plasmid in the presence of expression vectors pGAL4hPPARq,
PGAL4hPPARP/S and pGAL4hPPARy [24]. The activity of each com-
pound was expressed as each compound’ percentage of efficacy at
10 uM by comparing to the maximal efficacy of the reference com-
pounds: WY-14,643 (at 10 uM), rosiglitazone (at 1 pM) or GW501516
(at 1 pM) as hPPARa, hPPARy or hPPARP/S respectively. Half maximal
effective concentration EC__ was calculated by using the Prism software
(Table 1). The results showed that benzopyran hydrazones 4 (series 1)
and 5 (series 2) at 10 pM displayed dual hPPAR«/y partial activation. It
was noteworthy that hydrazone framework, instead of the isoprenyl,
also exerts a PPAR activity providing a new class of benzopyran ago-
nists. Benzopyran hydrazone 14 (series 2), bearing an elongated 7-
carbon side chain with an isoprenoid unit and 1-[5-chloro-3-
(trifluoromethyl)-2-pyridyl]hydrazone moiety, displayed dual hP-
PARa/$ activation with a full PPAR« agonism. SAR studies established
that: i) the free phenol group was detrimental for PPAR activation and
afforded non-active analogues 8 and 9, compared to p-flurobenzylben-
zopyran hydrazones 4 and 5, respectively; ii) the reduction of the imine
bond of hydrazones 4 and 5 led to non-active hydrazines 6 and 7, which
indicated that the C(sp2) = N-NH- function that contains a C=N bond
conjugated with a lone pair of electrons of the amine nitrogen atom
(-NH-) plays a key role in the interaction with the binding pocket of
hPPARs; iii) the elongation of the isoprenyl side chain at 2-position to
7-carbons to give benzopyran 14 (series 2) drastically increased the acti-
vation for hPPARa, and moderately for hPPARB/S instead of hPPARy
moiety, but not in benzopyran 13 (series 1). Therefore, we have discov-
ered novel hits (4, 5 and 14), containing a hydrazone framework which
exhibited dual PPARa/y or PPARa/6 partial agonism, depending on the
length of the side chain. Hydrazones (C=N1-N2) have been reported
to possess great intrinsic hydrolytic stability due to the participation of

“CO,CH,CH,

c
'
- “l "o" -’
[ ~ N7 ""cHo
s i %
[ J
FrNF 12
FsC._~_Cl
hydrazine ¢ H.N s 0
series 2 : u N
v
P OI J

14: R= p-F(Ph)CH;

Scheme 2. Synthesis of benzopyran hydrazones with a 7-carbon length side chain. Reagents and conditions: (a) CHSC(MgBr)ZCHZ, THF, -78 °C, N, 3 h; (b)
MeC(OEt)a, isobutyric acid, 140 °C, 2 h (48%); (c) 1 M DIBAL-H in THF, CH2C12’ -78 °C, 15 min (89%); (d) hydrazines: 2-hydrazinobenzothiazole or 1—[5—C1—3—(CF3—

2—pyridyl)]NHNH2, dry (CH2)2C12’ r.t, Nz’ 1 h (70% for 13; 60% for 14).
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Table 1

Evaluation of agonist activity in a cell-based transactivation assays for human
PPAR/Gal4 receptors. EC_| values against human PPAR(x/Gal4, PPARB/(S/Gal4
and PPARy/ Gal4 receptors.

Efficacy (%) at 10 pmol/L EC50 (nmol/L)

PPARax  PPARP/6 PPARy PPARa  PPARP/6 PPARy

4 47 NA 39 493 NA 3,270
5 48 NA 42 226 NA 5,540
6 22 NA 14 NA NA NA
7 1 NA 8 NA NA NA
8 24 NA 15 NA NA NA
9 11 NA 16 NA NA NA
13 28 NA 13 NA NA NA
14 121 43 11 3,255 1,475 NA
WY-14,643 100 NA NA 4,193 NA NA
GW501516 NA 100 NA NA 4 NA
Rosiglitazone NA NA 100 NA NA 60

Efficacy: Emax was the maximal PPAR fold-activation relative to maximum ac-
tivation obtained with WY14,643 (10 pM), GW501516 (1 pM) and rosiglita-
zone (1 pM) corresponded to 100% in GAL4 chimeric hPPAR«, hPPARB/5 and
hPPARYy system. NA: not active.

N2 in electron delocalization [41]. We previously demonstrated the
importance of bioisosteric replacement in carboxylic function (polar
head) of polycerasoidol by ester, amide and O-alkoxylated bioisosters
to modulate hPPARa and hPPARy interactions [20-23]. In addition,
given the potential metabolic instability and toxicity associated to an
acid functionality, the use of bioisosters could counter such issues and
improve drug-like properties of the new PPAR agonists [42]. In this
work, both benzothiazole and pyridyl groups have also shown ability
to replace carboxylic moiety to activate hPPAR isoforms. Furthermore,
these groups, which appear in many clinically approved drugs, have
been reported to provide a good solubility range and stability in polar
solvents and human plasma [43,44].

2.3. Molecular Modelling studies

At the molecular level, to understand the dual PPARa/y agonism for
hydrazones 4 and 5, as well as the dual PPARa/§ agonism for hydra-
zone 14, we carried out a combined analysis by means of a docking
study and MD simulations. These studies predict how compounds 4, 5
and 14 bind in the same region of the active site of PPAR« as that re-
ported for WY-14,643 [45,46] (Fig. 4A-C). These results can be ob-
served in the per residue analysis, which was performed on the different
ligand-receptor complexes (Fig. S1, Supporting Information). MD simu-
lations indicate that these molecules are arranged spatially in a slightly
different way. In agreement with the results obtained for WY-14643,
the simulations obtained for the complexes showed the relevance of
His440, Leu321 and Ser280 for ligand binding [45,46]. The other
residues with significant interactions to stabilise these complexes are
Cys276, Thr464, Lys358 and Ile317. In accordance with our experimen-
tal data, the interactions obtained for compounds 4 and 5 were gener-
ally weaker than those observed for WY-14,643 (Fig. S1), while the in-
teractions obtained for hydrazone 14 were closely related to those ob-
served for the reference compound (Fig. S1). With the PPARy receptor,
our simulations indicated that hydrazones 4 and 5 bound to the active
site in a closely related way to that reported for rosiglitazone [47,48]
(Fig. 3D and E). Indeed, hydrazones 4 and 5 interacted mainly with
Cys285, Arg288, Tyr324, Leu330, [le342, Phe366, Met364, His449 and
Tyr473, although they generally displayed weaker interactions com-
pared to rosiglitazone (Fig. S1). In contrast, the complex of hydrazone
14 with PPARS (Fig. 4F) showed this hydrazone with a 7-carbon side
chain to be spatially arranged in a similar way to reference compound
GW501516 [49]. The analysis per residues of 14 (Fig. S1) showed that
its interactions with PPARS were significantly weaker to those formed
by GW501516, which falls in line with our experimental results.

)
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Fig. 4. Spatial view of interactions for WY-14,643, rosiglitazone or
GW501516, and active benzopyran hydrazones bonded in the binding pocket
of PPARa, PPARy or PPARS by docking experiments. Spatial view of (A) WY-
14,643 (grey) and 4 (green)/PPARu interaction, (B) WY-14,643 (grey) and 5
(green)/PPARq, (C) WY-14,643 (grey) and 14 (green)/PPARa, (D) rosiglita-
zone (grey) and 4 (pink)/PPARy interaction, (E) rosiglitazone (grey) and hy-
drazone 5 (purple)/PPARy, (F) GW501516 (grey) and 14 (pink)/PPARS. The
orange, blue or burgundy zone represent the binding site for PPAR«, PPARy or
PPARS, respectively, and the rest is shown in pink color or light green. The
names of the residues stabilizing the complex are remarked in the figure.

<

2.4. Anti-inflammatory effects of benzopyran hydrazones 4, 5 and 14

In order to evaluate the anti-inflammatory effect of the dual PPARa/
y and PPAR«/§ agonists on macrophages, the PMA-differentiated THP-
1 cells were treated with benzopyran hydrazones 4, 5 and 14 at 10 pM
prior to the LPS stimulation. The mRNA expression and secretion of the
pro-inflammatory markers, such as chemokine MCP-1 and cytokine IL-
6, were determined in the LPS-stimulated THP-1 macrophages for 4 h
and 24 h. The results at 4 h showed that benzopyran 4, with a 3-carbon
side chain and benzothiazole moiety, decreased the gene expression of
MCP-1 and IL6 by 67% and 71%, respectively. Its pyridyl analogues 5
and 14, respectively bearing a 3-carbon and 7-carbon side chain,
showed a moderate activity. The results at 24 h revealed that benzopy-
ran 4 inhibited the gene expression of MCP-1 and IL-6 by 71% and 93%,
respectively, but also the chemo- and cytokine secretion by 85% and
79%, respectively. Its pyridyl analogue 5 moderately reduced the gene
expression of MCP-1 (54%) and IL-6 (63%), and did not inhibit their se-
cretion in the LPS-stimulated THP-1 macrophages. Finally, dual
PPARS/y agonist 14 lowered the IL-6 gene expression levels by 88% at
24 h and reduced the secretion of both MCP-1 and IL-6 by 70-80% in
the LPS-stimulated THP-1 macrophages (Fig. 5). Therefore, 4, 5 and 14
may ameliorate the inflammation state associated with the progression
of metabolic disorders.

2.5. Anti-inflammatory effects of benzopyran hydrazones 4, 5 and 14 via
NF-xB

In order to investigate the intracellular signalling pathways underly-
ing the anti-inflammatory effect of hydrazones 4, 5 and 14, the THP-
1 cells were stimulated with LPS for 1 h in the presence or absence of
compounds (10 pM, 24 h) prior to the pathway analysis. The results
showed that the three hydrazones significantly blunted the TNFa-
induced phosphorylation of NF-kB by 34% for 4, 35% for 5 and 36% for
14 (Figs. 6 and 7).

2.6. Cytotoxicity study of compounds 4,5 and 15

Apoptosis cell death was studied by an Annexin V-FITC/PI dual
staining assay on THP-1 cells. None of the three compounds showed
toxicity at doses 10 pM and 30 pM, and only hydrazone 5 displayed
slight toxicity at the highest concentration of 100 uM (Figs. 8 and 9).

3. Conclusions

We herein efficiently prepared two series of benzopyran hydrazones
and hydrazines as polycerasoidol analogues containing the hydrazone
function in the 3-carbon or 7-carbon side chain at 2-position of the ben-
zopyran nucleus. Benzopyran hydrazones 4 and 5 with a 3-carbon side
chain, showed dual hPPARo/y partial agonism, and hydrazone 14, with
1-[5-chloro-3-(trifluoromethyl)-2-pyridylJhydrazone moiety on the
prenylated 7-carbon side chain, exerted dual PPARa/§ partial agonism.
However, the direct reduction of hydrazones 4 and 5 effectively pro-
vided hydrazine derivatives 8 and 9, respectively, which were inactive
in any PPAR isoform. The SAR studies indicated that the side chain at
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the 2-postion in the benzopyran nucleus required the C=N double
bond in the hydrazone function to activate the PPAR isoforms. Struc-
turally speaking, the hydrazone function alongside the presence or ab-
sence of a prenylated moiety on the elongated side chain can modulate
the activation of the PPAR isoforms. In addition, hydrazones 4, 5 and
14 greatly attenuated inflammatory markers such as IL-6 and MCP-1,
on the THP-1 cells via NF-xB activation, which are associated with obe-
sity, type 2 diabetes and the progression of metabolic disorders. There-
fore, benzopyran hydrazones emerge as novel dual PPARa/y or dual
PPARo/$ agonists with the potential for treat metabolic diseases.

4. Experimental section
4.1. Chemistry methods

High-resolution electrospray ionization mass spectrometry (HRMS
(ESI)) was performed on a TripleTOF™ 5600 LC/MS/MS System (AB
SCIEX) (Toronto, Canada). Liquid chromatography-mass spectrometry
detection was performed on a liquid chromatography UHPLC apparatus
(Shimadzu, LCMS-8040) coupled to a tandem mass spectrometry (MS/
MS) triple quadrupole equipped with electrospray ionization (ESI) ion
source (Shimadzu, Kyoto, Japan). 'H and 13C NMR spectra were
recorded on a Bruker AC-300 or AC-500 (Bruker Instruments, Ken-
newick, WA). The assignments in 1H and 13C NMR were made by COSY
45, HSQC and HMBC correlations. Chemical shifts (§) are reported in
ppm relative to an internal deuterated solvent reference, with multi-
plicities indicated as s (singlet), br (broad singlet), d (doublet), t
(triplet), q (quartet) m (multiplet) or dd (double doblet). All reactions
were monitored by analytical TLC with silica gel 60 F254 (Merck
5554). All reactions were monitored by analytical thin-layer chro-
matography with silica gel 60 F 254 (Merck 5554; Merck Group, Darm-
stadt, Germany). Residues were purified by silica gel column chro-
matography (40-63 pm, Merck Group). Solvents and reagents were
purchased from the commercial sources Scharlab S.L. (Barcelona,
Spain) and Sigma-Aldrich (St. Louis, MO), respectively, and used with-
out further purification unless otherwise noted. Dry and freshly dis-
tilled solvents were used in those reactions performed under N,. Quoted
yields are of purified material. Final compounds were purified to >95%
as assessed by 'H NMR and LC-MS/MS analysis.

4.2. Ethyl 3-(6-(p-fluorobenzyloxy)-2-methyldihydrobenzopyran-2yl)
propanoate (2)

Ethyl 3-(6-hydroxy-2-methylbenzopyran-4-one-2yl)propanoate
(1.2 g, 4.32 mmol) was dissolved in a mixture of AcOH—HZO (2:1, v/v)
(14 mL). Then, Zn dust (5.07 g, 76.45 mmol) followed by concentrated
HCI (9 mL) was added slowly in small portions for 30 min. After stirring
for an additional 1 h at room temperature, water (15 mL) was added
and the mixture was extracted with AcOEt (3 x 15 mL). The organic
layers were combined, dried over anhydrous Na _SO , and evaporated
under reduced pressure. The residue was purified by column chro-
matography (hexane/EtOAc, 85:15) to yield the ethyl 3-(6-hydroxy-2-
methyldihydrobenzopyran-2yl)propanoate (1, 0.66 g, 2.50 mmol,
58%) as a colorless oil [24]. A solution of benzopyran ester 1 (500 g,
1.89 mmol), p-fluorobenzyl chloride (0.3 mL, 2.46 mmol), anhydrous
K2CO3 (0.4 g, 2.83 mmol) in absolute EtOH (20 mL) was refluxed under
N, for 4 h. The mixture was evaporated, water was added (20 mL) and
the mixture was extracted with dichloromethane (3 X 15 mL). The or-
ganic layers were combined, washed with 1 M HCI and brine, dried
over anhydrous Na, SO, and evaporated under reduced pressure. The
residue was purified by column chromatography (hexane/EtOAc,
90:10) to yield the O-protected benzopyran ester (2) (556 mg,
1.49 mmol, 79%) as a colorless oil. 1H NMR (300 MHz, CDCIS) S5
7.41-7.36 (m, 2H, CH-2", CH-6"), 7.09-7.03 (m, 2H, CH-3", CH-5"),
6.72-6.67 (m, 3H, CH-5, CH-7, CH-8), 4.94 (s, 2H, OCH,Ph-p-F), 4.13
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Fig. 5. Anti-inflammatory effects of hydrazones 4, 5, 14, and dexamethasone by inhibition of pro-inflammatory cytokine IL-6 and chemokine MCP-1 produc-
tion in LPS-induced THP-1 cells. THP-1 cells were pretreated with benzopyran hydrazones 4, 5 and 14 (10 pM) or dexamethasone (Dexa) (positive control at

10-8 uM) for 1 h before stimulation with LPS (100 ng/mL) for 4 h and 24 h. The levels of IL-6 and MCP-1 were measured using qPCR (A, B, C, D) or ELISA
(E, F). The data are expressed as % of LPS stimulated condition and presented as means + SD of three independent experiments performed in triplicate.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. LPS-induced group.
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Fig. 6. Phosphorylated NF- kB/p65% of hydrazones 4, 5, 14 at 10 uM. on the
THP-1 cells. The data are presented as means = SD of three independent ex-
periments performed in triplicate. *P < 0.05, ***P < 0.001 vs. LPS-induced
group.

(q,J = 7.1 Hz, 2H, COZCHZCHs)’ 2.76 (t,J = 6.7 Hz, 2H, CH2-4), 2.48
(t,J = 7.7 Hz, 2H, CH2-2’), 2.0-1.75 (m, 4H, CH2-3, CH2-1’), 1.24 (t,J
= 7.2 Hz, 3H, CO,CH CH,), 1.23 (s, 3H, CH,-2); 13C NMR (75 MHz,
CDCL)) 6 173.6 (COOCH,CH,), 162.3 (d, J ,, =244 Hz, C-4"), 152.0 (C-
6), 147.9 (C-8a), 133.1 (d, JCF = 3Hz, C-1"),129.1 (d, JCF = 8 Hz, CH-
2", CH-6"), 121.4 (C-4a), 117.7 (CH-5), 115.2 (d, JCF = 25 Hz, CH-3",
CH-5"), 115.1 (CH-7), 114.4 (CH-8), 74.6 (C-2), 69.9 (OCH,Ph-p-F),
60.3 (CO,CH,CH,), 34.3 (CH,-1), 31.0 (CH,-3), 28.7 (CH,-2), 23.6
(CH3-2), 22.2 (CH2-4), 14.1 (COZCHZCH3); HREIMS m/z caled for
C22H2504F [M]+ 372.1737, found: 372.1730.

4.3. 3-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-yl)
propanal (3)

A solution of 2 (250 mg, 0.67 mmol) in anhydrous dichloromethane
(10 mL) at —78 °C under N ) atmosphere was stirred for 10 min. To this
solution was added dropwise 4.4 mL of 1.0 M DIBAL-H solution in THF.
After 15 min, the mixture was quenched by addition of 5 mL of MeOH
and 10 mL of halfsat aqueous NH CI solution. The reaction mixture was
stirred for additional 10 min at room temperature and concentrated in
vacuo. Then, water was added and extracted with EtOAc (3 x 15 mL).
The combined organic layers were washed with water, dried over anhy-
drous Na,SO, and evaporated to dryness. The residue was purified by
silica gel column chromatography (hexane/EtOAc, 90:10) to afford the
corresponding aldehyde 3 (203 mg, 0.62 mmol, 92%) as a colorless oil.
1H NMR (300 MHz, CDCIB) 69.78 (t,J = 1.6 Hz, 1H, CHO), 7.39-7.37
(m, 2H, CH-2", CH-6"), 7.08-7.04 (m, 2H, CH-3", CH-5"), 6.74-6.67

FSC-A

NF-kB PA

Fig. 7. Representative images of one of the flow cytometry analyses for 4, 5 and
14 at 10 puM of activated NF-xB on the THP-1 macrophages. A) DMSO, B) 4, C)
5,D) 14.

