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Synthesis of 2-aminopropyl benzopyran
derivatives as potential agents against triple-
negative breast cancer†

Ainhoa García, ab Sandra Torres-Ruiz,b Laura Vila, b Carlos Villarroel-Vicente,ab

Álvaro Bernabeu,a Pilar Eroles,*bcd Nuria Cabedo *ab and Diego Cortes a

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, 6c, 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 (IC50 values from 1.5 μM to 58.4 μM). In addition, 5a, 5b, 6a, and 7b

displayed slight selectivity towards tumor cells. Compounds 5, 5a, 5b, 6, 6a, 6c, 7, and 7b showed

apoptotic/necrotic effects due to, at least in part, an increase in reactive oxygen species generation,

whereas 5b, 5c, 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 CCND2. Therefore,

2-aminopropyl benzopyran derivatives emerge as new hits and potential leads for developing useful agents

against breast cancer.

1. Introduction

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.1–4 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-2.5–9 This is the most
aggressive subtype, and represents 15% of all breast
cancers.10 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

tetracycline-based combination treatment and platinum-
based agents, but drug resistance is one of the major
challenges that is currently being addressed by TNBC
research.10,11 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.10

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.12–15

Wogonin, a natural flavone isolated from the roots of
Scutellaria baicalensis Georgi, suppresses tumor angiogenesis
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in BC.16,17 Moreover, hesperitin derivatives also present
anti-tumor activity against BC.18,19 Therefore, the synthesis
of the benzopyran nucleus has been performed by
numerous medicinal chemistry groups in their search for
new anti-tumor agents.20,21

Our research group previously isolated polycerasoidol and
polyalthidin (Fig. 1) from the stem bark of Polyalthia
cerasoides (Annonaceae).22,23 Polycerasoidol and synthetic
analogs displayed PPAR-activating properties, anti-
inflammatory effects, and ameliorated metabolic
derangements,24,25 while it has been shown that polyalthidin
is an inhibitor of the mammalian mitochondrial respiratory
chain.23 In addition, it has been reported that
isopolycerasoidol induces mitochondrial-mediated apoptosis
in human BC cell lines.26

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.

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.27–30 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.

Scheme 1 Reagents and conditions: (a) p-fluorobenzyl chloride, K2CO3, EtOH, reflux, N2, 4 h, 79%, (b) DIBAL-H, DCM, −78 °C, N2, 15 min, 92%, (c)
MeOH, KOH 20%, reflux, N2, 4 h, (d) SOCl2, DCM, reflux, N2, 3 h, (e) 4-DMAP, Et3N, DCM, rt., N2, overnight, 63%, (f) NaBH(OAc)3, AcOH, (CH2Cl)2,
rt., N2, 1 h, 72% for 5 and 54% for 6, (g) POCl3, CH2Cl2, reflux, N2, overnight, NaBH4, MeOH, rt., N2, 2 h, 53%, (h) HCl : EtOH 1 : 1, reflux, N2, 3 h, 92–
96%, (i) HCHO, HCO2H, MeOH, reflux, N2, 1 h, NaBH4, rt., N2, 45 min, 76–86%, (j) MeI, DMF, reflux, N2, 30 min–1 h, 79–96%, (k) 4-chlorophenyl
isocyanate, Et3N, DCM, rt., N2, overnight, 68–92%.
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Table 1 IC50 values in TNBC and normal breast epithelial cells, and selectivity index (SI)

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

5 13.2 ± 1.6a 13.0 ± 2.0 6.3 ± 0.9 0.48 0.48

5a 51.0 ± 5.8a 30.9 ± 3.5a 76.8 ± 0.5b 1.51 2.50

5b 7.3 ± 0.7 12.6 ± 1.5 12.1 ± 2.8 1.65 0.96

5c 25.0 ± 1.1c 24.0 ± 1.2b 25.0 ± 2.0a 1.0 1.0

5d >100 >100 >100 — —

6 11.0 ± 2.6a 19.3 ± 0.8b 12.9 ± 1.8a 1.17 0.67

6a 48.3 ± 4.2a 31.1 ± 5.5c 46.6 ± 3.6b 0.96 1.5

6b 1.5 ± 0.1 2.0 ± 1.7 1.4 ± 0.7 0.94 0.70

6c 19.2 ± 2.9b 24.6 ± 1.1b 20.8 ± 4.0 1.09 0.84

6d >100 >100 >100 — —

7 22.2 ± 1.8a 22.0 ± 0.8 21.9 ± 3.8 0.98 0.99

7a 58.4 ± 4.0a 55.2 ± 5.6a 54.2 ± 3.7b 0.93 0.98

7b 14.0 ± 0.8 21.8 ± 0.6 20.1 ± 1.9 1.44 0.92

7c 42.2 ± 4.9a 53.5 ± 1.1c 41.4 ± 2.1b 0.98 0.77

7d >100 >100 >100 — —

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. a P < 0.05. b P < 0.01. c 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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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 5c, 6c, 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% (IC50) 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 (IC50 = 1.5–14.0 μM)
was more potent than that of secondary amines 5, 6, and 7
(IC50 = 11.0–22.0 μM), followed by N-dimethylated derivatives
as quaternary ammonium salts 5c, 6c, and 7c (IC50 = 19.2–
42.2 μM), as well as secondary amines with a free phenolic
group 5a, 6a, and 7a (IC50 = 58.4–48.3 μM).

