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lators thiosemicarbazones with
activity at the s2 receptors and P-glycoprotein: an
innovative strategy for resistant tumor treatment†

Maria Laura Pati,‡ab Mauro Niso,‡a Savina Ferorelli,a Carmen Abate*a

and Francesco Berardia

To combat the emergence of drug-resistance in tumors novel strategies are urgently needed. With this in

mind we designed a novel class of thiosemicarbazones able to target simultaneously s2 receptors and P-

glycoprotein efflux pump while chelating metals such as iron. The combined effect of these targets

would lead to the activation of multiple pathways to which resistant tumors are sensitive. Indeed, most

of the novel thiosemicarbazones displayed antiproliferative activity in both parent (MCF7 breast

adenocarcinoma and A549 lung carcinoma) and corresponding doxorubicin-resistant cells (MCF7dx and

A549dx). A few compounds emerged for their potent antiproliferative activity or for their more potent

effect in doxorubicin-resistant cells than in the parent ones, while other compounds emerged for their

remarkable P-gp modulatory activity. These results pave the way for further studies on these targets in

the oncology field, while the availability of promising molecules for resistant tumors treatment that

warrant deeper investigations was increased.
1. Introduction

Aer a rst characterization as subtype of opiate receptors,
sigma (s) proteins were identied as a distinct class of opiate
receptors divided in two subtypes, namely s1 and s2.1 Soon
thereaer s1 subtype was cloned from a number of species.2

The intense research that followed has identied the s1

receptor as an endoplasmic reticulum chaperone involved in
important brain functions. Besides implications in schizo-
phrenia, anxiety, depression, and drug addiction, increasing
evidence is correlating this subtype with neurodegenerative
disorders such as Alzheimer's disease3–5 and amyotrophic
lateral sclerosis.6,7 Moreover, important roles in modulating
microglia response to brain injuries were recently shown.8,9 All
of these pieces of evidence together make s1 receptor a prom-
ising target for therapeutic approaches to brain diseases.
Knowledge about the s2 receptor subtype is more incomplete.
The molecular identity of the protein is still unclear, despite
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a number of attempts was carried out for its identication. A
decade ago, s2 receptor was proposed as a histone-related
protein,10,11 and few years later it was identied as the proges-
terone receptor component 1 (PGRMC1) protein.12 Although
this latter hypothesis was generally accepted, a few controver-
sies are emerging so that s2 subtype is still an ‘enigma’.13

Nevertheless, interest in s2 receptors is on the increase because
of the involvement of these proteins in cell proliferation.
Overexpression of s2 receptor has been found in a number of
human peripheral and brain cancers, and s2 receptor density is
higher in proliferating than in quiescent tumor cells. Therefore,
this subtype has been proposed as biomarker for the prolifer-
ative status of tumors so that a number of s2 radioligands has
been synthesized,14,15 and a few entered clinical trials for the
detection of human tumors.16,17 Besides the diagnostic
perspective, s2 receptors are endowed with therapeutic poten-
tials since they show antitumor properties. s2 agonists exert
antiproliferative action in tumor cells in vitro18 as well as in
preclinical tumor xenogras in vivo.19,20 Several s2 receptor
ligands with diverse structures have been developed during the
years,21 pharmacophoric models have been generated22,23 and
tools to study s2 receptors at the cellular level, such as uo-
rescent ligands have been produced.24–30 The mechanisms of
cell death activated by s2 receptor agonists are still under
investigation and involve caspase-dependent and -independent
apoptosis, generation of reactive oxygen species (ROS), and
autophagy.31,32 Curiously, the activated pathways depend on the
s2 ligand and on the cell type, but we are still far from a clear
understanding of the s2-mediated mechanism of action. In our
RSC Adv., 2015, 5, 103131–103146 | 103131
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continuous effort to produce s2 receptor agonists, we recently
obtained a series of s2 ligands with important antiproliferative
activity in human MCF7 breast adenocarcinoma cells.33 Most of
the compounds displayed similar activity in the corresponding
doxorubicin-resistant cell line (MCF7dx), and some of them
such as siramesine (1, Fig. 1) and 9-[4-(6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinolin-2-yl)butyl]-9H-carbazole (2, Fig. 1) were
even more potent in MCFdx than in MCF7 cells showing
a property known as ‘collateral sensitivity’ (CS).33,34 We found
out that the compounds endowed with CS were also substrates
of the efflux pump P-glycoprotein (P-gp) that is the mainly
responsible of the Multi Drug Resistance (MDR) phenomenon.
This pump is able to efflux a variety of anticancer drug and its
presence has been shown to correlate with poor tumor patient
prognosis, so that its clinical relevance is big. Many efforts have
been devoted to the identication of selective P-gp ligands able
to block the pump and restore the chemotherapeutic activity.
However, such strategy that looked promising in vitro, failed in
the clinic and alternative approaches to overcome the emer-
gence of MDR are urgently needed. CS is an intriguing property
to be investigated as a strategy for MDR tumors treatment.
Different hypotheses have been formulated to justify the CS
phenomenon. In accordance with one of these hypotheses,
treatment of cells with P-gp substrates that are actively effluxed,
would lead to ATP depletion and subsequent increase in ROS
production leading to higher sensitivity to changes in energy
levels.35,36 However, interaction with P-gp is not a requirement
for the compounds to retain CS, although the activity of the
known CS agents is proportional to P-gp density within the cells.
Indeed, CS agents have been found among compounds that do
not directly interact with P-gp. Generally, these compounds are
able to alter the energy equilibrium of cells, hyper-sensitizing
them to ROS. Compounds such as chelators of metals that
can cycle between two red-ox states (e.g. iron II/III, copper I/II)
are among them.35–38 All of these pieces of evidence together,
prompted us to design a novel class of possible anti-tumor
agents active also in resistant tumors. With this aim, we
combined in one structure the s2 pharmacophore and the P-gp
directing portion together with a metal chelating moiety.
The 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline or 1-cyclo-
hexylpiperazine basic moieties were linked through a butyl
Fig. 1 Reference s2 ligands.
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chain to the isatin-N-atom in order to build the s2 receptor and
P-gp directing portion, while the metal chelation property was
obtained by functionalizing the isatin nucleus to a thio-
semicarbazone moiety. The combined results from this study
suggest that the proposed multitarget strategy is promising for
resistant tumors treatment. Despite the absence of potent CS
agents, some of the novel thiosemicarbazones show important
antiproliferative activity in both parent and doxorubicin resis-
tant cells, and a few hold promises for resistant tumors treat-
ment warranting further investigation.

