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Abstract: A new series of piperazine derivatives were synthesized and studied with the aim of
obtaining dual inhibitors of P-glycoprotein (P-gp) and carbonic anhydrase XII (hCA XII) to syner-
gistically overcome the P-gp-mediated multidrug resistance (MDR) in cancer cells expressing the
two proteins, P-gp and hCA XII. Indeed, these hybrid compounds contain both P-gp and hCA XII
binding groups on the two nitrogen atoms of the heterocyclic ring. All compounds showed good
inhibitory activity on each protein (P-gp and hCA XII) studied individually, and many of them
showed a synergistic effect in the resistant HT29/DOX and A549/DOX cell lines which overexpress
both the target proteins. In particular, compound 33 displayed the best activity by enhancing the
cytotoxicity and intracellular accumulation of doxorubicin in HT29/DOX and A549/DOX cells, thus
resulting as promising P-gp-mediated MDR reverser with a synergistic mechanism. Furthermore,
compounds 13, 27 and 32 induced collateral sensitivity (CS) in MDR cells, as they were more cytotoxic
in resistant cells than in the sensitive ones; their CS mechanisms were extensively investigated.

Keywords: MDR reversers; P-gp modulators; CA XII inhibitors; K562/DOX; HT29/DOX; A549/DOX;
hybrid compounds; multitarget ligands; dual P-gp/CA XII inhibitory activity; selective chemosensitizers

1. Introduction

Multidrug resistance (MDR) is a type of acquired resistance displayed by cancer cells
that show reduced sensitivity to structurally and mechanistically unrelated anticancer
drugs [1]. This phenomenon is one of the main problems in the chemotherapy of malignant
tumors. MDR is mainly due to the overexpression on the cell membrane of some ATP bind-
ing cassette (ABC) proteins such as P-glycoprotein (P-gp), Multidrug-Resistance-associated
Protein-1 (MRP1), and Breast Cancer Resistance Protein (BCRP). These transporter proteins
work as efflux pumps, reducing the intracellular concentration of anticancer drugs below
their active dose lowering their therapeutic efficacy [2].

P-glycoprotein (P-gp) is the most studied ABC transporter in clinical research; it
is overexpressed in many blood and solid tumors causing reduced chemotherapeutic
responses [3]. Due to the extensive involvement of P-gp in MDR, the co-administration of
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efficient P-gp inhibitors with chemotherapeutic agents has been proposed as a powerful
therapeutic strategy to overcome MDR [4]. Over the years, many P-gp inhibitors have been
identified which have been classified into three generations according to their chronology
and characteristics [5–7]. Some of these compounds have reached clinical evaluation;
however, in most cases, the results obtained were disappointing due to unexpected adverse
effects and toxicity, which led to the early conclusion of many trials [8,9]. As a result,
currently, no compounds have been approved for clinical use. Therefore, there is still an
urgent need to find potent and effective MDR reversal agents with minimal adverse effects.

One of the causes of the toxicity of P-gp inhibitors is the presence of this transporter in
many healthy tissues where it is responsible for several physiological and pharmacological
effects [10,11], and the ability of P-gp inhibitors to affect the pharmacokinetics of co-
administered chemotherapeutic agents [12]. A strategy to improve the therapeutic efficacy
of drugs may involve the development of molecules that simultaneously inhibit two drug
targets, thus exploiting synergistic therapeutic effects.

It has recently been reported that P-gp is co-localized and physically associated with
the XII isoform of human carbonic anhydrase (hCA XII) on the membrane of several
resistant tumor cells. The hCA XII isoform belongs to the family of carbonic anhydrases
(CAs, EC 4.1.1.1) which are metalloenzymes that catalyze the conversion of carbon dioxide
to bicarbonate and a proton, playing crucial functions related to pH regulation, homeostasis,
and metabolism, and their inhibition leads to pharmacological responses [13].

hCA XII is a tumor-associated enzyme overexpressed in many solid and hypoxic
tumors that is associated with their progression and metastasis formation [14–16]. It
maintains an alkaline intracellular pH and an extracellular acidosis that favors the growth
of tumor cells, compromising that of normal cells [17,18]. The intracellular alkalinization
maintained by hCA XII is optimal for P-gp efflux activity; thus, the high expression of hCA
XII in some chemoresistant P-gp-positive tumor cells contributes to MDR [19]. Therefore,
inhibition of hCA XII causes a decrease in intracellular pH which reduces the ATPase
activity of P-gp and consequently the efflux activity of the transporter [13,19].

Based on these observations, it is possible to develop a strategy that allows selective tar-
geting of the efflux effect of P-gp in resistant tumor cells overexpressing both P-gp and hCA
XII. Therefore, dual inhibitors of P-gp and hCA XII may serve as useful chemosensitizers to
overcome P-gp-mediated MDR in tumor cells.

In previous papers [19,20], we reported the design and synthesis of a new series of
N,N-bis(alkanol)amine aryl diesters able to modulate the activity of P-gp and hCA XII in
cancer cells that overexpress both proteins (Figure 1, structures A and B of the most potent
compounds of the series). These derivatives are characterized by the presence of both P-gp
and hCA XII-binding groups to achieve a synergistic action to overcome the resistance. All
compounds showed a multitarget effect being able to modulate the activity of both P-gp
and hCA XII taken individually. Moreover, many of these hybrid derivatives showed a
synergistic effect in cell lines that overexpress both proteins (LoVo/DOX, HT29/DOX, and
A549/DOX cell lines), enhancing the cytotoxicity effect of doxorubicin in these resistant
cells. These compounds can be considered promising chemosensitizer agents for selective
inhibition in MDR cancer cells overexpressing both P-gp and hCA XII proteins.

Based on these encouraging results, we decided to continue our project on dual P-
gp/hCA XII inhibitors with the aim of better investigating their structure–activity relation-
ships. For this purpose, we synthesized new compounds containing a scaffold present in
several MDR reversers [12,21], i.e., the piperazine ring, bearing arylalkyl and aryloxyalkyl
substituents on the two nitrogen atoms. Therefore, three different methoxy-substituted ary-
lalkyl moieties, such as the (E)-3-(3,4,5-trimethoxyphenyl)vinyl (a), 3,4,5-trimethoxyphenyl
(b) or the 4,4-bis(4-methoxyphenyl)butyl (c) ones, which conferred good inhibitory effects
on P-gp [21] were inserted on a nitrogen atom, leading to compounds 1–36 (Figure 1,
structure C). Moreover, to maintain a selective activity towards hCA XII, we introduced
a coumarin group through a 2-, 3- or 4-methylene chain on the second nitrogen atom
of the piperazine scaffold by an ethereal bond. Especially, in addition to the 7-hydroxy-
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2H-chromen-2-one (I) used in the previous series [19,20], in these new compounds we
introduced other different coumarins as 7-hydroxy-4-methyl-2H-chromen-2-one (II) and
6-hydroxy-2H-chromen-2-one (III) which showed inhibitory activity on hCA XII [22,23];
moreover, 6-hydroxy-4-methyl-2H-chromen-2-one (IV) was chosen to evaluate the influ-
ence of a methyl group also in coumarin III (Figure 1, structure C).
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Figure 1. Structures of the leads (A,B) and general structure of piperazine derivatives 1–36, synthe-
sized in this study (C). For the structure of final compounds 1–36 see Table 1.

The synthesized compounds 1–36, as dihydrochlorides, were first tested to evaluate
their inhibitory effects on P-gp and hCA XII proteins, taken individually. The P-gp modu-
lating activity was measured by evaluating the doxorubicin cytotoxicity enhancement on
K562/DOX cells that overexpress only P-gp [24]. The hCA inhibition activity was measured
on four different hCA isoforms: the cytosolic hCA I and hCA II, and the tumor-associated
transmembrane hCA IX and hCA XII isoforms, to evaluate their hCA selectivity profiles.
Eight selected compounds were then tested in doxorubicin-resistant human adenocarci-
noma colon cells (HT29/DOX) and in doxorubicin-resistant non-small cell lung cancer cells
(A549/DOX), that overexpress both P-gp and hCA XII [19], to verify the synergistic effect
on the MDR reversal activity due to the dual P-gp/hCA XII inhibition.

Moreover, three compounds were further investigated as collateral sensitivity (CS)-
promoting agents since they were more cytotoxic in resistant HT29/DOX and A549/DOX
cells than in the parental ones. Therefore, we evaluated their effects on the intracellular
amount of ROS and peroxidized lipids, P-gp catalytic activity, and membrane fluidity in
HT29/DOX and A549/DOX cells.

2. Results
2.1. Chemistry

The reaction pathway used to obtain the piperazine derivatives 1–36 is described in
Scheme 1. The proper methoxy-substituted arylalkyl piperazines (37–39) were synthesized
as previously reported [21] and N-alkylated with the suitable bromoalkoxy-2H-chromen-2-
ones (42–53, described in Scheme 2) in dry acetonitrile, yielding final compounds 1–36 with
good yields.
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Scheme 2. Reagents and conditions: (I) conc. H2SO4, ethyl acetoacetate, rt, 15 min or 4 days;
(II) K2CO3, acetone or acetonitrile, reflux, overnight.

The bromoalkoxy-2H-chromen-2-ones (42–53) were obtained by alkylation of the suit-
able hydroxy-2H-chromen-2-one with the proper dibromoalkane (1,2-dibromoethane, 1,3-
dibromopropane or 1,4-dibromobutane) in acetone or acetonitrile, as reported in Scheme 2.
Compound 43 has been previously reported [20], and 42, 44–53 had been previously de-
scribed [25–29], but in some cases obtained in different ways (see Section 4 for details).
Compounds 7-hydroxy-2H-chromen-2-one and 6-hydroxy-2H-chromen-2-one are com-
mercially available, while the previously described 4-methylated analogues (7-hydroxy-
4-methyl-2H-chromen-2-one 40 [30] and 6-hydroxy-4-methyl-2H-chromen-2-one 41 [31])
were obtained following the procedure reported in [30], by condensation of resorcinol or
hydroquinone, respectively, with ethyl acetoacetate under acidic conditions (Scheme 2).

2.2. CA Inhibitory Activity

The CA inhibitory activity of the new compounds 1–36, evaluated by a stopped-flow
CO2 hydrase assay [32], is reported in Table 1. Four hCA isoforms were used in this
assay: the cytosolic hCA I and II and the tumor-associated transmembrane hCA IX and XII
isoforms. Acetazolamide (AAZ) was used as a standard inhibitor.
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Table 1. Inhibitory activity on hCA I, II, IX and XII isoforms and doxorubicin cytotoxicity enhance-
ment effect in K562/DOX cells of compounds 1–36 and of the two reference compounds acetazolamide
(AAZ) and verapamil (Ver).
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KI (nM) 1,2 RF 3

Cmpd n X Ar CA I CA II CA IX CA XII 1 µM 3 µM

1 2 I a >10,000 >10,000 51.3 13.0 1.6 2.3
2 3 I a >10,000 >10,000 62.6 29.4 3.8 4.5
3 4 I a >10,000 >10,000 82.0 34.6 3.1 3.7
4 2 II a >10,000 >10,000 25.2 32.8 5.7 15.8
5 3 II a >10,000 >10,000 34.7 27.2 5.5 27.6
6 4 II a >10,000 >10,000 58.9 44.8 6.3 6.7
7 2 III a >10,000 >10,000 51.0 29.5 1.1 1.0
8 3 III a >10,000 >10,000 40.7 22.9 2.0 2.0
9 4 III a >10,000 >10,000 22.1 7.3 2.5 1.3

10 2 IV a >10,000 >10,000 360 422 1.0 1.4
11 3 IV a >10,000 >10,000 302 441 2.4 4.1
12 4 IV a >10,000 >10,000 104 140 1.9 2.7
13 2 I b >10,000 >10,000 23.7 6.2 1.0 1.9
14 3 I b >10,000 >10,000 40.1 13.6 1.0 3.4
15 4 I b >10,000 >10,000 29.0 42.9 1.2 2.3
16 2 II b >10,000 >10,000 8.2 51.9 1.0 1.4
17 3 II b >10,000 >10,000 16.1 60.8 2.6 2.1
18 4 II b >10,000 >10,000 28.5 72.1 1.9 3.2
19 2 III b >10,000 >10,000 84.7 5.8 1.4 2.2
20 3 III b >10,000 >10,000 72.0 22.4 2.3 2.4
21 4 III b >10,000 >10,000 50.3 15.9 3.9 4.1
22 2 IV b >10,000 >10,000 409 229 2.8 2.7
23 3 IV b >10,000 >10,000 242 304 1.6 1.8
24 4 IV b >10,000 >10,000 205 99.5 1.4 2.5
25 2 I c >10,000 >10,000 113 84.7 5.9 21.1
26 3 I c >10,000 >10,000 153 115 5.5 17.3
27 4 I c >10,000 >10,000 145 92.1 8.1 90.5
28 2 II c >10,000 >10,000 135 103 16.2 32.0
29 3 II c >10,000 >10,000 149 91.5 34.3 38.7
30 4 II c >10,000 >10,000 124 82.4 7.7 25.5
31 2 III c >10,000 >10,000 115 90.7 3.0 11.4
32 3 III c >10,000 >10,000 89.6 71.5 3.6 7.9
33 4 III c >10,000 >10,000 74.6 46.8 9.9 31.7
34 2 IV c >10,000 >10,000 666 851 5.7 14.3
35 3 IV c >10,000 >10,000 523 335 10.4 14.3
36 4 IV c >10,000 >10,000 332 298 19.0 31.7

AAZ 250.0 12.0 25.0 5.7 - -
Ver - - - - 1.2 3.0

1 Mean from 3 different assays, by a stopped-flow technique (errors were in the range of ±5–10% of the reported
values). 2 Incubation time of 6 h. 3 Inhibition of the P-gp transport activity in K562/DOX cells expressed as
RF that is the ratio between the IC50 of doxorubicin alone and in the presence of modulators (RF = IC50 of
doxorubicin–modulator/IC50 of doxorubicin + modulator).
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The results confirm that the coumarin group directs activity only towards hCA IX
and XII [33]. Indeed, all these derivatives inhibited both hCA IX and XII at nanomolar
concentrations, while they were inactive against off-target hCA I and II isoforms.

The interaction with hCA IX and hCA XII isoforms seems to be influenced by the type
of coumarin inserted on the piperazine nitrogen, indeed compounds 10–12, 22–24, 34–36,
bearing the 6-alkoxy-4-methyl-2H-chromen-2-one residue (IV), were the least potent on
these two isoforms.

For compounds bearing the other coumarin groups, the activity was influenced by
the methoxy-substituted arylalkyl moieties (a, b, or c). The most potent derivatives on the
hCA IX and hCA XII isoforms carried the (E)-3-(3,4,5-trimethoxyphenyl)vinyl (a) and the
3,4,5-trimethoxyphenyl (b) groups (1–9 and 13–21, respectively), regardless of linker length
which affects neither potency nor selectivity. Most compounds were more active towards
hCA XII than hCA IX, except for 4 and 15–18. Notably, derivatives 9, 13, and 19 showed the
highest potency towards hCA XII, with Ki values < 10 nM (Ki = 7.3 nM, 6.2 nM and 5.8 nM,
respectively), comparable to that of the reference compound AAZ (Ki = 5.7 nM). Derivative
9 has the (E)-3-(3,4,5-trimethoxyphenyl)vinyl residue (a) and 6-hydroxy-2H-chromen-2-one
(III) linked by a 4-methylene chain, while 13 and 19 have the 3,4,5-trimethoxyphenyl group
(b) and 7-hydroxy-2H-chromen-2-one (I) or 6-hydroxy-2H-chromen-2-one (III), respectively,
connected by a 2-methylene chain.

2.3. Doxorubicin Cytotoxicity Enhancement Assay in K562/DOX Cells

The P-gp modulating activity of compounds 1–36 was measured by evaluating the cy-
totoxicity enhancement of the co-administered doxorubicin in K562/DOX cells. K562
is a highly undifferentiated erythroleukemia cell line [34]. The doxorubicin-resistant
K562/DOX cells overexpress almost exclusively the transporter membrane protein P-
gp [24]. Since doxorubicin is a P-gp substrate and is expelled out of the cell by the pump, it
is generally inactive in tumor cells that express P-gp.

Compounds were first studied at 1 and 3 µM concentrations to evaluate their intrinsic
cytotoxicity in both the parental K562 and the resistant K562/DOX cell lines, using the MTT
assay [35]. All compounds had no intrinsic cytotoxicity in the parental line. Most of them
showed a toxicity of approximately 20% in the resistant cells at the two concentrations
tested, while compounds 7, 9, 25, and 27 reduced the cellular viability by 30–50% at 3 µM
(Supplementary Materials, Figure S1).

Compounds 1–36 were studied at 1 and 3 µM concentrations to evaluate their ability to
decrease the IC50 value of co-administered doxorubicin in K562/DOX cells. The results are
reported in Table 1 as RF (Reversal Fold) values that are the ratio between the IC50 value of
doxorubicin alone and in the presence of the studied compounds: the higher the RF value, the
higher the MDR reversal activity. Verapamil (Ver) was used as a reference compound.

All these derivatives enhanced the cytotoxicity of doxorubicin to different extents,
except compound 7, which shows RF = 1 for both concentrations, and most of them showed
higher RF values than those of verapamil.

Results indicated that compounds with the 3,4,5-trimethoxyphenyl (b) group (13–24)
were less potent both at 1 and 3 µM concentrations. Almost all compounds with the
(E)-3-(3,4,5-trimethoxyphenyl)vinyl (a) residue and 7-(alkoxy)-2H-chromen-2-one (I) or
7-(alkoxy)-4-methyl-2H-chromen-2-one (II) (2, 3 and 4–6, respectively) showed higher RF
values than those of verapamil at both the tested concentrations, regardless of the linker
length. All compounds with the 4,4-bis(4-methoxyphenyl)butyl (c) residue were the most
potent compounds; in particular, compounds 28, 29, 35 and 36 showed RF values higher
than 10.0 when used at 1 µM, and compounds 25, 27–30, 33 and 36 showed RF values
higher than 20.0 when used at 3 µM.
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A thorough analysis of the obtained results seems to indicate the absence of a correla-
tion between the structural requirements necessary to modulate the efflux activity of P-gp
and those to inhibit hCA XII.