In the MDA-MB-436 cells, the N-methylated compounds
5b, 6b, and 7b (IC50 = 2.0–21.8 μM) were also more potent
than secondary amines 5, 6, and 7 (IC50 = 13.0–22.0 μM),
followed by N-dimethylated derivatives 5c, 6c, and 7c (IC50 =
24.0–53.5 μM), and secondary amines with a free phenolic
group 5a, 6a, and 7a (IC50 = 30.9–55.2 μM).

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.31

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 IC50 ratio of normal cells to cancer
cells, SI = IC50 (MCF-10A)/IC50 (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

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

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 IC50 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

Fig. 3 Apoptosis/necrosis analyses of TNBC cells treated with
compounds at their respective IC50 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 μM, (C) 5a at 51.0 μM, (D) 5b at 7.3 μM, (E) 5c at 25.0 μM, (F) 6
at 11.0 μM, (G) 6a at 48.3 μM, (H) 6b at 1.5 μM, (I) 6c at 19.2 μM, (J) 7 at
22.2 μM, (K) 7a at 58.4 μM, (L) 7b at 14.0 μM, (M) 7c at 42.2 μM. (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.

Fig. 4 Apoptosis/necrosis analyses of TNBC cells treated with
compounds at their respective IC50 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 μM, (C) 5a at 30.9 μM, (D) 5b at 12.6 μM, (E) 5c at 24.0 μM, (F) 6
at 19.3 μM, (G) 6a at 31.1 μM, (H) 6b at 2.0 μM, (I) 6c at 24.6 μM, (J) 7 at
22.0 μM, (K) 7a at 55.2 μM, (L) 7b at 21.8 μM, and (M) 7c at 53.5 μM. (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%).

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

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 μM, (E) 5 at 6.6 μM, (F) 5a at 25.5 μM, (G) 6
at 5.5 μM, (H) 6a at 24.2 μM, (I) 6c at 9.6 μM, (J) 7 at 11.1 μM, (K) 7b at 7.0 μM, (N) 5 at 6.5 μM, (O) 5a at 15.5 μM, (P) 6 at 9.7 μM, (Q) 6a at 15.6 μM,
(R) 6c at 12.3 μM, (S) 7 at 11.0 μM, and (T) 7b at 10.9 μM. 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 (5c, 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.32 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 IC25

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, 6c, 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 IC50 values (Table 1), and then stained
with PI.

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, 5c, 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
7c, respectively (Fig. 6B and I–M). These results suggest that

non-apoptotic 2-aminopropyl benzopyrans 5b, 5c, 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.33 Among the
Bcl-2 family proteins, Bcl-2 promotes cell survival, while
others can induce cell death.34–36 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.37–41 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 CCND1 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
5c, 6c, 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, 6c, 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)
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coupled to a tandem mass spectrometry (MS/MS) triple
quadrupole equipped with an ESI ion source (Shimadzu,
Kyoto, Japan).

1H NMR and 13C NMR spectra were recorded on a Bruker
AC-300 (Bruker Instruments, Kennewick, WA). The
assignments in 1H and 13C 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 (δ)
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).

Residues were purified by silica gel column chromatography
(40–63 μm, 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 N2. Quoted yields are of purified material.
Final compounds were purified to ≥95% as assessed by 1H
NMR and LC-MS/MS analysis.

Ethyl 3-(6-hydroxy-2-methyldihydrobenzopyran-2yl)propanoate
(1). Benzopyran ester 1 was synthetised as previously
described27–30 from 2-(ethyl propanoate)-6-(hydroxyl)-2-
(methyl)-dihydrobenzopyran-4-one. 1H NMR (300 MHz,