2. Results and discussion
2.1. Chemistry

The synthetic pathway for the synthesis of nal compounds is
depicted in Scheme 1. Upon alkylation of isatin with 1-bromo-4-
chlorobutane in the presence of K2CO3, intermediate chloro-
butyl 3 was obtained. Compound 3 was then used to alkylate
either 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline or
1-cyclohexylpiperazine in the presence of K2CO3 to produce
either 4a or 4b. These two intermediate amines were trans-
formed into their corresponding hydrochloride salts, dissolved
in hot EtOH and treated with the appropriate thio-
semicarbazides to afford nal thiosemicarbazones 5a,b–17a,b
as hydrochloride salts (Table 1).

2.2. Biology

2.2.1. s2 receptor binding. Results from binding assays for
all the novel compounds are expressed as inhibition constants
(Ki values) in Table 1. The novel thiosemicarbazones displayed
nanomolar affinities comparable to those of lead compound
siramesine 1 with Ki values ranging from 7.03 nM to 35.4 nM.
There were no appreciable differences between the affinity
values of 6,7-dimethoxytetrahydroisoquinoline and cyclo-
hexylpiperazine derivatives, and as already demonstrated with
other structures (e.g. tetralin, indole, carbazole, benzamide
compounds), the two basic moieties were conrmed to be
useful to confer high s2 receptor affinity also in these isatin-
thiosemicarbazone-based structures.14,33,39–41 In the 6,7-dimethoxy-
tetrahydroisoquinoline series, the absence of a substituent (5a) or
the presence of a small or bulkier group at the thiosemicarbazone
This journal is © The Royal Society of Chemistry 2015



Scheme 1 Reagents: (a) Br(CH2)4Cl, K2CO3, CH3CN; (b) 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline or 1-cyclohexylpiperazine, K2CO3,
CH3CN; (c) appropriate thiosemicarbazide, EtOH.
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moiety, such as methyl (6a), i-propyl (8a), t-butyl (9a), benzyl (10a)
or 1-naphthyl (17a) determined high affinity binding at the s2

receptor (Ki ¼ 7.03 nM, Ki ¼ 15.9 nM, Ki ¼ 8.70 nM, Ki ¼ 7.65 nM,
Ki¼ 9.90 nM and Ki¼ 7.20 nM; respectively). These data suggested
the presence of a region of tolerance in the portion of the s2

receptor binding site that accommodates the thiosemicarbazone
moieties. A further support to this ‘tolerance region’ was given by
the phenyl substitution at the thiosemicarbazone moiety. The
phenyl ring (11a) determined a lower but still notable interaction
with the s2 binding site (Ki ¼ 19.1 nM), and the insertion of an
electron-withdrawing (F, Cl, CF3) or -donating (CH3, OCH3)
substituents in the para position of the phenyl ring did not
This journal is © The Royal Society of Chemistry 2015
inuence the affinity at thes2 receptor (Ki values ranging from14.7
nM to 20.8 nM), with no substituent effect. On the other hand, the
bis-methyl substitution on the thiosemicarbazone group in the 6,7-
dimethoxytetrahydroisoquinoline derivatives led to the lowest s2

receptor affinity of the series (7a; Ki ¼ 34.1 nM). Results from the
cyclohexylpiperazine series were in accordance with results from
the 6,7-dimethoxytetrahydroisoquinoline one. The absence of
a substituent (5b) or the presence of one methyl (6b), i-propyl (8b),
t-butyl (9b) or benzyl group (10b) as well as a phenyl substituent
(11b) on the thiosemicarbazone moiety determined similar s2

receptor binding (Ki ¼ 14.8 nM, 27.1 nM, 28.0 nM, 23.2 nM, 17.2
nM, and 16.4 nM; respectively). Also in this class, the aryl
RSC Adv., 2015, 5, 103131–103146 | 103133