(m, 3H, CH-5, CH-7, CH-8), 4.94 (s, 2H, OCH. ZPh—p—F), 2.77-2.74 (m,
2H, CH,-4), 2.62-2.59 (m, 2H, CH-2"), 2.03-1.75 (m, 4H, CH,-3, CH-
1), 1.26 (s, 3H, CH3-2); 13C NMR (75 MHz, CDClg) 6 202.2 (CHO),
162.4 (d, g = 244 Hz, C-4"), 152.1 (C-6), 147.7 (C-8a), 133.1 (d,
g = 3 Hz, C-17), 129.3 (d, g = 8 Hz, CH-2", CH-6"), 121.4 (C-4a),
117.7 (CH-5), 115.2 (d, JCF = 25 Hz, CH-3”, CH-5"), 115.2 (CH-7),
114.5 (CH-8), 74.6 (C-2), 69.9 (OCHZPh-p-F), 38.4 (CH2-2’), 31.8 (CHZ-
17),31.2 (CHZ-B), 23.7 (CH3-2), 22.3 (CH2-4); HRMS (ESI) m/z calcd for
C20H2103F [M+H] + 329.1547, found: 329.1552.

4.4. General procedure for synthesis of hydrazone benzopyrans (4, 5)

A mixture of aldehyde 3 (58.1 mg, 0.18 mmol) and 2-
hydrazinobenzothiazole (48.6 mg, 0.294 mmol) or 1-[5-chloro-3-
(trifluoromethyl)-2-pyridyl]hydrazine (62.2 mg, 0.29 mmol) in anhy-
drous dichloroethane (3 mL) was stirred for 1 h under Nz‘ The resulting
mixture was basified with 5% aq NH_ and then, water was added and
extracted EtOAc (3 x 5 mL). The combined organic layers were dried
over anhydrous Na,SO, and evaporated to dryness. The residues ob-
tained were purified by silica gel column chromatography (hexane/
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Fig. 8. Cytotoxic effects of hydrazones 4, 5, 14 on the THP-1 cells. The data are
presented as means * SD of three independent experiments performed in tripli-
cate. *P < 0.05 vs. LPS-induced group.

EtOAc, 80:20) to afford hydrazone 4 (68.6 mg, 0.14 mmol, 80 %) as a
reddish oil or 5 (82.3 mg, 0.16 mmol, 89 %) as a yellowish oil.

4.4.1. 2-(2-(3-(6-((p-Fluorobenzyl)oxy)-2-methylbenzodihydropyran-2-
yDpropylidene) hydrazineyl)benzo[d]thiazole (4)

1H NMR (300 MHz, CDC13) 58.96 (1H, brs, NH), 7.62 (dd, J= 7.8 Hz,
1.3 Hz, 1H, CH-3"), 7.42-7.35 (m, 3H, CH-2", CH-6", CH-6"), 7.29-7.25
(m, 2H, CH-4”, CH-3'), 7.11-7.03 (m, 3H, CH-3”, CH-5", CH-5"),
6.72-6.67 (m, 3H, CH-5, CH-7, CH-8), 4.92 (s, 2H, OCHZPh—p—F),
2.77-2.75 (m, 2H, CH2-4), 2.36-2.31 (m, 2H, CH2-2’), 1.78-1.74 (m, 4H,
CHz-l’, CHZ-S), 1.27 (s, 3H, CH3-2); 13C NMR (75 MHz, CDC13): 5168.9
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(C-1"),162.4 (d, Jop = 244 Hz, C-4"), 152.0 (C-6), 149.9 (C-2a"), 147.9
(CH-3',C-8a),133.1(d,J , = 3Hz, C-1"),129.8 (C-6a"), 129.2(d, J , =
8 Hz, CH-2", CH-6"), 125.9 (CH-4"), 121.7 (CH-5"), 121.5 (C-4a), 121.3
(CH-3"), 117.7 (CH-5), 117.6 (CH-6"), 115.3 (d, Jop = 21 Hz, CH-3,
CH-5"),115.2(CH-7),114.4 (CH-8),75.1 (C-2),69.9 (OCHzPh—p—F), 35.7
(CH,-1"),31.1 (CH,-3), 26.7 (CH,-2"), 23.9 (CH,-2), 22.3 (CH,-4); HRMS
(ESI) m/z caled for Cz7H26FN (0] S [M+H] + 476. 1803 found:
476.1808.

4.4.2. 5-Chloro-2-(2-(3-(6-((p-fluorobenzyl)oxy)-2-
methylbenzodihydropyran-2-yl) propylidene)hydrazineyl)-3-
(trifluoromethyl)pyridine (5)

'H NMR (300 MHz, CDCL)) 6 8.47-8.44 (m, 1H, CH-6"), 8.36-8.33
(brs, 1H, NH), 7.72 (d, J= 2 Hz, 1H, CH-4"), 7.42-7.36 (m, 3H, CH-2",
CH-6", CH-3'), 7.07-7.01 (m, 2H, CH-3", CH-5"), 6.75-6.64 (m, 3H, CH-
5, CH-7, CH-8), 4.92 (s, 2H, OCH_Ph-p-F), 2.78-2.71 (m, 2H, CH_-4),
2.66-2.57 (m, 2H, CH,-2), 1.96-1.72 (m, 4H, CH,-3, CH-1"), 1.29 (s,
3H, CH,-2); 13C NMR (75 MHz, CDCL,): 5 162.4 (d, J , = 244 Hz, C-4"),
152.3 (q, J p = 4 Hz, C-2"), 152.0 (C-6), 149.6 (CH-3’), 147.8 (C-8a),
144.5 (CH-6"), 133.8 (q, J,, = 3 Hz, CH-4"),133.1 (d, J ,, = 3 Hz, C-
11,129.2 (d, J, = 8 Hz, CH-2", CH-6"), 123.2 (q, J,= 270 Hz, CF),
121.6 (C-4a), 118.5 (q, J, = 33 Hz, C-3"), 117.8 (CH-5), 115.3 (d, J o
= 21 Hz, CH-3", CH-5"),114.6 (CH-7),114.3(C-5"), 113.8 (CH-8), 75.2
(C-2), 70.0 (OCH,Ph-p-F), 36.4 (CH,-1"), 31.2 (CH,-3), 26.9 (CH,-2"),
23.9 (CH3—2), 22.3 (CH2—4); HRMS (ESI) m/z calcd for C26H24C1F4N302
[M+H] + 522.1566, found: 522.1567.

4.5. General procedure for O-deprotection to prepare compounds 6 and 7

A solution of compound 4 (30 mg, 0.063 mmol) or 5 (33 mg,
0.063 mmol) in anhydrous dichloromethane (1 mL) was added BBr3
(0.25 mL, 0.25 mmol) at —78 °C, and stirred for 15 min under N2 at-
mosphere. Then, the reaction mixture was stirred under N, and at room
temperature for an additional 45 min. The resulting mixture was basi-

A
A) 1.7% 0.4% B) 28% 0.7%
= 97 4% 0.5% 95.9% 0.6%
C) 1.6% 0.2% D) 2.2% 1.0%
a 2 4 §e
v 0.5% 95.9% 0.9%
Annexin FITC-A

Fig. 9. Representative images of one of the apoptosis/necrosis analyses for 4, 5 and 14 at 30 uM on the THP-1 macrophages. A) DMSO, B) 4, C) 5, D) 14.
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fied with 5% NH3 and then, water was added and extracted with EtOAc
(3 x 5 mL). The combined organic layers were dried over anhydrous
Na,SO and evaporated to dryness. The residue obtained was purified
by silica gel column chromatography (CHZCIZ/MeOH, 98:2) to afford
compound 6 (21 mg, 0.06 mmol, 91 %) as a greenish oil and compound
7 (24 mg,0.06 mmol, 92 %) as a yellowish oil, respectively.

4.5.1. 2-(3-(2-(Benzo[d]thiazol-2-yl)hydrazineylidene)propyl)-2-
methylbenzodihydropyran-6-ol (6)

1H NMR (300 MHz, CDCl3 + 1 drop CD3OD) §7.59 (dd, J= 7.8 Hz,
1.3 Hz, 1H, CH-3"), 7.45-7.42 (m, 1H, CH-6"), 7.37-7.23 (m, 2H, CH-
4”, CH-3"), 7.16-7.06 (m, 1H, CH-5"), 6.67-6.43 (m, 3H, CH-5, CH-7,
CH-8), 2.75-2.65 (m, 2H, CH2-4), 2.51-2.37 (m, 2H, CH2-2’), 1.91-1.64
(m, 4H, CH,1', CH,-3), 1.27 (s, 3H, CH,-2); 13C NMR (75 MHz,
CDCl3 + 1 drop CDSOD): 6 168.0 (C-1"), 149.9 (C-2a™), 149.4 (C-6),
147.7 (C-8a), 146.9 (CH-3"), 128.9 (C-6a™), 126.3 (CH-4"), 122.4 (CH-
5"), 121.6 (C-4a), 121.3 (CH-3"), 117.7 (CH-5), 117.4 (CH-6"), 115.3
(CH-7), 114.5 (CH-8), 74.9 (C-2), 35.5 (CH,-1), 31.2 (CH,-3), 26.9
(CH2-2/), 23.9 (CH3-2), 22.1 (CH2-4); HRMS (ESI) m/z caled for
C,_ H _N_O_S[M+H] + 368.1433, found: 368.1417.
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4.5.2. 2-(3-(2-(5-chloro-3-(trifluoromethyDpyridin-2-yl)
hydrazineylidene)propyD)-2-methylbenzodihydropyran-6-ol (7)

THNMR (300 MHz, CDCL, + 1 drop CD,0D) 6 8.39-8.38 (m, 1H, CH-
6"),7.90 (brs, 1H, NH), 7.74-7.73 (m, 1H, CH-4"), 7.31 (t,J= 3Hz, 1H,
CH-3'), 6.64-6.52 (m, 3H, CH-5, CH-7, CH-8), 2.77-2.69 (m, 2H, CH_-4),
2.62-2.55 (m, 2H, CH2-2’), 1.92-1.72 (m, 4H, CH2-3, CHZ-l’), 1.28 (s,
3H, CH,-2); 13C NMR (75 MHz, CDCL, + 1 drop CD,OD) 5 150.8 (CH-
6"),149.6 (q, J = 4 Hz, C-2"), 148.8 (C-8a, C-6), 147.4 (CH-3), 135.4
(q, JCF= 4 Hz, CH-4"), 123.2 (q, JCF= 270 Hz, CF3), 121.7 (C-4a), 118.5
(q, JCF = 33 Hz, C-3”),117.7 (CH-5), 115.4 (CH-7), 114.6 (CH-8), 108.8
(C-5"),75.0(C-2), 36.2 (CH,-1"), 31.1 (CH,-3), 26.8 (CH,-2"), 23.9 (CH, -
2), 22.1 (CH2—4); HRMS (ESI) m/z caled for C19H17C1F3N302
[M+H] + 412.1034, found: 412.1028.

4.6. General procedure for synthesis of hydrazine benzopyrans (8, 9)

A solution of compound 4 (37.9 mg, 0.08 mmol) or 5 (41.4 mg,
0.08 mmol) in anhydrous MeOH (4 mL) was added NaBH 4CN (15 mg,
0.238 mmol) and two drops of BFSOEt. The reaction was refluxed for
1 h under N_ atmosphere. The resulting mixture was basified with 5%
NH3 and then, water was added and extracted ethyl acetate (3 x 5 mL).
The combined organic layers were washed with water, dried over anhy-
drous Na,SO, and evaporated to dryness. The residue obtained was pu-
rified by silica gel column chromatography (hexane/EtOAc, 60:40 or
hexane/EtOAc, 85:15) to afford compound 8 (37 mg, 0.08 mmol, 96%)
as a bluish grey oil and compound 9 (31 mg, 0.06 mmol, 75%) as a red-
dish yellow oil.

4.6.1. 2-(2-(3-(6-((p-Fluorobenzyl)oxy)-2-methylbenzodihydropyran-2-
yDpropyDhydrazineyl) benzo[d]thiazole (8)

1H NMR (300 MHz, CDCI3) 87.64 (dd, J= 8 Hz, 1.2 Hz, 1H, CH-3"),
7.48 (dd,J= 8 Hz, 1.2 Hz, 1H, CH-6"), 7.43-7.37 (m, 2H, CH-2", CH-6"),
7.29 (td, J= 8 Hz, 1.2 Hz, 1H, CH-4"), 7.13-7.03 (m, 3H, CH-3", CH-5",
CH-5"), 6.75-6.65 (m, 3H, CH-5, CH-7, CH-8), 4.94 (s, 2H, OCHZPh-p-F),
3.07-2.92 (m, 2H, CH2-3’), 2.71 (t,J= 7 Hz, 2H, CH2-4), 1.82-1.61 (m,
6H, CH2—1’, CH2—2’, CH2—3), 1.24 (s, 3H, CH3—2); 13C NMR (75 MHz,
CDC13): 6174.0(C-1"),162.3 (d, JCF = 244 Hz, C-4"),152.3 (C-6),151.9
(C-2a"), 148.0 (C-8a), 133.1 (d, JCF = 3 Hz, C-1"),130.6 (C-6a"), 129.2
(d, Jop = 8 Hz, CH-2", CH-6"), 125.6 (CH-4"), 121.6 (C-4a), 121.2 (CH-
3”),121.0 (CH-5"),118.3 (CH-6"),117.7 (CH-5), 115.3 (d, I = 21 Hz,
CH-3”,CH-5"),115.1 (CH-7), 114.3 (CH-8), 75.4 (C-2), 69.9 (OCHzPh—p—
F), 52.6 (CHZ-S’), 36.9 (CHZ-l/), 30.8 (CH2-3), 23.8 (CH3-2), 22.3 (CHZ-
2, 22.0 (CH2-4); HRMS (ESI) m/z caled for C27H26FNBOZS
[M+H] + 476.1803, found: 476.1802.
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4.6.2. 5-Chloro-2-(2-(3-(6-((p-fluorobenzyl)oxy)-2-
methylbenzodihydropyran-2-yDpropyl) hydrazineyl)-3-(trifluoromethyl)
pyridine (9)

'HNMR (300 MHz, CDCL,) 6 8.32-8.28 (m, 1H, CH-6"), 7.72 (d, J=
2.0 Hz, 1H, CH-4"), 7.42-7.33 (m, 2H, CH-2", CH-6"), 7.11-7.01 (m, 2H,
CH-3", CH-5"), 6.77-6.61 (m, 3H, CH-5, CH-7, CH-8), 4.94 (s, 2H,
OCH2Ph-p-F), 2.98-2.89 (m, 2H, CH2-3’), 2.80-2.71 (m, 2H, CH2-4),
1.88-1.61 (m, 6H, CH,-3, CH,-1’, CH_-2"), 1.27 (s, 3H, CH,-2); 1I3CNMR
(75 MHz, CDCL): §162.4 (d, J ,, = 244 Hz, C-4"), 153.3 (q, J ,, = 4 Hz,
C-2"), 152.0 (C-6), 149.6 (CH-6"), 148.2 (C-8a), 135.2 (q, J ,, = 4 Hz,
CH-4"),133.3(d, JCF = 3Hz,C-1"),129.2(d, JCF = 8 Hz, CH-2", CH-6"),
123.2(q,J, = 270Hz, CF,), 121.7 (C-4a), 119.9 (g, J ,, = 33 Hz, C-3"),
117.8 (CH-5),115.4 (d, J , = 21 Hz, CH-3", CH-5"), 115.2 (CH-7), 114.4
(CH-8),109.3(C-5"), 75.6 (C-2), 70.0 (OCH_Ph-p-F), 51.7 (CH,-3"), 36.9
(CH2-1’), 31.0 (CH2-3), 24.0 (CH2-2/), 22.4 (CH3-2), 22.0 (CH2-4); HRMS
(ESI) m/z calced for C2 6H27C1F 4N302 [M + H] + 524.1728, found:
524.1683.

4.7. General procedure for the synthesis of hydrazone benzopyrans (13,
14)

A solution of compound aldehyde (3) (130 mg, 0.40 mmol) in anhy-
drous THF (5 mL) was stirred at =78 °C under N ) for 15 min and treated
with 0.5 M isopropenylmagnesium bromide solution (4.8 mlL,
1.35 mmol). The mixture was stirred at —78 °C for 3 h. The resulting
mixture reaction was quenched by the addition of a half-saturated
aqueous NH Cl solution. The reaction was stirred for 15 min at room
temperature. Subsequently, water was added, and the mixture was ex-
tracted with ethyl acetate (3 X 15 mL). The combined organic layers
were washed with brine, dried over anhydrous Na_SO A and evaporated
to dryness under reduced pressure. The residue obtained (162 mg) was
treated without further purification with 10 mL of triethylorthoacetate
and a catalytic amount of isobutyric acid (3 drops). The mixture was
stirred at 140 °C for 2 h. After cooling, the mixture was concentrated
under reduced pressure to remove the excess triethylorthoacetate.
Then, water was added and extracted with dichloromethane
(3 x 15 mL), dried over anhydrous Na,SO, and concentrated under re-
duced pressure. The residue was purified by silica gel column chro-
matography (hexane/EtOAc, 98:2) to yield benzopyran ester 11
(84 mg, 0.2 mmol, 48 %) as a white solid.

4.7.1. Ethyl 7-(6-((p-fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-
yD-4-methylhept-4-enoate (11)

THNMR (500 MHz, CDCL) § 7.41-7.36 (m, 2H, CH-2", CH-6"),
7.09-7.06 (m, 2H, CH-3", CH-5"), 6.72-6.66 (m, 3H, CH-5, CH-7, CH-8),
5.14 (t, J= 7.0 Hz, 1H, CH-3"), 4.94 (s, 2H, OCH Ph-p-F), 4.11 (q, J=
7.4Hz, 2H, C02CH2CH3), 2.72(t,J = 6.8,2H, CH2-4), 2.41-2.35 (m, 2H,
CH,-6"), 2.29-2.27 (m, 2H, CH,5), 2.09-2.05 (m, 2H, CH -2,
1.84-1.72 (m, 2H, CH,-3), 1.66-1.60 (m, 2H, CH_-1"), 1.60 (s, 3H, CH,-
4'),1.27 (s, 3H, CH3—2), 1.23 (t,J= 7.3 Hz, 3H, COZCHZCH3); 13C NMR
(125 MHz, CDC13) §173.4(C0O), 162.4 (d, JCF = 244 Hz, C-4"),151.9 (C-
6), 148.2 (C-8a), 133.5 (C-4), 133.3 (d, J , = 3 Hz, C-1), 129.2 (d,
J; = 8.3 Hz, CH-2", CH-6"), 124.9 (C-3'), 121.7 (C-4a), 117.8 (CH-5),
115.3 (d, J, = 24.8 Hz, CH-3", CH-5"), 115.2 (CH-7), 114.4 (CH-8),
75.6 (C-2), 70.1 (OCH2Ph-p-F), 60.2 (COZCHZCH3), 39.2 (CH2-6’), 34.6
(CH,-1), 33.2 (CH,-5'), 30.9 (CH,-3), 24.1 (CH,-2), 22.4 (CH,-2"), 22.2
(CH2—4), 15.8 (CH3—4’), 14.2 (COZCHZCHg); HREIMS m/z calcd for
C27H33FO4 [M]+ 441.2436, found: 441.2441.