Fig. 6 Effect of non-apoptotic/necrotic compounds on cell cycle progression. The analysis of cell cycle distribution was performed by flow
cytometry using PI 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 I) 0.1% DMSO, (D) 5b at 7.3 μM, (E) 5c at 25.0 μM, (F) 6b at 1.5 μM, (G) 7a at 58.4 μM, (H) 7c at 42.2
μM, (J) 5c at 24.0 μM, (K) 6b at 2.0 μM, (L) 7a at 55.2 μM, and (M) 7c at 53.5 μM. 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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CDCl3) δ 6.59–6.53 (m, 3H, CH-5, CH-7, CH-8), 4.12 (q, J = 7.1
Hz, 2H, CO2CH2CH3), 2.70 (m, 2H, CH2-4), 2.44 (t, J = 7.7 Hz,
2H, CH2-2′), 2.05–1.70 (m, 4H, CH2-3, CH2-1′), 1.24 (t, J = 7.1
Hz, 3H, CO2CH2CH3), 1.23 (s, 3H, CH3-2);

13C NMR (75 MHz,
CDCl3) δ 174.1 (CO2CH2CH3), 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 (CO2CH2CH3), 34.3 (CH2-1′), 31.1 (CH2-3), 28.8 (CH2-2′),
23.7 (CH3-2), 22.1 (CH2-4), 14.1 (CO2CH2CH3); HREIMS m/z
calculated for C15H20O4 [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 K2CO3 (1.2 g, 8.49 mmol) in absolute EtOH
(20 mL) was refluxed under N2 for 4 hours. The mixture
was evaporated, water was added (20 mL), and extraction
proceeded with dichloromethane (3 × 15 mL). The organic
layers were washed with 1 M HCl and brine, dried over
anhydrous Na2SO4, 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. 1H NMR (300 MHz,
CDCl3) δ 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, OCH2Ph-p-F), 4.13 (q, J = 7.1 Hz, 2H, CO2CH2-
CH3), 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, CO2CH2CH3), 1.23 (s, 3H, CH3-2);

13C NMR (75
MHz, CDCl3) δ 173.6 (CO2CH2CH3), 162.3 (d, JCF = 244 Hz,
C-4″), 152.0 (C-6), 147.9 (C-8a), 133.1 (d, JCF = 3 Hz, 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 (OCH2Ph-p-F), 60.3 (CO2CH2CH3),
34.3 (CH2-1′), 31.0 (CH2-3), 28.7 (CH2-2′), 23.6 (CH3-2), 22.2
(CH2-4), 14.1 (CO2CH2CH3); HREIMS m/z calculated for
C22H25O4F [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 NH4Cl 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 × 15 mL). The
organic layers were washed with brine, dried over anhydrous
Na2SO4, 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. 1H NMR (300
MHz, CDCl3) δ 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, OCH2Ph-p-F), 2.77–2.74 (m,
2H, CH2-4), 2.62–2.59 (m, 2H, CH2-2′), 2.03–1.75 (m, 4H, CH2-
3, CH2-1′), 1.26 (s, 3H, CH3-2);

13C NMR (75 MHz, CDCl3) δ
202.2 (CHO), 162.4 (d, JCF = 244 Hz, C-4″), 152.1 (C-6), 147.7
(C-8a), 133.1 (d, JCF = 3 Hz, C-1″), 129.3 (d, JCF = 8 Hz, C-2″, C-
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 (OCH2Ph-
p-F), 38.4 (CH2-2′), 31.8 (CH2-1′), 31.2 (CH2-3), 23.7 (CH3-2),
22.3 (CH2-4); HRMS (ESI) m/z calculated for C20H21O3F [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 N2 for 4 hours.
The mixture was evaporated, water was added (20 mL), and
extraction proceeded with dichloromethane (3 × 15 mL). The
organic layers were washed with 1 M HCl and brine, dried
over anhydrous Na2SO4, 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 SOCl2 (1.6 mL, 22.8 mmol) were added,
and the solution was then reacted under reflux and N2 for 3
hours. After stirring for an additional 30 minutes at room
temperature, water was added (20 mL), and extraction
proceeded with dichloromethane (3 × 15 mL). The organic
layers were washed with brine, dried over anhydrous Na2SO4,
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 Et3N
(0.06 mL, 0.45 mmol) was dissolved in 1 mL of dry
dichloromethane under N2. 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 N2 overnight. Dichloromethane (3 × 15 mL) was

Fig. 7 Gene expression in TNBC cells treated with 2-aminopropyl
benzopyrans 5a, 5b, 6a, and 7b at their respective IC25 values: (A) 5a at
25.5 μM and 7b at 7.0 μM, (B) 5a at 15.5 μM and 6a at 15.6 μM, and (C
and D) 5b at 3.7 μM. The data are expressed as the mean ± SD of three
independent experiments performed in triplicate. *P < 0.05 vs. DMSO
group.
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added to the reaction mixture, and the organic layer was
washed with HCl 1 M and brine, dried with anhydrous Na2-
SO4, 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.1H NMR (300 MHz, CDCl3) δ 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, OCH2Ph-p-F), 3.85 (s, 6H, 2xOCH3),
3.48–3.45 (m, 2H, CH2-α), 2.81–2.67 (m, 4H, CH2-4, CH2-β),
2.32–2.27 (CH2-2′), 2.03–1.83 (m, 2H, CH2-1′), 1.80–1.67 (m,
2H, CH2-3), 1.25 (s, 3H, CH3-2).