Table 1 Biological data of novel thiosemicarbazone derivatives

Cpd R R1 R2

Ki � SEMa (nM) EC50 � SEMa (mM)

s2 MCF7 MCF7dx A549 A549dx Calcein-AM ATPb

1, siramesine 12.6c 12.3c 5.90c 15.4d 4.63d 1.41c Yes
2 0.04c 28.2c 17.1c 26.4d 11.7d 0.42c Yes
5a A H H 7.03 � 1.8 >100 >100 >100 >100 0.24 � 0.02 No
5b B 14.8 � 3.1 >100 >100 >100 >100 2.95 � 0.3 No
6a A CH3 H 15.9 � 4.2 >100 78.4 � 1.0 33.9 � 6.1 37.2 � 2.5 0.11 � 0.03 No
6b B 27.1 � 3.8 52.6 � 5.5 77.6 � 1.3 >100 61.8 � 1.7 0.65 � 0.12 No
7a A CH3 CH3 34.1 � 5.1 24.6 � 3.6 15.7 � 1.6 10.4 � 1.6 3.89 � 0.5 3.04 � 0.18 No
7b B 35.4 � 8.8 1.81 � 0.4 2.95 � 0.4 2.20 � 0.3 2.83 � 0.4 2.83 � 0.35 No
8a A

H

8.70 � 1.5 25.9 � 0.7 22 � 0.3 20.7 � 1.2 19.4 � 1.2 0.075 � 0.01 No

8b B 28.0 � 4.3 17.6 � 0.8 25.0 � 1.6 29.0 � 5.5 28.1 � 3.1 0.45 � 0.05 No

9a A H 7.65 � 2.0 18.0 � 1.4 20.3 � 1.0 16.1 � 0.4 16.7 � 1.2 0.32 � 0.03 No
9b B 23.2 � 2.2 7.67 � 0.2 17.4 � 1.3 13.0 � 1.7 14.6 � 1.2 0.98 � 0.06 Yes

10a A
H

9.9 � 1.0 >100 >100 20.6 � 4.0 13.3 � 1.9 0.065 � 0.03 No
10b B 17.2 � 2.1 18.5 � 0.1 20.2 � 0.2 16.8 � 0.3 14.8 � 0.7 0.84 � 0.1 Yes

11a A
H

19.1 � 1.4 >100 >100 >100 61.3 � 1.6 0.35 � 0.03 No
11b B 16.4 � 2.5 12.5 � 2.6 18.6 � 0.5 11.5 � 1.8 10.9 � 1.4 1.28 � 0.2 Yes

12a A
H

20.8 � 3.3 >100 >100 >100 52.6 � 8.7 0.38 � 0.05 No
12b B 14.7 � 0.5 16.0 � 2.3 17.2 � 1.5 6.68 � 1.1 6.02 � 0.2 1.82 � 0.15 Yes

13a A H 16.4 � 1.2 >100 >100 >100 >100 0.22 � 0.05 No
13b B 16.8 � 1.7 14.6 � 0.5 12.4 � 2.8 13.4 � 2.6 14.1 � 1.6 0.88 � 0.1 Yes

103134 | RSC Adv., 2015, 5, 103131–103146 This journal is © The Royal Society of Chemistry 2015
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Table 1 (Contd. )

Cpd R R1 R2

Ki � SEMa (nM) EC50 � SEMa (mM)

s2 MCF7 MCF7dx A549 A549dx Calcein-AM ATPb

14a A H 14.9 � 2.0 >100 34.3 � 0.5 16.7 � 0.5 12.4 � 1.0 0.28 � 0.05 No
14b B 28.2 � 3.1 14.9 � 1.4 21.3 � 2.6 8.78 � 1.6 10.4 � 1.4 1.42 � 0.3 Yes

15a A H 19.1 � 1.9 >100 45.9 � 0.5 19.8 � 1.2 22.6 � 1.7 0.80 � 0.1 No
15b B 22.2 � 2.6 12.6 � 1.1 21.5 � 1.0 10.8 � 2.1 6.54 � 0.5 2.45 � 0.60 Yes

16a A
H

14.7 � 1.3 >100 >100 >100 >100 0.47 � 0.03 No
16b B 14.2 � 1.5 19.0 � 1.2 17.9 � 0.9 15.5 � 0.5 15.7 � 2.4 4.21 � 0.8 Yes

17a A H 7.20 � 0.16 >100 >100 >100 >100 0.04 � 0.001 No
17b B 15.2 � 2.1 15.8 � 1.5 18.8 � 0.6 10.1 � 0.4 12.0 � 0.1 0.91 � 0.07 Yes

DTG 25.7 � 1.41

a Values represent the mean of n $ 2 separate experiments in duplicate � SEM. b ‘Yes’: ATP is depleted, ‘No’: ATP is not depleted. c From ref. 33.
d From ref. 34.
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substitution on the thiosemicarbazone did not appear to suffer
from steric or electronic effects. 1-Naphthyl-bearing thio-
semicarbazone (17b) was one among the highests2 affinity ligands
within the cyclohexylpiperazine series (Ki ¼ 15.2 nM), and in the
para-substituted phenyl derivatives, the methyl (12b), methoxy
(13b) triuoromethyl (16b), uoro (14b) or chloro (15b) substitu-
tion determined similar s2 binding affinities (Ki values¼ 14.7 nM,
16.8 nM, 14.2 nM, 28.2 nM, and 22.2 nM; respectively). Also in this
class of compounds, the presence of the bis-methyl group on the
thiosemicarbazone moiety (7b) led to the highest Ki value of the
This journal is © The Royal Society of Chemistry 2015
series (Ki ¼ 35.4 nM), so that the bis-substitution appears to be
detrimental for high-affinity interaction at s2 receptor in the thi-
osemicarbazone derivatives series.