2.4. Doxorubicin Cytotoxicity Enhancement Assay in HT29/DOX and A549/DOX Cells

Compounds 1–36 were also tested in doxorubicin-resistant human adenocarcinoma
colon cells (HT29/DOX) and in doxorubicin-resistant non-small cell lung cancer cells
(A549/DOX), that overexpress both P-gp and hCA XII [19], to study the effect of these dual
P-gp/hCA XII inhibitors in a specific environment where the two target proteins coexist.

The expression levels of P-gp and hCA XII in sensitive HT29 and A549 cells and their
resistant counterparts (HT29/DOX and A549/DOX cells) were checked by immunoblotting
analysis, as previously reported [20]. The resistant sublines also showed increased expres-
sion of MRP1, another transporter involved in doxorubicin resistance, which, however, was
not associated with hCA XII nor was affected in its efflux activity by hCA XII [19,20].

All compounds were preliminarily studied to evaluate their intrinsic cytotoxicity at
different concentrations (from 10 nM to 50 µM) in the parental HT29 and A549 and the
resistant HT29/DOX and A549/DOX cells using the MTT assay [35].

Most compounds showed less than 35% toxicity in parental HT29 and A549 cells at
1 µM, except for 12, 27, 29, 32, 35, and 36 (Supplementary Materials, Figures S2 and S3). On
the resistant counterparts (HT29/DOX and A549/DOX cells), compounds showed a toxicity
of less than 35% with the exception of 8, 12, 15, 25, 27, 29, 32, 35, and 36 (Supplementary
Materials, Figures S4 and S5).

Based on the results obtained in the intrinsic cytotoxicity assays, the compounds with
the best profiles in terms of potency on P-gp in the K562/DOX cells test and selectivities
towards the hCA XII isoform, 1, 2, 4–6, 14, 19 and 33, were selected for further evaluation
in HT29/DOX and A549/DOX cell lines in co-administration with doxorubicin.

These compounds were then assayed at 1 and 3 µM concentrations in co-administration
with doxorubicin at a concentration of 5 µM, which is known to discriminate well between
sensitive and resistant cells [36]. In HT29 and A549 cells, which express low levels of
P-gp [20], the tested compounds did not significantly increase the cytotoxicity of dox-
orubicin used alone (Supplementary Materials, Figure S6). Otherwise, in the resistant
counterparts (HT29/DOX and A549/DOX), which displayed high levels of P-gp and hCA
XII, the selected compounds at both 1 and 3 µM concentrations enhanced the cytotoxicity of
doxorubicin, measured as the percentage of cell growth, in a dose-dependent way (Figure 2).
In general, compounds were more active in HT29/DOX than in A549/DOX cells at both
concentrations. In particular, compounds 4, 5, 14, and 19 at 3 µM concentration were the
most potent in doxorubicin-treated HT29/DOX cells causing a reduction in cell viability by
65.0%. Moreover, in the A549/DOX cell line, the co-administration of 1, 2, 4–6, 14 and 19,
tested at 3 µM, led to the highest enhancement of doxorubicin toxicity reaching a reduction
of nearly 55.0% in cell viability. In both tested cell lines, the best compound was derivative
33, which, at the highest concentration, in combination with the anticancer drug, caused
a reduction in cell viability of 67.6% in HT29/DOX cells and 62.6% in A549/DOX cells.
Interestingly, most compounds at 3 µM achieved the same potency as verapamil tested at
1 mM concentration.
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Figure 2. Antiproliferative activity in HT29/DOX (top) and A549/DOX (bottom) cells of doxorubicin
(Doxo) at 5 µM, alone and in co-administration with selected derivatives at 1 µM and 3 µM, or
verapamil (Ver) at 1 mM, measured after 48 h. Each bar represents the mean ± SD of three independent
experiments, with technical triplicates. Control (CTR) is 100% cell growth. One-way analysis of
variance (ANOVA) analysis: *** p < 0.0001 vs. control; ◦◦◦ p < 0.0001 vs. doxorubicin alone.
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2.5. Doxorubicin Accumulation Assay in HT29/DOX and A549/DOX Cells

Furthermore, we evaluated the intracellular accumulation of 5 µM doxorubicin in
HT29/DOX and A549/DOX cells alone and in the presence of derivatives 1, 2, 4–6, 14, 19
and 33, studied at 1 and 3 µM. This test allowed us to investigate if the reduced viability
measured in the co-administration assay was due to different retention of the anticancer
drug within the cells. In the parental HT29 and A549 cell lines, we measured a greater
amount of intracellular doxorubicin compared to their resistant counterparts, which was
not enhanced by our selected compounds (Supplementary Materials, Figure S7). However,
in HT29/DOX and A549/DOX cells, derivatives 1, 2, 4–6, 14, 19 and 33 were able to increase
the intracellular retention of the anticancer drug, in a dose-dependent way. Intracellular
doxorubicin accumulation was lower in A549/DOX than in HT29/DOX cells probably
due to a slightly greater basal expression of the transporter protein MRP1 [20], which can
contribute to doxorubicin efflux [2].

The most potent molecules were 5, 19, and 33 in both cell lines (Figure 3). In particular,
at the highest concentration, compound 33 allowed a 3- or 4-fold greater accumulation of
doxorubicin in HT29/DOX or A549/DOX cells, respectively, showing a potency comparable
to that of verapamil tested at 1 mM in HT29/DOX (Figure 3).
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Figure 3. Intracellular accumulation of doxorubicin in HT29/DOX (top) and A549/DOX (bottom)
cells, incubated 24 h with doxorubicin (Doxo) at 5 µM, alone and in co-administration with selected
derivatives at 1 µM and 3 µM, or verapamil (Ver) at 1 mM. Each bar represents the mean ± SD of
three independent experiments, with technical duplicates. One-way analysis of variance (ANOVA)
analysis: * p < 0.05, ** p < 0.001, *** p < 0.0001 vs. doxorubicin alone.
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2.6. Collateral Sensitivity Studies

Recently, it emerged that P-gp-expressing cells are paradoxically more sensitive to
specific compounds than their counterpart with no level of P-gp [37–39]. This phenomenon,
called “collateral sensitivity” (CS), relies on different mechanisms, among which the in-
creased generation of reactive oxygen species (ROS) that damage the structural cell compo-
nents, including the plasma membrane lipid where P-gp is embedded, and the increased
membrane fluidity [40–42].

Interestingly we noticed that compounds 13, 27, and 32 administered alone were
15%-20% more cytotoxic in the resistant HT29/DOX and A549/DOX cells than in the
parental sensitive cells (Figure 4). We thus hypothesized that these compounds could be
potential CS inducers.
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Figure 4. Antiproliferative activity in (A) HT29 or HT29/DOX cells and (B) A549 or A549/DOX cells
of derivatives 13, 27, and 32 (1 µM) measured after 48 h. Each bar represents the mean ± SD of three
independent experiments, with technical triplicates. Control (CTR) is 100% cell growth. One-way
analysis of variance (ANOVA) analysis: *** p < 0.0001 vs. control.
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For this purpose, we tested the selected compounds in HT29/DOX and A549/DOX
cells to investigate possible mechanisms through which they could work as potential CS
inducers. Resistant cells often display a peculiar sensitivity to compounds able to increase
ROS [43]. Interestingly, in both HT29/DOX and A549/DOX cells, compounds 13, 27,
and 32 significantly enhanced the intracellular amount of ROS and peroxidized lipids,
thiobarbituric reactive substances (TBARS), considered indexes of oxidative stress [44]
(Figure 5). In particular, in HT29/DOX, they were able to increase the levels of ROS and
TBARS by 3–4 and 2.6 times, respectively, compared to the control, while in A549/DOX
cells, these compounds caused a major increase in both oxidative stress indexes (7–8 times
for ROS, and 4 times for TBARS).
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Figure 5. Effects on ROS or TBARS levels of 13, 27 and 32 at 1 µM in HT29/DOX (left) and A549/DOX
(right) cell lines. Each bar represents the mean ± SD of three independent experiments, with technical
duplicates. Control (CTR) is ROS and TBARS levels in both HT29/DOX and A549/DOX cells.
One-way analysis of variance (ANOVA) analysis: *** p < 0.0001 vs. control.

It is noteworthy that some coumarin-derivatives may act as anticancer agents thanks
to their ability to inhibit thioredoxin reductase 1, eliciting oxidative stress [45,46]. This
mechanism can explain the increase in ROS and TBARS as well as the cytotoxic potential of
the compounds against chemoresistant cells that are even more susceptible to ROS than
chemosensitive cells [42]. However, for the moment, this aspect has not yet been explored
in depth for these new compounds.

Oxidized lipids, besides triggering cell death, e.g., via ferroptosis [47], are important
to modulate the activity of P-gp. Resistant cells usually have a lower amount of oxidizable
fatty acid incorporated in the plasma membrane and this lipid composition creates an
optimal environment for P-gp catalytic activity [48]. However, every factor increasing
the amount of oxidized lipids alters the chemical–physical properties of the membrane
impairing P-gp conformation, drug binding, and release [48]. A similar scenario also
occurred in HT29/DOX and A549/DOX cell lines treated with compounds 13, 27, and
32, which lowered the catalytic efficacy of P-gp in resistant cells to levels comparable to
drug-sensitive HT29 and A549 cells (Figure 6).

Similarly, P-gp activity is high in plasma membrane rich in saturated fatty acid that
allows a proper conformation of the transporter [48]. By contrast, a more fluid membrane
reduces the catalytic activity of the transporter [49,50]. This happens, for instance, when the
ratio between polyunsaturated and saturated fatty acid is increased [49] or when specific
compounds act as membrane fluidifiers [42]. This seems also to be the case of compounds
13, 27 and 32, which increased membrane fluidity of HT29/DOX and A549/DOX cells
(Figure 7), displaying an additional mechanism by which they can act as CS inducers and
by which they reduce the activity of P-gp.



Molecules 2024, 29, 3290 12 of 32

Molecules 2024, 29, x FOR PEER REVIEW 11 of 32 
 

 

5). In particular, in HT29/DOX, they were able to increase the levels of ROS and TBARS 

by 3–4 and 2.6 times, respectively, compared to the control, while in A549/DOX cells, these 

compounds caused a major increase in both oxidative stress indexes (7–8 times for ROS, 

and 4 times for TBARS). 

It is noteworthy that some coumarin-derivatives may act as anticancer agents thanks 

to their ability to inhibit thioredoxin reductase 1, eliciting oxidative stress [45,46]. This 

mechanism can explain the increase in ROS and TBARS as well as the cytotoxic potential 

of the compounds against chemoresistant cells that are even more susceptible to ROS than 

chemosensitive cells [42]. However, for the moment, this aspect has not yet been explored 

in depth for these new compounds. 

 

Figure 5. Effects on ROS or TBARS levels of 13, 27 and 32 at 1 µM in HT29/DOX (left) and A549/DOX 

(right) cell lines. Each bar represents the mean ± SD of three independent experiments, with tech-

nical duplicates. Control (CTR) is ROS and TBARS levels in both HT29/DOX and A549/DOX cells. 

One-way analysis of variance (ANOVA) analysis: *** p < 0.0001 vs. control. 

Oxidized lipids, besides triggering cell death, e.g., via ferroptosis [47], are important 

to modulate the activity of P-gp. Resistant cells usually have a lower amount of oxidizable 

fatty acid incorporated in the plasma membrane and this lipid composition creates an op-

timal environment for P-gp catalytic activity [48]. However, every factor increasing the 

amount of oxidized lipids alters the chemical–physical properties of the membrane im-

pairing P-gp conformation, drug binding, and release [48]. A similar scenario also oc-

curred in HT29/DOX and A549/DOX cell lines treated with compounds 13, 27, and 32, 

which lowered the catalytic efficacy of P-gp in resistant cells to levels comparable to drug-

sensitive HT29 and A549 cells (Figure 6). 

 

Figure 6. P-gp activity in (A) HT29 or HT29/DOX cells and (B) A549 or A549/DOX cells, in the ab-

sence (CTR) or presence of 13, 27 and 32 at 1 µM. Each bar represents the mean ± SD of three inde-

pendent experiments, with technical duplicates. One-way analysis of variance (ANOVA) analysis: 

*** p < 0.0001 vs. control in resistant cells (HT29/DOX or A549/DOX). 

Figure 6. P-gp activity in (A) HT29 or HT29/DOX cells and (B) A549 or A549/DOX cells, in the
absence (CTR) or presence of 13, 27 and 32 at 1 µM. Each bar represents the mean ± SD of three
independent experiments, with technical duplicates. One-way analysis of variance (ANOVA) analysis:
*** p < 0.0001 vs. control in resistant cells (HT29/DOX or A549/DOX).
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Figure 7. Membrane fluidity in HT29/DOX (left) and A549/DOX (right) cells, in the absence (CTR)
or presence of 13, 27 and 32 at 1 µM. Each bar represents the mean ± SD of three independent
experiments, with technical duplicates. One-way analysis of variance (ANOVA) analysis: * p < 0.05,
** p < 0.001 *** p < 0.0001 vs. control.

2.7. Transport Inhibition of Fluorescent Probes in MDCK Transfected Cells

The derivatives studied as collateral sensitizers, 13, 27 and 32, together with compound
33, which displayed the highest potency in doxorubicin co-administration assays, were
further tested in three Madin–Darby Canine Kidney (MDCK) transfected cell lines that
overexpress P-gp, MRP1 or BCRP.

The MDR interaction potency of these compounds was studied by detecting the inhi-
bition of the P-gp-, MRP1- or BCRP-mediated efflux of a substrate in cells overexpressing
the studied pumps. In detail, we measured the following: (i) the transport inhibition of
the profluorescent probe calcein-AM (P-gp and MRP1 substrate) in MDCK-MDR1 and
MDCK-MRP1 cells (P-gp- and MRP1-overexpressing cells, respectively); (ii) the transport
inhibition of the fluorescent probe Hoechst 33342 (BCRP substrate) in MDCK-BCRP cells
(BCRP-overexpressing cells) [51].

The results, reported in Table 2, showed that CS inducers 13, 27, and 32 modulated
the P-gp-mediated transport of calcein-AM, with EC50 values in the micromolar range,
demonstrating their specific influence on the activity of this efflux pump in an MDCK-
MDR1 model, in which only P-gp is present. Also, compound 33 confirmed its effect as a
P-gp modulator, displaying an EC50 value of 3.02 µM.
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Table 2. MDR activity profile of compounds 13, 27, 32 and 33 in MDCK-MDR1, MDCK-MRP1 and
MDCK-BCRP cells, overexpressing P-gp, MRP1 and BCRP, respectively.

EC50 µM 1

Cmpd MDR1 MRP1 BCRP

13 14.45 ± 0.25 52 ± 10 NA
27 3.99 ± 0.11 NA NA
32 4.53 ± 0.17 NA NA
33 3.02 ± 0.09 NA NA

1 Values are the mean ± SEM of two independent experiments, with samples in triplicate. NA = not active.

Regarding MRP1 inhibition, only compound 13 displayed an EC50 value in the micro-
molar range, while all these derivatives were not active on BCRP.

3. Discussion and Conclusions

In this work, we described the design, synthesis, and biological activity of novel N1,N4-
disubstituted piperazine derivatives able to reverse the P-gp-mediated MDR in cancer
cells overexpressing both P-gp and hCA XII transmembrane proteins. In several MDR
cancer cells P-gp is co-localized with hCA XII isoform and the catalytic activity of hCA XII
modulates the efflux activity of P-gp. Indeed, the structure of these dual inhibitors contains
both P-gp and hCA XII binding moieties to synergistically overcome MDR. Therefore,
these compounds had a piperazine ring carrying on one nitrogen atom three different
methoxy-substituted arylalkyl moieties, which conferred good inhibitory activity on P-gp,
and on the second nitrogen atom four different coumarin groups, to maintain a selectivity
towards hCA XII, linked to the heterocycle by an alkoxy chain.

All compounds were able to inhibit the hCA XII isoform at nanomolar concentrations, to
different extents: indeed, derivatives carrying the coumarin group IV were the least active,
while the (E)-3-(3,4,5-trimethoxyphenyl)vinyl (a) and 3,4,5-trimethoxyphenyl (b) residues
conferred higher potency on hCA XII, regardless of linker length. Moreover, most of our
new derivatives displayed good inhibitory effects on P-gp, by increasing the cytotoxicity
of doxorubicin in resistant K562/DOX cells, which overexpress only the transporter. All
compounds with the 4,4-bis(4-methoxyphenyl)butyl (c) residue were the most potent ones,
also showing RF values higher than 10.0 or 20.0, when used at 1 or 3 µM, respectively.

Selected compounds (1, 2, 4–6, 14, 19 and 33) were also studied in doxorubicin-
resistant human adenocarcinoma colon cells (HT29/DOX) and in doxorubicin-resistant
non-small cell lung cancer cells (A549/DOX), that overexpress both P-gp and hCA XII.
The results showed that, in a specific environment where the two target proteins coexist,
these compounds enhanced the cytotoxicity of the co-administered doxorubicin in a dose-
dependent way, demonstrating a synergic effect on the MDR reversal activity due to the
dual P-gp/hCA XII inhibition. In particular, compounds 4, 5, 14, 19 and 33 were the most
potent in both the doxorubicin-treated HT29/DOX and A549/DOX cell lines, when tested
at a concentration of 3 µM. As regards SARs, it is not possible to find a certain correlation
between the nature of the substituents on the two nitrogen atoms and the activity of these
compounds, since their structures are quite different.

Moreover, we demonstrated that the reduced viability measured in the doxorubicin
co-administration assay in the presence of our compounds was due to different retention of
the anticancer drug within the cells. Indeed, all tested compounds were able to increase
intracellular doxorubicin in HT29/DOX or A549/DOX cells, and the most potent derivative
was 33, which allowed the greatest accumulation of the drug in both resistant cell lines.