13C NMR (75 MHz, CDCl3) δ
172.9 (CO), 162.0 (d, JCF = 244 Hz, C-4″), 158.3 (C-3‴, C-4‴),
152.1 (C-6), 147.9 (C-8a), 133.2 (d, JCF = 3 Hz, C-1″), 130.9 (C-
1‴), 129.7 (CH-6‴), 129.3 (d, JCF = 8 Hz, CH-2″, CH-6″), 121.6
(C-4a), 117.5 (CH-5), 115.4 (d, JCF = 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 (OCH2Ph-p-F), 55.3 (2xOCH3), 40.8 (CH2-α), 35.2 (CH2-1′),
34.8 (CH2-β), 31.2 (CH2-3), 30.8 (CH2-2′), 23.7 (CH3-2), 22.3
(CH2-4). HRMS (ESI) m/z calculated for C30H35FNO5 [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 N2 for 1 hour.
Reaction mixtures were extracted with EtOAc (3 × 10 mL).
The organic layer was washed with water and brine, dried
with anhydrous Na2SO4, filtered, and then evaporated to
dryness. The residue obtained was subjected to silica gel
column chromatography (CH2Cl2/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). 1H NMR (300 MHz,
CDCl3) δ 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, OCH2-
Ph-p-F), 3.74 (s, 3H, OCH3), 3.03–2.57 (m, 8H, CH2-4, CH2-3′,
CH2-α, CH2-β), 1.78–1.66 (m, 2H, CH2-3), 1.59–1.50 (m, 4H,
CH2-1′, CH2-2′), 1.20 (s, 3H, CH3-2).

13C NMR (75 MHz, CD3-
OD) δ 162.0 (d, JCF = 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, JCF
= 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, JCF = 13 Hz,
CH-3″, CH-5″), 114.0 (CH-8), 74.9 (C-2), 69.6 (OCH2Ph-p-F),
54.4 (OCH3), 48.7 (CH2-3′, CH2-α), 35.7 (CH2-1′), 31.1 (CH2-3),
30.8 (CH2-β), 22.6 (CH3-2), 21.8 (CH2-4), 20.2 (CH2-2′). HRMS
(ESI) m/z calculated for C29H34FNO3 [M + H]+ 464.2595,
found: 464.2581.

N - (2 ,2-Diphenylethyl) -3- (6- (p - f luorobenzyloxy) -2-
methyldihydrobenzopyran-2-yl)propanamine (6). 1H NMR

(300 MHz, CDCl3) δ 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, OCH2Ph-p-F), 4.28 (t, 1H, J
= 7.8 Hz, CH-β), 3.30 (d, 2H, J = 7.8 Hz, CH2-α), 2.76–2.70 (m,
4H, CH2-4, CH2-3′), 1.80–1.73 (m, 2H, CH2-3), 1.65–1.54 (m,
4H, CH2-1′, CH2-2′), 1.26 (s, 3H, CH3-2).

13C NMR (75 MHz,
CDCl3) δ 162.5 (d, JCF = 244 Hz, C-4″), 151.9 (C-6), 148.0 (C-8a),
142.5 (C–Ph), 133.2 (d, JCF = 3 Hz, C-1″), 129.2 (d, JCF = 8 Hz,
CH-2″, CH-6″), 128.7 and 128.0 (CH–Ph), 121.6 (C-4a), 117.7
(CH-5), 115.3 (d, JCF = 22 Hz, CH-3″, CH-5″), 115.2 (CH-7), 114.4
(CH-8), 75.3 (C-2), 70.0 (OCH2Ph-p-F), 53.9 (CH2-α), 50.7 (CH-
β), 49.8 (CH2-3′), 36.9 (CH2-1′), 30.9 (CH2-3), 23.9 (CH3-2), 23.5
(CH2-2′), 22.3 (CH2-4). HRMS (ESI) m/z calculated for C34H36-
FNO2 [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 N2 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 N2 for
2 hours. Then, the reaction mixture was alkalinized with
ammonia 5% and extracted with EtOAc (3 × 15 mL). The
organic layer was washed with water and brine, dried with
anhydrous Na2SO4, filtered, and evaporated to dryness. The
residue obtained was subjected to silica gel column
chromatography (CH2Cl2/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). 1H
NMR (300 MHz, CDCl3) δ 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,
OCH2Ph-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, CH2-α), 2.93–
2.65 (m, 4H, CH2-4, CH2-β), 1.99–1.67 (m, 6H, CH2-3, CH2-1′,
CH2-2′), 1.28 (s, 3H, CH3-2).