4.7.2. 7-(6-((p-FluorobenzyDoxy)-2-methyldihydrobenzopyran-2-yD-4-
methylhept-4-enal (12)

The title compound was prepared from benzopyran ester 11 (80 mg,
0.18 mmol) following the general procedure for the synthesis of alde-
hyde 3 to afford compound 12 (63 mg, 0.16 mmol, 89%) as a colorless
oil. 1TH NMR (300 MHz, CDC13) §9.74 (t, J= 2 Hz, 1H, CHO), 7.42-7.36
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(m, 2H, CH-2", CH-6"), 7.09-7.03 (m, 2H, CH-3", CH-5"), 6.73-6.67
(m, 3H, CH-5, CH-7, CH-8), 5.14 (t, J= 7 Hz, 1H, CH-3"), 4.94 (s, 2H,
OCH Ph-p-F), 2.74 (t, J = 7 Hz, 2H, CH,-4), 2.50-2.47 (m, 2H, CH,-6"),
2.33-2.30 (m, 2H, CH,-5"), 2.15-2.08 {m, 2H, CH,-2), 1.86-1.73 (m,
2H, CH,-3), 1.71-1.54 (m, 5H, CH,-1', CH_-4"), 1.27 (s, 3H, CH_-2);15C
NMR (75 MHz, CDCL,) § 202.6 (CHO), 162.4 (d, J, = 244 Hz, C-4),
151.9 (C-6), 148.2 (C-8a), 133.4 (C-4), 133.3 (d, J, = 3 Hz, C-1),
129.2(d,J , = 8 Hz, CH-2", CH-6"), 124.9 (C-3), 121.7 (C-4a), 117.8
(CH-5),115.3 (d, J, = 25 Hz, CH-3", CH-5"), 115.2 (CH-7) 114.4 (CH-
8), 75.6 (C-2), 70.1 (OCH, Ph-p-F), 42.1 (CH,-6"), 39.2 (CH,-1"), 31.8
(CH,5"), 31.0 (CH,-3), 24.1 (CH,-2), 22.4 (CH,-2), 22.2 (CH,-4), 16.0
(CH,-4"); EIMS m/z (%) 396.50 [M]+.

4.7.3. 2-(2-(7-(6-((p-Fluorobenzyl)oxy)-2-methylbenzodihydropyran-2-
yl)-4-methylhept-4-en-1-ylidene) hydrazineyl)benzo[d]thiazole (13)

The title compound was prepared from aldehyde 12 (26.50 mg,
0.07 mmol) and 2-hydrazinobenzothiazole (18.4 mg, 0.11 mmol) fol-
lowing the general procedure for the synthesis of compound 4. The
residue obtained was purified by silica gel column chromatography
(CHZCIZ/MeOH, 98:2) to afford compound 13 (26.5 mg, 69.5%) as a
reddish oil. 1H NMR (300 MHz, CDC13) 67.64 (dd, J= 8 Hz, 1.2 Hz, 1H,
CH-3"), 7.45 (dd, J= 8 Hz, 1.2 Hz, 1H, CH-6"), 7.42-7.35 (m, 2H, CH-
2", CH-6"), 7.34-7.24 (m, 2H, CH-7’, CH-4"), 7.16-7.01 (m, 3H, CH-5",
CH-3", CH-5"), 6.74-6.63 (m, 3H, CH-5, CH-7, CH-8), 5.22-5.08 (m,
1H, CH-3"), 4.93 (s, 2H, OCH_Ph-p-F), 2.70 (t, 2H, J= 7.0 Hz, CH_-4),
2.42-2.38 (m, 2H, CH2—5’), 2.21 (t, 2H, J= 7.7 Hz, CH2—6/), 2.17-2.05
(m, 2H, CH2-2’), 1.89-1.67 (m, 2H, CH2-3), 1.63 (s, 3H, CH3-4’),
1.61-1.53 (m, 2H, CH,-1'), 1.26 (s, 3H, CH,-2); 13C NMR (75 MHz,
CDCL) 5 168.5 (C-1"), 162.4 (d, J,, = 244 Hz, C-4"), 151.9 (C-6),
150.3 (C-2a"), 148.2 (CH-7"), 147.6 (C-8a), 133.6 (C-4'), 133.2 (d, I
= 3 Hz, C-1"), 130.1 (C-6a"), 129.3 (d, JCF = 8 Hz, CH-2", CH-6"),
125.9 (CH-4"), 125.4 (CH-3'), 121.8 (CH-5"), 121.7 (C-4a), 121.3 (CH-
3"), 119.0 (CH-6"), 117.7 (CH-5), 115.3 (d, J,, = 21 Hz, CH-5", CH-
3"), 115.2 (CH-7), 114.3 (CH-8), 75.6 (C-2), 70.0 (OCH_Ph-p-F), 39.2
(CHz-l/), 36.3 (CH2-6’), 31.0 (CH2-3), 30.7 (CH2-5’), 24.1 (CH3-2), 22.4
(CH,-29), 22.1 (CH,4), 15.9 (CH,-4); HRMS (ESI) m/z calcd for
C,,H,.FN.O.S [M+H] + 544.2429, found: 544.2409.

4.7.4. 5-Chloro-2-(2-7-(6-((p-fluorobenzyl)oxy)-2-
methylbenzodihydropyran-2-yl)-4-methylhept -4-en-1-ylidene)
hydrazineyl)-3-(trifluoromethyDpyridine (14)

The title compound was prepared from aldehyde 12 (26.50 mg,
0.07 mmol) and 1-[5-chloro-3-(trifluoromethyl)-2-pyridyllhydrazine
(23.6 mg, 0.114 mmol) following the general procedure for the synthe-
sis of compound 5. The residue obtained was purified by silica gel col-
umn chromatography (CH,Cl,/MeOH, 98:2) to afford compound 14
(24.5 mg, 0.04 mmol, 59.5%) as a yellowish oil. 1H NMR (300 MHz,
CDCL,) 5 8.42-8.40 (m, 1H, CH-6"), 7.96 (brs, 1H, NH), 7.74-7.72 (m,
1H, CH-4"), 7.40-7.36 (m, 2H, CH-2", CH-6"), 7.28-7.26 (m, 1H, CH-
7'), 7.08-7.02 (m, 2H, CH-3", CH-5"), 6.72-6.65 (m, 3H, CH-5, CH-7,
CH-8), 5.21-5.16 (m, 1H, CH-3"), 4.93 (s, 2H, OCHZPh-p-F), 2.74-2.70
(m, 2H, CH_-4), 2.57-2.40 (m, 2H, CH_-5"), 2.33-2.09 (m, 4H, CH_-6/,
CH,-2), 1.84-1.76 (m, 2H, CH,-3), 1.74 (s, 3H, CH_-4'), 1.73-1.56 (m,
2H, CH2—1’), 1.27 (s, 3H, CH3—2); 13C NMR (75 MHz, CDC13) §162.4 (d,
JCF = 244 Hz, C-4"), 151.9 (C-6), 150.9 (q, JCF = 4 Hz, CH-2"), 148.4
(CH-7), 148.2 (C-8a), 146.9 (CH-6"), 135.2 (q, J = 4 Hz, CH-4"),
135.5(C-4),133.2(d, J_, = 3 Hz, C1"),129.2(d, J , = 8 Hz, CH-2",
CH-6"), 125.4 (CH-3), 123.4 (q, J = 270 Hz, CF,), 121.6 (C-4a),
121.2 (C-5"), 117.7 (CH-5), 115.3 (d, JCF = 21 Hz, CH-3", CH-5"),
115.2 (CH-7), 114.3 (CH-8), 108.5 (q, J ,, = 33 Hz, C-3"), 75.5 (C-2),
70.0 (OCH,Ph-p-F), 39.1 (CH,-1"), 36.7 (CH,-6"), 31.0 (CH,-3), 30.6
(CH2—5/), 24.0 (CH3—2), 22.4 (CHZ—Z’), 22.1 (CH2—4), 15.8 (CH3—4’);
HRMS (ESI) m/z caled for C31H31CIF4N3O2 [M — H] + 588.2040,
found: 588.2017.
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4.8. Evaluation of PPAR activity by transactivation assays

PPAR transcriptional activity of synthesized compounds was per-
formed using a human chimera PPAR/Gal4 gene reporter luciferase sys-
tem for each compound and compared with WY-14,643 (pirinixic acid,
Sigma-Aldrich, St. Louis, MO) at 10 pM for PPARa, rosiglitazone
(Sigma-Aldrich) at 1 uM for PPARy and GW501516 (Sigma-Aldrich) at
1 puM for PPARP/S. Cos-7 cells (CRL-1651, ATCC, Manassas, VA) were
maintained under standard culture conditions (Dulbecco's modified Ea-
gle's minimal essential medium: DMEM supplemented with 10% fetal
calf serum [FCS], Thermo Fisher Scientific, Waltham, MA) at 37 °Cin a
humidified atmosphere of 5% CO_. The medium was changed every 2
days. Cells (5.5 A~ 105 cells/mL) were seeded in 60-mm dishes in
DMEM supplemented with 10% FCS and incubated at 37 °C for 16 h
prior to transfection. Cells were transfected in DMEM with the jetPEL
transfection reagent (Polyplus-Transfection S.A., Strasbourg, France)
using the reporter plasmid pG5-TK-pGL3 in combination with one of
the expression plasmids, pGal4hPPARa, pGal4hPPARy or pGal4hP-
PARP/S. The pCMV-p-galactosidase expression plasmid was included as
a control of transfection efficiency. The transfection was stopped after
16 h by the addition of DMEM supplemented with 0.2% FCS, and cells
were detached with trypsin and re-seeded in 96-well plates and incu-
bated for 6 h in DMEM containing 0.2% FCS. Cells were then incubated
for 24 h in DMEM containing 0.2% FCS and increasing concentrations
of the compound tested or vehicle (DMSO, 0.1% final concentration).
At the end of the experiment, cells were washed once with ice-cold
phosphate buffered saline (PBS) and lysed, and luciferase and f-
galactosidase activity were measured. Each experiment was achieved in
triplicate, and mean * standard error (SEM) values were calculated us-
ing GraphPad Prism 5 Software.

4.9. Molecular modelling

In molecular simulations for PPARax PPARy and PPARS receptors,
we have used the same methodology as previously reported [20,24].
Docking calculations were carried out by using the Autodock 4.2 pro-
gram [50] to localize the different ligands in the binding pocket; such
complexes were used as starting structures for MD simulations. We used
a molecular mechanics generalized born surface area (MM-GBSA) free
energy decomposition analysis to determine the molecular interactions
between the different ligands with PPARa PPAR-y and PPARS recep-
tors. The 3D crystal structure of PPARy in complex with rosiglitazone
(PDB code: 4eMA) of PPAR«a in complex with WY-14643 (PDB code:
4BcR), and of PPARS in complex with GW501516 (PDB code: 5U46)
were used for MD simulations. The missing loop (261-275) in the
PPARy was modeled based on the 3D structure (PPARY1PRG model)
[51] using the Swiss-Model server [52]. Geometries of the complexes
obtained from docking were soaked in boxes of explicit water using the
TIP3P model and subjected to MD simulation. MD simulations were
performed with the Amber 22 software package [52]. The geometry of
the system went through a two-step energy minimization process: in the
first step, the backbone atoms of the complex were constrained with
10.0 kcal/(mol A2) force constants; in the second step, all solute and
solvent atoms were allowed to move with no constraint to obtain the fi-
nal relaxed geometry. The nonbonded interaction cutoff was kept at its
default value, and the particle mesh Ewald method was also used. Simu-
lations were performed with a total of 90 ns for each complex (three
runs of 30 ns). The cluster process was carried out in the following man-
ner: using the 90 ns obtained from three runs, 15 ns were discarded (the
first 5 ns of each individual run). The remaining 75 ns were submitted
to the cluster process, from which 10 different families of complexes
were obtained. The free energy decomposition by residue was calcu-
lated using de mm_pbsa program in Amber22 [52]. Each ligand—residue
pair includes four energy terms: van der Waals contribution (AEvdw),
electrostatic contribution (AEele), polar desolvation term (AGGB), and
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nonpolar desolvation term (AGSA), which are summarized in the fol-
lowing equation: AGligand-
residue = AEvdW + AEele + AGGB + AGSA.MD trajectories and the
explicit water molecules were removed from the snapshots.

4.10. Study of anti-inflammatory activity

THP-1 human monocytes (ATCC, TIB-202™, Manassas, VA) were
cultured in RPMI-1640 medium containing gentamycin (40 mg/mL),
1% (v/v) glutamine and 10% (v/v) fetal calf serum and maintained in a
37 °C, 5% CO2 incubator. Cells (2 X 106 cells/mL) were seeded in 6-
well plates and were differentiated into macrophages by the addition of
phorbol-12-myristate-13-acetate at 5 ng/mL (PMA, Promega). After
48 h, the cells were washed with PBS and replaced with 0% SVF
medium for 1 h. After 1 h the depravation medium was replaced with
stimulation medium containing hydrazones (4, 5 and 14 at 10 uM) or
vehicle (<0.02% DMSO). The following hour, THP-1 macrophages
were stimulated with LPS (100 ng/mL) in presence or not of PPAR acti-
vators hydrazones 4, 5 and 14 at 10 pM, and secreted cytokine levels
were measured 24 h later with ELISA kits according to the manufactur-
er's instructions (R&D System, Minneapolis, MN, USA). Cytokine mRNA
levels were determined by quantitative PCR analysis.

4.11. Flow cytometry analysis of activated NF-xB

The effect of hydrazones 4 and 5 on LPS-induced NF-kB activation
was determined in THP-1 cells by flow cytometry. THP-1 cells were in-
cubated for 24 h with compounds (10 pM) or vehicle (0.02% DMSO)
and then stimulated for 1 h with LPS 100 ng/mL.

Cells were then fixed and permeabilized using a commercial kit
(Transcription Factor Phospho Buffer Set, 563239, BD Biosciences).
Cells were then incubated with saturated amounts of a PE-conjugated
monoclonal antibody against human NF-kB p65 (clone K10-895.12.50,
IgG2B, BD Biosciences), for 45 min at 4 °C in the dark. Samples were
run in a flow cytometer (BD LSRFortessa™ X-20, BD Biosciences). Re-
sults are presented as the mean fluorescence intensity of p65-NF-kB-
expressing (PE fluorescence) THP-1.

4.12. Study of cytotoxic activity

THP-1 human monocytes (ATCC, TIB-202™, Manassas, VA) were
cultured in RPMI-1640 medium containing gentamycin (40 mg/mL),
1% (v/v) glutamine and 10% (v/v) fetal calf serum and maintained in a
37 °C, 5% CO2 incubator. Cells (1 X 105 cells/mL) were seeded in 24-
well plates and were differentiated into macrophages by the addition of
phorbol-12-myristate-13-acetate at 5 ng/mL (PMA, Promega). After
48 h, the cells were washed with PBS and replaced with the different
compounds at 10 pM, 30 pM and 100 pM in complete medium or vehi-
cle (<0.2% DMSO). Then, all cells were processes with Annexin V-
assay kit (ANXCKF7, Inmunoestep, Salamanca, Spain) according to the
manufacturer's instructions. BD LSR Fortessa cytometer (BD Bio-
sciences, New Jersey, USA) was used for samples and cell analyses were
performed by using BD FACSDiva X20 Software).

4.13. Statistical analysis

Data are presented as mean = SEM. Statistical analyses were car-
ried out by one-way or two-way ANOVA, followed by Tukey's or Dun-
nett's multiple comparisons test (GraphPad Prism 9). Paired analysis
was performed by Wilcoxon matched-pairs signed rank test (GraphPad
Prism 9). Differences with a p-value <0.05 were considered statistically
different.
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Chapter 2

1. Triple negative breast cancer (TNBC)

Cancer is a group of diseases characterized by uncontrolled growth processes of mutated cells.
Cell cycle is the process through cells multiply and proliferate including two different periods,
interphase (G1, S and G2 phases) and cell division (M phase) (Figure 6). During interphase,
the cell grows and makes a copy of its DNA meanwhile during mitotic phase, the cell separates
its DNA into two groups and divides its cytoplasm to form two new cells [66]. Throughout the
cell cycle, there are checkpoints that regulate cell proliferation, growth and DNA division. The
G1 phase is an important revision point where proteins such as cyclins and cyclin-dependent
kinases are relevant, since by binding, they are able to promote cell cycle progression [67]. The
activation of cyclin D and cyclin E can promote the transition of cells from G1 phase to S
phase, while the activation of CDC2 can promote the transformation of cells from S phase to
G2/M phase. Overexpression of cell cycle-enhancing factors allows pathological proliferation
responsible for cell growth. Apoptosis consists of a highly regulated death process where
specific cells are sacrificed to obtain a benefit for the organism. In cancer, there is a loss of
balance between cell division and cell death and cells that should have died did not receive the
signals to do so [68]. Reactive oxygen species (ROS) plays a critical role in cell death including
apoptosis. An excess of ROS targets biomembranes, propagates lipid peroxidation chain

reactions and subsequently induces different cell death [69].

cell Growy,

09“ Division

Figure 6. Cell cycle scheme
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Chapter 2

Breast cancer (BC) is a complex and heterogeneous disease, being the most frequent
diagnosed and the leading cause of cancer-related deaths among women, with increasing
mortality rates affecting to more than 1 million women worldwide [70-73]. The selection of
drug therapy for patients depends on cancer subtype: hormone receptor-positive, human
epidermal growth factor receptor 2 (HER-2) and triple-negative BC (TNBC). The TNBC is
characterized by lacking estrogen receptor (ER), progesterone receptor (PR) and HER-2 [74-
76]. Consequently, TNBC patients do not respond to hormonal and anti-HER2 monoclonal
antibody trastuzumab-based targeted therapies. TNBC is characterized by a high level of cell
invasiveness and visceral metastasis to organs, usually the brain, lungs, and liver. The
affordable therapeutic strategy includes cytotoxic chemotherapy with taxane- and tetracycline-
based combination treatment and platinum-based agents, but drug resistance constitutes one of
the major challenges that TNBC research faces. Multifactorial resistance mechanisms include
genetic alterations, microenvironmental changes, and cancer stem cells [77]. The discovery of
new compounds that impact the survival of tumor cells in this particular subtype of breast

cancer is highly significant for enhancing its treatment [78].