Evidence that these compounds (4, 5, 14, 19, 33) had higher activity in HT29/DOX and
A549/DOX cells, that overexpress both P-gp and hCA XII, than in K562/DOX cells, overex-
pressing only P-gp, demonstrates that they were endowed with a synergistic mechanism
on the two target proteins.

Together, these results confirm that most of our new N1,N4-disubstituted piperazine
derivatives act as dual P-gp/hCA XII inhibitors. Among them, compound 33 resulted as a
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promising P-gp-mediated MDR reverser with a synergistic mechanism. Indeed, although it
did not prove to be the most potent compound on the two target proteins taken individually
(Ki = 46.8 nM on hCA XII isoform and RF = 9.9 and 31.7, at 1 and 3 µM concentrations,
respectively, in K562/DOX cells, devoid of hCA XII), compound 33 displayed the greatest
potency in enhancing the cytotoxicity and accumulation of doxorubicin in assays performed
in cancer cells expressing both P-gp and hCA XII.

Interestingly, compounds 13, 27 and 32 showed an unexpectedly higher cytotoxicity in
resistant cells than in the sensitive ones, appearing as possible CS inducers. The mechanistic
investigations revealed that they acted as multitarget agents: indeed, they induced oxidative
stress and increased the amount of peroxidized plasma membrane lipids; they altered the
chemical-physical properties of the membrane by increasing its fluidity and creating an
unfavorable lipid environment for the activity of P-gp. Notwithstanding, compounds 13, 27
and 32 proved to be more potent cytotoxic agents against P-gp-expressing cells than their
sensitive counterparts due to increased generation of ROS and lipoperoxides, and an increased
membrane fluidity, three events that are sufficient to induce CS in drug-resistant cells [41,42].

In conclusion, these results confirm our starting hypothesis that compounds containing
both P-gp and hCA XII binding groups on the two nitrogen atoms of the piperazine ring
were able to synergistically overcome MDR by acting as dual P-gp/hCA XII inhibitors.
However, these piperazine derivatives, bearing arylalkyl and aryloxyalkyl substituents on
the two nitrogen atoms, were generally less potent on the two proteins, P-gp and hCA XII,
taken individually, than the previously synthesized N,N-bis(alkanol)amine aryl derivatives
containing ester functions. Therefore, a possible development of this project could be the
synthesis of new N1,N4-disubstituted piperazine derivatives containing aryl ester moieties
to improve the potency of this series of molecules.

Furthermore, three collateral-sensitizing compounds were identified that could be con-
sidered interesting leads for the development of selective cytotoxic agents for MDR cells.

4. Materials and Methods
4.1. Chemistry

All melting points were taken on a Büchi apparatus and are uncorrected. NMR spectra
were recorded on a Bruker Avance 400 spectrometer (400 MHz for 1H-NMR, 100 MHz for
13C-NMR). 1H and 13C NMR spectra were measured at room temperature (25 ◦C) in an
appropriate solvent. 1H and 13C chemical shifts are expressed in ppm (δ) referenced to
TMS. Spectral data are reported using the following abbreviations: s = singlet, d = doublet,
dd = doublet of doublets, dt = doublet of triplets, t = triplet, bs = broad singlet,
m = multiplet, and coupling constants are reported in Hz, followed by integration. Assign-
ments of the 13C signals were performed using the attached proton test (APT) technique.

Chromatographic separations were performed on a silica gel column by flash chro-
matography (Kieselgel 40, 0.040–0.063 mm; Merck, Darmstadt, Germany). Yields are
given after purification unless otherwise stated. The high-resolution mass spectrometry
(HRMS) analysis was performed with a Thermo Finnigan LTQ Orbitrap mass spectrometer
equipped with an electrospray ionization source (ESI). The accurate mass/charge ratio
measure was carried out by introducing, via a syringe pump at 10 µL min−1, the sample
solution (1.0 µg mL−1 in mQ water/acetonitrile 50:50), and the signal of the positive ions
was acquired. The proposed experimental conditions allowed to monitoring the protonated
molecules of studied compounds ([M+H]+ species), that were measured with a proper
dwell time to achieve 60,000 units of resolution at Full Width at Half Maximum (FWHM).
The elemental composition of each compound was calculated based on its measured accu-
rate mass/charge ratio, accepting only results with an attribution error less than 2.5 ppm
and a not integer double bond/ring equivalents (RDB) value, to consider only the proto-
nated species [52]. The final compounds were checked by HPLC/diode array detection
(DAD) analysis and were found a purity ≥ 95%. HPLC/DAD conditions of the analytical
method, the chromatograms and UV spectra of final compounds 1–36 are included in the
Supplementary Materials (Figures S8–S47).
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Compounds were named following IUPAC rules as applied by ChemBioDraw Ultra
14.0 software. When reactions were performed in anhydrous conditions, the mixtures were
maintained under nitrogen. Free bases 1–36 were transformed into the corresponding
dihydrochlorides by treatment with a solution of acetyl chloride (2–3 equiv.) in anhydrous
CH3OH. The salts were crystallized from abs. ethanol/petroleum ether.

4.1.1. General Procedures for the Synthesis of Piperazine Derivatives 1–36

To a solution of the proper methoxy-substituted aryl piperazine (37–39) [21] (1 equiv.)
in dry acetonitrile, K2CO3 (1.2 equiv.) and the adequate bromoalkoxy-2H-chromen-2-one
(42–53) (1.2 equiv.) were added. The mixture was stirred at 60 ◦C overnight, then the
solvent was removed under reduced pressure and the residue was treated with CH2Cl2.
The organic layer was washed twice with 10% NaOH solution, dried over Na2SO4 and
concentrated under vacuum. Finally, the residue was purified by flash chromatography
using the proper eluting system, yielding the desired compound as an oil.

(E)-7-(2-(4-(3-(3,4,5-Trimethoxyphenyl)allyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 1. Fol-
lowing the general procedure, compound 1 (0.020 g, yield: 30.6%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.040 g, 0.14 mmol) and 42 (0.044 g, 0.16 mmol) in
2.5 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.62 (d, J = 9.6 Hz, 1H, CH=CH); 7.35 (d, J = 8.4 Hz,
1H, CH arom.); 6.84–6.80 (m, 2H, CH arom.); 6.60 (s, 2H, CH arom.); 6.44 (d, J = 16.0 Hz, 1H,
CH=CH); 6.25–6.15 (m, 2H, CH=CH); 4.15 (t, J = 5.6 Hz, 2H, OCH2); 3.85 (s, 6H, OCH3); 3.82
(s, 3H, OCH3); 3.17 (d, J = 6.4 Hz, 2H, NCH2); 2.86 (t, J = 5.6 Hz, 2H, NCH2); 2.78–2.50 (m,
8H, NCH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 161.96 (C); 161.15 (C); 155.85 (C); 153.31
(C); 143.36 (CH); 137.81 (C); 133.11 (CH); 132.55 (C); 128.73 (CH); 125.87 (CH); 113.18 (CH);
113.00 (CH) 112.63 (C); 103.37 (CH); 101.50 (CH); 66.56 (CH2); 60.91 (OCH3); 60.87 (CH2);
56.84 (CH2); 56.05 (OCH3); 53.59 (CH2); 53.09 (CH2) ppm. ESI-HRMS (m/z) calculated for
[M+H]+ ion species C27H33N2O6 = 481.2333, found 481.2339. Dihydrochloride: white solid;
mp 140–143 ◦C.

(E)-7-(3-(4-(3-(3,4,5-Trimethoxyphenyl)allyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 2. Follow-
ing the general procedure, compound 2 (0.040 g, yield: 33.9%) was synthesized as a pale-yellow
oil, starting from 37 [21] (0.070 g, 0.24 mmol) and 43 [20] (0.081 g, 0.29 mmol) in 4.0 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR
(400 MHz, CDCl3) δ: 7.61 (d, J = 9.2 Hz, 1H, CH=CH); 7.34 (d, J = 8.4 Hz, 1H, CH arom.);
6.83–6.80 (m, 2H, CH arom.); 6.60 (s, 2H, CH arom.); 6.44 (d, J = 15.6 Hz, 1H, CH=CH);
6.24–6.14 (m, 2H, CH=CH); 4.07 (t, J = 5.6 Hz, 2H, OCH2); 3.85 (s, 6H, OCH3); 3.82 (s, 3H,
OCH3); 3.16 (d, J = 6.8 Hz, 2H, NCH2); 2.75–2.38 (m, 10H, NCH2); 2.03–1.95 (m, 2H, CH2)
ppm. 13C-NMR (100 MHz, CDCl3) δ: 162.26 (C); 161.26 (C); 155.88 (C); 153.28 (C); 143.46 (CH);
137.67 (C); 132.99 (CH); 132.60 (C); 128.72 (CH); 126.06 (CH); 112.98 (CH); 112.45 (C); 103.27
(CH); 101.34 (CH); 66.84 (CH2); 60.94 (CH2); 60.92 (OCH3); 56.03 (OCH3); 54.87 (CH2); 53.21
(CH2); 26.48 (CH2) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C28H35N2O6
= 495.2490, found 495.2481. Dihydrochloride: white solid; mp 240–243 ◦C.

(E)-7-(4-(4-(3-(3,4,5-Trimethoxyphenyl)allyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 3. Fol-
lowing the general procedure, compound 3 (0.010 g, yield: 23.0%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.025 g, 0.086 mmol) and 44 (0.030 g, 0.10 mmol) in
2.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.62 (d, J = 9.6 Hz, 1H, CH=CH); 7.35 (d, J = 8.4 Hz,
1H, CH arom.); 6.83–6.79 (m, 2H, CH arom.); 6.60 (s, 2H, CH arom.); 6.47 (d, J = 16.0 Hz,
1H, CH=CH); 6.25–6.14 (m, 2H, CH=CH); 4.03 (t, J = 6.4 Hz, 2H, OCH2); 3.86 (s, 6H, OCH3);
3.83 (s, 3H, OCH3); 3.27 (d, J = 6.4 Hz, 2H, NCH2); 2.90–2.52 (m, 10H, NCH2); 1.88–1.75 (m,
4H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 162.28 (C); 161.24 (C); 155.93 (C); 153.32
(C); 143.41 (CH); 133.17 (CH); 132.56 (C); 128.71 (CH); 125.88 (CH); 112.99 (CH); 112.44
(C); 103.38 (CH); 101.31 (CH); 68.32 (CH2); 60.92 (OCH3); 60.88 (CH2); 58.03 (CH2); 56.06
(OCH3); 53.09 (CH2); 29.68 (CH2); 26.95 (CH2); 23.26 (CH2) ppm. ESI-HRMS (m/z) calcu-
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lated for [M+H]+ ion species C29H37N2O6 = 509.2646, found 509.2641. Dihydrochloride:
white solid; mp 160–163 ◦C.

(E)-4-Methyl-7-(2-(4-(3-(3,4,5-trimethoxyphenyl)allyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 4.
Following the general procedure, compound 4 (0.020 g, yield: 29.5%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.040 g, 0.14 mmol) and 45 (0.046 g, 0.16 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: EtOAc/CH3OH/NH4OH
99:1:0.1. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.48 (d,
J = 8.8 Hz, 1H, CH arom.); 6.86 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.81 (d, J = 2.4 Hz, 1H,
CH arom.); 6.60 (s, 2H, CH arom.); 6.45 (d, J = 15.6, 1H, CH=CH); 6.18 (dt, J = 15.6, 6.8 Hz,
1H, CH=CH); 6.13 (s, 1H, CH=C); 4.16 (t, J = 5.6 Hz, 2H, OCH2); 3.85 (s, 6H, OCH3); 3.83 (s,
3H, OCH3); 3.17 (d, J = 6.8 Hz, 2H, NCH2); 2.86 (t, J = 5.6 Hz, 2H, NCH2); 2.76–2.45 (m, 8H,
CH2); 2.39 (s, 3H, CH3) ppm. 13C-NMR (100 MHz, CDCl3) δ: 161.77 (C); 161.25 (C); 155.24
(C); 153.32 (C); 152.49 (C); 133.18 (CH); 132.56 (C); 125.51 (CH); 113.70 (C); 112.70 (CH);
112.06 (CH); 103.37 (CH); 101.52 (CH); 66.51 (CH2); 60.93 (OCH3); 60.88 (CH2); 56.87 (CH2);
56.06 (OCH3); 53.58 (CH2); 53.09 (CH2); 18.67 (CH3) ppm. ESI-HRMS (m/z) calculated for
[M+H]+ ion species C28H35N2O6 = 495.2490, found 495.2490. Dihydrochloride: white solid;
mp 139–141 ◦C.

(E)-4-Methyl-7-(3-(4-(3-(3,4,5-trimethoxyphenyl)allyl)piperazin-1-yl)propoxy)-2H-chromen-2-one
5. Following the general procedure, compound 5 (0.030 g, yield: 57.3%) was synthesized as
a pale-yellow oil, starting from 37 [21] (0.030 g, 0.10 mmol) and 46 (0.036 g, 0.12 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.47 (d,
J = 8.8 Hz, 1H, CH arom.); 6.85–6.81 (m, 2H, CH arom.); 6.61 (s, 2H, CH arom); 6.45 (d,
J = 16.0 Hz, 1H, CH=CH); 6.20 (dt, J = 15.6, 6.8 Hz, 1H, CH=CH); 6.12 (s, 1H, CH=C); 4.07 (t,
J = 6.4 Hz, 2H, OCH2); 3.85 (s, 6H, OCH3); 3.83 (s, 3H, OCH3); 3.16 (d, J = 6.8 Hz, 2H,
NCH2); 2.85–2.43 (m, 10H, NCH2); 2.39 (s, 3H, CH3); 2.04–1.98 (m, 2H, CH2) ppm. 13C-NMR
(100 MHz, CDCl3) δ: 162.08 (C); 161.37 (C); 155.29 (C); 153.30 (C); 152.59 (C); 133.06 (CH);
132.59 (C); 125.48 (CH); 113.51 (C); 112.70 (CH); 111.90 (CH); 103.29 (CH); 101.35 (CH);
66.80 (CH2); 61.23 (CH2); 60.88 (OCH3); 56.04 (OCH3); 54.90 (CH2); 53.18 (CH2); 26.50
(CH2); 18.70 (CH3) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C29H37N2O6
= 509.2646, found 509.2646. Dihydrochloride: white solid; mp 70–73 ◦C.

(E)-4-Methyl-7-(4-(4-(3-(3,4,5-trimethoxyphenyl)allyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 6.
Following the general procedure, compound 6 (0.050 g, yield: 44.3%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.063 g, 0.22 mmol) and 47 (0.080 g, 0.26 mmol) in
3.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
93:7:0.7. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.47 (d,
J = 8.8 Hz, 1H, CH arom.); 6.82 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.79 (d, J = 2.4 Hz,
1H, CH arom.); 6.60 (s, 2H, CH arom); 6.45 (d, J = 16.0 Hz, 1H, CH=CH); 6.19 (dt, J = 16.0,
6.8 Hz, 1H, CH=CH); 6.11 (s, 1H, CH=C); 4.03 (t, J = 6.4 Hz, 2H, OCH2); 3.85 (s, 6H, OCH3);
3.82 (s, 3H, OCH3); 3.16 (d, J = 6.8 Hz, 2H, NCH2); 2.78–2.41 (m, 10H, NCH2); 2.38 (s, 3H,
CH3); 1.87–1.80 (m, 2H, CH2); 1.73–1.65 (m, 2H, CH2) ppm. ESI-HRMS (m/z) calculated
for [M+H]+ ion species C30H39N2O6 = 523.2803, found 523.2811. Dihydrochloride: yellow
solid; mp 180–183 ◦C.

(E)-6-(2-(4-(3-(3,4,5-Trimethoxyphenyl)allyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 7. Fol-
lowing the general procedure, compound 7 (0.050 g, yield: 55.9%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.054 g, 0.19 mmol) and 48 (0.060 g, 0.22 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.60 (d,
J = 9.6 Hz, 1H, CH=CH); 7.20 (d, J = 8.8 Hz, 1H, CH arom); 7.08 (dd, J = 8.8, 2.8 Hz, 1H, CH
arom); 6.89 (d, J = 2.8 Hz, 1H, CH arom); 6.57 (s, 2H, CH arom); 6.42 (d, J = 15.6 Hz, 1H,
CH=CH); 6.37 (d, J = 9.6 Hz, 1H, CH=CH); 6.17 (dt, J = 15.6, 6.8 Hz, 1H, CH=CH); 4.10 (t,
J = 5.6 Hz, 2H, OCH2); 3.82 (s, 6H, OCH3); 3.80 (s, 3H, OCH3); 3.15 (d, J = 6.8 Hz, 2H,
NCH2); 2.82 (t, J = 5.6 Hz, 2H, NCH2); 2.77–2.40 (m, 8H, NCH2) ppm. 13C-NMR (100 MHz,
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CDCl3) δ: 160.91 (C); 155.20 (C); 153.29 (C); 148.49 (C); 143.18 (CH); 137.79 (C); 133.32 (CH);
132.47 (C); 125.53 (CH); 119.98 (CH); 119.15 (C); 117.81 (CH); 117.05 (CH); 110.98 (CH);
103.35 (CH); 66.61 (CH2); 60.89 (OCH3); 60.80 (CH2); 57.03 (CH2); 56.03 (OCH3); 53.45
(CH2); 52.99 (CH2) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C27H33N2O6
= 481.2333, found 481.2330. Dihydrochloride: yellow solid; mp 240–243 ◦C.