13C NMR (75 MHz, CDCl3) δ

162.0 (d, JCF = 244 Hz, C-4″), 152.0 (C-6), 148.2 (C-8a), 147.5
and 147.3 (C-3‴, C-4‴), 133.2 (d, JCF = 3 Hz, C-1″), 129.3 (d, JCF
= 8 Hz, CH-2″, CH-6″), 127.0 (C-1‴, C-6‴), 121.7 (C-4a), 117.7
(CH-5), 115.5 (d, JCF = 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
(OCH2Ph-p-F), 56.0 and 55.8 (2xOCH3), 55.9 (CH-3′), 41.1
(CH2-α), 35.5 (CH2-1′), 31.4 (CH2-3), 30.9 (CH2-2′), 29.6 (CH2-
β), 24.2 (CH3-2), 22.5 (CH2-4). HRMS (ESI) m/z calculated for
C30H34FNO4 [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 HCl : EtOH in a 1 : 1 ratio, and refluxed under N2 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 × 15 mL). The combined organic layers were dried over
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anhydrous Na2SO4 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). 1H NMR (300 MHz,
CD3OD) δ 7.20 (d, 2H, J = 8.6 Hz, CH-2‴, CH-6‴), 6.90 (d, 2H, J
= 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, CH2-3′, CH2-α, CH2-
β), 2.77–2.71 (m, 2H, CH2-4), 1.92–1.56 (m, 6H, CH2-3, CH2-1′,
CH2-2′), 1.27 (s, 3H, CH3-2).

13C NMR (75 MHz, CD3OD) δ

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 (CH2-
3′, CH2-α), 37.2 (CH2-1′), 32.8 (CH2-3), 32.6 (CH2-β), 24.2
(CH3-2), 23.3 (CH2-4), 21.9 (CH2-2′). HRMS (ESI) m/z
calculated for C22H29NO3 [M + H]+ 356.2220, found: 356.2217.

2 - ( 3 - ( ( 2 , 2 - D i p h e n y l e t h y l ) a m i n o ) p r o p y l ) - 2 -
methyldihydrobenzopyran-6-ol (6a). 1H NMR (300 MHz,
CDCl3) δ 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-β), 3.24
(d, J = 7.7 Hz, 2H, CH2-α), 2.68–2.56 (m, 4H, CH2-4, CH2-
3′), 1.70–1.45 (m, 6H, CH2-3, CH2-1′, CH2-2′), 1.19 (s, 3H,
CH3-2).

13C NMR (75 MHz, CDCl3) δ 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
(CH2-α), 50.6 (CH-β), 49.8 (CH2-3′), 36.7 (CH2-1′), 30.9 (CH2-
3), 24.0 (CH3-2), 23.5 (CH2-2′), 22.2 (CH2-4). HRMS (ESI) m/z
calculated for C27H31NO2 [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). 1H NMR (300
MHz, CDCl3 + 1 drop CD3OD) δ 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, 2xOCH3), 3.28–3.20 and 3.02–2.88 (2 m, 2H, CH2-α),
2.85–2.55 (m, 4H, CH2-4, CH2-β), 1.97–1.93 (m, 1H, CH2-3),
1.72–1.63 (m, 4H, CH2-1′, CH2-2′), 1.19 (s, 3H, CH3-2).

13C
NMR (75 MHz, CDCl3 + 1 drop CD3OD) δ 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 (CH2-α), 35.0 (CH2-1′), 31.3 (CH2-3), 29.5
(CH2-β), 28.6 (CH2-2′), 23.6 (CH3-2), 22.1 (CH2-4). HRMS
(ESI) m/z calculated for C23H29NO4 [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 N2 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 Et3N. Water was added (10
mL), and the mixture was extracted with EtOAc (3 × 10 mL).
The combined organic layers were dried over anhydrous Na2-
SO4 and evaporated to dryness. The residue was purified by

silica gel column chromatography (CH2Cl2/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). 1H
NMR (300 MHz, CDCl3) δ 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, OCH2Ph-p-F), 3.80 (s, 3H, OCH3), 2.78–
2.73 (m, 4H, CH2-3′, CH2-β), 2.71–2.70 (m, 2H, CH2-4), 2.67–
2.59 (m, 2H, CH2-α), 2.34 (s, 3H, NCH3), 1.82–1.55 (m, 6H,
CH2-3, CH2-1′, CH2-2′), 1.26 (s, 3H, CH3-2).