2.2.2. Calcein-AM and ATP-depleting assays. The interac-
tion of these compounds with P-gp was evaluated through the
calcein-AM assay in combination with the ATP-depleting assay.
Results are reported in Table 1 as EC50 for the calcein-AM assay
and as ‘Not’ (ATP is not depleted) or ‘Yes’ (ATP is depleted) for the
ATP-depleting assay. In contrast to other already known isatin-
b-thiosemicarbazones devoid of the s2/P-gp targeting moieties
RSC Adv., 2015, 5, 103131–103146 | 103135
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such as the N-butyl-6,7-dimethoxytetrahydroisoquinoline and
N-butyl-1-cyclohexylpiperazine,42 all of the novel compounds
interactedwithP-gp from the lowmicromolar to sub-micromolar
range. 6,7-Dimethoxytetrahydroisoquinoline derivatives dis-
played a noticeable and more potent interaction with P-gp in
comparison to the corresponding 1-cyclohexylpiperazine coun-
terparts (from 3- to 20-fold more potent), all with EC50 values
below 1 mM. The only exception was the dimethyl-substituted
derivative (7a) which displayed the highest EC50 value
(3.04 mM) suggesting that the double substitution at the thio-
semicarbazonemoiety is also detrimental for P-gp interaction in
the 6,7-dimethoxytetrahydroisoquinoline derivatives. The
absence of a substituent at the thiosemicarbazonemoiety (5a) or
the presence of a mono-methyl (6a), t-butyl (9a), and the phenyl
(11a) (EC50 values ¼ 0.24 mM, 0.11 mM, 0.32 mM, 0.35 mM;
respectively) substitution determined a strong P-gp interaction.
The presence of electron-withdrawing or -donating groups in the
para position of the phenyl ring did not affect interaction with
the P-gp (EC50 values ranging from 0.22 mM to 0.80 mM) in
agreement with the interaction of these compounds with the s2

receptors. The P-gp activity determined by moieties such as
i-propyl (8a; EC50¼ 0.075 mM), benzyl (10a; EC50¼ 0.065 mM) and
1-naphthyl (17a; EC50 ¼ 0.04 mM) are worthy of note since they
reached the submicromolar EC50 values of the most potent P-gp
ligands known. Unexpectedly, all of the 6,7-dimethoxytetrahy-
droisoquinoline derivatives were not actively effluxed by P-gp as
they do not increase the ATP depletion in the cells studied, in
contrast to reference compounds 1 and 2. Nevertheless, while
these compounds cannot activate the futile ATP-cycle, they may
block P-gp allowing their entrance into the cells where the anti-
proliferative activity canbe exerted. As for 1-cyclohexylpiperazine
derivatives, EC50 values ranged from 0.45 mM to 4.21 mM. In this
series, the absence of a substituent at the thiosemicarbazone
moiety (5b) or thepresenceof adi-methyl one (7b) led to the same
degree of P-gp modulation (EC50 ¼ 2.83 mM and 2.95 mM,
respectively), whereas themono-methyl (6b) and the i-propyl (8b)
substitutions led to a more potent activity (EC50 ¼ 0.65 mM and
0.45 mM, respectively). These four molecules did not increase
ATP depletion, whereas all of the other 1-cyclohexylpiperazine
derivatives, bearing t-butyl (9b), benzyl (10b) or aryl (11b–17b)
groups, determined an increase in ATP depletion, suggesting an
active efflux of the compounds out of the cells with the possible
activation of the futile ATP-cycle. As already veried, small
changes in the structures of P-gp modulators are able to modify
the interaction mechanism at the P-gp pump,43 with the t-butyl
substituted derivative (9b) depleting ATP in contrast to the i-
propyl substituted one (8b). Also in the cyclohexylpiperazine
series, there was no electronic effect in the aryl-substituted
derivatives with most of the aryl compounds presenting EC50

values around 1 mM.However, the fact that these aryl-substituted
derivatives are ATP-depleting agents denotes a different inter-
action with P-gp compared to their 6,7-dimethoxytetrahy-
droisoquinoline counterparts.

2.2.3. Iron chelation. Isatin-b-thiosemicarbazones are
known as metal chelators and they have been particularly
exploited as iron chelators.36,42 To rule out that the functional-
ization of the isatin-N-atom with the s2-directioning portions
103136 | RSC Adv., 2015, 5, 103131–103146
affects the chelation properties, the ferrozine assay was per-
formed. In order to take into account the different structural
variables, the three couples of thiosemicarbazones, 6a/6b, 7a/7b
and 11a/11b, were investigated. In this manner, the inuence of
the two s2-receptor directing moieties was coupled to the
different functionalization at the thiosemicarbazone portion:
mono-alkyl, di-alkyl and aryl substitution. In all of the
compounds, chelation of iron II was detected to the same extent
(Fig. S1, in ESI†) conrming the ability of these novel thio-
semicarbazones to sequester iron species, likely altering the cell
red-ox equilibrium and contributing to the antiproliferative
effects of these compounds.