(E)-6-(3-(4-(3-(3,4,5-Trimethoxyphenyl)allyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 8. Fol-
lowing the general procedure, compound 8 (0.050 g, yield: 68.8%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.043 g, 0.15 mmol) and 49 (0.050 g, 0.18 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.61 (d,
J = 9.6 Hz, 1H, CH=CH); 7.21 (d, J = 8.8 Hz, 1H, CH arom); 7.06 (dd, J = 8.8, 2.8 Hz, 1H,
CH arom); 6.88 (d, J = 2.8 Hz, 1H, CH arom); 6.58 (s, 2H, CH arom); 6.42 (d, J = 15.6 Hz,
1H, CH=CH); 6.37 (d, J = 9.6 Hz, 1H, CH=CH); 6.17 (dt, J = 15.6, 6.4 Hz, 1H, CH=CH);
4.00 (t, J = 6.4 Hz, 2H, OCH2); 3.83 (s, 6H, OCH3); 3.80 (s, 3H, OCH3); 3.13 (d, J = 6.4 Hz,
2H, NCH2); 2.70–2.20 (m, 10H, NCH2); 2.00–1.94 (m, 2H, CH2) ppm. 13C-NMR (100 MHz,
CDCl3) δ: 160.98 (C); 155.47 (C); 153.28 (C); 148.36 (C); 143.24 (CH); 137.71 (C); 133.04 (CH);
132.56 (C); 125.95 (CH); 119.90 (CH); 119.14 (C); 117.78 (CH); 116.99 (CH); 110.78 (CH);
103.29 (CH); 66.93 (CH2); 60.89 (CH2); 56.03 (OCH3); 55.00 (CH2); 53.16 (CH2); 26.65 (CH2)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C28H35N2O6 = 495.2490, found
495.2496. Dihydrochloride: yellow solid; mp 242–244 ◦C.

(E)-6-(4-(4-(3-(3,4,5-Trimethoxyphenyl)allyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 9. Fol-
lowing the general procedure, compound 9 (0.060 g, yield: 57.6%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.060 g, 0.21 mmol) and 50 (0.073 g, 0.25 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.63 (d,
J = 9.6 Hz, 1H, CH=CH); 7.25 (d, J = 9.2 Hz, 1H, CH arom); 7.09 (dd, J = 9.2, 2.8 Hz, 1H,
CH arom); 6.89 (d, J = 2.8 Hz, 1H, CH arom); 6.61 (s, 2H, CH arom); 6.47–6.41 (m, 2H,
CH=CH); 6.19 (dt, J = 15.6, 6.4 Hz, 1H, CH=CH); 4.00 (t, J = 6.0 Hz, 2H, OCH2); 3.86 (s,
6H, OCH3); 3.83 (s, 3H, OCH3); 3.16 (d, J = 6.4 Hz, 2H, NCH2); 2.80–2.40 (m, 10H, NCH2);
1.86–1.79 (m, 2H, CH2); 1.74–1.70 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ:
160.96 (C); 155.47 (C); 153.26 (C); 148.30 (C); 143.25 (CH); 137.71 (C); 132.99 (CH); 132.57 (C);
125.95 (CH); 119.86 (CH); 119.13 (C); 117.74 (CH); 116.93 (CH); 110.74 (CH); 103.32 (CH);
68.39 (CH2); 60.89 (CH2); 58.11 (CH2); 56.02 (OCH3); 53.11 (CH2); 27.16 (CH2); 23.34 (CH2)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C29H37N2O6 = 509.2646, found
509.2640. Dihydrochloride: yellow solid; mp 250–252 ◦C.

(E)-4-Methyl-6-(2-(4-(3-(3,4,5-trimethoxyphenyl)allyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 10.
Following the general procedure, compound 10 (0.040 g, yield: 33.8%) was synthesized as a
pale-yellow oil, starting from 37 [21] (0.070 g, 0.24 mmol) and 51 (0.081 g, 0.29 mmol) in
5.8 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.23 (d,
J = 9.2 Hz, 1H, CH arom); 7.08 (dd, J = 9.2, 2.8 Hz, 1H, CH arom); 7.01 (d, J = 2.8 Hz, 1H,
CH arom); 6.59 (s, 2H, CH arom); 6.44 (d, J = 15.6 Hz, 1H, CH=CH); 6.26 (s, 1H, CH=C);
6.18 (dt, J = 15.6, 6.4 Hz, 1H, CH=CH); 4.13 (t, J = 6.4 Hz, 2H, OCH2); 3.84 (s, 6H, OCH3);
3.81 (s, 3H, OCH3); 3.16 (d, J = 6.4 Hz, 2H, NCH2); 2.85 (t, J = 6.4 Hz, 2H, NCH2); 2.77–2.50
(m, 8H, NCH2); 2.38 (s, 3H, CH3) ppm. 13C-NMR (100 MHz, CDCl3) δ: 160.86 (C); 155.11
(C); 153.30 (C); 151.93 (C); 147.95 (C); 137.89 (C); 133.39 (CH); 132.44 (C); 125.41 (CH); 120.43
(C); 119.20 (CH); 117.90 (CH); 115.47 (CH); 108.68 (CH); 103.44 (CH); 66.60 (CH2); 60.88
(OCH3); 60.78 (CH2); 57.07 (CH2); 56.06 (OCH3); 53.44 (CH2); 52.97 (CH2); 18.68 (CH3)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C28H35N2O6 = 495.2490, found
495.2482. Dihydrochloride: yellow solid; mp 230–232 (d) ◦C.

(E)-4-Methyl-6-(3-(4-(3-(3,4,5-trimethoxyphenyl)allyl)piperazin-1-yl)propoxy)-2H-chromen-2-one
11. Following the general procedure, compound 11 (0.040 g, yield: 38.4%) was synthesized
as a pale-yellow oil, starting from 37 [21] (0.060 g, 0.21 mmol) and 52 (0.073 g, 0.25 mmol) in
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5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.21 (d,
J = 9.2 Hz, 1H, CH arom); 7.07 (dd, J = 9.2, 2.8 Hz, 1H, CH arom); 6.98 (d, J = 2.8 Hz, 1H,
CH arom); 6.58 (s, 2H, CH arom); 6.42 (d, J = 15.6 Hz, 1H, CH=CH); 6.25 (s, 1H, CH=C);
6.17 (dt, J = 15.6, 6.4 Hz, 1H, CH=CH); 4.03 (t, J = 6.4 Hz, 2H, OCH2); 3.83 (s, 6H, OCH3);
3.80 (s, 3H, OCH3); 3.14 (d, J = 6.4 Hz, 2H, NCH2); 2.73–2.43 (m, 10H, NCH2); 2.38 (s, 3H,
CH3); 2.02–1.95 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 160.88 (C); 155.37 (C);
153.32 (C); 151.93 (C); 147.85 (C); 137.89 (C); 133.12 (CH); 132.53 (C); 125.79 (CH); 120.43 (C);
119.09 (CH); 117.86 (CH); 115.43 (CH); 108.56 (CH); 103.46 (CH); 66.98 (CH2); 60.87 (OCH3);
60.84 (CH2); 56.06 (OCH3); 55.00 (CH2); 53.14 (CH2); 53.08 (CH2); 26.68 (CH2); 18.67 (CH3)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C29H37N2O6 = 509.2646, found
509.2644. Dihydrochloride: yellow solid; mp 234–236 (d) ◦C.

(E)-4-Methyl-6-(4-(4-(3-(3,4,5-trimethoxyphenyl)allyl)piperazin-1-yl)butoxy)-2H-chromen-2-one
12. Following the general procedure, compound 12 (0.050 g, yield: 46.7%) was synthesized
as a pale-yellow oil, starting from 37 [21] (0.060 g, 0.21 mmol) and 53 (0.077 g, 0.25 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.22 (d,
J = 9.2 Hz, 1H, CH arom); 7.06 (dd, J = 9.2, 2.8 Hz, 1H, CH arom); 6.98 (d, J = 2.8 Hz, 1H, CH
arom); 6.59 (s, 2H, CH arom); 6.42 (d, J = 15.6 Hz, 1H, CH=CH); 6.26 (s, 1H, CH=C); 6.17
(dt, J = 15.6, 6.4 Hz, 1H, CH=CH); 3.99 (t, J = 6.4 Hz, 2H, OCH2); 3.84 (s, 6H, OCH3); 3.81 (s,
3H, OCH3); 3.14 (d, J = 6.4 Hz, 2H, NCH2); 2.70–2.40 (m, 10H, NCH2); 2.38 (s, 3H, CH3);
1.85–1.78 (m, 2H, CH2); 1.72–1.67 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 160.95
(C); 155.40 (C); 153.31 (C); 151.96 (C); 147.80 (C); 137.81 (C); 133.03 (CH); 132.57 (C); 125.95
(CH); 120.44 (C); 119.04 (CH); 117.88 (CH); 115.44 (CH); 108.46 (CH); 103.38 (CH); 68.45
(CH2); 60.91 (CH2); 58.15 (CH2); 56.05 (OCH3); 53.14 (CH2); 27.26 (CH2); 23.38 (CH2); 18.70
(CH3) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C30H39N2O6 = 523.2803,
found 523.2797. Dihydrochloride: yellow solid; mp 204–207 ◦C.

7-(2-(4-(3,4,5-Trimethoxybenzyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 13. Following the
general procedure, compound 13 (0.12 g, yield: 78.0%) was synthesized as a yellow oil,
starting from 38 [21] (0.090 g, 0.34 mmol) and 42 (0.11 g, 0.40 mmol) in 5.0 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-
NMR (400 MHz, CDCl3) δ: 7.58 (d, J = 9.2 Hz, 1H, CH=CH); 7.31 (d, J = 8.4 Hz, 1H, CH
arom.); 6.79 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.75 (d, J = 2.4 Hz, 1H, CH arom.); 6.52
(s, 2H, CH arom.); 6.18 (d, J = 9.2 Hz, 1H, CH=CH); 4.11 (t, J = 5.6 Hz, 2H, OCH2); 3.81
(s, 6H, OCH3); 3.78 (s, 3H, OCH3); 3.42 (s, 2H, NCH2); 2.81 (t, J = 5.6 Hz, 2H, NCH2);
2.70–2.55 (m, 4H, NCH2); 2.54–2.35 (m, 4H, NCH2) ppm. 13C-NMR (100 MHz, CDCl3)
δ: 161.94 (C); 161.10 (C); 155.80 (C); 153.07 (C); 143.39 (CH); 136.97 (C); 133.63 (C); 128.76
(CH); 113.08 (CH); 112.94 (CH); 112.60 (C); 105.89 (CH); 101.48 (CH); 66.59 (CH2); 63.11
(CH2); 60.78 (OCH3); 56.81 (CH2); 56.11 (OCH3); 53.57 (CH2); 52.89 (CH2) ppm. ESI-
HRMS (m/z) calculated for [M+H]+ ion species C25H31N2O6 = 455.2177, found 455.2177.
Dihydrochloride: white solid; mp 239–241 ◦C.

7-(3-(4-(3,4,5-Trimethoxybenzyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 14. Following the
general procedure, compound 14 (0.11 g, yield: 89.7%) was synthesized as a yellow oil,
starting from 38 [21] (0.070 g, 0.26 mmol) and 43 [20] (0.090 g, 0.32 mmol) in 5.0 mL of
dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH 95:5:0.5.
1H-NMR (400 MHz, CDCl3) δ: 7.60 (d, J = 9.2 Hz, 1H, CH=CH); 7.32 (d, J = 8.4 Hz, 1H,
CH arom.); 6.83–6.77 (m, 2H, CH arom.); 6.53 (s, 2H, CH arom.); 6.20 (d, J = 9.2 Hz, 1H,
CH=CH); 4.05 (t, J = 5.6 Hz, 2H, OCH2); 3.82 (s, 6H, OCH3); 3.80 (s, 3H, OCH3); 3.42 (s,
2H, NCH2); 2.66–2.35 (m, 10H, NCH2); 2.00–1.94 (m, 2H, CH2) ppm. 13C-NMR (100 MHz,
CDCl3) δ: 162.28 (C); 161.19 (C); 155.88 (C); 153.06 (C); 143.43 (CH); 136.90 (C); 133.98 (C);
128.71 (CH); 112.94 (CH); 112.44 (C); 105.84 (CH); 101.38 (CH); 66.88 (CH2); 63.21 (CH2);
60.81 (OCH3); 56.11 (OCH3); 54.86 (CH2); 53.25 (CH2); 53.07 (CH2); 26.51 (CH2) ppm. ESI-
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HRMS (m/z) calculated for [M+H]+ ion species C26H33N2O6 = 469.2333, found 469.2331.
Dihydrochloride: white solid; mp 220–223 ◦C.

7-(4-(4-(3,4,5-Trimethoxybenzyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 15. Following the
general procedure, compound 15 (0.12 g, yield: 82.9%) was synthesized as a yellow oil,
starting from 38 [21] (0.080 g, 0.30 mmol) and 44 (0.10 g, 0.36 mmol) in 5.0 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH 95:5:0.5.
1H-NMR (400 MHz, CDCl3) δ: 7.61 (d, J = 9.2 Hz, 1H, CH=CH); 7.33 (d, J = 8.4 Hz, 1H,
CH arom.); 6.81–6.77 (m, 2H, CH arom.); 6.54 (s, 2H, CH arom.); 6.21 (d, J = 9.2 Hz, 1H,
CH=CH); 4.01 (t, J = 5.6 Hz, 2H, OCH2); 3.83 (s, 6H, OCH3); 3.81 (s, 3H, OCH3); 3.42 (s, 2H,
NCH2); 2.66–2.27 (m, 10H, NCH2); 1.85–1.78 (m, 2H, CH2); 1.70–1.64 (m, 2H, CH2) ppm.
13C-NMR (100 MHz, CDCl3) δ: 162.28 (C); 161.27 (C); 155.90 (C); 153.05 (C); 143.48 (CH);
136.82 (C); 133.98 (C); 128.73 (CH); 112.98 (CH); 112.94 (CH); 112.40 (C); 105.78 (CH); 101.27
(CH); 68.33 (CH2); 63.23 (CH2); 60.84 (OCH3); 58.10 (CH2); 56.11 (OCH3); 53.22 (CH2); 53.06
(CH2); 26.99 (CH2); 23.32 (CH2) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species
C27H35N2O6 = 483.2490, found 483.2484. Dihydrochloride: white solid; mp 215–218 ◦C.

4-Methyl-7-(2-(4-(3,4,5-trimethoxybenzyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 16. Follow-
ing the general procedure, compound 16 (0.090 g, yield: 94.7%) was synthesized as a
pale-yellow oil, starting from 38 [21] (0.054 g, 0.20 mmol) and 45 (0.056 g, 0.24 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.44 (d, J = 8.8 Hz, 1H, CH arom.); 6.82 (dd, J = 8.8,
2.4 Hz, 1H, CH arom.); 6.77 (d, J = 2.4 Hz, 1H, CH arom.); 6.53 (s, 2H, CH arom.); 6.08 (s,
1H, CH=C); 4.13 (t, J = 5.6 Hz, 2H, OCH2); 3.82 (s, 6H, OCH3); 3.80 (s, 3H, OCH3); 3.42 (s,
2H, NCH2); 2.82 (t, J = 5.6 Hz, 2H, NCH2); 2.73–2.39 (m, 8H, NCH2); 2.35 (s, 3H, CH3) ppm.
13C-NMR (100 MHz, CDCl3) δ: 161.78 (C); 161.21 (C); 155.20 (C); 153.07 (C); 152.51 (C);
136.95 (C); 133.83 (C); 125.51 (CH); 113.64 (C); 112.65 (CH); 111.96 (CH); 105.86 (CH); 101.51
(CH); 66.56 (CH2); 63.16 (CH2); 60.80 (OCH3); 56.87 (CH2); 56.12 (OCH3); 53.66 (CH2); 52.94
(CH2); 18.62 (CH3) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C26H33N2O6
= 469.2333, found 469.2325. Dihydrochloride: white solid; mp 231–234 ◦C.

4-Methyl-7-(3-(4-(3,4,5-trimethoxybenzyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 17. Follow-
ing the general procedure, compound 17 (0.050 g, yield: 55.4%) was synthesized as a yellow
oil, starting from 38 [21] (0.050 g, 0.19 mmol) and 46 (0.066 g, 0.22 mmol) in 5.0 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH 95:5:0.5.
1H-NMR (400 MHz, CDCl3) δ: 7.46 (d, J = 8.8 Hz, 1H, CH arom.); 6.83–6.80 (m, 2H, CH
arom.); 6.55 (s, 2H, CH arom.); 6.10 (s, 1H, CH=C); 4.06 (t, J = 6.0 Hz, 2H, OCH2); 3.84 (s, 6H,
OCH3); 3.81 (s, 3H, OCH3); 3.43 (s, 2H, NCH2); 2.64–2.40 (m, 10H, NCH2); 2.37 (s, 3H, CH3);
2.00–1.97 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 162.09 (C); 161.29 (C); 155.28
(C); 153.07 (C); 152.54 (C); 136.94 (C); 133.91 (C); 125.47 (CH); 113.49 (C); 112.64 (CH); 111.87
(CH); 105.86 (CH); 101.40 (CH); 66.84 (CH2); 63.20 (CH2); 60.83 (OCH3); 56.13 (OCH3); 54.88
(CH2); 53.22 (CH2); 53.03 (CH2); 26.50 (CH2); 18.64 (CH3) ppm. ESI-HRMS (m/z) calculated
for [M+H]+ ion species C27H35N2O6 = 483.2490, found 483.2489. Dihydrochloride: white
solid; mp 233–236 ◦C.

4-Methyl-7-(4-(4-(3,4,5-trimethoxybenzyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 18. Follow-
ing the general procedure, compound 18 (0.060 g, yield: 64.6%) was synthesized as a
pale-yellow oil, starting from 38 [21] (0.050 g, 0.19 mmol) and 47 (0.069 g, 0.22 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.43 (d, J = 8.8 Hz, 1H, CH arom.); 6.80–6.74 (m,
2H, CH arom.); 6.52 (s, 2H, CH arom.); 6.06 (s, 1H, CH=C); 3.99 (t, J = 6.4 Hz, 2H, OCH2);
3.81 (s, 6H, OCH3); 3.78 (s, 3H, OCH3); 3.42 (s, 2H, NCH2); 2.70–2.37 (m, 10H, NCH2); 2.34
(s, 3H, CH3); 1.83–1.77 (m, 2H, CH2); 1.73–1.64 (m, 2H, CH2) ppm. 13C-NMR (100 MHz,
CDCl3) δ: 162.06 (C); 161.26 (C); 155.25 (C); 153.05 (C); 152.57 (C); 136.95 (C); 133.65 (C);
125.49 (CH); 113.43 (C); 112.60 (CH); 111.79 (CH); 105.92 (CH); 101.30 (CH); 68.22 (CH2);
63.07 (CH2); 60.79 (OCH3); 57.92 (CH2); 56.11 (OCH3); 52.97 (CH2); 52.76 (CH2); 26.95
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(CH2); 23.09 (CH2); 18.61 (CH3) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species
C28H37N2O6 = 497.2646, found 497.2655. Dihydrochloride: white solid; mp 216–219 ◦C.