13C NMR (75
MHz, CDCl3) δ 162.6 (d, JCF = 244 Hz, C-4″), 158.0 (C-4‴),
151.9 (C-6), 148.2 (C-8a), 133.2 (d, JCF = 3 Hz, C-1″), 132.0
(C-1‴), 129.6 (CH-2‴, CH-6‴), 129.3 (d, JCF = 8 Hz, CH-2″,
CH-6″), 121.7 (C-4a), 117.7 (CH-5), 115.4 (d, JCF = 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 (OCH2Ph-p-F), 59.5 (CH2-3′), 57.7
(CH2-α), 55.2 (OCH3), 41.9 (NCH3), 37.1 (CH2-1′), 32.5
(CH2-3), 31.0 (CH2-β), 24.0 (CH3-2), 22.4 (CH2-4), 21.0
(CH2-2′). HRMS (ESI) m/z calculated for C30H36FNO3 [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).
1H NMR (300 MHz, CDCl3) δ 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, OCH2Ph-p-F), 4.16
(t, J = 7.0 Hz, 1H, CH-β), 2.98 (d, J = 7.0 Hz, 2H, CH2-α), 2.65–
2.64 (m, 2H, CH2-4), 2.42–2.38 (m, 2H, CH2-3′), 2.25 (s, 3H,
NCH3), 1.82–1.65 (m, 2H, CH2-3), 1.56–1.41 (m, 4H, CH2-1′,
CH2-2′), 1.23 (s, 3H, CH3-2).

13C NMR (75 MHz, CDCl3) δ

162.0 (d, JCF = 244 Hz, C-4″), 151.9 (C-6), 148.3 (C-8a), 143.8
(C–Ph), 133.2 (d, JCF = 2 Hz, CH-1″), 129.3 (d, JCF = 8 Hz,
CH-2″, CH-6″), 128.3 and 126.2 (CH–Ph), 121.8 (C-4a), 117.8
(CH-5), 115.2 (d, JCF = 21 Hz, CH-3″, CH-5″), 115.2 (CH-7),
114.4 (CH-8), 75.7 (C-2), 70.1 (OCH2Ph-p-F), 62.7 (CH2-α),
58.4 (CH2-3′), 49.5 (CH-β), 42.5 (NCH3), 37.1 (CH2-1′), 31.0
(CH2-3), 24.1 (CH3-2), 22.5 (CH2-4), 21.0 (CH2-2′). HRMS (ESI) m/
z calculated for C35H38FNO2 [M + H]+ 524.2959, found: 524.2945.

1-(2-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-
yl)ethyl)-6,7-dimethoxy-2-methyl-1,2,3,4-tetrahydroisoquinoline
(7b). 1H NMR (300 MHz, CDCl3) δ 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, OCH2Ph-p-F), 3.84 and 3.83 (m, 6H, 2xOCH3),
3.58–3.51 (m, 1H, CH-3′), 3.43–3.37 and 3.12–3.06 (2 m, 2H,
CH2-α), 2.73–2.64 (m, 4H, CH2-4, CH2-β), 2.40 (s, 3H, NCH3),
1.95–1.90 (m, 2H, CH2-3), 1.82–1.56 (m, 4H, CH2-1′, CH2-2′),
1.26 (s, CH3-2).

13C NMR (75 MHz, CDCl3) δ 162 (d, JCF = 244
Hz, C-4″), 151.9 (C-6), 148.3 (C-8a), 147.3 (C-3‴, C-4‴), 133.3
(d, JCF = 3 Hz, C-1″), 129.4 (d, JCF = 8 Hz, CH-2″, CH-6″), 126.9
(C-1‴, C-6‴), 121.8 (C-4a), 117.7 (CH-5), 115.4 (d, JCF = 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 (OCH2Ph-p-F), 63.4 (CH-3′),
55.9 and 55.8 (OCH3), 49.1 (CH2-α), 42.8 (NCH3), 34.7 (CH2-
1′), 30.9 (CH2-3), 29.7 (CH2-2′), 27.8 (CH2-β), 24.2 (CH3-2),
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22.5 (CH2-4). HRMS (ESI) m/z calculated for C31H36-
FNO4 [M + H]+ 506.2701, found: 506.2705.

General procedure for synthesis of N-dimethylated amines
5c, 6c, 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 N2 for 30 minutes to 1 hour. Reaction
mixtures were extracted with EtOAc (3 × 10 mL). The
organic layer was extracted with water and brine, dried with
anhydrous Na2SO4, filtered, and evaporated to dryness. The
residue obtained was subjected to silica gel column
chromatography (CH2Cl2/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).
1H NMR (300 MHz, CDCl3) δ 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, OCH2Ph-p-F), 3.78 (s, 3H, OCH3),
3.59–3.45 (m, 4H, CH2-α, CH2-3′), 3.26 (s, N(CH3)2), 3.09–3.03
(m, 2H, CH2-β), 2.80–2.76 (m, 2H, CH2-4), 2.17–1.68 (m, 6H,
CH2-3, CH2-1′, CH2-2′), 1.32 (s, 3H, CH3-2).