2.2.4. Antiproliferative activity in MCF7 and MCF7dx and
in A549 and A549dx cell line pairs. The antiproliferative activities
of novel and reference compounds were evaluated in two cell lines
pairs: theMCF7 breast adenocarcinoma, the A549 lung carcinoma
and their corresponding doxorubicin resistant MCF7dx and
A549dx cell lines, where it was also veried that the overexpression
of P-gp did not affect the expression of s2 receptors (Table S1, in
ESI†). Antiproliferative activities of the compounds are expressed
as EC50 values in Table 1. Generally, cyclohexylpiperazine deriva-
tives were more potent than the corresponding 6,7-dimethoxyte-
trahydroisoquinoline ones, suggesting the importance of the
basic moiety in conferring the antiproliferative action to these
compounds. As for the monoalkyl substituted thio-
semicarbazones, activity in both the 6,7-dimethoxytetrahy-
droisoquinoline (6a, 8a and 9a) and the cyclohexylpiperazine (6b,
8b and 9b) derivatives increased with the size of the alkyl group in
the four cell lines, with the t-butyl substituent providing the lowest
EC50 values. The absence of substituents at the thiosemicarbazone
determined the lack of antiproliferative activity in all the cell lines
studied, both in the 6,7-dimethoxytetrahydroisoquinoline (5a) and
cyclohexylpiperazine (5b) series (EC50 values > 100 mM), as already
veried in other cell lines for the corresponding isatin-b-thio-
semicarbazone devoid of the N-butyl-linked basic moieties target-
ings2 and P-gp proteins (i.e. 6,7-dimethoxytetrahydroisoquinoline
and cyclohexylpiperazine).36 In contrast to the s2 affinity and
P-gp activity, the di-methyl substitution generated potent anti-
proliferative properties, with the 6,7-dimethoxytetrahy-
droisoquinoline derivative (7a) displaying more potent activity in
the doxorubicin resistant cells (EC50 ¼ 15.7 mM in MCF7dx;
EC50¼3.89mMinA549dx), than in theparentones (EC50¼24.6mM
in MCF7; EC50 ¼ 10.4 mM in A549), with hints of CS. The same
substitution in the cyclohexylpiperazine derivatives (7b) deter-
mined themost potent antiproliferative activity of the whole series
of thiosemicarbazones, with no differences between the parent
and resistant cell lines (EC50 values ranging from 1.81 mM to 2.95
mM). This result is in line with already known thiosemicarbazones:
despite thediverse structures of the thiosemicarbazones, the presence
of the N-terminal di-methylation has oen proven to enhance
the antiproliferative activity.38,44,45 A few 6,7-dimethoxytetrahy-
droisoquinoline derivatives were devoid of antiproliferative
activity (EC50 values > 100 mM) inboth the cell lines pairs (5a, 13a,
16a, 17a) or in both MCF7 cell lines (11a and 12a). Few other
6,7-dimethoxytetrahydroisoquinoline derivatives were devoid
of activity in the parent cells, whereas they displayed a certain
antiproliferative effect in the corresponding doxorubicin
This journal is © The Royal Society of Chemistry 2015
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resistant cells. Examples are 14a and 15a without effect in MCF7
cells but with antiproliferative activity in MCF7dx cells (EC50 ¼
34.3 mM and 45.9 mM, respectively), and 11a and 12a without
activity in A549 but with a weak antiproliferative effect in A549dx
(EC50 values of 61.3 mM and 52.6 mM, respectively). The same
behavior was shown by the cyclohexylpiperazine compound 6b
that displayed weak antiproliferative activity in A549dx (EC50 ¼
61.8 mM) but not in A549 parent cells. Although clear structure
activity relationships cannot bedrawn for thesemolecules, in the
cyclohexylpiperazine derivatives the substitution on the phenyl
ring did not inuence the antiproliferative activity. All the
phenyl-bearing compounds (11b, 12b, 13b, 14b, 15b, and 16b)
displayed similar EC50 values (around 10 mM) with more potent
action inA549 cells than inMCF7 cells. Also, the steric hindrance
at the cyclohexylpiperazine thiosemicarbazones did not inu-
ence this trend as shown by the naphthyl (17b), benzyl (10b) and
t-butyl (9b)-bearing derivatives. On the other hand, a certain
dependence on the electronic effects in the aryl-substituted
thiosemicarbazone derivatives was recorded in the 6,7-dime-
thoxytetrahydroisoquinoline compounds. A considerable
improvement of the activity, particularly in the A549 cell line
pairs, was recorded in the electron-withdrawing p-F-phenyl (14a)
and p-Cl-phenyl (15a) thiosemicarbazone derivatives compared
to the compounds bearing unsubstituted or electron rich phenyl
rings (11a, 12a, 13a). Nevertheless, the more hindered electron-
withdrawing p-CF3-phenyl compound (16a) did not show any
antiproliferative activity, as well as the bulky naphthyl 17a. It
must be noticed that the presence of the cyclohexylpiperazine
moiety led to results in line with the antiproliferative activity
exerted by the corresponding isatin-b-thiosemicarbazones
devoid of the N-butyl-linked basic moieties which were previ-
ously produced (i.e. methyl, i-propyl, phenyl, benzyl and naph-
thyl derivatives).36 On the other hand, the presence of the
6,7-dimethoxytetrahydroisoquinoline generally determined
a reduction of the antiproliferative activity when compared to the
corresponding isatin-b-thiosemicarbazone devoid of the basic
moiety.36 In particular, this was the case for the naphthyl, phenyl
and benzyl derivatives. The presence of the 6,7-dimethoxyte-
trahydroisoquinoline completely abolished the antiproliferative
activity in all the cell lines studied for the naphthyl derivative
(17a), whereas the activity was abolished in MCF7 cell lines and
partially maintained in the A549 cells pair for the benzyl (10a)
and phenyl (11a) derivatives.