2. Benzopyrans as antitumor agents

Several natural products containing a BP skeleton have exhibited anti-tumor properties against
BC. Genistein (Figure 7), an estrogenic soy-derived compound belonging to the isoflavone
class, induces apoptosis in TNBC cells [79-82]. Wogonin (Figure 7), a natural flavone isolated
from the roots of Scutellaria baicalensis, has proven to be able to suppress tumor angiogenesis
in BC [83,84]. Moreover, hesperitin derivatives (Figure 7) also present anti-tumor activity
against BC [85,86]. Therefore, the synthesis of BP nucleus has attracted the interest of
numerous medicinal chemistry groups to search for new anti-tumors agents [87,88]. Our
research group isolated polycerasoidol and polyalthidin (Figure 7) [11, 12] in the past.
Polycerasoidol and synthetic analogs displayed PPAR-activating properties, anti-inflammatory
effects and ameliorated metabolic derangements [64,65], while polyalthidin has shown to be
an inhibitor of the mammalian mitochondrial respiratory chain [12]. In addition,
isopolycerasoidol (Figure 7) has been reported to induce mitochondrial-mediated apoptosis in

human BC cell lines [89].
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Synthesis of three series of 2-aminopropyl derivatives containing a benzopyran nucleus was performed to
evaluate their performance against triple-negative breast cancer cell lines (MDA-MB-231 and MDA-MB-
436) and normal breast epithelial cells (MCF10A). For the three series, the cytotoxic activity was as follows:
N-methylated derivatives (tertiary amines) 5b, 6b, and 7b > secondary amine benzopyrans 5, 6, and 7 >
quaternary amine salts 5c, 6¢, and 7c > free phenolic derivatives 5a, 6a, and 7a. The structure-activity
relationship showed the importance of the presence of an amine group and a p-fluorobenzyloxy
substituent in the chromanol ring (ICsq values from 1.5 uM to 58.4 uM). In addition, 5a, 5b, 6a, and 7b
displayed slight selectivity towards tumor cells. Compounds 5, 5a, 5b, 6, 6a, 6¢, 7, and 7b showed
apoptotic/necrotic effects due to, at least in part, an increase in reactive oxygen species generation,
whereas 5b, 5¢, 6b, 7a, and 7c caused cell cycle arrest in the G1 phase. Further cell-based mechanistic
studies revealed that 5a, 6a, and 7b, which were the most promising compounds, downregulated the
expression of Bcl-2, while 5b downregulated the expression of cyclins CCND1 and CCNDZ2. Therefore,
2-aminopropyl benzopyran derivatives emerge as new hits and potential leads for developing useful agents
against breast cancer.
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tetracycline-based combination treatment and platinum-
based agents, but drug resistance is one of the major

1. Introduction
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Breast cancer (BC) is a complex and heterogeneous disease,
and the most frequently diagnosed and leading cause of
cancer-related deaths in women, with increasing mortality
rates affecting more than 1 million women worldwide.'™ The
selection of drug therapy for patients depends on the cancer
subtype: hormone receptor-positive, human epidermal growth
factor receptor 2 (HER-2), and triple-negative BC (TNBC).
TNBC is characterized as lacking estrogen receptors (ERs),
progesterone receptors (PRs), and HER-2.°° This is the most
aggressive subtype, and represents 15% of all breast
cancers.'® Consequently, TNBC patients do not respond to
hormonal and anti-HER2 monoclonal antibody trastuzumab-
based targeted therapies. An affordable therapeutic strategy
includes cytotoxic chemotherapy with taxane- and
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challenges that is currently being addressed by TNBC
research.’®" The discovery of new compounds that decrease
the survival of tumor cells in this particular subtype of breast
cancer is highly significant for enhancing treatment of this
disease."

Several natural products containing a benzopyran
skeleton (Fig. 1) have exhibited anti-tumor properties
against BC through pleiotropic mechanisms involving
apoptosis and cell cycle arrest, among others. Genistein, an
estrogenic  soy-derived compound belonging to the
isoflavone class, induces apoptosis in TNBC cells."**®
Wogonin, a natural flavone isolated from the roots of
Scutellaria baicalensis Georgi, suppresses tumor angiogenesis

o E o
Z Z~cooH AN
HO ~o COOH
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Fig. 1 Natural products containing a benzopyran skeleton.
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in BC.'®'” Moreover, hesperitin derivatives also present
anti-tumor activity against BC.'®' Therefore, the synthesis
of the benzopyran nucleus has been performed by
numerous medicinal chemistry groups in their search for
new anti-tumor agents.****

Our research group previously isolated polycerasoidol and
polyalthidin (Fig. 1) from the stem bark of Polyaithia
cerasoides (Annonaceae).”>** Polycerasoidol and synthetic
analogs  displayed PPAR-activating  properties,  anti-
inflammatory  effects, and  ameliorated  metabolic
derangements,*>?* while it has been shown that polyalthidin
is an inhibitor of the mammalian mitochondrial respiratory
chain.® In addition, it has been reported that
isopolycerasoidol induces mitochondrial-mediated apoptosis
in human BC cell lines.>

Based on these pieces of evidence, our goal was to
discover new molecules for future TNBC treatment.
Therefore, we synthesised 2-aminopropyl benzopyran
derivatives bearing a p-methoxyphenylethylamine (series 1),
diphenylethylamine (series 2), or isoquinoline moiety
(series 3) (Scheme 1). The 15 new compounds were tested
against human TNBC cell lines (MDA-MB-231 and MDA-
MB-436) and normal breast epithelial cells (MCF10A) for
cytotoxic activity. Then, we studied their impact on the
apoptosis/necrosis effect or cell cycle arrest, as well as
their reactive oxygen species (ROS) production and the
gene expression of some promising compounds.
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2. Results and discussion
2.1. Chemistry

Using different methodologies, we synthesized three series of
compounds with a benzopyran skeleton. 2-Aminopropyl
benzopyran derivatives were synthesised via a chroman-4-one
scaffold. These derivatives were obtained by aldol
condensation between o-hydroxyacetophenones and methyl-
ketones in the presence of a secondary amine by Michael
addition, as previously reported.>’ *° The free phenolic group
of precursor benzopyran 1 was protected using p-fluorobenzyl
chloride in the presence of potassium carbonate to afford
benzopyran ester 2 (Scheme 1).

To obtain 2-aminopropyl benzopyran derivatives, two
different synthetic pathways were followed from benzopyran
ester 2. The first was to synthesise p-methoxyphenylethylamine
derivatives (series 1) and diphenylethylamine derivatives
(series 2), and the second was used to synthesise isoquinoline
derivatives (series 3). For the first pathway, controlled
reduction by diisobutylaluminum hydride (DIBAL-H) of the
ester group was carried out to obtain aldehyde intermediate 3,
from which compounds 5 (series 1) and 6 (series 2) were
obtained by reductive amination.

The condensation of 3 with 4-methoxyphenethylamine
and 2,2-diphenylethylamine resulted in secondary amines 5
and 6, respectively, via a Schiff base, followed by reduction
with sodium triacetoxyborohydride under acid conditions.

Series 1

5: Ry= CH,Ph-4-F; Ry= H

Series 2 O
8 1
[o) . Rp
1 3 o ™
R0 s L e B
! 54 % o~ R,0 “ O

6: Ry= CH,Ph-4-F; Ry= H

Series 3

Ie®
R,0

7: Ry= CH,Ph-4-F; Ry= H

|
T T

5a 5b Sc 5d 6a 6b
Ri=H R;=CH,PhF R;=CH,PhF R;= CH,PhF

Ry=H R,=CHj R,=(CH3), R,= CONHPhCI R;=H Ry=CH;3

T

Ri=H R;=CH,PhF R;= CH,PhF R,= CH,PhF
R>= (CH3)2

Ri=H R;=CH,PhF R;=CH,PhF R;=CH,PhF

R,= CONHPhCl R,=H R,=CH, R,=(CHz),  R,= CONHPhCI

Scheme 1 Reagents and conditions: (a) p-fluorobenzyl chloride, K,COs, EtOH, reflux, N, 4 h, 79%, (b) DIBAL-H, DCM, -78 °C, N,, 15 min, 92%, (c)
MeOH, KOH 20%, reflux, N, 4 h, (d) SOCl,, DCM, reflux, N,, 3 h, (€) 4-DMAP, EtzN, DCM, rt., N,, overnight, 63%, (f) NaBH(OAc)s, AcOH, (CH,Cl),,
rt., Np, 1 h, 72% for 5 and 54% for 6, (g) POCls, CH,Cl,, reflux, N,, overnight, NaBH,4, MeOH, rt., N,, 2 h, 53%, (h) HCL: EtOH 1:1, reflux, Np, 3 h, 92—
96%, (i) HCHO, HCO,H, MeOH, reflux, N,, 1 h, NaBHj4, rt., Np, 45 min, 76-86%, (j) Mel, DMF, reflux, N, 30 min-1 h, 79-96%, (k) 4-chlorophenyl

isocyanate, EtsN, DCM, rt., N,, overnight, 68-92%.
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Table 1 ICsq values in TNBC and normal breast epithelial cells, and selectivity index (SI)

Structure MDA-MB-231 (uM) MDA-MB-436 (uM) MCF10A (uM) SI MCF10A/MDA-MB-231 SI MCF10A/MDA-MB-436

5 /@lojwn 13.2 + 1.6° 13.0 + 2.0 6.3 £0.9 0.48 0.48
B
o

5a /@Wn 51.0 + 5.8 30.9 + 3.5 76.8 + 0.5” 1.51 2.50
HO \/\©\o/
5b J@/\ojw'l' 7.3 0.7 12.6 + 1.5 12.1 +2.8 1.65 0.96
[} \/\©\°/

5c /©/\°j\/e'h 25.0 + 1.1°¢ 24.0 1.2b 25.0 + 2.0 1.0 1.0
5d /GC;‘WN >100 >100 >100 — —
A

6 O 11.0 + 2.6“ 19.3 + 0.8° 12.9 + 1.8° 1.17 0.67
g
/@”o O
:
6a O 48.3 + 4.2¢ 31.1 £ 5.5° 46.6 + 3.6" 0.96 1.5
o &
6b O 1.5+0.1 2.0+1.7 1.4 +£0.7 0.94 0.70

6¢ O 19.2 +2.9° 24.6 £1.1° 20.8 + 4.0 1.09 0.84
Isera
o e

6d O >100 >100 >100 — —

7 S0 22.2 +1.8% 22.0 + 0.8 21.9 + 3.8 0.98 0.99
o
O ° O
©/\o HN._Jp
. 5
7a Yo 58.4 +4.0° 55.2 + 5.6 542+3.7"  0.93 0.98
(o]
0
HO HN
7b Yo 14.0 £ 0.8 21.8 + 0.6 20.1 +1.9 1.44 0.92
o]
7c o 42.2 +4.9° 53.5 + 1.1° 41.4+21° 098 0.77
{o]
7d >100 >100 >100 —_ —_
CI
TMX 25.9+0.1 15.80 + 0.7 26.8 + 0.5 1.03 1.70

The data are presented as the mean + SD of three independent experiments performed in triplicate. * P < 0.05. ” P < 0.01. © P < 0.001 vs. 5b,
6b, and 7b for each family. Selectivity index (SI): ratio of cytotoxicity in MCF10A cells compared to that in cancer cells.
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1 Cytotoxicity: # Trend for R, NCH3 > NH > N(CHs),

- # The tertiary amines with N-methyl group showed the highest cytotoxicity
\ # The introduction of urea moiety abolished the cytotoxic effect

\# Tend for Ry: CH,PhF > H

E # The p-fluorobenzyloxy substituent
1 improved cytotoxicity

# Trend for Ry diphenylethylamine >

p-methoxyphenylethylamine > tetrahydroisoquinoline
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Selectivity:
# Only 5a against both TNBC cells

# Only 6a against MDA-MB-436 cells

(free phenol, secondary amine and p-methoxyphenylethylamine)

# Only 5b and 7b against MDA-MB-231 cells H
(p-fluorobenzyloxy, N-methyl and p-methoxyphenylethylamine / tetrahydroisoquinoline) |

(free phenol, secondary amine and diphenylethylamine)

Fig. 2 SAR study of 2-aminopropyl benzopyran derivatives as potential anti-TNBC agents.

The second pathway was based on the formation of the
amide intermediate 4 from an acid chloride. The ester group
of 2 was submitted to basic hydrolysis, followed by a reaction
with thionyl chloride. Then, acid chloride was reacted with
3,4-dimethoxyphenethylamine to yield amide 4, from which
compound 7 was obtained by Bischler-Napieralski
cyclodehydration.

In each series, four derivatives were obtained from amines
5, 6, and 7. The subsequent acid hydrolysis of the
p-fluorobenzyl group yielded amines 5a, 6a, and 7a.
N-Methylated derivatives 5b, 6b, and 7b were obtained with
formic acid and formaldehyde, followed by reduction with
sodium borohydride, while N-dimethylated salts 5¢, 6¢, and
7c were obtained with methyl iodide. The functionalization of
the amine group in the urea group was achieved by reacting it
with 4-chlorophenyl isocyanate to obtain urea derivatives 5d,
6d, and 7d (Scheme 1).

2.2. Pharmacology

2.2.1. Cytotoxicity evaluation and structure-activity
relationships (SAR) study. The cytotoxicity of all the
synthesised compounds against human breast MDA-MB-231
and MDA-MB-436 cell lines, and MCF10A cells was evaluated
by the WST-1 assay. A dose-response curve analysis was
performed to determine the drug concentrations required to
inhibit cancer cell growth by 50% (ICs,) after 48 hours of
incubation (Table 1).

For the three series, it was observed that the compounds
were equally cytotoxic to cancer and normal cells. In the
MDA-MB-231 cell line, the cytotoxic activity of the
N-methylated compounds 5b, 6b, and 7b (ICs, = 1.5-14.0 pM)
was more potent than that of secondary amines 5, 6, and 7
(ICs50 = 11.0-22.0 uM), followed by N-dimethylated derivatives
as quaternary ammonium salts 5¢, 6¢, and 7c¢ (IC5o = 19.2—
42.2 uM), as well as secondary amines with a free phenolic
group 5a, 6a, and 7a (IC5, = 58.4-48.3 uM).

2330 | RSC Med. Chem., 2023, 14, 2327-2341

In the MDA-MB-436 cells, the N-methylated compounds
5b, 6b, and 7b (ICs, = 2.0-21.8 uM) were also more potent
than secondary amines 5, 6, and 7 (IC5, = 13.0-22.0 uM),
followed by N-dimethylated derivatives 5¢, 6¢, and 7c¢ (ICs5, =
24.0-53.5 puM), and secondary amines with a free phenolic
group 5a, 6a, and 7a (IC5, = 30.9-55.2 uM).

In the MCF10A cells, N-methylated compounds were more
potent than secondary amines, followed by N-dimethylated
derivatives, and secondary amines with a free phenolic group.
However, urea derivatives (5d, 6d, and 7d) did not produce
any cellular cytotoxicity in either cell line.

For the three series, the structure-activity relationships
(SAR) indicated that the nitrogen atom in the 2-propyl
chain and the phenolic group in the benzopyran nucleus
play a key role in cytotoxicity (Fig. 2). The tertiary or
secondary amine function led to the most potent cytotoxic
compounds, especially those bearing the N-(2,2-
diphenylethyl) moiety (series 2), while its quaternization
giving a ‘permanent cation’ decreased the -cytotoxicity,
which was most likely due to the difficulty in diffusing
across cell membranes.

Urea-based derivatives are of growing interest for drug
design and development, including anticancer drugs.*
However, the introduction in the 2-aminopropyl benzopyran
of the p-chlorophenyl urea moiety increased the steric
hindrance, which was detrimental for cytotoxic activity. The
presence of the lipophilic p-fluorobenzyloxy substituent in
the chromanol ring favored cytotoxic activity, and its removal
to a free phenolic group diminished the antitumor effect.

We also examined the selectivity of each compound
against non-tumorigenic MCF10A cells. The selectivity index
(SI) was calculated as the ICs, ratio of normal cells to cancer
cells, SI = IC5, (MCF-10A)/IC5, (MDA-MB-231 or MDA-MBD-
436) (Table 1). Four compounds showed slight selectivity
against malignant cells. Of those, compound 5a (secondary
amine and free phenolic group) bearing the
p-methoxyethylamine moiety (series 1) suppressed the growth

This journal is © The Royal Society of Chemistry 2023
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of both cancer cell lines with higher SI, and 5b (tertiary
amine and p-fluorobenzyloxy) displayed selectivity against
MDA-MB-231 cells. Similarly, compound 6a (secondary amine
and free phenolic group) bearing the diphenylethylamine
moiety (series 2) and compound 7b (tertiary amine and
p-fluorobenzyloxy) with the isoquinoline moiety (series 3)
were selective against MDA-MB-436 or MDA-MB-231 cells,
respectively. However, the most cytotoxic compound, 6b, did

not exhibit selectivity against cancer cells (Fig. 2).
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Fig. 3 Apoptosis/necrosis analyses of TNBC cells treated with
compounds at their respective ICsq values of cytotoxicity after Annexin
V-FITC/PI staining. (A-M) Representative flow cytometry dot plots
showing the effects of vehicle or compounds on MDA-MB-231 cell
apoptosis/necrosis/survival have been included: (A) 0.1% DMSO, (B) 5
at 13.2 uM, (C) 5a at 51.0 uM, (D) 5b at 7.3 uM, (E) 5¢ at 25.0 uM, (F) 6
at 11.0 pM, (G) 6a at 48.3 uM, (H) 6b at 1.5 uM, (I) 6¢c at 19.2 uM, (J) 7 at
22.2 uM, (K) 7a at 58.4 uM, (L) 7b at 14.0 uM, (M) 7c at 42.2 puM. (N)
Histograms show the percentage of apoptotic and necrotic cell
distribution. The data are expressed as the mean * SD of three
independent experiments performed in triplicate. **P < 0.01, ***P <
0.001, ****P < 0.0001 vs. DMSO group.
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Compounds 5a, 5b, 6a, and 7b with higher SI values were
selected to carry out further mechanistic studies.

2.2.2. Studies of apoptosis and necrosis. To determine the
cause of cell death, we evaluated the apoptotic and necrotic
effects of cytotoxic compounds. For this purpose, TNBC cells
were treated with each compound at concentrations equal to
their respective ICs, values (Table 1), followed by Annexin
V-FITC and propidium iodide (PI) staining. Representative
flow cytometry dot plots showing the effects in MDA-MB-231
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Fig. 4 Apoptosis/necrosis analyses of TNBC cells treated with
compounds at their respective ICsq values of cytotoxicity after Annexin
V-FITC/PI staining. (A-M) Representative flow cytometry dot plots
showing the effects of vehicle or compounds on MDA-MB-436 cell
apoptosis/necrosis/survival have been included: (A) 0.1% DMSO, (B) 5
at 13.0 uM, (C) 5a at 30.9 uM, (D) 5b at 12.6 uM, (E) 5¢ at 24.0 uM, (F) 6
at 19.3 uM, (G) 6a at 31.1 uM, (H) 6b at 2.0 uM, () 6¢c at 24.6 uM, (J) 7 at
22.0 uM, (K) 7a at 55.2 uM, (L) 7b at 21.8 uM, and (M) 7c at 53.5 uM. (N)
Histograms show the percentage of apoptotic/necrotic cell
distribution. The data are expressed as the mean + SD of three
independent experiments performed in triplicate. *P < 0.05, **P <
0.01, ***P < 0.001 vs. DMSO group.
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and MDA-MB-436 cells are included in Fig. 3A-M and 4A-M,
and histograms show the percentage of apoptotic and
necrotic cell distribution in Fig. 3N and 4N, respectively. We
observed that most cytotoxic compounds triggered apoptosis
and necrosis. For both cancer cell lines, secondary amines 5,
6, and 7 significantly induced cell apoptosis and necrosis
(83-96.5%), as did 6a and 7b (65-93%).
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Compounds 5a and 6c¢ induced a significant percentage of
apoptotic and necrotic cells in the MDA-MB-231 line (64%
and 75%, respectively), and to a lesser extent in the MDA-MB-
436 line (30% and 32%, respectively). Significant apoptosis
and necrosis were elicited by compound 5b, but only in the
MDA-MB-436 cell line (74%). In addition, ROS are crucial in
inducing apoptosis through several pathways. Therefore, the

MDA-MB-436
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Fig. 5 Effect of compounds on intracellular ROS levels. Histograms display the quantification of mean fluorescence intensity (MFI) for vehicle or
compounds in (A) MDA-MB-231 cells and (B) MDA-MB-436 cells. Representative confocal fluorescence microscopy images of ROS production in
(C-K) MDA-MB-231 cells and (L-T) MDA-MB-436 cells. (C and L) 0.05% DMSO, (D and M) TBHP at 100 uM, (E) 5 at 6.6 uM, (F) 5a at 25.5 uM, (G) 6
at 5.5 uM, (H) 6a at 24.2 uM, (I) 6¢ at 9.6 uM, (J) 7 at 11.1 uM, (K) 7b at 7.0 uM, (N) 5 at 6.5 uM, (O) 5a at 15.5 uM, (P) 6 at 9.7 uM, (Q) 6a at 15.6 uM,
(R) 6¢ at 12.3 uM, (S) 7 at 11.0 uM, and (T) 7b at 10.9 uM. The data are expressed as the mean * SEM of three independent experiments performed
in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMSO group.
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capacity of the apoptotic and necrotic compounds (5, 6, 6a, 7,
and 7b) to trigger oxidative stress was further studied in both
cancer cell lines, whereas non-apoptotic but cytotoxic
compounds (5¢, 6b, 7a, and 7c for both cancer cell lines, and
5b for MDA-MB-231 cells) were studied to evaluate their
influence on cell cycle distribution.