13C NMR (75 MHz,
CDCl3) δ 162.4 (d, JCF = 245 Hz, C-4″), 159.2 (C-4‴), 152.4 (C-6),
147.5 (C-8a), 133.1 (d, JCF = 3 Hz, C-1″), 130.2 (CH-2‴, CH-6‴),
129.3 (d, JCF = 9 Hz, CH-2″, CH-6″), 129.3 (C-1‴), 121.7 (C-4a),
117.6 (CH-5), 115.4 (d, JCF = 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 (OCH2-
Ph-p-F), 65.8 (CH2-α), 65.5 (CH2-3′), 55.4 (OCH3), 52.3
(N(CH3)2), 36.0 (CH2-1′), 31.9 (CH2-3), 30.9 (CH2-β), 23.9 (CH3-
2), 22.7 (CH2-4), 17.4 (CH2-2′). HRMS (ESI) m/z calculated for
C31H38FNO3 [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 (6c). 1H NMR (300 MHz, CDCl3) δ 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, OCH2Ph-p-F), 4.52–4.47 (m, 1H, CH-β), 4.26–4.24 (m, 2H,
CH2-α), 3.57–3.59 (m, 2H, CH2-3′), 3.23 (s, N(CH3)2), 2.95–
2.68 (m, 2H, CH2-4), 2.06–1.53 (m, 6H, CH2-3, CH2-1′, CH2-2′),
1.30 (s, 3H, CH3-2).

13C NMR (75 MHz, CDCl3) δ 162.0 (d, J =
244 Hz, C-4″), 152.3 (C-6), 147.6 (C-8a), 139.9 (C–Ph), 129.4
(d, JCF = 8 Hz, CH-2″, CH-6″), 128.0 and 127.7 (CH–Ph), 121.7
(C-4a), 117.6 (CH-5), 115.5 (d, JCF = 22 Hz, CH-3″, CH-5″),
114.7 and 114.5 (CH-7, CH-8), 74.9 (C-2), 70.0 (OCH2Ph-p-F),
67.7 (CH-β), 65.1 (CH2-α), 53.0 (N(CH3)2), 46.7 (CH2-3′), 36.0
(CH2-1′), 31.2 (CH2-3), 24.8 (CH2-2′), 23.7 (CH3-2), 22.0 (CH2-
4). HRMS (ESI) m/z calculated for C36H40FNO2 [M + H]+

538.3116, found: 538.3107.
1-(2-(6-((p-Fluorobenzyl)oxy)-2-methyldihydrobenzopyran-2-

y l ) e t h y l ) - 6 , 7 - d im e t h o x y - 2 , 2 - d im e t h y l - 1 , 2 , 3 , 4 -
tetrahydroisoquinolin-2-ium (7c). 1H NMR (300 MHz,
CDCl3) δ 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, OCH2Ph-p-F), 4.75–4.70 (m, 1H,
CH-3′), 4.02–4.01 (m, 2H, CH2-α), 3.89 and 3.78 (2 s, 6H,

2x OCH3), 3.50 and 3.30 (2 s, 2xNCH3), 2.82–2.72 (m, 2H,
CH2-4), 2.36–1.40 (m, 8H, CH2-3, CH2-1′, CH2-2′, CH2-β),
1.31 (s, CH3-2).

13C NMR (75 MHz, CDCl3) δ 162 (C-4″),
152.5 (C-6), 148.4 (C-8a), 147.3 (C-3‴, C-4‴), 129.4 (d, JCF =
8 Hz, CH-2″, CH-6″), 122.0 (C-1‴, C-6‴), 121.6 (C-4a), 117.7
(CH-5), 115.4 (d, JCF = 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 (OCH2Ph-p-F), 66.0 (CH-3′), 56.5 (CH2-α), 56.2
(OCH3), 52.0 (NCH3), 33.8 (CH2-1′), 31.9 (CH2-β), 30.9
(CH2-3), 27.1 (CH2-2′), 24.7 (CH3-2), 22.7 (CH2-4). HRMS
(ESI) m/z calculated for C32H38FNO4 [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 Et3N was dissolved in
dry dichloromethane (5 mL) and incubated at room
temperature and under N2 overnight. HCl (15 mL) was added,
and the mixture was extracted with dichloromethane (3 × 15
mL) and washed with water and brine. The organic layers
were dried over anhydrous Na2SO4 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-
m e t h y l d i h y d r o b e n z o p y r a n - 2 - y l ) p r o p y l ) -N - ( p -
methoxyphenethyl)urea (5d). 1H NMR (300 MHz, CDCl3) δ

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, OCH2Ph-p-F), 3.78 (s, 3H, OCH3), 3.53–3.48 (m, 2H,
CH2-α), 3.30–3.24 (m, 2H, CH2-3′), 2.86–2.73 (m, 4H, CH2-
4, CH2-β), 1.82–1.72 (m, 4H, CH2-1′, CH2-2′), 1.69–1.60 (m,
2H, CH2-3), 1.28 (s, CH3-2).