Curiously and in contrast to the two reference compounds 1
and 2, none of the few compounds that depleted ATP (9b, 10b,
11b, 12b, 13b, 14b, 15b, 16b, 17b) exerted CS, except for 15b that
displayed a weak CS in the A549 cell line pairs. However, worthy
of note is that all of the ATP-depleting agents showed important
antiproliferative activity in all the four cell lines. On the other
hand, the block of P-gp induced by the ‘no ATP-depleting
agents’ may grant their entrance into the P-gp overexpressing
cells allowing the activation of cell death pathways. All these
results together demonstrate that the activity of these multi-
target compounds is not directly related to the s2 receptor
affinity or to the P-gp modulation activity, as it rather depends
on a combination of activities at different targets, in which also
off-target effects may be involved. However, combination of
This journal is © The Royal Society of Chemistry 2015
these activities mostly resulted in antiproliferative agents
potently active in resistant tumors, in line with other thio-
semicarbazones already known, with compounds 7a and 7b that
warrant deeper investigation.

2.2.5. ROS involvement in the antiproliferative activity of
7a and 7b. The contribution of ROS generation to the anti-
proliferative action of the two most potent compounds, i.e. 7a
and 7b, was indirectly studied by pre-administration of the lipid
antioxidant a-tocopherol (100 mM) in all the four cell lines
(Fig. 2). In MCF7 cells, a-tocopherol determined an important
rescue of cell viability at 24 h reverting the cell death caused by
7b administered up to 100 mM: from 75% cells surviving at 7b
administered at 10 mM, to 60% cells surviving at 30 mM 7b, to
35% cells still surviving at 100 mM 7b. In MCF7dx the rescue was
more limited: a-tocopherol was still able to rescue cells from
10 mM 7b (70% viability), but cell death determined by higher
concentrations of 7b was not reverted, with no differences
between the a-tocopherol treated and untreated cells. The same
behavior was detected with 7a: in MCF7 cells important rever-
sion of cell death by a-tocopherol was recorded even in the
presence of 100 mM 7a (50% viability), whereas in MCF7dx there
was only a slight and not signicant reversion at each concen-
tration of 7a used, suggesting that more a-tocopherol is needed
to save MCF7dx cells from death. Very similar rescue from cell
death by a-tocopherol was recorded in human A549 lung
carcinoma cells and the corresponding doxorubicin-resistant
A549dx. Cell death caused by 7a and 7b administered at
10 mM was importantly rescued by a-tocopherol in the lung cell
lines, and a partial rescue from cell death was still in the two cell
lines upon treatment with the compounds at 100 mM. Involve-
ment of ROS in the antiproliferative action of these compounds
was additionally conrmed by experiment with 5-(and-6)-car-
boxy-20,70-dichlorodihydro-uorescein diacetate (carboxy-
H2DCFDA) (Fig. S2, in ESI†). These results taken together
support that generation of ROS is at least partially responsible
of the mechanism of action of these compounds in all the cell
lines studied. However, the two cell lines pairs show different
sensitivities to a-tocopherol and to these compounds, as already
suggested by the results given by the thiosemicarbozones in the
antiproliferative assays.
2.3. Discussion

Based on previous structural activity relationship (SAR) studies,
structural features prone to target both s2 receptors and P-gp
pump, and to chelate metals were combined in these novel thi-
osemicarbazones with the aim of producing potent anticancer
agents also active in doxorubicin resistant cells. Most of the
compounds displayed high s2 receptor affinity and potent P-gp
modulatory activity, with the majority of them appearing as P-
gp inhibitors rather than P-gp substrates as they do not
increase ATP consumption, in contrast to the lead compounds 1
and2. Among them, therewere some thiosemicarbazonesdevoid
of antiproliferative effect, whereas all the ATP-consuming thio-
semicarbazones displayed important antiproliferative action in
the four cell lines studied, suggesting that ATP consumption
gives a contribution to the overall effect of these multitarget
RSC Adv., 2015, 5, 103131–103146 | 103137