2.2.3. Measurement of reactive oxygen species (ROS)
levels. At low or moderate doses, ROS are considered
essential for the regulation of normal physiological cell
conditions. However, high ROS levels cause damage to
proteins, nucleic acids, lipids, membranes, and organelles,
which can lead to the activation of cell death processes such
as cell apoptosis.®* Because oxidative stress promotes
apoptotic mechanisms, the effect of apoptotic benzopyrans
in ROS production was evaluated. To that end, cell lines
MDA-MB-231 and MDA-MB-436 were treated with selected
representative apoptotic compounds at their respective 1C,5
values. Then, fluorescence microscopy was employed to
detect intracellular ROS levels by the
dichlorodihydrofluorescein-diacetate (DCFDA) method.

The positive control, tert-butyl hydroperoxide (TBHP),
significantly increased the mean fluorescence level, thus
confirming its action mechanism. The results demonstrated
that the apoptotic compounds 5, 5a, 6, 6a, 6¢, 7, and 7b
significantly increased the level of ROS production in both
TNBC cell lines (Fig. 5), as compared to control cells. The
results suggested that these compounds can induce apoptosis
by the generation of ROS in TNBC cells.

2.2.4. Cell cycle analysis. Because the cell growth
inhibition observed in the cytotoxicity assay could be due
to cell death via apoptosis/necrosis or cell cycle arrest,
flow cytometry analysis was carried out to examine the
arrest effects of non-apoptotic benzopyrans (5b, 5c¢, 6b, 7a,
and 7c¢) on the cell cycle of both TNBC cell lines. For that
purpose, cell lines MDA-MB-231 and MDA-MB-436 were
treated with each compound at concentrations equal to
their respective ICs, values (Table 1), and then stained
with PIL

The results showed that all non-apoptotic compounds
significantly increased the percentage of the cells in the G1
phase, and lowered the percentage of the cells in the S phase.
Regarding the MDA-MB-231 cell line, the percentage of the
cells in the G1 phase increased from 49.81% for the control
group to 63.02%, 63.73%, 56.12%, 62.18%, and 60.36% for
compounds 5b, 5¢, 6b, 7a, and 7c, respectively (Fig. 6A and C-
H). In the MDA-MB-436 cell line, the percentage of the cells in
the G1 phase rose from 41.01% for the control group to
57.87%, 45.81%, 43.89%, and 55.78% for compounds 5c, 6b,
7a, and 7c, respectively (Fig. 6B and I-M). The percentage of
the cells in the S phase in the MDA-MB-231 cell line decreased
from 42.68% for the control group to 24.84%, 18.38%,
29.33%, 22.81%, and 23.05% for compounds 5b, 5c, 6b, 7a,
and 7c, respectively (Fig. 6A and C-H), and in MDA-MB-436
cells, decreased from 40.08% for the control group to 24.25%,
34.56%, 36.58%, and 30.13% for compounds 5c, 6b, 7a, and
7¢, respectively (Fig. 6B and I-M). These results suggest that

This journal is © The Royal Society of Chemistry 2023
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non-apoptotic 2-aminopropyl benzopyrans 5b, 5¢, 6b, 7a, and
7c caused cell cycle arrest at the G1 phase.

2.2.5. Gene expression. Apoptosis is regulated by complex
interactions between pro- and anti-apoptotic members of
the B cell lymphoma-2 (Bcl-2) protein family.>> Among the
Bcl-2 family proteins, Bcl-2 promotes cell survival, while
others can induce cell death.***® The cell cycle is regulated
by a group of proteins known as cyclins, such as cyclin D1
(CCND1) or cyclin E2 (CCNE2), which regulate the
progression from G1 to S phase.* " To explore the
apoptosis and cell cycle arrest mechanism involved in the
most promising compounds (those with a more appropriate
SI value), we evaluated the gene expression of anti-apoptotic
Bcl-2 as well as CCND1 and CCNE2 in TNBC cells. The
results showed that apoptotic compounds 5a, 6a, and 7b
downregulated Bcl-2 (Fig. 7A and B), whereas compound 5b
downregulated the expression of the CCNDI and CCNE2
genes (Fig. 7C and D).

3. Conclusions

Three series of 2-aminopropyl benzopyran derivatives were
synthesised (Scheme 1) and evaluated for their antitumor
activity against the MDA-MB-231 and MDA-MB-436 TNBC
cell lines. The SAR studies showed that the presence of
an amino group (secondary, tertiary, or quaternary) in the
structure seems to be essential for cytotoxicity in both
TNBC cell lines, and its modification to a urea function
renders the derivatives devoid of an anti-tumor effect. For
the three series, the cytotoxic activity was as follows:
N-methylated derivatives (tertiary amines) 5b, 6b, and 7b
> secondary amines 5, 6, and 7 > quaternary amine salts
5¢, 6¢, and 7c > free phenolic derivatives 5a, 6a, and 7a.
In addition, 5a, 5b, 6a, and 7b displayed slight selectivity
for tumor cells.

An apoptotic and necrotic effect was observed for
benzopyrans 5, 5a, 5b, 6, 6a, 6¢, 7, and 7b due to, at least
in part, an increase in ROS generation, while 5b, 5c, 6b, 7a,
and 7c caused cell cycle arrest in the G1 phase. Further cell-
based mechanistic studies revealed that the most promising
compounds, 5a, 6a, and 7b, downregulated the expression
of Bcl-2, and 5b downregulated the expression of cyclins
CCND1 and CCND2. Therefore, 2-aminopropyl benzopyrans
emerge as new hits and can be used for designing new
potential lead compounds in the development of useful
agents against TNBC.

4. Experimental section
4.1. Chemistry

Electrospray ionization high-resolution mass spectrometry
(ESI-HRMS) was performed using a TripleTOF™ 5600 liquid
chromatography-tandem mass spectrometry (LC/MS/MS)
System (AB SCIEX) (Toronto, Canada). LC-MS detection was
performed using an ultra-high performance liquid
chromatography (UHPLC) apparatus (Shimadzu, LCMS-8040)

RSC Med. Chem., 2023, 14, 2327-2341 | 2333
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Fig. 6 Effect of non-apoptotic/necrotic compounds on cell cycle progression. The analysis of cell cycle distribution was performed by flow
cytometry using Pl staining. Histograms display the percentage of cell cycle distribution for (A) MDA-MB-231 cells and (B) MDA-MB-436 cells.
Representative flow cytometry plots of cell cycle progression experiments with vehicle or non-apoptotic compounds for the (C-H) MDA-MB-231
cell line and (I-M) MDA-MB-436 cell line. (C and 1) 0.1% DMSO, (D) 5b at 7.3 uM, (E) 5¢ at 25.0 uM, (F) 6b at 1.5 uM, (G) 7a at 58.4 uM, (H) 7c at 42.2
M, (J) 5¢ at 24.0 uM, (K) 6b at 2.0 uM, (L) 7a at 55.2 uM, and (M) 7c at 53.5 pM. The data are expressed as the mean + SD of three independent
experiments performed in triplicate. **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. DMSO group.

coupled to a tandem mass spectrometry (MS/MS) triple
quadrupole equipped with an ESI ion source (Shimadzu,
Kyoto, Japan).

"H NMR and **C NMR spectra were recorded on a Bruker
AC-300 (Bruker Instruments, Kennewick, WA). The
assignments in 'H and '>C NMR were made by correlation
spectroscopy (COSY) 45, heteronuclear single quantum
correlation (HSQC), and heteronuclear multiple bond
correlation (HMBC) recorded at 300 MHz. Chemical shifts (d)
are reported in ppm relative to an internal deuterated solvent
reference, with multiplicities indicated as s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), or dd (double
doublet). All reactions were monitored by analytical thin-layer
chromatography (TLC) with silica gel 60 F254 (Merck 5554).

2334 | RSC Med. Chem., 2023,14, 2327-2341

Residues were purified by silica gel column chromatography
(40-63 um, Merck Group).

Solvents and reagents were purchased from the
commercial sources Scharlab S.L. (Barcelona, Spain) and
Sigma-Aldrich (St. Louis, MO, USA), respectively, and used
without further purification unless otherwise noted. Dry and
freshly distilled solvents were used in those reactions
performed under N,. Quoted yields are of purified material.
Final compounds were purified to >95% as assessed by 'H
NMR and LC-MS/MS analysis.

Ethyl 3-(6-hydroxy-2-methyldihydrobenzopyran-2yl)propanoate
(1). Benzopyran ester 1 was synthetised as previously
described®°  from 2-(ethyl propanoate)-6-(hydroxyl)-2-
(methyl)-dihydrobenzopyran-4-one. 'H NMR (300 MHz,

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Gene expression in TNBC cells treated with 2-aminopropyl
benzopyrans 5a, 5b, 6a, and 7b at their respective IC,5 values: (A) 5a at
25.5 uM and 7b at 7.0 pM, (B) 5a at 15.5 uM and 6a at 15.6 uM, and (C
and D) 5b at 3.7 uM. The data are expressed as the mean * SD of three
independent experiments performed in triplicate. *P < 0.05 vs. DMSO

group.

CDCl;) 6 6.59-6.53 (m, 3H, CH-5, CH-7, CH-8), 4.12 (q, ] = 7.1
Hz, 2H, CO,CH,CHj,), 2.70 (m, 2H, CH,-4), 2.44 (t, ] = 7.7 Hz,
2H, CH,-2'), 2.05-1.70 (m, 4H, CH,-3, CH,-1'), 1.24 (t, ] = 7.1
Hz, 3H, CO,CH,CH3), 1.23 (s, 3H, CH;-2); *C NMR (75 MHz,
CDCl;) 6 174.1 (CO,CH,CH3), 148.8 (C-6), 147.4 (C-8a), 121.6
(C-4a), 117.8 (CH-5), 115.4 (CH-7), 114.6 (CH-8), 74.6 (C-2),
60.5 (CO,CH,CHj,), 34.3 (CH,-1'), 31.1 (CH,-3), 28.8 (CH,-2'),
23.7 (CH;-2), 22.1 (CH,-4), 14.1 (CO,CH,CH,); HREIMS m/z
calculated for Cy5H,004 [M]" 264.1362, found: 264.1356.

Ethyl 3-(6-(p-fluorobenzyloxy)-2-methyldihydrobenzopyran-
2yl)propanoate (2). A solution of benzopyran ester 1 (1.5 g,
5.68 mmol), p-fluorobenzyl chloride (0.9 mL, 7.38 mmol),
and anhydrous K,CO; (1.2 g, 8.49 mmol) in absolute EtOH
(20 mL) was refluxed under N, for 4 hours. The mixture
was evaporated, water was added (20 mL), and extraction
proceeded with dichloromethane (3 x 15 mL). The organic
layers were washed with 1 M HCI and brine, dried over
anhydrous Na,SO,, and evaporated under reduced pressure.
The residue was purified by column chromatography
(hexane/EtOAc, 90:10) to yield the O-protected benzopyran
ester (2) (1.7 g, 79%) as a colorless oil. "H NMR (300 MHz,
CDCl;) ¢ 7.41-7.36 (m, 2H, CH-2", CH-6"), 7.09-7.03 (m,
2H, CH-3", CH-5"), 6.72-6.67 (m, 3H, CH-5, CH-7, CH-8),
4.94 (s, 2H, OCH,Ph-p-F), 4.13 (q, J = 7.1 Hz, 2H, CO,CH,-
CH;), 2.76 (t, J = 6.7 Hz, 2H, CH,-4), 2.48 (t, J = 7.7 Hz,
2H, CH,-2'), 2.0-1.75 (m, 4H, CH,-3, CH,-1'), 1.24 (t, J = 7.2
Hz, 3H, CO,CH,CH;), 1.23 (s, 3H, CH3-2); >C NMR (75
MHz, CDCl;) § 173.6 (CO,CH,CHj,), 162.3 (d, Jor = 244 Hz,
C-4"), 152.0 (C-6), 147.9 (C-8a), 133.1 (d, Jor = 3 Hz, C-17),
129.1 (d, Jor = 8 Hz, CH-2", CH-6"), 121.4 (C-4a), 117.7 (CH-
5), 115.2 (d, Jop = 25 Hz, CH-3", CH-5"), 115.1 (CH-7), 114.4

This journal is © The Royal Society of Chemistry 2023
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(CH-8), 74.6 (C-2), 69.9 (OCH,Ph-p-F), 60.3 (CO,CH,CHj,),
34.3 (CH,-1), 31.0 (CH,-3), 28.7 (CH,-2'), 23.6 (CH3-2), 22.2
(CH,-4), 14.1 (CO,CH,CH;); HREIMS m/z calculated for
Cp,H,504F [M]" 372.1737, found: 372.1730.
3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-
propanal (3). A solution of 2 (500 mg, 1.34 mmol) in dry
dichloromethane (10 mL) at -78 ©°C under nitrogen
atmosphere was stirred for 10 minutes. To this solution was
added dropwise 8.8 mL of 1.0 M DIBAL-H solution in
tetrahydrofuran (THF). After 15 minutes, the mixture was
quenched by addition of 5 mL of MeOH and 10 mL of half
sat aqueous NH,CI solution. The reaction mixture was stirred
for an additional 10 minutes at room temperature, and then
was concentrated in vacuo. Then, water was added (15 mL),
and extraction proceeded with EtOAc (3 x 15 mL). The
organic layers were washed with brine, dried over anhydrous
Na,S0,, and evaporated under reduced pressure. The residue
was purified by silica gel column chromatography (hexane/
EtOAc, 90:10) to afford 492 mg of the corresponding
aldehyde 3 (406 mg, 92%) as a colorless oil. "H NMR (300
MHz, CDCl;) 6 9.78 (t, J = 1.6 Hz, 1H, CHO), 7.39-7.37 (m,
2H, H-2", H-6"), 7.08-7.04 (m, 2H, H-3", H-5"), 6.74-6.67 (m,
3H, H-5, H-7, H-8), 4.94 (s, 2H, OCH,Ph-p-F), 2.77-2.74 (m,
2H, CH,-4), 2.62-2.59 (m, 2H, CH,-2), 2.03-1.75 (m, 4H, CH,-
3, CH,-1"), 1.26 (s, 3H, CH;-2); *C NMR (75 MHz, CDCl;) §
202.2 (CHO), 162.4 (d, Jcr = 244 Hz, C-4"), 152.1 (C-6), 147.7
(C-8a), 133.1 (d, Jcr = 3 Hz, C-1"), 129.3 (d, Jcr = 8 Hz, C-2", C-
6"), 121.4 (C-4a), 117.7 (CH-5), 115.2 (d, Jcr = 25 Hz, CH-3",
CH-5"), 115.2 (CH-7), 114.5 (CH-8), 74.6 (C-2), 69.9 (OCH,Ph-
p-F), 38.4 (CH,-2'), 31.8 (CH,-1'), 31.2 (CH,-3), 23.7 (CH;-2),
22.3 (CH,-4); HRMS (ESI) m/z calculated for C,oH,;O3F [M +
H]" 329.1547, found: 329.1552.
(N-3,4-Dimethoxyphenethyl)-3-(6-(p-fluorobenzyloxy)-2-
methyldihydrobenzopyran-2-yl)propanamide (4). A solution of
ester 2 (1 g, 3.05 mmol) was dissolved in dry MeOH (10 mL)
and KOH 20% (5 mL), and was refluxed under N, for 4 hours.
The mixture was evaporated, water was added (20 mL), and
extraction proceeded with dichloromethane (3 x 15 mL). The
organic layers were washed with 1 M HCI and brine, dried
over anhydrous Na,SO,, and evaporated under reduced
pressure to obtain 980 mg of carboxylic acid. To a solution of
the carboxylic acid (980 mg, 2.85 mmol), dry
dichloromethane and SOCI, (1.6 mL, 22.8 mmol) were added,
and the solution was then reacted under reflux and N, for 3
hours. After stirring for an additional 30 minutes at room
temperature, water was added (20 mL), and extraction
proceeded with dichloromethane (3 x 15 mL). The organic
layers were washed with brine, dried over anhydrous Na,SO,,
and evaporated under reduced pressure to obtain 1.3 g of
chloride acid. A mixture of 3,4-dimethoxyphenethylamine
(1.2 mL, 6.9 mmol), 4-DMAP (200 mg, 1.64 mmol), and Et;N
(0.06 mL, 0.45 mmol) was dissolved in 1 mL of dry
dichloromethane under N,. To this mixture, a solution of the
acid chloride (1 g, 2.6 mmol) in dry dichloromethane was
added dropwise. This reaction remained at room temperature
and under N, overnight. Dichloromethane (3 x 15 mL) was
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added to the reaction mixture, and the organic layer was
washed with HCI 1 M and brine, dried with anhydrous Na,-
SO,, filtered, and then evaporated to dryness. The residue
obtained was subjected to silica gel column chromatography
(hexane/EtOAc, 60:40) to afford compound 4 (976 mg, 63%
yield) as a white oil.'"H NMR (300 MHz, CDCl;) ¢ 7.41-7.33
(m, 2H, CH-2", CH-6"), 7.08-7.02 (m, 2H, CH-3", CH-5"),
6.80-6.62 (m, 6H, CH-5, CH-7, CH-8, CH-2", CH-5", CH-6"),
5.69 (s, NH), 4.92 (s, 2H, OCH,Ph-p-F), 3.85 (s, 6H, 2xOCH,),
3.48-3.45 (m, 2H, CH,-a), 2.81-2.67 (m, 4H, CH,-4, CH,-B),
2.32-2.27 (CH,-2'), 2.03-1.83 (m, 2H, CH,-1'), 1.80-1.67 (m,
2H, CH,-3), 1.25 (s, 3H, CH3-2). >C NMR (75 MHz, CDCl3) §
172.9 (C=0), 162.0 (d, Jcr = 244 Hz, C-4"), 158.3 (C-3", C-4"),
152.1 (C-6), 147.9 (C-8a), 133.2 (d, Jcr = 3 Hz, C-1"), 130.9 (C-
1"), 129.7 (CH-6"), 129.3 (d, Jor = 8 Hz, CH-2", CH-6"), 121.6
(C-4a), 117.5 (CH-5), 115.4 (d, Jop = 21 Hz, CH-3", CH-5"),
115.2 (CH-7), 114.5 (CH-8), 114.1 (CH-2", CH-5"), 75.0 (C-2),
70.0 (OCH,Ph-p-F), 55.3 (2xOCH3), 40.8 (CH,-at), 35.2 (CH,-1'),
34.8 (CH,-B), 31.2 (CH,-3), 30.8 (CH,-2), 23.7 (CH;-2), 22.3
(CH,-4). HRMS (ESI) m/z calculated for C3oH35FNOs [M + H|'
508.2494, found: 508.2481.