6-(2-(4-(3,4,5-Trimethoxybenzyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 19. Following the
general procedure, compound 19 (0.080 g, yield: 67.2%) was synthesized as a pale-yellow
oil, starting from 38 [21] (0.070 g, 0.26 mmol) and 48 (0.084 g, 0.32 mmol) in 5.0 mL
of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
93:7:0.7. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.60 (d,
J = 9.6 Hz, 1H, CH=CH); 7.19 (d, J = 8.8 Hz, 1H, CH arom.); 7.06 (dd, J = 8.8, 2.4 Hz, 1H,
CH arom.); 6.88 (d, J = 2.4 Hz, 1H, CH arom.); 6.52 (s, 2H, CH arom.); 6.36 (d, J = 9.6 Hz,
1H, CH=CH); 4.09 (t, J = 5.6 Hz, 2H, OCH2); 3.81 (s, 6H, OCH3); 3.79 (s, 3H, OCH3); 3.41
(s, 2H, NCH2); 2.80 (t, J = 5.6 Hz, 2H, NCH2); 2.72–2.32 (m, 8H, NCH2) ppm. 13C-NMR
(100 MHz, CDCl3) δ: 160.91 (C); 155.24 (C); 153.05 (C); 148.45 (C); 143.23 (CH); 136.85 (C);
133.88 (C); 120.00 (CH); 119.14 (C); 117.78 (CH); 117.01 (CH); 110.95 (CH); 105.77 (CH); 66.71
(CH2); 63.17 (CH2); 60.82 (OCH3); 57.09 (CH2); 56.10 (OCH3); 53.68 (CH2); 52.96 (CH2)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C25H31N2O6 = 455.2177, found
455.2176. Dihydrochloride: white solid; mp 180–182 ◦C.

6-(3-(4-(3,4,5-Trimethoxybenzyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 20. Following the
general procedure, compound 20 (0.050 g, yield: 71.1%) was synthesized as a pale-yellow
oil, starting from 38 [21] (0.040 g, 0.15 mmol) and 49 (0.051 g, 0.18 mmol) in 5.0 mL
of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.63 (d,
J = 9.6 Hz, 1H, CH=CH); 7.24 (d, J = 8.8 Hz, 1H, CH arom.); 7.09 (dd, J = 8.8, 2.4 Hz, 1H,
CH arom.); 6.90 (d, J = 2.4 Hz, 1H, CH arom.); 6.55 (s, 2H, CH arom.); 6.41 (d, J = 9.6 Hz,
1H, CH=CH); 4.03 (t, J = 6.4 Hz, 2H, OCH2); 3.85 (s, 6H, OCH3); 3.82 (s, 3H, OCH3); 3.44 (s,
2H, NCH2); 2.67–2.40 (m, 10H, NCH2); 2.02–1.94 (m, 2H, CH2) ppm. 13C-NMR (100 MHz,
CDCl3) δ: 160.98 (C); 155.51 (C); 153.09 (C); 148.40 (C); 143.19 (CH); 136.94 (C); 133.98 (C);
119.91 (CH); 119.16 (C); 117.82 (CH); 117.05 (CH); 110.81 (CH); 105.84 (CH); 67.03 (CH2);
63.24 (CH2); 60.85 (OCH3); 56.14 (OCH3); 55.05 (CH2); 53.31 (CH2); 53.09 (CH2); 26.74 (CH2)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C26H33N2O6 = 469.2333, found
469.2332. Dihydrochloride: white solid; mp 243–245 ◦C.

6-(4-(4-(3,4,5-Trimethoxybenzyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 21. Following the
general procedure, compound 21 (0.040 g, yield: 55.3%) was synthesized as a pale-yellow
oil, starting from 38 [21] (0.040 g, 0.15 mmol) and 50 (0.053 g, 0.18 mmol) in 5.0 mL
of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.63 (d,
J = 9.2 Hz, 1H, CH=CH); 7.25 (d, J = 8.8 Hz, 1H, CH arom.); 7.08 (dd, J = 8.8, 2.8 Hz, 1H, CH
arom.); 6.88 (d, J = 2.8 Hz, 1H, CH arom.); 6.55 (s, 2H, CH arom.); 6.41 (d, J = 9.2 Hz, 1H,
CH=CH); 3.99 (t, J = 6.0 Hz, 2H, OCH2); 3.85 (s, 6H, OCH3); 3.82 (s, 3H, OCH3); 3.43 (s, 2H,
NCH2); 2.67–2.40 (m, 10H, NCH2); 1.83–1.78 (m, 2H, CH2); 1.72–1.66 (m, 2H, CH2) ppm.
13C-NMR (100 MHz, CDCl3) δ: 161.03 (C); 155.51 (C); 153.07 (C); 148.36 (C); 143.23 (CH);
136.85 (C); 133.98 (C); 119.88 (CH); 119.16 (C); 117.84 (CH); 117.05 (CH); 110.71 (CH); 105.78
(CH); 68.43 (CH2); 63.27 (CH2); 60.86 (OCH3); 58.21 (CH2); 56.12 (OCH3); 53.25 (CH2); 53.09
(CH2); 27.23 (CH2); 23.45 (CH2) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species
C27H35N2O6 = 483.2490, found 483.2487. Dihydrochloride: white solid; mp 237–239 ◦C.

4-Methyl-6-(2-(4-(3,4,5-trimethoxybenzyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 22. Following
the general procedure, compound 22 (0.050 g, yield: 52.0%) was synthesized as a pale-yellow
oil, starting from 38 [21] (0.050 g, 0.19 mmol) and 51 (0.064 g, 0.23 mmol) in 4.2 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR
(400 MHz, CDCl3) δ: 7.23 (d, J = 9.2 Hz, 1H, CH arom); 7.10 (dd, J = 9.2, 2.8 Hz, 1H, CH
arom); 7.03 (d, J = 2.8 Hz, 1H, CH arom); 6.55 (s, 2H, CH arom); 6.27 (s, 1H, CH=C); 4.13 (t,
J = 6.0 Hz, 2H, OCH2); 3.84 (s, 6H, OCH3); 3.82 (s, 3H, OCH3); 3.45 (s, 2H, NCH2); 2.84 (t,
J = 6.0 Hz, 2H, NCH2); 2.71–2.58 (m, 4H, NCH2); 2.57–2.47 (m, 4H, NCH2); 2.38 (s, 3H, CH3)
ppm. 13C-NMR (100 MHz, CDCl3) δ: 160.91 (C); 155.13 (C); 153.10 (C); 151.93 (C); 147.97 (C);
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133.66 (C); 120.45 (C); 119.20 (CH); 117.93 (CH); 115.50 (CH); 108.66 (CH); 105.95 (CH); 66.67
(CH2); 63.17 (CH2); 60.83 (OCH3); 57.14 (CH2); 56.15 (OCH3); 53.65 (CH2); 52.90 (CH2); 18.71
(CH3) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C26H33N2O6 = 469.2333,
found 469.2342. Dihydrochloride: yellow solid; mp 240–242 (d) ◦C.

4-Methyl-6-(3-(4-(3,4,5-trimethoxybenzyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 23. Following
the general procedure, compound 23 (0.050 g, yield: 55.4%) was synthesized as a pale-yellow
oil, starting from 38 [21] (0.050 g, 0.19 mmol) and 52 (0.066 g, 0.23 mmol) in 4.2 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR
(400 MHz, CDCl3) δ: 7.21 (d, J = 9.2 Hz, 1H, CH arom); 7.07 (dd, J = 9.2, 2.8 Hz, 1H, CH
arom); 6.98 (d, J = 2.8 Hz, 1H, CH arom); 6.53 (s, 2H, CH arom); 6.25 (s, 1H, CH=C); 4.03 (t,
J = 6.4 Hz, 2H, OCH2); 3.83 (s, 6H, OCH3); 3.80 (s, 3H, OCH3); 3.42 (s, 2H, NCH2); 2.70–2.40
(m, 10H, NCH2); 2.38 (s, 3H, CH3); 2.01–1.94 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3)
δ: 160.94 (C); 155.38 (C); 153.06 (C); 152.01 (C); 147.80 (C); 136.92 (C); 133.90 (C); 120.41 (C);
119.11 (CH); 117.86 (CH); 115.41 (CH); 108.48 (CH); 105.85 (CH); 67.02 (CH2); 63.20 (CH2);
60.82 (OCH3); 56.12 (OCH3); 55.06 (CH2); 53.27 (CH2); 53.03 (CH2); 26.74 (CH2); 18.71 (CH3)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C27H35N2O6 = 483.2490, found
483.2497. Dihydrochloride: yellow solid; mp 244–246 (d) ◦C.

4-Methyl-6-(4-(4-(3,4,5-trimethoxybenzyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 24. Follow-
ing the general procedure, compound 24 (0.060 g, yield: 64.4%) was synthesized as a
pale-yellow oil, starting from 38 [21] (0.050 g, 0.19 mmol) and 53 (0.070 g, 0.23 mmol) in
4.2 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.24 (d, J = 9.2 Hz, 1H, CH arom); 7.07 (dd, J = 9.2,
2.8 Hz, 1H, CH arom); 6.99 (d, J = 2.8 Hz, 1H, CH arom); 6.55 (s, 2H, CH arom); 6.28 (s, 1H,
CH=C); 4.00 (t, J = 6.4 Hz, 2H, OCH2); 3.84 (s, 6H, OCH3); 3.82 (s, 3H, OCH3); 3.43 (s, 2H,
NCH2); 2.60–2.39 (m, 10H, NCH2); 2.38 (s, 3H, CH3); 1.86–1.79 (m, 2H, CH2); 1.73–1.65 (m,
2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 160.93 (C); 155.39 (C); 153.04 (C); 152.01 (C);
147.75 (C); 136.90 (C); 133.91 (C); 120.40 (C); 119.06 (CH); 117.83 (CH); 115.37 (CH); 108.41
(CH); 105.85 (CH); 68.44 (CH2); 63.20 (CH2); 60.80 (OCH3); 58.16 (CH2); 56.11 (OCH3); 53.19
(CH2); 53.02 (CH2); 27.26 (CH2); 23.39 (CH2); 18.69 (CH3) ppm. ESI-HRMS (m/z) calculated
for [M+H]+ ion species C28H37N2O6 = 497.2646, found 497.2653. Dihydrochloride: yellow
solid; mp 236–238 (d) ◦C.

7-(2-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 25. Following the
general procedure, compound 25 (0.060 g, yield: 78.5%) was synthesized as a pale-yellow
oil, starting from 39 [21] (0.050 g, 0.14 mmol) and 42 (0.045 g, 0.17 mmol) in 5.0 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH 96:4:0.6. 1H-
NMR (400 MHz, CDCl3) δ: 7.61 (d, J = 9.2 Hz, 1H, CH=CH); 7.34 (d, J = 8.4 Hz, 1H, CH
arom.); 7.11 (d, J = 8.8 Hz, 4H, CH arom.); 6.84–6.78 (m, 6H, CH arom.); 6.23 (d, J = 9.2 Hz, 1H,
CH=CH); 4.13 (t, J = 6.0 Hz, 2H, OCH2); 3.78 (t, J = 8.0 Hz, 1H, CH); 3.75 (s, 6H, OCH3); 2.82 (t,
J = 6.0 Hz, 2H, NCH2); 2.71–2.54 (m, 4H, NCH2); 2.53–2.42 (m, 4H, NCH2); 2.41–2.34 (m, 2H,
NCH2); 2.00–1.94 (m, 2H, CH2); 1.50–1.42 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ:
161.97 (C); 161.20 (C); 157.81 (C); 155.85 (C); 143.40 (CH); 137.54 (C); 128.75 (CH); 128.60 (CH);
113.79 (CH); 113.16 (CH); 113.01 (CH); 112.62 (C); 101.50 (CH); 66.55 (CH2); 58.47 (CH2); 56.83
(CH2); 55.22 (OCH3); 53.49 (CH2); 53.01 (CH2); 49.55 (CH); 33.89 (CH2); 25.25 (CH2) ppm.
ESI-HRMS (m/z) calculated for [M+H]+ ion species C33H39N2O5 = 543.2853, found 543.2859.
Dihydrochloride: white solid; mp 206–209 ◦C.

7-(3-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 26. Follow-
ing the general procedure, compound 26 (0.040 g, yield: 57.4%) was synthesized as a
yellow oil, starting from 39 [21] (0.050 g, 0.14 mmol) and 43 [20] (0.045 g, 0.17 mmol) in 5.0
mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
96:4:0.6. 1H-NMR (400 MHz, CDCl3) δ: 7.61 (d, J = 9.2 Hz, 1H, CH=CH); 7.34 (d, J = 8.4 Hz,
1H, CH arom.); 7.11 (d, J = 8.8 Hz, 4H, CH arom.); 6.83–6.70 (m, 6H, CH arom.); 6.23 (d,
J = 9.2 Hz, 1H, CH=CH); 4.06 (t, J = 6.0 Hz, 2H, OCH2); 3.79 (t, J = 8.0 Hz, 1H, CH);
3.76 (s, 6H, OCH3); 2.63–2.26 (m, 12H, NCH2); 2.05–1.88 (m, 4H, CH2); 1.50–1.36 (m, 2H,
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CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 162.27 (C); 161.19 (C); 157.83 (C); 155.91 (C);
143.40 (CH); 137.53 (C); 128.71 (CH); 128.60 (CH); 113.80 (CH); 113.01 (CH); 112.94 (CH);
112.47 (C); 101.40 (CH); 66.83 (CH2); 58.45 (CH2); 55.22 (OCH3); 54.82 (CH2); 53.02 (CH2);
49.54 (CH); 33.89 (CH2); 26.43 (CH2); 25.18 (CH2) ppm. ESI-HRMS (m/z) calculated for
[M+H]+ ion species C34H41N2O5 = 557.3010, found 557.3006. Dihydrochloride: white solid;
mp 196–199 ◦C.

7-(4-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 27. Follow-
ing the general procedure, compound 27 (0.040 g, yield: 62.6%) was synthesized as a
pale-yellow oil, starting from 39 [21] (0.040 g, 0.11 mmol) and 44 (0.039 g, 0.13 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.61 (d, J = 9.2 Hz, 1H, CH=CH); 7.34 (d, J = 8.4 Hz,
1H, CH arom.); 7.11 (d, J = 8.8 Hz, 4H, CH arom.); 6.81–6.78 (m, 6H, CH arom.); 6.23 (d,
J = 9.2 Hz, 1H, CH=CH); 4.01 (t, J = 6.0 Hz, 2H, OCH2); 3.78 (t, J = 8.0 Hz, 1H, CH); 3.75
(s, 6H, OCH3); 2.66–2.33 (m, 12H, NCH2); 2.00–1.94 (m, 2H, CH2); 1.85–1.78 (m, 2H, CH2);
1.70–1.63 (m, 2H, CH2); 1.48–1.42 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 162.29
(C); 161.28 (C); 157.80 (C); 155.91 (C); 143.46 (CH); 137.56 (C); 128.73 (CH); 128.60 (CH);
113.78 (CH); 112.97 (CH); 112.42 (C); 101.31 (CH); 68.33 (CH2); 58.53 (CH2); 58.07 (CH2);
55.23 (OCH3); 53.06 (CH2); 49.55 (CH); 33.93 (CH2); 26.98 (CH2); 25.30 (CH2); 23.28 (CH2)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C35H43N2O5 = 571.3166, found
571.3157. Dihydrochloride: white solid; mp 188–191 ◦C.

7-(2-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)ethoxy)-4-methyl-2H-chromen-2-one 28.
Following the general procedure, compound 28 (0.070 g, yield: 74.0%) was synthesized as a
pale-yellow oil, starting from 39 [21] (0.060 g, 0.17 mmol) and 45 (0.057 g, 0.20 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
97:3:0.3. 1H-NMR (400 MHz, CDCl3) δ: 7.47 (d, J = 8.8 Hz, 1H, CH arom.); 7.11 (d,
J = 8.8 Hz, 4H, CH arom.); 6.85 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.82–6.76 (m, 5H, CH
arom.); 6.12 (s, 1H, CH=C); 4.13 (t, J = 5.6 Hz, 2H, OCH2); 3.79 (t, J = 7.6 Hz, 1H, CH); 3.75
(s, 6H, OCH3); 2.82 (t, J = 5.6 Hz, 2H, NCH2); 2.73–2.51 (m, 4H, NCH2); 2.50–2.31 (m, 9H,
CH2 and CH3); 2.00–1.95 (m, 2H, CH2); 1.50–1.38 (m, 2H, CH2) ppm. 13C-NMR (100 MHz,
CDCl3) δ: 161.83 (C); 161.21 (C); 157.83 (C); 155.26 (C); 152.44 (C); 137.62 (C); 128.60 (CH);
125.48 (CH); 114.55 (C); 113.79 (CH); 113.66 (C); 112.67 (CH); 112.02 (CH); 101.56 (CH); 66.56
(CH2); 58.54 (CH2); 56.90 (CH2); 55.22 (OCH3); 53.68 (CH2); 53.11 (CH2); 49.59 (CH); 33.95
(CH2); 25.41 (CH2); 18.61 (CH3) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species
C34H41N2O5 = 557.3010, found 557.3006. Dihydrochloride: white solid; mp 147–150 ◦C.