Fig. 2 Antiproliferative effect of compounds 7a and 7b with or without a-tocopherol (100 mM) in MCF7, MCF7dx, A549 and A549dx.
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agents, although it is not determining. In fact, the cyclo-
hexylpiperazine derivative 7b, whose mechanism of action does
not involve increase in ATP depletion, emerged as the most
potent antiproliferative agent of the series, with similar and
low micromolar EC50 values in parent and resistant cells.
The corresponding 6,7-dimethoxytetrahydroisoquinoline thio-
semicarbazone 7a displayed higher activity in the resistant cells
than in parent ones, particularly in the A549dx lung carcinoma
cells, where a potent and 2.7-fold higher activity than in A549
cells was recorded. Curiously, these two compounds – i.e. 7a and
7b – displayed the lowest s2 receptor affinity and P-gp activity,
suggesting that the absence of a hydrogen-bond donator at the
thiosemicarbazonemoiety reduces the interactionwith thes2 and
P-gp proteins, but it is not detrimental to the metal chelation
property and to the overall antiproliferative effect. As a matter of
fact, N-terminal dimethylation in the thiosemicarbazones
103138 | RSC Adv., 2015, 5, 103131–103146
structure has oen resulted in enhanced antitumor activity, as
demonstrated with the di-2-pyridyl (DpT),38 and 2-benzoylpyr-
idine (BpT)46,47 thiosemicarbazones series.Di-2-pyridylketone-4,4-
dimethyl-3-thiosemicarbazone (Dp44mT) belonging to the DpT
series and 2-benzoylpyridine-4,4-dimethyl-3-thiosemicarbazone
(Bp44mT) belonging to the BpT one emerged for their selective
antitumor activity and were investigated in preclinical tumor
models providing very promising results.44,48 In addition, dime-
thylation of the terminal nitrogen importantly affected the
activity of the analogs of the antitumor agent 3-aminopyridine-2-
carboxaldehyde thiosemicarbazone (Triapine),45 so that further
studies were conducted to deepen the mode of action of these 2-
pyridinecarbaldehyde thiosemicarbazones compared to the
non-dimethylated counterparts.49,50 However, in the multitarget
agents herein presented, the overall effect is hardly predictable
as shown by the compounds devoid of antiproliferative activity
This journal is © The Royal Society of Chemistry 2015
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despite their metal chelation properties and their activity at the
s2 and P-gp proteins. One of the reasons is that s2-ligands may
interactwiths2 receptors as agonists (antiproliferative agents) or
as antagonists (lack of antiproliferation), and there are no clear
structural requirements that confer agonist vs. antagonist
activity nor a well established in vitro assay to predict it. As
already stated, small structuralmodications in the structures of
P-gp modulators are able to modify the interaction mechanism
at the pump, transforming P-gp transported substrates into
inhibitors (no ATPdepletion). As for iron chelators that affect the
cell red-ox equilibrium, activation of different cell death mech-
anisms (e.g. metal dependent radical damage, ribonucleotide
reductase inhibitor, DNA binding, inhibition of protein
synthesis) have been reported. In addition, contribution of off-
targets effects to the overall activity of these compounds
cannot be ruled out. That said, the multitarget strategy that was
adopted produced several compounds with important anti-
proliferative activity in parent and resistant cells, with some
differences between the two cell lines pairs that denote different
sensitivity to the mechanisms activated by these ligands.
Therefore, activatedmechanisms need to be further investigated
in diverse tumor cells in particular for the most promising thi-
osemicarbazones such as 7a and 7b. Compounds such as 8a, 10a
and 17a emerge for their potent nanomolar EC50 values at the P-
gp efflux pump in line with the most potent P-gp reference
modulators. Since these compounds do not lead to ATP cell
depletion they appear as notable P-gp inhibitors rather than
substrates, encouraging further studies for their possible
exploitation as P-gp blockers. All in all, novel compounds
holding promises for the treatment of resistant tumors were
obtained, widening the availability of drugs and pathways to be
studied to face MDR.

3. Experimental section
3.1. Chemistry

Both column chromatography and ash column chromatog-
raphy were performed with 60 Å pore size silica gel as the
stationary phase (1 : 30 w/w, 63–200 mm particle size, from ICN,
and 1 : 15 w/w, 15–40 mm particle size, from Merck, respec-
tively). Melting points were determined in open capillaries on
a Gallenkamp electrothermal apparatus. Purity of tested
compounds was established by high-performance liquid chro-
matography (HPLC) on an Agilent Innity 1260 system equip-
ped with diode array with a multiwavelength UV/vis detector set
at l ¼ 230 nm, 254 nm and 280 nm, through a Phenomenex
Gemini RP-18 column (250 � 4.6 mm, 5 mm particle size). 1H
NMR spectra were recorded on a Mercury Varian 300 MHz or on
a 500-vnmrs500 Agilent spectrometer (499.801 MHz). The
following data were reported: chemical shi (d) in parts per
million (ppm), multiplicity (s ¼ singlet, d ¼ doublet, t ¼ triplet,
m ¼ multiplet), integration, and coupling constant(s) in hertz.
For some representative compounds, heteronuclear single
quantum coherence spectroscopy (2D-HSCQ) between 1H and
13C NMR spectra were recorded on a 500-vnmrs500 Agilent
spectrometer (11a, 14a) to assign signals, whereas NOESY 1D to
ascertain the geometry of the double bond between the C- and
This journal is © The Royal Society of Chemistry 2015
N-atoms (14a). Recording of mass spectra was done on an Agi-
lent 1100 series LCMSD trap system VLmass spectrometer; only
signicant m/z peaks, with their percentage of relative intensity
in parentheses, are reported. High resolution mass spectros-
copy (HRMS) was performed on a Agilent 6530 Accurate-Mass Q-
TOF LC/MS spectrometer. Chemicals were from Aldrich, TCI
and Alpha Aesar and were used without any further purication.

3.2. General procedure for the synthesis of 1-[4-(6,7-
dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)butyl]indoline-
2,3-dione hydrochloride (4a) and 1-(4-(4-cyclohexylpiperazin-
1-yl)butyl)indoline-2,3-dione dihydrochloride (4b)

A solution of 3 (2.85 g, 12 mmol) in CH3CN (30 mL) was added
with K2CO3 (14 mmol, 1.94 g) and either 6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline or 1-cyclohexylpiperazine (14 mmol).
The resulting mixture was reuxed overnight under stirring.
Aer the removal of the solvent under reduced pressure the
residue was taken up with H2O and extracted with AcOEt (3� 10
mL). The collected organic layers were dried (Na2SO4) and
evaporated under reduced pressure to afford a crude oil which
was puried by column chromatography (CH2Cl2/MeOH 95 : 5)
to give the title compounds which were transformed into the
corresponding hydrochloride salts.