General procedure for synthesis of amine benzopyrans 5
and 6. A mixture of aldehyde 3 (240 mg, 0.73 mmol) and
4-methoxy-phenethylamine (0.25 mL, 1.4 mmol) or
2,2-diphenylethylamine (237 mg, 1.2 mmol) was dissolved in
5 mL of dry dichloroethane. The mixture was stirred at room
temperature for 15 minutes and then added to a solution of
sodium triacetoxyborohydride (360 mg, 1.7 mmol) and a drop
of acetic acid in 1 mL of dry dichloroethane. The mixtures
were stirred at room temperature under N, for 1 hour.
Reaction mixtures were extracted with EtOAc (3 x 10 mlL).
The organic layer was washed with water and brine, dried
with anhydrous Na,SO,, filtered, and then evaporated to
dryness. The residue obtained was subjected to silica gel
column chromatography (CH,Cl,/MeOH, 98:2) to afford
compound 5 (244 mg, 72% yield) or 6 (201 mg, 54% yield) as
colorless oils.

3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-
N-(p-methoxyphenethyl)propanamine (5). "H NMR (300 MHz,
CDCl,) 6 7.36-7.32 (m, 2H, CH-2", CH-6"), 7.08-6.98 (m, 4H,
CH-3", CH-5", CH-2", CH-6"), 6.82-6.78 (m, 2H, CH-3", CH-
5"), 6.68-6.60 (m, 3H, CH-5, CH-7, CH-8), 4.89 (s, 2H, OCH,-
Ph-p-F), 3.74 (s, 3H, OCHj3), 3.03-2.57 (m, 8H, CH,-4, CH,-3',
CH,-a, CH,-B), 1.78-1.66 (m, 2H, CH,-3), 1.59-1.50 (m, 4H,
CH,-1', CH»-2'), 1.20 (s, 3H, CH;-2). >C NMR (75 MHz, CD;-
OD) 6 162.0 (d, Jor = 244 Hz, C-4"), 159.0 (C-4"), 152.2 (C-6),
147.7 (C-8a), 133.7 (CH-1"), 129.4 (CH-2", CH-6"), 129.2 (d, Jor
= 8 Hz, CH-2", CH-6"), 128.1 (C-1"), 121.6 (C-4a), 117.3 (CH-
5), 115.0 (CH-7), 114.9 (CH-3", CH-5"), 114.5 (d, Jor = 13 Hz,
CH-3", CH-5"), 114.0 (CH-8), 74.9 (C-2), 69.6 (OCH,Ph-p-F),
54.4 (OCHj,), 48.7 (CH,-3', CH,-a), 35.7 (CH,-1'), 31.1 (CH,-3),
30.8 (CH,-B), 22.6 (CH3-2), 21.8 (CH,-4), 20.2 (CH,-2"). HRMS
(ESI) m/z calculated for CyoH3sFNO; [M + H]' 464.2595,
found: 464.2581.

N-(2,2-Diphenylethyl)-3-(6-(p-fluorobenzyloxy)-2-
methyldihydrobenzopyran-2-yl)propanamine (6). 'H NMR
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(300 MHz, CDCl;) 6 7.44-7.40 (m, 2H, CH-2", CH-6"), 7.36-7.22
(m, 10H, 2xPh), 7.15-7.08 (m, 2H, CH-3", CH-5"), 6.80-6.71 (m,
3H, CH-5, CH-7, CH-8), 4.99 (s, 2H, OCH,Ph-p-F), 4.28 (t, 1H, J
= 7.8 Hz, CH-B), 3.30 (d, 2H, J = 7.8 Hz, CH,-a), 2.76-2.70 (m,
4H, CH,-4, CH,-3"), 1.80-1.73 (m, 2H, CH,-3), 1.65-1.54 (m,
4H, CH,-1', CH,-2'), 1.26 (s, 3H, CH;-2). >*C NMR (75 MHz,
CDCl,) 6 162.5 (d, Jcr = 244 Hz, C-4"), 151.9 (C-6), 148.0 (C-8a),
142.5 (C-Ph), 133.2 (d, Jor = 3 Hz, C-1"), 129.2 (d, Jor = 8 Hz,
CH-2", CH-6"), 128.7 and 128.0 (CH-Ph), 121.6 (C-4a), 117.7
(CH-5), 115.3 (d, Jor = 22 Hz, CH-3", CH-5"), 115.2 (CH-7), 114.4
(CH-8), 75.3 (C-2), 70.0 (OCH,Ph-p-F), 53.9 (CH,-at), 50.7 (CH-
B), 49.8 (CH,-3'), 36.9 (CH,-1'), 30.9 (CH,-3), 23.9 (CH;-2), 23.5
(CH,-2"), 22.3 (CH,-4). HRMS (ESI) m/z calculated for C3,Hse-
FNO, [M + H]" 510.2803, found: 510.2801.

General procedure for synthesis of amine benzopyran 7. A
mixture of amide 4 (880 mg, 1.72 mmol) and phosphoryl
chloride (2.4 mL, 26 mmol) was dissolved in dry
dichloromethane (10 mL) and refluxed under N, overnight.
The reaction mixture was evaporated to dryness and
dissolved in dry MeOH (7 mL) in an ice bath at -78 °C.
Sodium borohydride (600 mg, 15.9 mmol) was added, and
the reaction remained at room temperature and under N, for
2 hours. Then, the reaction mixture was alkalinized with
ammonia 5% and extracted with EtOAc (3 x 15 mL). The
organic layer was washed with water and brine, dried with
anhydrous Na,SO,, filtered, and evaporated to dryness. The
residue obtained was subjected to silica gel column
chromatography (CH,Cl,/MeOH, 98:2) to afford compound 7
(443.8 mg, 53% yield) as a colorless oil.

1-(2-(6-((4-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-
yl)ethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (7). 'H
NMR (300 MHz, CDCl;) 6 7.41-7.35 (m, 2H, CH-2", CH-6"),
7.10-7.02 (m, 2H, CH-3", CH-5"), 6.74-6.58 (m, 3H, CH-5, CH-
7, CH-8), 6.56 and 6.55 (2 s, 2H, CH-2", CH-5"), 4.93 (s, 2H,
OCH,Ph-p-F), 3.99-3.95 (m, 1H, CH-3"), 3.84 and 3.77 (2 s,
6H, 2XOCH3;) 3.25-3.18 and 2.99-2.94 (2 m, 2H, CH,-0!), 2.93-
2.65 (m, 4H, CH,-4, CH,-B), 1.99-1.67 (m, 6H, CH,-3, CH,-1/,
CH,-2"), 1.28 (s, 3H, CH3-2). ">*C NMR (75 MHz, CDCl;) ¢
162.0 (d, Jor = 244 Hz, C-4"), 152.0 (C-6), 148.2 (C-8a), 147.5
and 147.3 (C-3", C-4"), 133.2 (d, Jcr = 3 Hz, C-1"), 129.3 (d, Jcr
= 8 Hz, CH-2", CH-6"), 127.0 (C-1", C-6"), 121.7 (C-4a), 117.7
(CH-5), 115.5 (d, Jor = 21 Hz, CH-3", CH-5"), 115.2 (CH-7),
114.4 (CH-8), 111.8 (CH-2"), 109.2 (CH-5"), 75.7 (C-2), 70.0
(OCH,Ph-p-F), 56.0 and 55.8 (2xOCH,), 55.9 (CH-3'), 41.1
(CHy-a1), 35.5 (CH,-1"), 31.4 (CH,-3), 30.9 (CH,-2"), 29.6 (CH,-
B), 24.2 (CH3-2), 22.5 (CH,-4). HRMS (ESI) m/z calculated for
C30H3,FNO, [M + H]' 492.2545, found: 492.2523.

General procedure for O-deprotection to prepare
compounds 5a, 6a, and 7a. Amine 5 (50 mg, 0.11 mmol), 6
(56 mg, 0.11 mmol), and 7 (54 mg, 0.11 mmol) was dissolved
in 1 M HCI: EtOH in a 1:1 ratio, and refluxed under N, for 3
hours. Reaction mixtures were stirred for an additional 30
minutes at room temperature, and ammonia 15% was added
for alkalinization. Mixtures were concentrated in vacuo, and
then, water was added, and extraction proceeded with EtOAc
(3 x 15 mL). The combined organic layers were dried over
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anhydrous Na,SO, and evaporated to dryness. The residue
was purified by C18 column chromatography to afford 36.1
mg, 42.5 mg, and 40.6 mg of the corresponding compound
5a, 6a, and 7a (92-96%) as colorless oils.

3-(6-Hydroxy-2-methyldihydrobenzopyran-2-yl)-N-(p-
methoxyphenethyl)propanamine (5a). '"H NMR (300 MHz,
CD,0D) ¢ 7.20 (d, 2H, J = 8.6 Hz, CH-2", CH-6"), 6.90 (d, 2H, ]
= 8.6 Hz, CH-3", CH-5"), 6.53-6.50 (m, 3H, CH-5, CH-7, CH-
8), 3.78 (s, 3H, OCH3), 3.22-2.89 (m, 6H, CH,-3', CH,-a,, CH,-
B), 2.77-2.71 (m, 2H, CH,-4), 1.92-1.56 (m, 6H, CH,-3, CH,-1/,
CH,-2), 1.27 (s, 3H, CH;-2). *C NMR (75 MHz, CD;0D) §
160.6 (C-4"), 151.7 (C-6), 148.0 (C-8a), 131.0 (CH-2", CH-6"),
129.7 (C-1"), 123.1 (C-4a), 118.7 (CH-5), 116.4 (CH-3", CH-5"),
115.7 (CH-7), 115.6 (CH-8), 76.1 (C-2), 55.9 (OCH3), 50.6 (CH,-
3', CHy-a), 37.2 (CH,1'), 32.8 (CH,-3), 32.6 (CH,-B), 24.2
(CH;-2), 23.3 (CHp4), 21.9 (CH,2'). HRMS (ESI) m/z
calculated for C,,H,oNO; [M + H]" 356.2220, found: 356.2217.

2-(3-((2,2-Diphenylethyl)amino)propyl)-2-
methyldihydrobenzopyran-6-ol (6a). '"H NMR (300 MHz,
CDCl;) ¢ 7.30-7.20 (m, 10H, 2xPh), 6.55-6.47 (m, 3H,
CH-5, CH-7, CH-8), 4.23 (t, J = 7.7 Hz, 1H, CH-B), 3.24
(d, J = 7.7 Hz, 2H, CH,-a), 2.68-2.56 (m, 4H, CH,-4, CH,-
3", 1.70-1.45 (m, 6H, CH,-3, CH,-1, CH,-2), 1.19 (s, 3H,
CH;-2). ®C NMR (75 MHz, CDCl;) 6 149.2 (C-6), 147.2 (C-8a),
142.4 (C-Ph), 128.7, 128.0 and 126.7 (2XCH-Ph), 121.7 (C-4a),
117.7 (CH-5), 115.6 (CH-7), 114.8 (CH-8), 75.3 (C-2), 54.0
(CHy-at), 50.6 (CH-B), 49.8 (CH,-3'), 36.7 (CH,-1'), 30.9 (CH,-
3), 24.0 (CH;-2), 23.5 (CH,-2'), 22.2 (CH,-4). HRMS (ESI) m/z
calculated for C,,H3;NO, [M + H]" 402.2428, found: 402.2417.

2-(2-(6,7-Dimethoxy-1,2,3,4-tetrahydroisoquinolin-1-yl)-
ethyl)-2-methyldihydrobenzopyran-6-ol (7a). 'H NMR (300
MHz, CDCl; + 1 drop CD;OD) ¢ 6.51-6.44 (m, 5H, CH-5,
CH-7, CH-8, CH-2", CH-5"), 4.10-4.01 (m, 1H, CH-3'), 3.75
(s, 6H, 2xOCHj,), 3.28-3.20 and 3.02-2.88 (2 m, 2H, CH,-a),
2.85-2.55 (m, 4H, CH,-4, CH,-), 1.97-1.93 (m, 1H, CH,-3),
1.72-1.63 (m, 4H, CH,-1', CH,2"), 1.19 (s, 3H, CH3-2). *C
NMR (75 MHz, CDCl; + 1 drop CD;OD) ¢ 149.8 (C-6), 148.1
(C-8a), 147.7 (C-3", C-4"), 127.1 (C-1", C-6"), 121.8 (C-4a),
117.5 (CH-5), 115.4 (CH-7), 114.5 (CH-8), 111.6 and 109.1
(CH-2", CH-5"), 75.2 (C-2), 55.9 (CH-3'), 55.2 and 55.1
(2xOCH3;), 40.1 (CHy-a), 35.0 (CH,-1'), 31.3 (CH,-3), 29.5
(CH,-B), 28.6 (CH,2"), 23.6 (CH3-2), 22.1 (CH,-4). HRMS
(ESI) m/z calculated for C,3H,gNO, [M + H]" 384.2169,
found: 384.2169.

General procedure for synthesis of N-methylated amines
5b, 6b, and 7b. A mixture of 5 (50 mg, 0.11 mmol), 6 (56 mg,
0.11 mmol), and 7 (54 mg, 0.11 mmol), formaldehyde (1 mL),
and formic acid (two drops) was dissolved in MeOH (10 mL).
The reaction was refluxed under N, for 1 hour. The reaction
mixture was stirred for an additional 30 minutes at room
temperature. Then, sodium borohydride (50 mg, 1.3 mmol)
was added, and the reaction mixture was stirred for 45
minutes, and then basified by Et;N. Water was added (10
mL), and the mixture was extracted with EtOAc (3 x 10 mL).
The combined organic layers were dried over anhydrous Na,-
SO, and evaporated to dryness. The residue was purified by
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silica gel column chromatography (CH,Cl,/MeOH, 98:2) to
afford 40 mg, 46 mg, and 47.9 mg of 5b, 6b, and 7b,
respectively, (76-86% yield) as colorless oils.
3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-
N-(p-methoxyphenethyl)-N-methyl-propanamine ~ (5b). 'H
NMR (300 MHz, CDCl;) 6 7.41-7.36 (m, 2H, CH-2", CH-
6"), 7.12-7.03 (m, 4H, CH-3", CH-5", CH-2", CH-5"), 6.85-
6.81 (m, 2H, CH-3", CH-5"), 6.74-6.66 (m, 3H, CH-5, CH-7,
CH-8), 4.94 (s, 2H, OCH,Ph-p-F), 3.80 (s, 3H, OCH;), 2.78-
2.73 (m, 4H, CH,-3', CH,-B), 2.71-2.70 (m, 2H, CH,-4), 2.67-
2.59 (m, 2H, CH,-0), 2.34 (s, 3H, NCH;), 1.82-1.55 (m, 6H,
CH,-3, CH,-1,, CH,2), 1.26 (s, 3H, CH;-2). *C NMR (75
MHz, CDCl;) 6 162.6 (d, Jor = 244 Hz, C-4"), 158.0 (C-4"),
151.9 (C-6), 148.2 (C-8a), 133.2 (d, Jor = 3 Hz, C-17), 132.0
(C-1"), 129.6 (CH-2", CH-6"), 129.3 (d, Jor = 8 Hz, CH-2",
CH-6"), 121.7 (C-4a), 117.7 (CH-5), 115.4 (d, Jor = 21 Hz,
CH-3", CH-5"), 115.2 (CH-7) 114.4 (CH-8), 113.8 (CH-3",
CH-5"), 75.6 (C-2), 70.0 (OCH,Ph-p-F), 59.5 (CH,-3'), 57.7
(CHy-a), 55.2 (OCH;), 41.9 (NCH;), 37.1 (CH,1), 32.5
(CH,-3), 31.0 (CH,-B), 24.0 (CH;-2), 22.4 (CH,-4), 21.0
(CH,-2"). HRMS (ESI) m/z calculated for C;,H3sFNO; [M +
H]|" 478.2752, found: 478.2744.
N-(2,2-Diphenylethyl)-3-(6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)-N-methylpropan-1-amine (6b).
'H NMR (300 MHz, CDCl,) § 7.43-7.39 (m, 2H, CH-2", CH-6"),
7.29-7.15 (m, 10H, 2xPh), 7.10-7.05 (m, 2H, CH-3", CH-5"), 6.75-
6.68 (m, 3H, CH-5, CH-7, CH-8), 4.96 (s, 2H, OCH,Ph-p-F), 4.16
(t, J = 7.0 Hz, 1H, CH-B), 2.98 (d, J = 7.0 Hz, 2H, CH,-a), 2.65—
2.64 (m, 2H, CH,-4), 2.42-2.38 (m, 2H, CH,3'), 2.25 (s, 3H,
NCH;), 1.82-1.65 (m, 2H, CH,-3), 1.56-1.41 (m, 4H, CH,1
CH,-2'), 1.23 (s, 3H, CH;-2). *C NMR (75 MHz, CDCl;) ¢
162.0 (d, Jor = 244 Hz, C-4"), 151.9 (C-6), 148.3 (C-8a), 143.8
(C-Ph), 133.2 (d, Jor = 2 Hz, CH-1"), 129.3 (d, Jor = 8 Hz,
CH-2", CH-6"), 128.3 and 126.2 (CH-Ph), 121.8 (C-4a), 117.8
(CH-5), 115.2 (d, Jor = 21 Hz, CH-3", CH-5"), 115.2 (CH-7),
114.4 (CH-8), 75.7 (C-2), 70.1 (OCH,Ph-p-F), 62.7 (CH,-),
58.4 (CH,3), 49.5 (CH-B), 42.5 (NCHj), 37.1 (CH,-1)), 31.0
(CH,-3), 24.1 (CH;-2), 22.5 (CH,-4), 21.0 (CH,-2"). HRMS (ESI) m/
z calculated for C35H3gFNO, [M + H|™ 524.2959, found: 524.2945.
1-(2-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-
yDethyl)-6,7-dimethoxy-2-methyl-1,2,3,4-tetrahydroisoquinoline
(7b). '"H NMR (300 MHz, CDCl;) 6 7.41-7.36 (m, 2H, CH-2",
CH-6"), 7.08-7.03 (m, 2H, CH-3", CH-5"), 6.73-6.61 (m, 3H,
CH-5, CH-7, CH-8), 6.55 and 6.54 (2 s, 2H, CH-2", CH-5"),
4.93 (s, 2H, OCH,Ph-p-F), 3.84 and 3.83 (m, 6H, 2xOCH,),
3.58-3.51 (m, 1H, CH-3'), 3.43-3.37 and 3.12-3.06 (2 m, 2H,
CH,-0), 2.73-2.64 (m, 4H, CH,-4, CH,-f), 2.40 (s, 3H, NCH;),
1.95-1.90 (m, 2H, CH,-3), 1.82-1.56 (m, 4H, CH,-1', CH,-2'),
1.26 (5, CH;-2). **C NMR (75 MHz, CDCl;) 6 162 (d, Jop = 244
Hz, C-4"), 151.9 (C-6), 148.3 (C-8a), 147.3 (C-3", C-4"), 133.3
(d, Jer = 3 Hz, C-1"), 129.4 (d, Jor = 8 Hz, CH-2", CH-6"), 126.9
(C-17, C-6"), 121.8 (C-4a), 117.7 (CH-5), 115.4 (d, Jor = 21 Hz,
CH-3", CH-5"), 115.2 (CH-7), 114.4 (CH-8), 111.3 (CH-2"),
109.8 (CH-5"), 75.8 (C-2), 70.0 (OCH,Ph-p-F), 63.4 (CH-3'),
55.9 and 55.8 (OCHj3), 49.1 (CH,-a), 42.8 (NCHj3), 34.7 (CH,-
1), 30.9 (CH,-3), 29.7 (CH,-2'), 27.8 (CH,-B), 24.2 (CH;-2),
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22.5 (CHy-4). HRMS (ESI) m/z calculated for CjiHgze-
FNO, [M + H]" 506.2701, found: 506.2705.