13C NMR (75 MHz, CDCl3 + 1
drop CD3OD) δ 162.1 (d, JCF = 244 Hz, C-4″), 158.2 (C-4‴),
155.5 (CO), 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, JCF = 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, JCF = 21 Hz, CH-3″, CH-5″), 114.4 (CH-8),
114.1 (CH-3‴, CH-5‴), 75.8 (C-2), 69.9 (OCH2Ph-p-F), 55.1
(OCH3), 49.7 (CH2-α), 47.7 (CH2-3′), 36.0 (CH2-1′), 33.8 (CH2-
β), 31.0 (CH2-3), 23.6 (CH3-2), 22.2 (CH2-2′), 22.1 (CH2-4).
HRMS (ESI) m/z calculated for C36H38ClFN2O4 [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). 1H NMR (300 MHz, CDCl3) δ 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,
OCH2Ph-p-F), 4.35 (t, J = 7.4 Hz, 1H, CH-β), 3.95 (d, J = 7.4 Hz,
2H, CH2-α), 3.19–3.12 (m, 2H, CH2-3′), 2.76–2.70 (m, 2H, CH2-4),
1.80–1.70 (m, 2H, CH2-3), 1.55–1.50 (m, 4H, CH2-1′, CH2-2′), 1.25
(s, 3H, CH3-2).

13C NMR (75 MHz, CDCl3) δ 162.0 (d, JCF = 244
Hz, C-4″), 155.4 (CO), 152.2 (C-6), 147.8 (C-8a), 142.0 (d, J = 2

RSC Medicinal ChemistryResearch Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/8
/2

02
6 

6:
20

:1
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3md00385j


RSC Med. Chem., 2023, 14, 2327–2341 | 2339This journal is © The Royal Society of Chemistry 2023

Hz, C–Ph), 137.8 (C-1‴), 133.1 (d, JCF = 3 Hz, C-1″), 129.8 (C-4‴),
129.4 (d, JCF = 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, JCF = 19 Hz, CH-3″, CH-5″), 115.3 (CH-7), 114.5
(CH-8), 75.9 (C-2), 70.0 (OCH2Ph-p-F), 53.8 (CH2-α), 49.9 (CH-β),
48.2 (CH2-3′), 36.3 (CH2-1′), 31.2 (CH2-3), 24.0 (CH3-2), 22.4
(CH2-2′), 22.1 (CH2-4). HRMS (ESI) m/z calculated for
C41H40ClFN2O3 [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-2Ĳ1H)-carboxamide (7d). 1H NMR (300
MHz, CDCl3 + 1 drop CD3OD) δ 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, OCH2Ph-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, CH2-α), 2.74–
2.67 (m, 4H, CH2-4, CH2-β), 1.93–1.65 (m, 6H, CH2-3, CH2-1′,
CH2-2′), 1.31 (s, 3H, CH3-2).

13C NMR (75 MHz, CDCl3 + 1
drop CD3OD) δ 162.1 (C-4″), 155.2 (CO), 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 (OCH2Ph-p-F), 57.0 (CH-3′), 55.8 and
55.7 (OCH3), 32.1 (CH2-1′), 31.4 (CH2-3), 30.4 (CH2-2′), 28.1
(CH2-α), 24.0 (CH3-2), 23.1 (CH2-4, CH2-β). HRMS (ESI) m/z
calculated for C37H38ClFN2O2 [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% CO2. 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 serum (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 × 103 cells
per well in 96-well plates. After 24 hours, the cells were
treated with different doses of compounds (2.5 μM to 100
μM) 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 × 104 cells per well)
were seeded in 24-well plates and allowed to grow overnight.

The medium was then replaced with the different
compounds at their IC50 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 × 104 cells per well in 8-well slides. The
following day, the cells were treated with compounds at
their IC25 values, DMSO for negative control groups (0.05%),
or TBHP at 100 μM for 48 hours. The medium was then
replaced with DCFDA at 10 μM (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 was
performed using ImageJ 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 × 105 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 IC50

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 × 106 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
IC25 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 kit
(Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA). Relative quantification of Bcl-2, CCND1, and CCNE2
was determined with the 2−ΔΔCt 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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