7-(3-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)propoxy)-4-methyl-2H-chromen-2-one 29.
Following the general procedure, compound 29 (0.050 g, yield: 51.8%) was synthesized as a
pale-yellow oil, starting from 39 [21] (0.060 g, 0.17 mmol) and 46 (0.059 g, 0.20 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.46 (d, J = 8.8 Hz, 1H, CH arom.); 7.11 (d, J = 8.8 Hz,
4H, CH arom.); 6.84 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.80–6.76 (m, 5H, CH arom.); 6.11 (s,
1H, CH=C); 4.05 (t, J = 5.6 Hz, 2H, OCH2); 3.79 (t, J = 7.6 Hz, 1H, CH); 3.75 (s, 6H, OCH3);
2.65–2.30 (m, 15H, CH2 and CH3); 2.00–1.95 (m, 4H, CH2); 1.47–1.40 (m, 2H, CH2) ppm.
13C-NMR (100 MHz, CDCl3) δ: 162.12 (C); 161.27 (C); 157.82 (C); 155.29 (C); 152.51 (C);
137.62 (C); 128.60 (CH); 125.46 (CH); 114.55 (C); 113.79 (CH); 113.49 (C); 112.63 (CH); 111.87
(CH); 101.43 (CH); 66.87 (CH2); 58.56 (CH2); 55.21 (OCH3); 54.90 (CH2); 53.20 (CH2); 49.57
(CH); 33.96 (CH2); 26.52 (CH2); 25.38 (CH2); 18.61 (CH3) ppm. ESI-HRMS (m/z) calculated
for [M+H]+ ion species C35H43N2O5= 571.3166, found 571.3174. Dihydrochloride: white
solid; mp 176–178 ◦C.

7-(4-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)butoxy)-4-methyl-2H-chromen-2-one 30.
Following the general procedure, compound 30 (0.050 g, yield: 75.7%) was synthesized as a
pale-yellow oil, starting from 39 [21] (0.040 g, 0.11 mmol) and 47 (0.042 g, 0.14 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH
95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.46 (d, J = 8.8 Hz, 1H, CH arom.); 7.11 (d,
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J = 8.8 Hz, 4H, CH arom.); 6.87–6.75 (m, 6H, CH arom.); 6.11 (s, 1H, CH=C); 4.02 (t,
J = 5.6 Hz, 2H, OCH2); 3.78 (t, J = 7.6 Hz, 1H, CH); 3.75 (s, 6H, OCH3); 2.50–2.40 (m, 13H,
CH2 and CH3); 2.03–1.90 (m, 4H, CH2); 1.86–1.76 (m, 2H, CH2); 1.70–1.60 (m, 2H, CH2);
1.50–1.39 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 162.12 (C); 161.35 (C); 157.80
(C); 155.30 (C); 152.57 (C); 137.61 (C); 128.60 (CH); 125.47 (CH); 113.77 (CH); 113.45 (C);
112.66 (CH); 111.85 (CH); 101.33 (CH); 68.32 (CH2); 58.59 (CH2); 58.14 (CH2); 55.22 (OCH3);
53.19 (CH2); 49.57 (CH); 33.97 (CH2); 27.03 (CH2); 25.40 (CH2); 23.35 (CH2); 18.65 (CH3)
ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C36H45N2O5 = 585.3323, found
585.3322. Dihydrochloride: white solid; mp 58–61 ◦C.

6-(2-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)ethoxy)-2H-chromen-2-one 31. Following the
general procedure, compound 31 (0.040 g, yield: 65.2%) was synthesized as a pale-yellow
oil, starting from 39 [21] (0.040 g, 0.11 mmol) and 48 (0.036 g, 0.14 mmol) in 5.0 mL of dry
acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR
(400 MHz, CDCl3) δ: 7.62 (d, J = 9.6 Hz, 1H, CH=CH); 7.24 (d,
J = 8.8 Hz, 1H, CH arom); 7.12–7.08 (m, 5H, CH arom); 6.90 (d, J = 2.8 Hz, 1H, CH arom); 6.79 (d,
J = 8.4 Hz, 4H, CH arom); 6.41 (d, J = 9.6 Hz, 1H, CH=CH); 4.10 (t, J = 6.0 Hz, 2H, OCH2);
3.79 (t, J = 8.0 Hz, 1H, CH); 3.75 (s, 6H, OCH3); 2.82 (t, J = 6.0 Hz, 2H, NCH2); 2.74–2.34
(m, 10H, CH2); 2.01–1.95 (m, 2H, CH2); 1.53–1.41 (m, 2H, CH2) ppm. 13C-NMR (100 MHz,
CDCl3) δ: 160.94 (C); 157.83 (C); 155.22 (C); 148.54 (C); 143.18 (CH); 137.47 (C); 128.59 (CH);
120.00 (CH); 119.17 (C); 117.87 (CH); 117.11 (CH); 114.52 (C); 113.80 (CH); 111.00 (CH); 66.65
(CH2); 58.41 (CH2); 57.02 (CH2); 55.23 (OCH3); 53.30 (CH2); 52.95 (CH2); 49.52 (CH); 33.84
(CH2); 25.10 (CH2) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C33H39N2O5
= 543.2853, found 543.2845. Dihydrochloride: yellow solid; mp 238–241 ◦C.

6-(3-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)propoxy)-2H-chromen-2-one 32. Follow-
ing the general procedure, compound 32 (0.050 g, yield: 79.5%) was synthesized as a pale-
yellow oil, starting from 39 [21] (0.040 g, 0.11 mmol) and 49 (0.038 g, 0.14 mmol) in 5.0 mL
of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/CH3OH/NH4OH 95:5:0.5.
1H-NMR (400 MHz, CDCl3) δ: 7.61 (d, J = 9.6 Hz, 1H, CH=CH); 7.23 (d,
J = 9.2 Hz, 1H, CH arom); 7.11 (d, J = 8.4 Hz, 4H, CH arom); 7.08 (dd, J = 9.2, 2.8 Hz,
1H, CH arom); 6.89 (d, J = 2.8 Hz, 1H, CH arom); 6.79 (d, J = 8.4 Hz, 4H, CH arom); 6.39 (d,
J = 9.6 Hz, 1H, CH=CH); 4.01 (t, J = 6.4 Hz, 2H, OCH2); 3.78 (t, J = 8.0 Hz, 1H, CH); 3.74
(s, 6H, OCH3); 2.68–2.32 (m, 12H, CH2); 2.00–1.94 (m, 4H, CH2); 1.48–1.40 (m, 2H, CH2)
ppm. 13C-NMR (100 MHz, CDCl3) δ: 161.01 (C); 157.80 (C); 155.48 (C); 148.38 (C); 143.25
(CH); 137.55 (C); 128.60 (CH); 119.93 (CH); 119.16 (C); 117.80 (CH); 117.01 (CH); 114.55 (C);
113.78 (CH); 110.79 (CH); 66.96 (CH2); 58.54 (CH2); 55.23 (OCH3); 55.02 (CH2); 53.12 (CH2);
49.56 (CH); 33.92 (CH2); 26.65 (CH2); 25.33 (CH2) ppm. ESI-HRMS (m/z) calculated for
[M+H]+ ion species C34H41N2O5 = 557.3010, found 557.3019. Dihydrochloride: yellow solid;
mp 225–227 ◦C.

6-(4-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)butoxy)-2H-chromen-2-one 33. Following
the general procedure, compound 33 (0.050 g, yield: 51.8%) was synthesized as a pale-
yellow oil, starting from 39 [21] (0.060 g, 0.17 mmol) and 50 (0.060 g, 0.20 mmol) in 5.0 mL of
dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH 95:5:0.5.
TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.62 (d, J = 9.6 Hz,
1H, CH=CH); 7.23 (d, J = 8.8 Hz, 1H, CH arom); 7.11 (d, J = 8.8 Hz, 4H, CH arom); 7.07 (dd,
J = 8.8, 2.8 Hz, 1H, CH arom); 6.88 (d, J = 2.8 Hz, 1H, CH arom); 6.79 (d, J = 8.8 Hz, 4H, CH
arom); 6.40 (d, J = 9.6 Hz, 1H, CH=CH); 3.97 (t, J = 6.0 Hz, 2H, OCH2); 3.78 (t, J = 8.0 Hz, 1H,
CH); 3.74 (s, 6H, OCH3); 2.68–2.12 (m, 12H, CH2); 2.00–1.94 (m, 2H, CH2); 1.82–1.77 (m, 2H,
CH2); 1.70–1.62 (m, 2H, CH2); 1.47–1.39 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ:
161.02 (C); 157.80 (C); 155.50 (C); 148.36 (C); 143.25 (CH); 137.57 (C); 128.60 (CH); 119.89
(CH); 119. 16 (C); 117.83 (CH); 117.03 (CH); 114.52 (C); 113.77 (CH); 110.73 (CH); 68.43
(CH2); 58.57 (CH2); 58.17 (CH2); 55.23 (OCH3); 53.13 (CH2); 49.57 (CH); 33.94 (CH2); 27.20
(CH2); 25.37 (CH2); 23.39 (CH2) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species
C35H43N2O5 = 571.3166, found 571.3156. Dihydrochloride: yellow solid; mp 234–236 ◦C.
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6-(2-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)ethoxy)-4-methyl-2H-chromen-2-one 34.
Following the general procedure, compound 34 (0.070 g, yield: 63.8%) was synthesized as a
pale-yellow oil, starting from 39 [21] (0.070 g, 0.20 mmol) and 51 (0.067 g, 0.24 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.23 (d,
J = 8.8 Hz, 1H, CH arom); 7.12–7.07 (m, 5H, CH arom); 7.03 (d, J = 2.8 Hz, 1H, CH arom);
6.79 (d, J = 8.8 Hz, 4H, CH arom); 6.27 (s, 1H, CH=C); 4.11 (t, J = 6.0 Hz, 2H, OCH2); 3.78 (t,
J = 8.0 Hz, 1H, CH); 3.74 (s, 6H, OCH3); 2.81 (t, J = 6.0 Hz, 2H, NCH2); 2.70–2.52 (m, 4H,
NCH2); 2.51–2.32 (m, 9H, CH2 and CH3); 2.00–1.94 (m, 2H, CH2); 1.47–1.42 (m, 2H, CH2)
ppm. 13C-NMR (100 MHz, CDCl3) δ: 160.94 (C); 157.81 (C); 155.16 (C); 151.97 (C); 147.95 (C);
137.58 (C); 128.59 (CH); 120.44 (C); 119.24 (CH); 117.92 (CH); 115.48 (CH); 114.54 (C); 113.79
(CH); 108.67 (CH); 66.62 (CH2); 58.53 (CH2); 57.15 (CH2); 55.22 (OCH3); 53.64 (CH2); 53.08
(CH2); 49.56 (CH); 33.92 (CH2); 25.36 (CH2); 18.72 (CH3) ppm. ESI-HRMS (m/z) calculated
for [M+H]+ ion species C34H41N2O5 = 557.3010, found 557.3017. Dihydrochloride: yellow
solid; mp 218–221 ◦C.

6-(3-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)propoxy)-4-methyl-2H-chromen-2-one 35.
Following the general procedure, compound 35 (0.070 g, yield: 72.6%) was synthesized as a
pale-yellow oil, starting from 39 [21] (0.060 g, 0.17 mmol) and 52 (0.060 g, 0.20 mmol) in
5.0 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.22 (d,
J = 9.2 Hz, 1H, CH arom); 7.12–7.06 (m, 5H, CH arom); 6.99 (d, J = 2.8 Hz, 1H, CH arom);
6.79 (d, J = 8.8 Hz, 4H, CH arom); 6.26 (s, 1H, CH=C); 4.03 (t, J = 6.4 Hz, 2H, OCH2); 3.78 (t,
J = 8.0 Hz, 1H, CH); 3.74 (s, 6H, OCH3); 2.55–2.31 (m, 15H, CH2 and CH3); 2.00–1.94 (m, 4H,
CH2); 1.47–1.39 (m, 2H, CH2) ppm. 13C-NMR (100 MHz, CDCl3) δ: 160.95 (C); 157.81 (C);
155.40 (C); 152.01 (C); 147.82 (C); 137.60 (C); 128.60 (CH); 120.43 (C); 119.13 (CH); 117.87
(CH); 115.42 (CH); 114.56 (C); 113.78 (CH); 108.53 (CH); 67.05 (CH2); 58.57 (CH2); 55.21
(OCH3); 55.07 (CH2); 53.26 (CH2); 53.18 (CH2); 49.57 (CH); 33.96 (CH2); 26.74 (CH2); 25.39
(CH2); 18.71 (CH3) ppm. ESI-HRMS (m/z) calculated for [M+H]+ ion species C35H43N2O5
= 571.3166, found 571.3163. Dihydrochloride: yellow solid; mp 236–239 ◦C.

6-(4-(4-(4,4-Bis(4-methoxyphenyl)butyl)piperazin-1-yl)butoxy)-4-methyl-2H-chromen-2-one 36.
Following the general procedure, compound 36 (0.030 g, yield: 45.4%) was synthesized as a
pale-yellow oil, starting from 39 [21] (0.040 g, 0.11 mmol) and 53 (0.042 g, 0.14 mmol) in
3.4 mL of dry acetonitrile. Free base: chromatographic eluent: CH2Cl2/2-propanol/NH4OH
95:5:0.5. TLC: CH2Cl2/CH3OH/NH4OH 95:5:0.5. 1H-NMR (400 MHz, CDCl3) δ: 7.25 (d,
J = 9.2 Hz, 1H, CH arom); 7.12–7.08 (m, 5H, CH arom); 6.99 (d, J = 2.8 Hz, 1H, CH arom);
6.80 (d, J = 8.8 Hz, 4H, CH arom); 6.29 (s, 1H, CH=C); 4.00 (t, J = 6.4 Hz, 2H, OCH2); 3.78 (t,
J = 6.4 Hz, 1H, CH); 3.76 (s, 6H, OCH3); 2.66–2.41 (m, 15H, CH2 and CH3); 2.00–1.95 (m,
2H, CH2); 1.85–1.78 (m, 2H, CH2); 1.75–1.69 (m, 2H, CH2); 1.50–1.42 (m, 2H, CH2) ppm.
13C-NMR (100 MHz, CDCl3) δ: 157.84 (C); 155.36 (C); 151.97 (C); 147.86 (C); 137.43 (C);
128.57 (CH); 120.46 (C); 119.06 (CH); 117.92 (CH); 115.47 (CH); 113.81 (CH); 108.46 (CH);
68.36 (CH2); 58.20 (CH2); 57.87 (CH2); 55.22 (OCH3); 52.51 (CH2); 49.47 (CH); 33.80 (CH2);
27.18 (CH2); 24.91 (CH2); 23.05 (CH2); 18.72 (CH3) ppm. ESI-HRMS (m/z) calculated for
[M+H]+ ion species C36H45N2O5 = 585.3323, found 585.3313. Dihydrochloride: yellow
solid; mp 240–242 ◦C.

4.1.2. 7-Hydroxy-4-methyl-2H-chromen-2-one 40 [30]

Following the procedure described by Narella et al. [30], a solution of resorcinol
(0.40 g, 3.63 mmol) in ethyl acetoacetate (0.5 mL, 3.99 mmol) was added dropwise at 0 ◦C in
4.0 mL of concentrated H2SO4. The mixture was stirred at rt for 15 min, and then cold water
was added. A solid precipitated, which was filtrated under reduced pressure and dried,
obtaining 40 (0.51 g, yield 79.9%) as a pale-yellow solid. TLC: CH2Cl2/CH3OH 95:5. Mp:
182–185 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ: 7.53 (d, J = 8.8 Hz, 1H, CH arom.); 6.75 (d,
J = 8.8 Hz, 1H, CH arom.); 6.64 (s, 1H, CH arom.); 6.05 (s, 1H, CH=C); 2.29 (s, 3H, CH3) ppm.
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4.1.3. 6-Hydroxy-4-methyl-2H-chromen-2-one 41 [31]

Following the procedure described by Narella et al. [30], with slight modifications,
13.0 mL of concentrated H2SO4 was added dropwise at 0 ◦C to a suspension of hydro-
quinone (2.50 g, 22.73 mmol) in ethyl acetoacetate (3.47 mL, 27.27 mmol). The mixture was
stirred at rt for 4 days, and then cold water was added. A solid precipitated, which was
filtrated under reduced pressure and dried, obtaining 41 (0.92 g, yield 23.0%) as a yellow
solid. TLC: CH2Cl2/CH3OH 95:5. Mp: 235–237 ◦C. 1H-NMR (400 MHz, DMSO-d6) δ: 9.72
(bs, 1H, OH); 7.22 (d, J = 9.6 Hz, 1H, CH arom); 7.01–6.98 (m, 2H, CH arom); 6.34 (s, 1H,
CH=C); 2.35 (s, 3H, CH3) ppm.

4.1.4. General Procedure for the Synthesis of the Bromoalkoxy-2H-chromen-2-ones 42 and 44–53

To a solution of the proper hydroxy-2H-chromen-2-one (1 equiv.) in acetone or ace-
tonitrile, K2CO3 (3 equiv.) and the proper dibromoalkane (5 equiv.) were added. The
reaction was refluxed overnight, then it was cooled to rt, and the solvent was removed
under reduced pressure. The mixture was dissolved in CH2Cl2, and the organic phase
was washed twice with water and with a saturated solution of NaHCO3, then dried over
Na2SO4 and concentrated under vacuum. Finally, the residue was washed three times with
Et2O, yielding the desired compound as a pure solid.

7-(2-Bromoethoxy)-2H-chromen-2-one 42 [25]. Following the general procedure, compound 42
(0.30 g, yield: 90.7%) was synthesized as a white solid, from 7-hydroxy-2H-chromen-2-one
(0.20 g, 1.23 mmol) and 1,2-dibromoethane (0.61 mL, 6.50 mmol) in 15.0 mL of acetone.
TLC: CH2Cl2/CH3OH 90:10. Mp: 134–136 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.63 (d,
J = 9.2 Hz, 1H, CH=CH); 7.38 (d, J = 8.4 Hz, 1H, CH arom.); 6.86 (dd, J = 8.4, 2.4 Hz, 1H,
CH arom.); 6.80 (d, J = 2.4 Hz, 1H, CH arom.); 6.26 (d, J = 9.2 Hz, 1H, CH=CH); 4.35 (t,
J = 6.4 Hz, 2H, OCH2); 3.67 (t, J = 6.4 Hz, 2H, CH2Br) ppm.