General procedure for synthesis of N-dimethylated amines
5¢, 6¢, and 7c. A mixture of 5 (50 mg, 0.11 mmol), 6 (56 mg,
0.11 mmol), 7 (54 mg, 0.11 mmol), and methyl iodide (1.5
mL) was dissolved in dimethylformamide (8 mL) and
refluxed under N, for 30 minutes to 1 hour. Reaction
mixtures were extracted with EtOAc (3 x 10 mkL). The
organic layer was extracted with water and brine, dried with
anhydrous Na,SO,, filtered, and evaporated to dryness. The
residue obtained was subjected to silica gel column
chromatography (CH,Cl,/MeOH, 95:5) to afford 42.8 mg,
47.4 mg, and 55 mg of the respective compounds 5c¢, 6c,
and 7c¢ (79-96% yield) as brown oils.

3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-
N-(p-methoxyphenethyl)-N,N-dimethylpropan-1-aminium (5c).
'H NMR (300 MHz, CDCl;) § 7.41-7.36 (m, 2H, CH-2", CH-6"),
7.25-7.18 (m, 2H, H-2", H-6"), 7.10-7.01 (m, 2H, CH-3", CH-
5"), 6.91-6.87 (m, 2H, CH-3", CH-5"), 6.73-6.67 (m, 3H, CH-5,
CH-7, CH-8), 4.94 (s, 2H, OCH,Ph-p-F), 3.78 (s, 3H, OCHj,),
3.59-3.45 (m, 4H, CH,-a, CH,-3'), 3.26 (s, N(CH;),), 3.09-3.03
(m, 2H, CH,-B), 2.80-2.76 (m, 2H, CH,-4), 2.17-1.68 (m, 6H,
CH,-3, CH,-1', CH,-2"), 1.32 (s, 3H, CH;-2). "*C NMR (75 MHz,
CDCl;) 6 162.4 (d, Jcr = 245 Hz, C-4"), 159.2 (C-4"), 152.4 (C-6),
147.5 (C-8a), 133.1 (d, Jor = 3 Hz, C-1"), 130.2 (CH-2", CH-6"),
129.3 (d, Jor = 9 Hz, CH-2", CH-6"), 129.3 (C-1"), 121.7 (C-4a),
117.6 (CH-5), 115.4 (d, Jor = 21 Hz, CH-3", CH-5"), 115.4 (CH-
7), 114.9 (CH-3", CH-5"), 114.7 (CH-8), 75.0 (C-2), 70.0 (OCH,-
Ph-p-F), 65.8 (CH,-a), 65.5 (CH,-3'), 55.4 (OCHj;), 52.3
(N(CHj,),), 36.0 (CH,-1'), 31.9 (CH,-3), 30.9 (CH,-B), 23.9 (CH;-
2), 22.7 (CH,-4), 17.4 (CH,-2"). HRMS (ESI) m/z calculated for
C31H;35FNO; [M + H]" 492.2908, found: 492.2895.

N-(2,2-Diphenylethyl)-3-(6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)-N,N-dimethylpropan-1-
aminium (6¢). "H NMR (300 MHz, CDCl;) ¢ 7.48-7.40 (m, 2H,
CH-2", CH-6"), 7.39-7.21 (m, 10H, 2xPh), 7.08-7.01 (m, 2H,
CH-3", CH-5"), 6.75-6.58 (m, 3H, CH-5, CH-7, CH-8), 4.94 (s,
2H, OCH,Ph-p-F), 4.52-4.47 (m, 1H, CH-B), 4.26-4.24 (m, 2H,
CH,-a), 3.57-3.59 (m, 2H, CH,-3'), 3.23 (s, N(CH3),), 2.95-
2.68 (m, 2H, CH,-4), 2.06-1.53 (m, 6H, CH,-3, CH,-1/, CH,-2’),
1.30 (s, 3H, CH;-2). *C NMR (75 MHz, CDCl3) J 162.0 (d, J =
244 Hz, C-4"), 152.3 (C-6), 147.6 (C-8a), 139.9 (C-Ph), 129.4
(d, Jer = 8 Hz, CH-2", CH-6"), 128.0 and 127.7 (CH-Ph), 121.7
(C-4a), 117.6 (CH-5), 115.5 (d, Jor = 22 Hz, CH-3", CH-5"),
114.7 and 114.5 (CH-7, CH-8), 74.9 (C-2), 70.0 (OCH,Ph-p-F),
67.7 (CH-B), 65.1 (CH,-a), 53.0 (N(CH;),), 46.7 (CH,-3'), 36.0
(CH,-1'), 31.2 (CH,-3), 24.8 (CH,-2'), 23.7 (CH3-2), 22.0 (CH,-
4). HRMS (ESI) m/z calculated for Cs;cH,oFNO, [M + HJ'
538.3116, found: 538.3107.

1-(2-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-
yl)ethyl)-6,7-dimethoxy-2,2-dimethyl-1,2,3,4-
tetrahydroisoquinolin-2-ium (7¢). 'H NMR (300 MHz,
CDCl;) 6 7.41-7.36 (m, 2H, CH-2", CH-6"), 7.09-7.03 (m,
2H, CH-3", CH-5"), 6.73-6.65 (m, 5H, CH-5, CH-7, CH-8,
CH-2", CH-5"), 4.93 (s, 2H, OCH,Ph-p-F), 4.75-4.70 (m, 1H,
CH-3'), 4.02-4.01 (m, 2H, CH,-o), 3.89 and 3.78 (2 s, 6H,
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2x OCHj;), 3.50 and 3.30 (2 s, 2xNCHj3), 2.82-2.72 (m, 2H,
CH,-4), 2.36-1.40 (m, 8H, CH,-3, CH,-1), CH,2', CH,-),
1.31 (s, CH3-2). C NMR (75 MHz, CDCl;) § 162 (C-4"),
152.5 (C-6), 148.4 (C-8a), 147.3 (C-3", C-4"), 129.4 (d, Jor =
8 Hz, CH-2", CH-6"), 122.0 (C-1", C-6"), 121.6 (C-4a), 117.7
(CH-5), 115.4 (d, Jor = 10 Hz, CH-3", CH-5"), 115.3 (CH-7),
114.7 (CH-8), 111.0 and 109.0 (CH-2", CH-5"), 75.2 (C-2),
70.02 (OCH,Ph-p-F), 66.0 (CH-3)), 56.5 (CHya), 56.2
(OCH;), 52.0 (NCH;), 33.8 (CH,-1), 31.9 (CH,-B), 30.9
(CH,-3), 27.1 (CH,-2), 24.7 (CHj-2), 22.7 (CH,-4). HRMS
(ESI) m/z calculated for C;,H3;sFNO, [M + H]" 520.2858,
found: 520.2844.

General procedure for synthesis of urea benzopyrans 5d,
6d, and 7d. A mixture of 5 (50 mg, 0.11 mmol), 6 (56 mg,
0.11 mmol), 7 (54 mg, 0.11 mmol), 4-chlorophenyl isocyanate
(49 mg, 0.32 mmol), and a few drops of Et;N was dissolved in
dry dichloromethane (5 mL) and incubated at room
temperature and under N, overnight. HCI (15 mL) was added,
and the mixture was extracted with dichloromethane (3 x 15
mL) and washed with water and brine. The organic layers
were dried over anhydrous Na,SO, and evaporated under
reduced pressure. The residue was purified by column
chromatography (hexane/EtOAc, 8:2, 9:1, and 6:4
respectively) to yield 46 mg, 67 mg, and 65 mg of compound
5d, 6d, and 7d (68-92% yield), respectively, as colorless oils.

3-(p-Chlorophenyl)-N-(3-(6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)propyl)-N-(p-
methoxyphenethyl)urea (5d). "H NMR (300 MHz, CDCl;) o
7.42-7.04 (m, 10H, CH-2", CH-5", CH-2", CH-6", CH-3",
CH-5", CH-8", CH-12", CH-9”, CH-11"), 6.89-6.85 (m, 2H,
CH-3", CH-5"), 6.70-6.67 (m, 3H, CH-5, CH-7, CH-8), 4.94
(s, 2H, OCH,Ph-p-F), 3.78 (s, 3H, OCH;), 3.53-3.48 (m, 2H,
CH,-a1), 3.30-3.24 (m, 2H, CH,-3'), 2.86-2.73 (m, 4H, CH,-
4, CH,-f), 1.82-1.72 (m, 4H, CH,-1', CH,-2"), 1.69-1.60 (m,
2H, CH,-3), 1.28 (s, CH;-2). *C NMR (75 MHz, CDCl; + 1
drop CD;0D) 6 162.1 (d, Jor = 244 Hz, C-4"), 158.2 (C-4"),
155.5 (C=0), 152.0 (C-6), 147.6 (C-8a), 137.5 (C-7"), 132.9 (d,
J = 3 Hz, C-1"), 130.9 (C-10"), 129.7 (C-1"), 129.2 (d, Jcr = 8
Hz, CH-2", CH-6"), 128.6 (CH-2", CH-6"), 121.7 (C-4a), 121.3
(CH-9”, CH-11"), 120.0 (CH-8", CH-12"), 117.4 (CH-5), 115.2
(CH-7), 115.2 (d, Jor = 21 Hz, CH-3", CH-5"), 114.4 (CH-8),
114.1 (CH-3", CH-5"), 75.8 (C-2), 69.9 (OCH,Ph-p-F), 55.1
(OCH;), 49.7 (CH,-a), 47.7 (CH,-3"), 36.0 (CH,-1), 33.8 (CH,-
B), 31.0 (CH,-3), 23.6 (CH;2), 22.2 (CH,-2'), 22.1 (CH,-4).
HRMS (ESI) m/z calculated for C3sH35CIFN,O, [M]"
617.2575, found: 617.2576.

3-(p-Chlorophenyl)-N-(2,2-diphenylethyl)-N-(3-(6-((p-
fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-yl)propyl)urea
(6d). "H NMR (300 MHz, CDCl;) 6 7.46 (d, J = 8.8 Hz, 2H, CH-2",
CH-6"), 7.43-6.97 (m, 16H, 2x Ph, CH-8", CH-11", CH-9", CH-12",
CH-3", CH-5"), 6.71-6.21 (m, 3H, CH-5, CH-7, CH-8), 4.93 (s, 2H,
OCH,Ph-p-F), 4.35 (t, J = 7.4 Hz, 1H, CH-B), 3.95 (d, J = 7.4 Hz,
2H, CH,-at), 3.19-3.12 (m, 2H, CH,-3), 2.76-2.70 (m, 2H, CH,-4),
1.80-1.70 (m, 2H, CH,-3), 1.55-1.50 (m, 4H, CH,-1', CH,-2'), 1.25
(s, 3H, CH32). *C NMR (75 MHz, CDCl;) 6 162.0 (d, Jop = 244
Hz, C-4"), 155.4 (C=0), 152.2 (C-6), 147.8 (C-8a), 142.0 (d, ] = 2
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Hz, C-Ph), 137.8 (C-1"), 133.1 (d, Jor = 3 Hz, C-1"), 129.8 (C-4"),
129.4 (d, Jor = 8 Hz, CH-2", CH-6"), 128.6 and 127.5 (CH-Ph),
127.1 (CH-9"”, CH-11"), 121.7 (C-4a), 121.0 (CH-8", CH-12"), 117.7
(CH-5), 115.6 (d, Jor = 19 Hz, CH-3", CH-5"), 115.3 (CH-7), 114.5
(CH-8), 75.9 (C-2), 70.0 (OCH,Ph-p-F), 53.8 (CH,-a), 49.9 (CH-B),
48.2 (CH,-3'), 36.3 (CHy1'), 31.2 (CH,3), 24.0 (CH3-2), 22.4
(CHy2), 22.1 (CHy-4). HRMS (ESI) m/z calculated for
C4;1H,oCIFN,O; [M]" 663.2784, found: 663.2764.
N-(p-Chlorophenyl)-1-(2-(6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)ethyl)-6,7-dimethoxy-3,4-
dihydroisoquinoline-2(1H)-carboxamide (7d). 'H NMR (300
MHz, CDCl; + 1 drop CD;OD) ¢ 7.37-7.1 (m, 6H, CH-2", CH-
6", CH-8", CH-12", CH-9", CH-11"), 7.08-6.89 (m, 2H, CH-3",
CH-5"), 6.68-6.58 (m, 5H, CH-5, CH-7, CH-8, CH-2", CH-5"),
4.87 (s, 2H, OCH,Ph-p-F), 4.08-4.03 (m, 1H, CH-3'), 3.79 and
3.77 (2s, 6H, 2xOCH3), 3.19 and 2.91 (2m, 2H, CH,-a), 2.74-
2.67 (m, 4H, CH,-4, CH,-B), 1.93-1.65 (m, 6H, CH,-3, CH,-1/,
CH,-2), 1.31 (s, 3H, CH3-2). ">’C NMR (75 MHz, CDCl; + 1
drop CD;0D) ¢ 162.1 (C-4"), 155.2 (C=0), 152.3 (C-6), 148.1
(C-8a), 147.5 (C-3", C-4"), 138.0 (C-7"), 133.2 (C-1"), 131.2 (C-
10"), 131.0 (CH-2", CH-6"), 127.1 (C-1", C-6"), 121.6 (CH-9",
CH-11"), 120.3 (CH-8", CH-12"), 117.7 (CH-5), 115.5 (CH-3",
CH-5"), 115.2 (CH-7), 114.4 (CH-8), 111.9 and 109.2 (CH-2",
CH-5"), 75.6 (C-2), 70.0 (OCH,Ph-p-F), 57.0 (CH-3'), 55.8 and
55.7 (OCHj3), 32.1 (CH,-1), 31.4 (CH,-3), 30.4 (CH,-2'), 28.1
(CHy-at), 24.0 (CH3-2), 23.1 (CHy4, CH,-B). HRMS (ESI) m/z
calculated for C;,H;5CIFN,0, [M]" 645.2526, found: 645.2512.

4.2. Pharmacology

Cell culture. Human TNBC (MDA-MB-231 and MDA-MB-
436) and normal breast epithelial (MCF10A) cell lines were
obtained from the American Type Culture Collection (ATCC)
(LGC Standards, S.L.U. Barcelona, Spain) and cultured in a
humidified air incubator at 37 °C and 5% CO,. Cells were
grown in Dulbecco’s modified Eagle's medium (DMEM) with
nutrient mixture Ham's F-12 (DMEM/F12) supplemented with
10% (v/v) fetal bovine (FBS), 2% penicillin/
streptomycin, and 1% glutamine.

Cell viability. The -cytotoxic effects of the different
compounds in the TNBC cells were determined using a
water-soluble tetrazolium dye (WST-1) assay kit (K304-2500,
Deltaclon, Madrid, Spain). Cells were seeded at 6 x 10° cells
per well in 96-well plates. After 24 hours, the cells were
treated with different doses of compounds (2.5 uM to 100
uM) or DMSO for negative control groups (0.1%). WST-1
solution at 7% in DMEM-F12 without phenol red was added
for 3 hours. The absorbance was then measured at 450 nm
and background corrected at 650 nm using Spectra Max Plus
(Thermo Fisher Scientific, Waltham, MA, USA). The
percentage of viable cells was calculated by setting the
negative control group cells to 100%.

Apoptosis/necrosis assay. Apoptosis/necrosis cell death
was studied using an Annexin V-FITC/PI dual staining assay.
MDA-MB-231 and MDA-MB-436 cells (3 x 10* cells per well)
were seeded in 24-well plates and allowed to grow overnight.
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The medium was then replaced with the different
compounds at their IC5, values or DMSO for negative control
groups (0.1%) in complete medium. Then, all cells were

processed with the Annexin V-assay kit (ANXCKF7,
Immunostep, Salamanca, Spain) according to the
manufacturer's instructions. A Becton Dickinson LSR

Fortessa cytometer (BD Biosciences, Franklin Lakes, NJ, USA)
was used for samples, and cell analyses were performed
using BD FACSDiva X20 software.

ROS measurement. MDA-MB-231 and MDA-MB-436 cells
were seeded at 2.5 x 10" cells per well in 8-well slides. The
following day, the cells were treated with compounds at
their IC,5 values, DMSO for negative control groups (0.05%),
or TBHP at 100 uM for 48 hours. The medium was then
replaced with DCFDA at 10 uM (ab113851 DCFDA/H2DCFDA
- Cellular ROS Assay Kit, Abcam, Cambridge, UK) in
complete medium, and the cells were then incubated for 45
minutes at room temperature in the dark. The fluorescence
intensity from each sample was captured by LEICA DMi8
fluorescence microscopy, and images analysis
performed using Image] software.

Cell cycle. Cell cycle analysis was carried out to estimate
the distribution of the cell population in the different phases
of the cell cycle. First, 1.5 x 10° cells per well were seeded in
6-well plates and allowed to grow overnight. The medium
was then replaced with the different compounds at their ICs,
values or DMSO for negative control groups (0.1%) in
complete medium. After 48 hours, untreated and treated cells
were harvested, washed with phosphate-buffered saline
(PBS), and fixed in ice-cold 70% ethanol for at least 1 hour at
—20 °C. Cells were then stained with PI/RNASE solution (PI/
RNASE, Immunostep, Salamanca, Spain) and incubated for
24 hours at 4 °C. A BD LSR Fortessa cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) was used for samples,
and cell analyses were performed using ModFit 4.1 software.

Determination of mRNA expression by quantitative RT-
PCR. TNBC cells (1 x 10° cells per well) were seeded in
6-well plates and allowed to grow overnight. The medium
was then replaced with the different compounds at their
IC,5 values or DMSO for negative control groups (0.05%) in
complete medium. Total RNA was extracted from mice WAT
and liver samples by homogenization using TRIzol RNA
Isolation Reagent (Life Technologies, Thermo Fisher
Scientific, Waltham, MA) and purified by standard methods.
Reverse transcription was performed on 1000 ng of total
RNA with a high-capacity cDNA reverse transcription Kkit
(Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA). Relative quantification of Bcl-2, CCND1, and CCNE2
was determined with the 27 method using Gapdh
(Applied Biosystems) as an endogenous control and
normalized to the vehicle group.