7-(4-Bromobutoxy)-2H-chromen-2-one 44 [25]. Following the general procedure, compound 44
(0.33 g, yield: 86.0%) was synthesized as a white solid, from 7-hydroxy-2H-chromen-2-one
(0.21 g, 1.30 mmol) and 1,4-dibromobutane (0.77 mL, 6.50 mmol) in 15.0 mL of acetone.
TLC: CH2Cl2/CH3OH 90:10. Mp: 105–107 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.62 (d,
J = 9.2 Hz, 1H, CH=CH); 7.36 (d, J = 8.4 Hz, 1H, CH arom.); 6.82 (dd, J = 8.4, 2.4 Hz, 1H,
CH arom.); 6.78 (d, J = 2.4 Hz, 1H, CH arom.); 6.24 (d, J = 9.2 Hz, 1H, CH=CH); 4.04 (t,
J = 6.0 Hz, 2H, OCH2); 3.49 (t, J = 6.0 Hz, 2H, CH2Br); 2.10–2.03 (m, 2H, CH2); 2.02–1.96 (m,
2H, CH2) ppm.

7-(2-Bromoethoxy)-4-methyl-2H-chromen-2-one 45 [26]. Following the general procedure,
compound 45 (0.13 g, yield: 62.4%) was synthesized as a white solid, from 40 (0.13 g,
0.74 mmol) and 1,2-dibromoethane (0.51 mL, 5.95 mmol) in 10.0 mL of acetone. TLC:
CH2Cl2/CH3OH 90:10. Mp: 139–141 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.51 (d, J = 8.8 Hz,
1H, CH arom.); 6.91 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.81 (d, J = 2.4 Hz, 1H, CH arom.);
6.15 (s, 1H, CH=C); 4.35 (t, J = 6.0 Hz, 2H, OCH2); 3.61 (t, J = 6.0 Hz, 2H, CH2Br); 2.39 (s,
3H, CH3) ppm.

7-(3-Bromopropoxy)-4-methyl-2H-chromen-2-one 46 [26]. Following the general procedure,
compound 46 (0.19 g, yield: 74.8%) was synthesized as a white solid, from 40 (0.15 g,
0.85 mmol) and 1,3-dibromopropane (0.43 mL, 4.26 mmol) in 11.0 mL of acetone. TLC:
CH2Cl2/CH3OH 90:10. Mp: 75–78 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.50 (d, J = 8.8 Hz,
1H, CH arom.); 6.86 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.82 (d, J = 2.4 Hz, 1H, CH arom.);
6.13 (s, 1H, CH=C); 4.23 (t, J = 6.0 Hz, 2H, OCH2); 3.61 (t, J = 6.0 Hz, 2H, CH2Br); 2.39 (s,
3H, CH3); 2.36–2.32 (m, 2H, CH2) ppm.

7-(4-Bromobutoxy)-4-methyl-2H-chromen-2-one 47 [26]. Following the general procedure,
compound 47 (0.16 g, yield: 76.3%) was synthesized as a white solid, from 40 (0.12 g,
0.68 mmol) and 1,4-dibromobutane (0.40 mL, 3.40 mmol) in 9.0 mL of acetone. TLC:
CH2Cl2/CH3OH 90:10. Mp: 63–65 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.49 (d, J = 8.4 Hz,
1H, CH arom.); 6.85 (dd, J = 8.8, 2.4 Hz, 1H, CH arom.); 6.79 (d, J = 2.4 Hz, 1H, CH arom.);
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6.13 (s, 1H, CH=C); 4.05 (t, J = 6.0 Hz, 2H, OCH2); 3.49 (t, J = 6.0 Hz, 2H, CH2Br); 2.39 (s,
3H, CH3); 2.09–2.03 (m, 2H, CH2); 2.02–1.96 (m, 2H, CH2) ppm.

6-(2-Bromoethoxy)-2H-chromen-2-one 48 [27]. Following the general procedure, compound 48
(0.26 g, yield: 64.7%) was synthesized as a white solid, from 6-hydroxy-2H-chromen-2-one
(0.25 g, 1.51 mmol) and 1,2-dibromoethane (0.66 mL, 7.72 mmol) in 10.0 mL of acetoni-
trile. TLC: CH2Cl2/CH3OH 95:5. Mp: 96–98 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.64 (d,
J = 9.6 Hz, 1H, CH=CH); 7.27 (d, J = 9.2 Hz, 1H, CH arom.); 7.13 (dd, J = 9.2, 2.8 Hz, 1H,
CH arom.); 6.95 (d, J = 2.8 Hz, 1H, CH arom.); 6.44 (d, J = 9.6 Hz, 1H, CH=CH); 4.32 (t,
J = 5.6 Hz, 2H, OCH2); 3.66 (t, J = 5.6 Hz, 2H, CH2Br) ppm.

6-(3-Bromopropoxy)-2H-chromen-2-one 49 [28]. Following the general procedure, compound
49 (0.15 g, yield: 74.6%) was synthesized as a white solid, from 6-hydroxy-2H-chromen-
2-one (0.12 g, 0.71 mmol) and 1,3-dibromopropane (0.36 mL, 3.57 mmol) in 10.0 mL of
acetonitrile. TLC: CH2Cl2/CH3OH 95:5. Mp: 97–99 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.65
(d, J = 9.6 Hz, 1H, CH=CH); 7.27 (d, J = 9.2 Hz, 1H, CH arom.); 7.11 (dd, J = 9.2, 2.8 Hz,
1H, CH arom.); 6.93 (d, J = 2.8 Hz, 1H, CH arom.); 6.43 (d, J = 9.6 Hz, 1H, CH=CH); 4.14 (t,
J = 5.6 Hz, 2H, OCH2); 3.62 (t, J = 5.6 Hz, 2H, CH2Br); 2.37–2.31 (m, 2H, CH2) ppm.

6-(4-Bromobutoxy)-2H-chromen-2-one 50 [28]. Following the general procedure, compound
50 (0.20 g, yield: 87.6%) was synthesized as a white solid, from 6-hydroxy-2H-chromen-2-
one (0.13 g, 0.77 mmol) and 1,4-dibromobutane (0.46 mL, 3.85 mmol) in 10.0 mL of acetoni-
trile. TLC: CH2Cl2/CH3OH 95:5. Mp: 114–116 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.64 (d,
J = 9.6 Hz, 1H, CH=CH); 7.26 (d, J = 9.2 Hz, 1H, CH arom); 7.09 (dd, J = 9.2, 2.8 Hz, 1H, CH
arom); 6.90 (d, J = 2.8 Hz, 1H, CH arom); 6.43 (d, J = 9.6 Hz, 1H, CH=CH); 4.02 (t, J = 6.4 Hz, 2H,
CH2O); 3.50 (t, J = 6.4 Hz, 2H, CH2Br); 2.10–2.06 (m, 2H, CH2); 2.00–1.95 (m, 2H, CH2) ppm.

6-(2-Bromoethoxy)-4-methyl-2H-chromen-2-one 51 [29]. Following the general procedure,
compound 51 (0.34 g, yield: 64.2%) was synthesized as a yellow solid, from 41 (0.33 g,
1.87 mmol) and 1,2-dibromoethane (0.80 mL, 9.37 mmol) in 50.0 mL of acetone. TLC:
CH2Cl2/CH3OH 95:5. Mp: 133–135 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.26 (d, J = 9.2 Hz,
1H, CH arom); 7.14 (dd, J = 9.2, 2.8 Hz, 1H, CH arom); 7.07 (d, J = 2.8 Hz, 1H, CH arom);
6.31 (s, 1H, CH=C); 4.34 (t, J = 6.0 Hz, 2H, CH2O); 3.66 (t, J = 6.0 Hz, 2H, CH2Br); 2.42 (s,
3H, CH3) ppm.

6-(3-Bromopropoxy)-4-methyl-2H-chromen-2-one 52 [29]. Following the general procedure,
compound 52 (0.53 g, yield: 96.0%) was synthesized as a white solid, from 41 (0.33 g,
1.87 mmol) and 1,3-dibromopropane (0.95 mL, 9.37 mmol) in 50.0 mL of acetone. TLC:
CH2Cl2/CH3OH 95:5. Mp: 90–92 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.27 (d, J = 8.8 Hz, 1H,
CH arom); 7.12 (dd, J = 8.8, 2.8 Hz, 1H, CH arom); 7.04 (d, J = 2.8 Hz, 1H, CH arom); 6.30 (s,
1H, CH=C); 4.16 (t, J = 6.0 Hz, 2H, CH2O); 3.63 (t, J = 6.0 Hz, 2H, CH2Br); 2.40 (s, 3H, CH3);
2.36–2.32 (m, 2H, CH2) ppm.

6-(4-Bromobutoxy)-4-methyl-2H-chromen-2-one 53 [29]. Following the general procedure,
compound 53 (0.53 g, yield: 91.1%) was synthesized as a white solid, from 41 (0.33 g,
1.87 mmol) and 1,4-dibromobutane (1.12 mL, 9.37 mmol) in 50.0 mL of acetone. TLC:
CH2Cl2/CH3OH 95:5. Mp: 100–102 ◦C. 1H-NMR (400 MHz, CDCl3) δ: 7.26 (d, J = 9.2 Hz,
1H, CH arom); 7.09 (dd, J = 9.2, 2.8 Hz, 1H, CH arom); 7.01 (d, J = 2.8 Hz, 1H, CH arom);
6.30 (s, 1H, CH=C); 4.04 (t, J = 6.4 Hz, 2H, CH2O); 3.50 (t, J = 6.4 Hz, 2H, CH2Br); 2.42 (s,
3H, CH3); 2.11–2.07 (m, 2H, CH2); 2.01–1.96 (m, 2H, CH2) ppm.

4.2. Biology and Enzymology
4.2.1. CA Inhibition Assay

An SX.18MV-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been
used to assay the catalytic/inhibition of various CA isozymes [32]. Phenol Red (at a concen-
tration of 0.2 mM) has been used as an indicator, working at the absorbance maximum of
557 nm, with 10 mM Hepes (pH 7.4) as buffer, 0.1 M Na2SO4 or NaClO4 (for maintaining
constant the ionic strength; these anions are not inhibitory in the used concentration), follow-
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ing the CA-catalyzed CO2 hydration reaction for a period of
5–10 s. Saturated CO2 solutions in water at 25 ◦C were used as substrate. Stock solu-
tions of inhibitors were prepared at a concentration of 10 µM (in DMSO-water 1:1, v/v) and
dilutions up to 0.01 nM were carried out with the assay buffer mentioned above. At least
7 different inhibitor concentrations have been used for measuring the inhibition constant.
Inhibitor and enzyme solutions were preincubated together for 6 h at room temperature
prior to assay in order to allow for the formation of the E-I complex. Triplicate experiments
were conducted for each inhibitor concentration, and the values reported throughout the
paper are the mean of such results. The inhibition constants were obtained by non-linear
least-squares methods using the Cheng–Prusoff equation, as reported earlier [53], and repre-
sent the mean from at least three different determinations. All CA isozymes used here were
recombinant proteins obtained as reported earlier by our group and their concentrations in
the assay system were 5.6–12 nM [54].

4.2.2. Cell Lines and Cultures

The K562 leukemia cells were derived from a patient with chronic myelogenous
leukemia [34] and the P-gp over-expressing K562/DOX cells were obtained from Prof. J.
P. Marie (Hospital Hotel-Dieu, Paris, France). These cells were cultured in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS; GIBCO, Grand Island, NY, USA) at
37 ◦C in a humidified incubator with 5% CO2. To maintain the resistance, every month,
resistant cells were cultured for three days with 400 nM doxorubicin.

Human chemosensitive colon cancer HT29 cells and lung cancer A549 cells were
purchased from ATCC (Manassas, VA, USA). Human HT29/DOX and A549/DOX were
generated by stepwise selection in a medium with increasing concentration of doxorubicin,
as reported in the literature [20], and maintained in a culture medium with a final concen-
tration of 200 nM and 100 nM doxorubicin, respectively. All cell lines were authenticated
by microsatellite analysis, using the PowerPlex kit (Promega Corporation, Madison, WI,
USA; last authentication: January 2022). Cells were maintained in media supplemented
with 10% v/v fetal bovine serum, 1% v/v penicillin-streptomycin, and 1% v/v L-glutamine.

MDCK-MDR1, MDCK-MRP1 and MDCK-BCRP cells are a gift of Prof. P. Borst, NKI-
AVL Institute, Amsterdam, The Netherlands. Cells were grown in DMEM high glucose
supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, and
100 µg/mL streptomycin in a humidified incubator at 37 ◦C with a 5% CO2 atmosphere. Cell
culture reagents were purchased from Celbio s.r.l. (Milano, Italy). CulturePlate 96/wells
plates were purchased from PerkinElmer Life Science (Waltham, MA, USA) and Falcon (BD
Biosciences, Bedford, MA, USA). Calcein-AM and Hoechst 33342 (bisBenzimide H 33342
trihydrochloride) were obtained from Sigma-Aldrich (Milan, Italy). The other reagents
were purchased from Sigma Merck Millipore.

4.2.3. Drugs and Chemicals

Doxorubicin hydrochloride, verapamil hydrochloride, dimethylsulphoxide (DMSO) and
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (Milan, Italy). Stock solutions of the tested compounds as hydrochloride
salts were prepared in DMSO at 10−2 M. Stock solutions of doxorubicin hydrochloride and
verapamil hydrochloride were prepared in water at 10−2 M. All the stock solutions were then
diluted with complete medium to obtain the 10× desired final maximum test concentrations.

4.2.4. Intrinsic Cytotoxicity

The intrinsic toxicity of the studied compounds was determined by an MTT assay [35].
K562 and K562/DOX were exposed for 72 h with compounds at 1 and 3 µM concentrations
while HT29, A549, HT29/DOX and A549/DOX cells were incubated for 48 h with com-
pounds used at different concentrations (from 10 nM to 50 µM). The percentage of growth
compared to the untreated control was transformed into histograms with the GraphPad
Prism 5 program.
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4.2.5. Co-Administration Assays in K562/DOX, HT29, A549, HT29/DOX and A549/DOX Cells

K562/DOX cells were incubated for 72 h with different concentrations of doxorubicin
in combination with 1 or 3 µM of all compounds. IC50 was the concentration killing
50% of cells and was determined graphically from relative survival curves obtained by
GraphPad Prism 5 software (GraphPad, San Diego, CA, USA). HT29, A549, HT29/DOX and
A549/DOX cells were incubated for 48 h with 5 µM doxorubicin, alone or in combination
with 1 or 3 µM of selected compounds. Cell viability of the cell lines was measured by
the MTT assay, using a Synergy HT microplate spectrofluorometer (Bio-Tek Instruments,
Winooski, VT, USA). The absorbance of untreated cells was considered 100%; results were
expressed as a percentage of viable treated cells versus the control untreated cells [51].

4.2.6. Intracellular Doxorubicin Accumulation in HT29, A549, HT29/DOX and A549/DOX Cells

Intracellular doxorubicin was measured in 10,000 cells seeded into 96-well plates
and incubated for 24 h with 5 µM doxorubicin with or without 1 µM and 3 µM of each
compound. The intracellular drug content was measured fluorimetrically as detailed
previously [51] using a Synergy HTX 96-well plate reader. The results were expressed as
nmol doxorubicin/mg cell proteins based on the titration curve previously prepared.

4.2.7. Calcein-AM Experiment

Experiments were performed as previously described [51]. MDCK-MDR1 and MDCK-
MRP1 cells (30,000 cells per well) were seeded in a 96-well black CulturePlate in 100 µL
of medium and allowed to grow overnight in a humidified atmosphere of 5% CO2 at
37 ◦C. Tested compounds (100 µL) in a final concentration ranging between 0.01 nM and
100 µM, solubilized in culture medium, were added to the monolayers. After 30 min in a
humidified atmosphere of 5% CO2 at 37 ◦C, 100 µL of Calcein-AM in phosphate-buffered
saline (PBS) was added to obtain a final concentration of 2.5 µM and the plate was incubated
for 30 min. All wells were washed 3 times with 100 µL ice-cold PBS and read with Victor3
(PerkinElmer) after adding 100 µL of cold PBS. Excitation and emission wavelengths of
485 nm and 535 nm, respectively, were used. In these experimental conditions, cell Calcein-
AM accumulation in the absence and in the presence of each tested compound was eval-
uated and compared to the basal level of fluorescence derived from untreated cells. The
increase in fluorescence from the baseline level was measured in the treated wells. EC50
values were determined by fitting the rate of fluorescence increase versus log[dose].

4.2.8. Hoechst 33342 Experiment

These experiments were conducted as previously described [51]. MDCK-BCRP cells
(30,000 cells per well) were seeded in a black CulturePlate 96/well in 100 µL of medium
and allowed to grow overnight in a humidified atmosphere of 5% CO2 at 37 ◦C. Tested
compounds (100 µL) in a final concentration ranging between 0.01 nM and 100 µM, solu-
bilized in culture medium, were added to the monolayers. After 30 min in a humidified
atmosphere of 5% CO2 at 37 ◦C, 100 µL of Hoechst 33342 at the final concentration of 8 µM
in PBS was added and the plate was incubated for 30 min. The supernatants were drained,
and the cells were fixed for 20 min under protection from light using 100 µL per well of a
4% PFA solution. All wells were washed 3 times with 100 µL ice-cold PBS and read with
Victor3 (PerkinElmer) after adding 100 µL of cold PBS. Excitation and emission wavelengths
of 340/35 nm and 485/20 nm, respectively, were used. In these experimental conditions,
the baseline fluorescence level of Hoechst 33342 was estimated using untreated cells and
compared with the fluorescence emissions of cells treated with the tested compounds. EC50
values were determined by plotting the percent increase in fluorescence versus log[dose].