Statistical analysis. The data are presented as the mean +
SD or + SEM. Statistical analyses were carried out by one-way
or two-way ANOVA, followed by Tukey's or Dunnett's multiple
comparisons test (GraphPad Prism 9). Differences with a
p-value < 0.05 were considered statistically different.
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Conclusions

1.

New series of 2-prenylated alkoxylated benzopyran possessing the o-alkoxy-a.,[3-
unsaturated moiety on the prenylated chain have been synthesised via the Grignard
reaction followed by the Horner—Wadsworth—Emmons reaction. Synthetic derivatives
were efficient in activating both hPPARa and hPPARYy as dual PPARa/y agonists. The
elongation of the side chain from five to nine carbons was beneficial to activate
hPPARy.

(Article 1)

Three series of prenylated benzopyrans were efficiently prepared with a sequence of
reactions including Grignard reaction followed by Witting olefination with
(carbethoxyethylidine) triphenylphosphorane to introduce one, two or three prenylated
moieties in the side chain. Transactivation activity demonstrated that seven-carbon
synthetic derivatives displayed selectivity for hPPARa and nine-carbon derivatives

showed high efficacy to activate hPPARY. (Article 2)

Two series of 2-alkyl hydrazones with three-carbon or seven-carbon side chain at 2-
position of benzopyran nucleus were synthetised. Synthetised compounds showed
partial hPPARa/y or hPPARo/B agonism activity and attenuated inflammatory markers
such as /L-6 and MCP-1 in THP-1 cells via NF-xB pathway activation. The side chain
at the 2-position in the benzopyran nucleus required the C=N double bond in the

hydrazone function to activate the PPAR isoforms. (Article 3)

Three series of 2-aminopropyl derivatives containing a benzopyran nucleus have been
synthesised and evaluated in triple-negative breast cancer cell lines being the N-
methylated derivatives (tertiary amines) the most potent compounds followed by
secondary amine benzopyrans, quaternary amine salts and free phenolic derivatives.
Synthetised compounds promoted apoptosis or caused cell cycle arrest by
downregulating apoptotic Bcl-2 or cyclins (CCNDI and CCNDE?2), respectively.
(Article 4)
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Conclusions

5. Benzopyran derivatives analogues of polycerasoidol emerge as lead compounds for
developing useful candidates to prevent cardiovascular diseases associate with

metabolic disorders or useful agents against breast cancer. (Final conclusion)
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Conclusiones

1.

Se han sintetizado nuevas series de benzopiranos alcoxilados 2-prenilados que poseen
el éster a-alkoxi-o,B-insaturado en la cadena prenilada mediante la reaccion de
Grignard seguida de la reaccion de Horner—Wadsworth—Emmons. Los derivados
sintéticos fueron eficientes activando ambas hPPARa and hPPARy como agonistas
duales PPARa/y. El alargamiento de la cadena lateral de cinco a nueve carbonos fue

beneficioso para activar hPPARY. (Articulo 1)

Se prepararon eficientemente tres series de benzopiranos prenilados con una secuencia
de reacciones que incluia la reaccion de Grignard seguida de la olefinacion de Witting
con (carbetoxietilidina) trifenilfosforano para introducir uno, dos o tres elementos
prenilados en la cadena lateral. La actividad de transactivacion demostré que los
derivados sintéticos de cadena lateral de siete carbonos mostraron selectividad por

hPPARa y aquellos con cadena lateral de nueve carbonos presentaron alta eficacia para

activar hPPARY. (Articulo 2)

Se sintetizaron dos series de 2-alkil hidrazonas con la cadena lateral de tres o siete
carbonos en la posicion 2 del nicleo de benzopirano. Los compuestos sintetizados
mostraron actividad agonista parcial hPPARo/y o hPPARo/f y atenuaron marcadores
inflamatorios como /L-6 y MCP-1 en cé¢lulas THP-1 mediante la activacion de la via
NF-«B. La cadena lateral en la posicion 2 del nucleo del benzopirano requeria el doble

enlace C=N en la funcion hidrazona para activar las isoformas PPAR. (Articulo 3)

Se han sintetizado tres series de derivados 2-aminopropilicos que contienen un niicleo
de benzopirano y se han evaluado en lineas celulares de cancer de mama triple negativo,
siendo los derivados N-metilados (aminas terciarias) los compuestos mas potentes,
seguidos de los benzopiranos de aminas secundarias, las sales de aminas cuaternarias y
los derivados fenolicos libres. Los compuestos sintetizados promovieron la apoptosis o
provocaron la detencion del ciclo celular mediante la regulacion a la baja de Bcl-2 o

ciclinas apoptoticas (CCNDI y CCNDE?2), respectivamente. (Articulo 4)

101



Conclusiones

5. Los derivados benzopiranos analogos de polycerasoidol surgen como compuestos
lideres para desarrollar candidatos ttiles para prevenir enfermedades cardiovasculares
asociadas a trastornos metabolicos o agentes utiles contra el cancer de mama.

(Conclusion final)
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Annex: Spectra article 1

Article 1: Synthesis of 2-prenylated alkoxylated benzopyrans by Horner-
Wadsworth—Emmons olefination with PPARa/y Agonist Activity, ACS Medicinal
Chemistry Letters, 12 (2021) 1783-1786.
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Annex: Spectra article 1

'"H NMR (300 MHz, CDCIl3) of 6-benzyloxy-2-((8'-ethoxy-4'-methyl)ethylnona-3'E, 7'Z-
dienoate)-2-methyl-dihydrobenzopyran (15).
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13C NMR (75 MHz, CDCIl3) of 6-benzyloxy-2-((8'-ethoxy-4'-methyl)ethylnona-3'E, 7'Z-
dienoate)-2-methyl-dihydrobenzopyran (15).
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HSQC (300 MHz, CDCI3) of 6-benzyloxy-2-((8'-ethoxy-4'-methyl)ethylnona-3'E, 7'Z-

dienoate)-2-methyl-dihydrobenzopyran (15).
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Annex: Spectra article 2

Article 2: Synthesis and biological studies of “Polycerasoidol” and “trans-6-Tocotrienolic
acid” derivatives as PPARa and/or PPARYy agonists, Bioorganic & Medicinal Chemistry,
53 (2022) 116532.
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Annex: Spectra article 2

Integral

1.4660

'"H NMR (300 MHz, CDCIl3) of 2-methyl-2-((4'-methyl)-N-phenylhept-3'-enamide)-6-
propoxydihydrobenzopyran (7).

3C NMR (75 MHz, CDCl3) of 2-methyl-2-((4'-methyl)-N-phenylhept-3'-enamide)-6-
propoxydihydrobenzopyran (7).
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COSY (300 MHz, CDCIl3) of 2-methyl-2-((4'-methyl)-N-phenylhept-3'-enamide)-6-
propoxydihydrobenzopyran (7).
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"H NMR (400 MHz, CDCIs) of 6-benzyloxy-2-methyl-2-((4'-methyl)ethylhept-3'-enoate)-
dihydrobenzopyran (8).
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13C NMR (100 MHz, CDCI3) of 6-benzyloxy-2-methyl-2-((4'-methyl)ethylhept-3'-enoate)-
dihydrobenzopyran (8).
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HSQC (400 MHz, CDCls) of 6-benzyloxy-2-methyl-2-((4'-methyl)ethylhept-3'-enoate)-
dihydrobenzopyran (8).
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"H NMR (400 MHz, CDCIs) of 6-benzyloxy-2-methyl-2-(N-phenyl(4'-methyl)hept-3'-
enamide)-dihydrobenzopyran (9).
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13C NMR (100 MHz, CDCls) of 6-benzyloxy-2-methyl-2-(N-phenyl(4'-methyl)hept-3'-

enamide)-dihydrobenzopyran (9).
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HMBC (400 MHz, CDCls) of 6-benzyloxy-2-methyl-2-(N-phenyl(4'-methylhept-3'-
enamide)-dihydrobenzopyran (9).
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'H NMR (400 MHz, CDCls) of 2-((4',8'-dimethyl)ethylnonan-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (12).
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13C NMR (100 MHz, CDCls) of 2-((4',8'-dimethyl)ethylnonan-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (12).
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COSY (400 MHz, CDCI3) of 2-((4',8'-dimethyl)ethylnonan-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (12).
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HSQC (400 MHz, CDCI3) of 2-((4',8-dimethyl)ethylnonan-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (12).
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'"H NMR (300 MHz, CDCl3) of 2-methyl-2-((4',8'-dimethyl)-N-phenylnona-3',7'-dienamide)-
6-propoxydihydro-benzopyran (13).
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3C NMR (75 MHz, CDCl3) of 2-methyl-2-((4',8'-dimethyl)-N-phenylnona-3',7'-dienamide)-6-
propoxydihydro-benzopyran (13).
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COSY (300 MHz, CDCI3) of 2-methyl-2-((4',8'-dimethyl)-N-phenylnona-3',7'-dienamide)-6-
propoxydihydro-benzopyran (13).
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'"H NMR (300 MHz, CDCIl3) of 6-benzyloxy-2-((4',8'-dimethyl)ethylnona-3',7'-dienoate)-2-
methyl-dihydro-benzopyran (14).
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13C NMR (75 MHz, CDCI3) of 6-benzyloxy-2-((4',8'-dimethyl)ethylnona-3',7'-dienoate)-2-
methyl-dihydro-benzopyran (14).
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'"H NMR (300 MHz, CDCI3) of 6-benzyloxy-2-methyl-2-(-((4',8'-dimethyl)-N-phenylnona-
3',7'-dienamide)-dihydro-benzopyran (15).
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13C NMR (75 MHz, CDCls) of 6-benzyloxy-2-methyl-2-(-((4',8'-dimethyl)-N-phenylnona-
3',7'-dienamide)-dihydro-benzopyran (15).
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COSY (300 MHz, CDCI3) of 6-benzyloxy-2-methyl-2-(-((4',8'-dimethyl)-N-phenylnona-3',7'-
dienamide)-dihydro-benzopyran (15).
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HSQC (300 MHz, CDCl3) of 6-benzyloxy-2-methyl-2-(-((4',8'-dimethyl)-N-phenylnona-3',7'-
dienamide)-dihydro-benzopyran (15).
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"H NMR (300 MHz, CDCI3) of 2-((4',8'-dimethyl)ethylundeca-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (17).
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13C NMR (75 MHz, CDCI3) of 2-((4',8'-dimethyl)ethylundeca-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (17).
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COSY (300 MHz, CDCI3) of 2-((4',8'-dimethyl)ethylundeca-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (17).
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HSQC (300 MHz, CDCI3) of 2-((4',8'-dimethyl)ethylundeca-3',7'-dienoate)-2-methyl-6-
propoxydihydro-benzopyran (17).
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'H NMR (400 MHz, CDCls) of 2-Methyl-6-propoxy-2-((4',8',12'-trimethyl)ethyltrideca-
3',7',11'-trienoate)-dihydro-benzopyran (20).
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3C NMR (100 MHz, CDCl3) of 2-Methyl-6-propoxy-2-((4',8',12'-trimethyl)ethyltrideca-
3".7',11'-trienoate)-dihydro-benzopyran (20).
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COSY (400 MHz, CDCls) of 2-Methyl-6-propoxy-2-((4',8',12'-trimethyl)ethyltrideca-3',7',11'-
trienoate)-dihydro-benzopyran (20).
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'H NMR (300 MHz, CDCIl3) of 2-methyl-2-(N-phenyl(4',8',12'-trimethyl)trideca-3',7',11'-
trienamide)-6-propyloxy-dihydrobenzopyran (21).
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Article 3: Benzopyran hydrazones with dual PPARa/y or PPAR0/0 agonism and an
anti-inflammatory effect on human THP-1 macrophages, European Journal of

Medicinal Chemistry, in press.
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yl)hydrazineylidene)propyl)-2-methylbenzodihydropyran-6-ol (6).
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BC NMR (75 MHz, CDCls+ 1 drop CDsOD) of 2-(3-(2-(Benzo[d]thiazol-2-
yhhydrazineylidene)propyl)-2-methylbenzodihydropyran-6-ol (6).
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"H NMR (300 MHz, CDCIs) of 2-(2-(3-(6-((p-Fluorobenzyl)oxy)-2-methylbenzodihydro
pyran-2-yl)propyl)hydrazineyl)benzo[d]thiazole (8).
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'H NMR (300 MHz, CDCls) of Ethyl  7-(6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)-4- methylhept-4-enoate (11)
| W [ NV OSSN/ N | | I NNV N
l I |
i) léO 1&) I}O léO léO l‘;O 1‘1) 12'0 liO 100 9‘0 &y] 7‘0 6‘0 5‘0 4‘0 3‘0 2‘0 lb (
f1(ppm)

13C NMR (75 MHz, CDCls) of Ethyl 7-(6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)-4- methylhept-4-enoate (11)
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13C NMR (75 MHz, CDCls) of 2-(2-(7-(6-((p-Fluorobenzyl)oxy)-2-methyl
benzodihydropyran-2-yl)-4-methylhept-4-en-1-ylidene)hydrazineyl)benzo[d]thiazole (13).
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BC NMR (75 MHz, CDCls) of 5-Chloro-2-(2-7-(6-((p-fluorobenzyl)oxy)-2-methylbenzodihydropyran-
2-yl)-4-methylhept-4-en- 1-ylidene)hydrazineyl)-3-(trifluoro methyl)pyridine (14).
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Article 4: Synthesis of 2-Aminopropyl benzopyran derivatives as potential agents

against triple negative breast cancer, RSC Medicinal Chemistry, 14 (2023) 2327.
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"H NMR (300 MHz, CDCls) of 3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-

N-(p-methoxyphenethyl)propanamine (5).
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N-(p-methoxyphenethyl)propanamine (5).
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'H NMR (300 MHz, CDCIls) of N-(2,2-Diphenylethyl)-3-(6-(p-fluorobenzyloxy)-2-
methyldihydrobenzopyran-2-yl)propanamine (6).
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BC NMR (75 MHz, CDCl3) of N-(2,2-Diphenylethyl)-3-(6-(p-fluorobenzyloxy)-2-
methyldihydrobenzopyran-2-yl)propanamine (6).
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"H NMR (300 MHz, CDCl3) of 1-(2-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-
2-yl)ethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (7).
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13C NMR (75 MHz, CDCl3) of 1-(2-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-

ylethyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (7).
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'"H NMR (300 MHz, CD3OD) of 3-(6-Hydroxy-2-methyldihydrobenzopyran-2-yl)-N-(p-
methoxyphenethyl)propanamine) (Sa).
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BC NMR (75 MHz, CD30OD) of 3-(6-Hydroxy-2-methyldihydrobenzopyran-2-yl)-N-(p-
methoxyphenethyl)propanamine) (5a).
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"H NMR (300 MHz, CDCl3) of 2-(3-((2,2-Diphenylethyl)amino)propyl)-2-methyl-
dihydrobenzopyran-6-ol (6a).
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13C NMR (75 MHz, CDCIs) of 2-(3-((2,2-Diphenylethyl)amino)propyl)-2-methyl-
dihydrobenzopyran-6-ol (6a).
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'H NMR (300 MHz, CDCl3 + 1 drop CD3OD) of 2-(2-(6-7-Dimethoxy-1,2,3,4-
tetrahydroisoquinolin-1-yl)ethyl)-2-methyldihydrobenzopyran-6-ol (7a).
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3C NMR (75 MHz, CDClz + 1 drop CD30OD) of 2-(2-(6-7-Dimethoxy-1,2,3,4-
tetrahydroisoquinolin-1-yl)ethyl)-2-methyldihydrobenzopyran-6-ol (7a).
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"H NMR (300 MHz, CDCI3) of 3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-
N-(p-methoxyphenethyl)-N-methyl-propanamine (Sb).
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13C NMR (75 MHz, CDCl3) of 3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-
N-(p-methoxyphenethyl)-N-methyl-propanamine (Sb).
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'"H NMR (300 MHz, CDCl3) of N-(2,2-Diphenylethyl)-3-(6-((p-fluorobenzyl)oxy)-2-methyl-
dihydrobenzopyran-2-yl)-N-methylpropan-1-amine (6b).
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BC NMR (75 MHz, CDCls) of N-(2,2-Diphenylethyl)-3-(6-((p-fluorobenzyl)oxy)-2-
methyl-dihydrobenzopyran-2-yl)-N-methylpropan-1-amine (6b).
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"H NMR (300 MHz, CDCl3) of 1-(2-(6-((p-fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-
yl)ethyl)-6,7-dimethoxy-2-methyl-1,2,3,4-THIQ (7b).
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13C NMR (75 MHz, CDCI3) of 1-(2-(6-((p-fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-
yl)ethyl)-6,7-dimethoxy-2-methyl-1,2,3,4-THIQ (7b).
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"H NMR (300 MHz, CDCl3) of 3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-
N-(p-methoxyphenethyl)-N,N-dimehtylpropan-1-aminium (Sc).

oA [ cruflnusoo Q= e o Ee
g2 8 2 S EE 526G 8
~ : o P
IR @ % REQET 39y q %58 4§ &
(Y| (. = | (BN \

mummwmwwdjlwm WMM!LWMNMWWMWW

- - ; r ; T ; - -
0 150 180 170 1€ 1% 140 130 120 110 100
f1 (pom)

13C NMR (75 MHz, CDCIl3) of 3-(6-(p-Fluorobenzyloxy)-2-methyldihydrobenzopyran-2-yl)-

N-(p-methoxyphenethyl)-N,N-dimehtylpropan-1-aminium (Sc¢).
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'H NMR (300 MHz, CDCIl3) of N-(2,2-Diphenylethyl)-3-6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)-N, N-dimethylpropan-1-aminium (6c¢).
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3C NMR (75 MHz, CDCls) of N-(2,2-Diphenylethyl)-3-6-((p-fluorobenzyl)oxy)-2-
methyldihydrobenzopyran-2-yl)-N, N-dimethylpropan-1-aminium (6c¢).
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"H NMR (300 MHz, CDCl3) of 1-(2-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-
2-yl)ethyl)-6,7-dimethoxy-2,2-dimethyl-1,2,3,4-tetrahydroisoquinolin-2-ium) (7¢).
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3C NMR (75 MHz, CDCl3 + 1 drop CD3OD) of 3-(p-Chlorophenyl)-N-(3-(6-((p-
fluorobenzyl)oxy)-2-  methyldihydrobenzopyran-2-yl)propyl-N-(p-methoxyphenethyl)urea
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"H NMR (300 MHz, CDClIs) of 3-(p-Chlorophenyl)-N-(2,2-diphenylethyl)-N-(3-(6-((p-
fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-yl)propyl)urea (6d).
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13C NMR (75 MHz, CDCls) 3-(p-Chlorophenyl)-N-(2,2-diphenylethyl)-N-(3-(6-((p-
fluorobenzyl)oxy)-2- methyldlhydrobenzopyran 2-yl)propyl)urea (6d).
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'H NMR (300 MHz, CDCI3 + 1 drop CD3OD) of N-(p-Chlorophenyl)-1-(2-(6-((p-

fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-yl)ethyl)-6,7-dimethoxy)-3,4-
dihydroisoquinoline)-2(1H)-carboxamide (7d).
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