4.2.9. Oxidative Stress Measurement

Selected compounds have been tested for their cytotoxic activity at 24 h on HT29/DOX
and A549/DOX cells and on the parental HT29 and A549 cells by MTT assay. To evaluate
the mechanisms involved in CS, reactive oxygen species (ROS) were measured using
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the fluorescent probe 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-fluorescein diacetate-
acetoxymethyl ester (DCFDA-AM), as previously reported [55]. The results were expressed
as nmol/mg cellular proteins. The amount of TBARS, as an index of lipoperoxidation, was
measured with the Lipid Peroxidation (4-HNE) Assay Kit (Abcam, Cambridge, UK) that
evaluates the 4-hydroxy-nonenale, one of the TBARS Results were expressed as nmoles/mg
mitochondrial protein.

4.2.10. P-gp ATPase Activity

Plasma-membrane vesicles enriched with P-gp were prepared by sequential centrifuga-
tion as detailed previously [56]. The ATPase activity of immunopurified P-gp was evaluated
spectrophotometrically by measuring the absorbance of the phosphate hydrolyzed from
ATP at 620 nm, using a Synergy HT Multi-Detection Microplate Reader (Bio-Tek Instru-
ments). The absorbance was converted into µmol hydrolyzed phosphate/min/mg proteins,
according to the titration curve previously prepared.

4.2.11. Membrane Fluidity

Membrane fluidity was measured fluorometrically using the Membrane Fluidity Kit,
Abcam, according to the manufacturer’s instructions.

4.2.12. Statistical Analysis

All data in the tables and figures are provided as means ± SEM (Table 2) or SD.
The results were analyzed by an ANOVA and Dunnett’s test, using Graph-Pad Prism
(Graph-Pad software, San Diego, CA, USA).
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NMR (100 MHz) spectra of compounds 1–36. Figure S1: cytotoxicity in K562/DOX cells of com-
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A549 cells of compounds 1–36, Figure S4: cytotoxicity in HT29/DOX cells of compounds 1–36, Figure
S5: cytotoxicity in A549/DOX cells of compounds 1–36, Figure S6: antiproliferative activity in HT29
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Author Contributions: Conceptualization, L.B., C.R., M.N.R., C.T.S. and E.T.; Funding acquisition,
C.R., M.N.R. and E.T.; Investigation, C.R., A.P., M.C. (Marta Cecchi), A.N., G.B., M.M., M.C. (Maria-
lessandra Contino) and N.A.C.; Methodology, L.B. and D.M.; Project administration, L.B., C.R. and
E.T.; Supervision, L.B., C.R., M.N.R., C.T.S. and E.T.; Validation, A.P., M.C. (Marta Cecchi), A.N., G.B.,
M.M., M.C. (Marialessandra Contino), N.A.C. and D.M.; Writing—original draft, L.B., C.R. and E.T.;
Writing—review and editing, L.B., C.R., M.C. (Marialessandra Contino), D.M., M.N.R., C.T.S. and E.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by grants from the University of Florence (Fondo Ricerca
Ateneo RICATEN21, RICATEN22 and RICATEN23) and Compagnia di San Paolo (Fondo EX-POST
2021 to University of Torino).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/molecules29143290/s1


Molecules 2024, 29, 3290 30 of 32

References
1. Gottesman, M.M. Mechanisms of Cancer Drug Resistance. Annu. Rev. Med. 2002, 53, 615–627. [CrossRef]
2. Gottesman, M.M.; Fojo, T.; Bates, S.E. Multidrug Resistance in Cancer: Role of ATP-Dependent Transporters. Nat. Rev. Cancer

2002, 2, 48–58. [CrossRef] [PubMed]
3. Szakács, G.; Annereau, J.P.; Lababidi, S.; Shankavaram, U.; Arciello, A.; Bussey, K.J.; Reinhold, W.; Guo, Y.; Kruh, G.D.; Reimers,

M.; et al. Predicting Drug Sensitivity and Resistance: Profiling ABC Transporter Genes in Cancer Cells. Cancer Cell 2004, 6,
129–137. [CrossRef]

4. Kathawala, R.J.; Gupta, P.; Ashby, C.R.; Chen, Z.S. The Modulation of ABC Transporter-Mediated Multidrug Resistance in Cancer:
A Review of the Past Decade. Drug Resist. Updat. 2015, 18, 1–17. [CrossRef] [PubMed]

5. Palmeira, A.; Sousa, E.; Vasconcelos, M.H.; Pinto, M.M. Three Decades of P-gp Inhibitors: Skimming Through Several Generations
and Scaffolds. Curr. Med. Chem. 2012, 19, 1946–2025. [CrossRef] [PubMed]

6. Li, W.; Zhang, H.; Assaraf, Y.G.; Zhao, K.; Xu, X.; Xie, J.; Yang, D.H.; Chen, Z.S. Overcoming ABC Transporter-Mediated Multidrug
Resistance: Molecular Mechanisms and Novel Therapeutic Drug Strategies. Drug Resist. Updat. 2016, 27, 14–29. [CrossRef]

7. Zhang, H.; Xu, H.; Ashby, C.R.; Assaraf, Y.G.; Chen, Z.S.; Liu, H.M. Chemical Molecular-Based Approach to Overcome Multidrug
Resistance in Cancer by Targeting P-Glycoprotein (P-gp). Med. Res. Rev. 2021, 41, 525–555. [CrossRef]

8. Coley, H.M. Overcoming Multidrug Resistance in Cancer: Clinical Studies of P-Glycoprotein Inhibitors. Methods Mol. Biol. 2010,
596, 341–358.

9. Kelly, R.J.; Draper, D.; Chen, C.C.; Robey, R.W.; Figg, W.D.; Piekarz, R.L.; Chen, X.; Gardner, E.R.; Balis, F.M.; Venkatesan, A.M.;
et al. A Pharmacodynamic Study of Docetaxel in Combination with the P-Glycoprotein Antagonist Tariquidar (XR9576) in
Patients with Lung, Ovarian, and Cervical Cancer. Clin. Cancer Res. 2011, 17, 569–580. [CrossRef]

10. Sarkadi, B.; Homolya, L.; Szakács, G.; Váradi, A. Human Multidrug Resistance ABCB and ABCG Transporters: Participation in a
Chemoimmunity Defense System. Physiol. Rev. 2006, 86, 1179–1236. [CrossRef]

11. Ueda, K. ABC Proteins Protect the Human Body and Maintain Optimal Health. Biosci. Biotechnol. Biochem. 2011, 75, 401–409.
[CrossRef] [PubMed]

12. Darby, R.A.J.; Callaghan, R.; McMahon, R.M. P-Glycoprotein Inhibition: The Past, the Present and the Future. Curr. Drug Metab.
2011, 12, 722–731. [CrossRef] [PubMed]

13. Nocentini, A.; Supuran, C.T. Carbonic Anhydrase Inhibitors as Antitumor/Antimetastatic Agents: A Patent Review (2008–2018).
Expert Opin. Ther. Pat. 2018, 28, 729–740. [CrossRef] [PubMed]

14. Hynninen, P.; Vaskivuo, L.; Saarnio, J.; Haapasalo, H.; Kivelä, J.; Pastoreková, S.; Pastorek, J.; Waheed, A.; Sly, W.S.; Puistola,
U.; et al. Expression of Transmembrane Carbonic Anhydrases IX and XII in Ovarian Tumours. Histopathology 2006, 49, 594–602.
[CrossRef] [PubMed]

15. Rafalko, A.; Iliopoulos, O.; Fusaro, V.A.; Hancock, W.; Hincapie, M. Immunoaffinity Enrichment and Liquid Chromatography-
Selected Reaction Monitoring Mass Spectrometry for Quantitation of Carbonic Anhydrase 12 in Cultured Renal Carcinoma Cells.
Anal. Chem. 2010, 82, 8998–9005. [CrossRef]

16. Monti, S.M.; Supuran, C.T.; De Simone, G. Anticancer Carbonic Anhydrase Inhibitors: A Patent Review (2008–2013). Expert Opin.
Ther. Pat. 2013, 23, 737–749. [CrossRef] [PubMed]

17. Supuran, C.T. Carbonic Anhydrase Inhibitors as Emerging Agents for the Treatment and Imaging of Hypoxic Tumors. Expert
Opin. Investig. Drugs 2018, 27, 963–970. [CrossRef]

18. Chiche, J.; Ilc, K.; Laferrière, J.; Trottier, E.; Dayan, F.; Mazure, N.M.; Brahimi-Horn, M.C.; Pouysségur, J. Hypoxia-Inducible
Carbonic Anhydrase IX and XII Promote Tumor Cell Growth by Counteracting Acidosis through the Regulation of the Intracellular
pH. Cancer Res. 2009, 69, 358–368. [CrossRef]

19. Teodori, E.; Braconi, L.; Bua, S.; Lapucci, A.; Bartolucci, G.; Manetti, D.; Romanelli, M.N.; Dei, S.; Supuran, C.T.; Coronnello,
M. Dual P-Glycoprotein and CA XII Inhibitors: A New Strategy to Reverse the P-gp Mediated Multidrug Resistance (MDR) in
Cancer Cells. Molecules 2020, 25, 1748. [CrossRef]

20. Braconi, L.; Teodori, E.; Riganti, C.; Coronnello, M.; Nocentini, A.; Bartolucci, G.; Pallecchi, M.; Contino, M.; Manetti, D.;
Romanelli, M.N.; et al. New Dual P-Glycoprotein (P-gp) and Human Carbonic Anhydrase XII (hCA XII) Inhibitors as Multidrug
Resistance (MDR) Reversers in Cancer Cells. J. Med. Chem. 2022, 65, 14655–14672. [CrossRef]

21. Dei, S.; Coronnello, M.; Bartolucci, G.; Manetti, D.; Romanelli, M.N.; Udomtanakunchai, C.; Salerno, M.; Teodori, E. Design and
Synthesis of New Potent N,N-Bis(Arylalkyl)Piperazine Derivatives as Multidrug Resistance (MDR) Reversing Agents. Eur. J. Med.
Chem. 2018, 147, 7–20. [CrossRef] [PubMed]

22. Buran, K.; Bua, S.; Poli, G.; Bayram, F.E.Ö.; Tuccinardi, T.; Supuran, C.T. Novel 8-Substituted Coumarins That Selectively Inhibit
Human Carbonic Anhydrase IX and XII. Int. J. Mol. Sci. 2019, 20, 1208. [CrossRef]

23. De Luca, L.; Mancuso, F.; Ferro, S.; Buemi, M.R.; Angeli, A.; Del Prete, S.; Capasso, C.; Supuran, C.T.; Gitto, R. Inhibitory Effects
and Structural Insights for a Novel Series of Coumarin-Based Compounds That Selectively Target Human CA IX and CA XII
Carbonic Anhydrases. Eur. J. Med. Chem. 2018, 143, 276–282. [CrossRef]

24. Yalçintepe, L.; Halis, E.; Ulku, S. Effect of CD38 on the Multidrug Resistance of Human Chronic Myelogenous Leukemia K562
Cells to Doxorubicin. Oncol. Lett. 2016, 11, 2290–2296. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev.med.53.082901.103929
https://doi.org/10.1038/nrc706
https://www.ncbi.nlm.nih.gov/pubmed/11902585
https://doi.org/10.1016/j.ccr.2004.06.026
https://doi.org/10.1016/j.drup.2014.11.002
https://www.ncbi.nlm.nih.gov/pubmed/25554624
https://doi.org/10.2174/092986712800167392
https://www.ncbi.nlm.nih.gov/pubmed/22257057
https://doi.org/10.1016/j.drup.2016.05.001
https://doi.org/10.1002/med.21739
https://doi.org/10.1158/1078-0432.CCR-10-1725
https://doi.org/10.1152/physrev.00037.2005
https://doi.org/10.1271/bbb.100816
https://www.ncbi.nlm.nih.gov/pubmed/21389634
https://doi.org/10.2174/138920011798357006
https://www.ncbi.nlm.nih.gov/pubmed/21434857
https://doi.org/10.1080/13543776.2018.1508453
https://www.ncbi.nlm.nih.gov/pubmed/30074415
https://doi.org/10.1111/j.1365-2559.2006.02523.x
https://www.ncbi.nlm.nih.gov/pubmed/17163844
https://doi.org/10.1021/ac101981t
https://doi.org/10.1517/13543776.2013.798648
https://www.ncbi.nlm.nih.gov/pubmed/23672415
https://doi.org/10.1080/13543784.2018.1548608
https://doi.org/10.1158/0008-5472.CAN-08-2470
https://doi.org/10.3390/molecules25071748
https://doi.org/10.1021/acs.jmedchem.2c01175
https://doi.org/10.1016/j.ejmech.2018.01.092
https://www.ncbi.nlm.nih.gov/pubmed/29421572
https://doi.org/10.3390/ijms20051208
https://doi.org/10.1016/j.ejmech.2017.11.061
https://doi.org/10.3892/ol.2016.4165
https://www.ncbi.nlm.nih.gov/pubmed/26998164


Molecules 2024, 29, 3290 31 of 32

25. Yang, H.L.; Cai, P.; Liu, Q.H.; Yang, X.L.; Li, F.; Wang, J.; Wu, J.J.; Wang, X.B.; Kong, L.Y. Design, Synthesis and Evaluation of
Coumarin-Pargyline Hybrids as Novel Dual Inhibitors of Monoamine Oxidases and Amyloid-β Aggregation for the Treatment of
Alzheimer’s Disease. Eur. J. Med. Chem. 2017, 138, 715–728. [CrossRef]

26. Jiang, N.; Huang, Q.; Liu, J.; Liang, N.; Li, Q.; Li, Q.; Xie, S.S. Design, Synthesis and Biological Evaluation of New Coumarin-
Dithiocarbamate Hybrids as Multifunctional Agents for the Treatment of Alzheimer’s Disease. Eur. J. Med. Chem. 2018, 146,
287–298. [CrossRef]

27. Pisani, L.; Catto, M.; Giangreco, I.; Leonetti, F.; Nicolotti, O.; Stefanachi, A.; Cellamare, S.; Carotti, A. Design, Synthesis, and
Biological Evaluation of Coumarin Derivatives Tethered to an Edrophonium-like Fragment as Highly Potent and Selective Dual
Binding Site Acetylcholinesterase Inhibitors. ChemMedChem 2010, 5, 1616–1630. [CrossRef]

28. Tasso, B.; Catto, M.; Nicolotti, O.; Novelli, F.; Tonelli, M.; Giangreco, I.; Pisani, L.; Sparatore, A.; Boido, V.; Carotti, A.; et al.
Quinolizidinyl Derivatives of Bi- and Tricyclic Systems as Potent Inhibitors of Acetyl- and Butyrylcholinesterase with Potential in
Alzheimer’s Disease. Eur. J. Med. Chem. 2011, 46, 2170–2184. [CrossRef] [PubMed]

29. Thakar, K.A.; Pathak, R.V.; Dumir, A.B. Synthesis of Unsymmetric Bis-Coumarinoxy-Alkanes. J. Indian Chem. Soc. 1980, 57, 89–91.
30. Narella, S.G.; Shaik, M.G.; Mohammed, A.; Alvala, M.; Angeli, A.; Supuran, C.T. Synthesis and Biological Evaluation of

Coumarin-1,3,4-Oxadiazole Hybrids as Selective Carbonic Anhydrase IX and XII Inhibitors. Bioorg. Chem. 2019, 87, 765–772.
[CrossRef]

31. Romanelli, G.P.; Bennardi, D.; Ruiz, D.M.; Baronetti, G.; Thomas, H.J.; Autino, J.C. A Solvent-Free Synthesis of Coumarins Using
a Wells-Dawson Heteropolyacid as Catalyst. Tetrahedron Lett. 2004, 45, 8935–8939. [CrossRef]

32. Khalifah, R.G. The Carbon Dioxide Hydration Activity of Carbonic Anhydrase. J. Biol. Chem. 1971, 246, 2561–2573. [CrossRef]
33. Supuran, C.T. How Many Carbonic Anhydrase Inhibition Mechanisms Exist? J. Enzyme Inhib. Med. Chem. 2016, 31, 345–360.

[CrossRef] [PubMed]
34. Lozzio, C.; Lozzio, B. Human Chronic Myelogenous Leukemia Cell Line with Positive Philadelphia Chromosome. Blood 1975, 45,

321–334. [CrossRef] [PubMed]
35. Alley, M.C.; Scudiero, D.A.; Monks, A.; Hursey, M.; Czerwinski, M.J.; Fine, D.L.; Abbott, B.J.; Mayo, J.G.; Shoemaker, R.; Boyd,

M.R. Feasibility of Drug Screening with Panels of Human Tumor Cell Lines Using a Microculture Tetrazolium Assay. Cancer Res.
1988, 48, 589–601. [PubMed]

36. Riganti, C.; Kopecka, J.; Panada, E.; Barak, S.; Rubinstein, M. The Role of C/EBP-β LIP in Multidrug Resistance. J. Natl. Cancer
Inst. 2015, 107, djv046. [CrossRef]

37. Qian, J.; Cui, J.; Li, S.; Chen, J.; Jia, J. Anticancer Natural Products with Collateral Sensitivity: A Review. Mini-Rev. Med. Chem.
2021, 21, 1465–1486. [CrossRef] [PubMed]

38. Furedi, A.; Toth, S.; Szebenyi, K.; Pape, V.F.S.; Türk, D.; Kucsma, N.; Cervenak, L.; Tovari, J.; Szakacs, G. Identification and
Validation of Compounds Selectively Killing Resistant Cancer: Delineating Cell Line-Specific Effects from P-Glycoprotein-Induced
Toxicity. Mol. Cancer Ther. 2017, 16, 45–56. [CrossRef] [PubMed]

39. Türk, D.; Hall, M.D.; Chu, B.F.; Ludwig, J.A.; Fales, H.M.; Gottesman, M.M.; Szakács, G. Identification of Compounds Selectively
Killing Multidrug-Resistant Cancer Cells. Cancer Res. 2009, 69, 8293–8301. [CrossRef]
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