3.2.1. 1-[4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)-
butyl]indoline-2,3-dione hydrochloride (4a). 1-[4-(6,7-Dime-
thoxy-3,4-dihydroisoquinolin-2(1H)-yl)butyl]indoline-2,3-dione
hydrochloride (4a) was obtained as orange crystals (2.36 g, 50%
yield), mp ¼ 134–136 �C; 1H NMR (500 MHz, DMSO-d6) d 1.68–
1.90 (m, 4H, CH2CH2CH2N), 2.85–2.95 (m, 1H, NCH2CHHAr),
3.17–3.32 (m, 4H, CH2NCH2CH2Ar), 3.58–3.65 (m, 1H, NCH2-
CHHAr), 3.71–3.79 (m, 8H, OCH3 and CONCH2), 4.10–4.23 (m,
1H, NCHHAr), 4.35–4.45 (m, 1H, NCHHAr), 6.75 (s, 1H,
aromatic), 6.80 (s, 1H, aromatic), 7.14 (t, 1H, J ¼ 7.3 Hz,
aromatic), 7.24 (d, 1H, J ¼ 7.8 Hz, aromatic), 7.56 (d, 1H, J ¼ 7.3
Hz, aromatic), 7.67 (t, 1H, J¼ 7.8Hz, aromatic), 10.8 (broad s, 1H,
NH); LC-MS (ESI+) m/z: 417 [M + Na]+; LC-MS-MS 417: 248, 179.

3.2.2. 1-(4-(4-Cyclohexylpiperazin-1-yl)butyl)indoline-2,3-dione
dihydrochloride (4b). 1-(4-(4-Cyclohexylpiperazin-1-yl)butyl)
indoline-2,3-dione dihydrochloride (4b) was obtained as
orange crystals (2.1 g, 48% yield); mp ¼ 250 �C dec.; 1H-NMR
(recorded on compound as free base; 300 MHz, CDCl3) d 1.06–
1.89 (m, 14H, cyclohexyl CH2 and CH2CH2CH2N), 2.19–2.70 (m,
11H, piperazine CH and CH2 and (CH2)3CH2N), 3.73 (t, 2H, J ¼
7.3 Hz, NCH2), 6.93 (d, 1H, J ¼ 7.6 Hz, aromatic), 7.10 (t, 1H, J ¼
7.6 Hz, aromatic), 7.54–7.60 (m, 2H, aromatic); LC-MS (ESI+) m/
z: 370 [M + H]+; LC-MS-MS 370: 288, 202.

3.3. General procedure for the synthesis of nal
thiosemicarbazones 5a,b–17a,b

To a solution of either 4a or 4b (0.57 mmol) in hot ethanol one
among different thiosemicarbazides (0.57 mmol) was added.
The mixture was reuxed for 4 h and upon cooling the precip-
itation of the nal product was observed. The solid was ltered
on a Gooch crucible and washed with cold EtOH. Purication
through crystallization was achieved as reported for each
compound.
RSC Adv., 2015, 5, 103131–103146 | 103139
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3.3.1. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)hydrazinecarbothioamide
hydrochloride (5a). Crystallization from H2O/EtOH afforded the
title compound as yellow solid (0.049 g, 17% yield), mp¼ 237 �C
(dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.71–1.81 (m, 4H, CH2-
CH2CH2N), 2.88–2.91 (m, 1H, NCH2CHHAr), 3.09–3.25 (m, 4H,
CH2NCH2CH2Ar), 3.56–3.64 (m, 1H, NCH2CHHAr), 3.71 (s, 3H,
OCH3), 3.72 (s, 3H, OCH3), 3.79–3.81 (m, 2H, CONCH2), 4.14–
4.18 (m, 1H, NCHHAr), 4.31–4.37 (m, 1H, NCHHAr), 6.76 (s, 1H,
aromatic), 6.79 (s, 1H, aromatic), 7.15–7.18 (m, 1H, aromatic),
7.22–7.24 (m, 1H, aromatic), 7.42–7.45 (m, 1H, aromatic), 7.71–
7.73 (m, 1H, aromatic), 8.75 (s, 1H, NH), 9.09 (s, 1H, NH), 10.57
(broad s, 1H, NH), 12.41 (s, 1H, NH). Compound was >98% pure
by HPLC analysis performed with CH3CN/H2O/HCOONH4 (20
mM, pH ¼ 5), 75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.2. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-
oxoindolin-3-ylidene]hydrazinecarbothioamide dihydrochloride
(5b). Crystallization from H2O/MeOH afforded the title
compound as a yellow solid, (0.102 g, yield 35%); mp ¼ 250 �C
(dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.05–2.20 (m, 14H,
cyclohexyl CH2 and CH2CH2CH2N), 3.10–3.90 (m, 13H, NCH2,
CONCH2 and cyclohexyl CH), 7.13–7.17 (m, 1H, aromatic), 7.22–
7.24 (m, 1H, aromatic), 7.42–7.46 (m, 1H, aromatic), 7.73–7.75
(m, 1H, aromatic), 8.16 (s, 1H, NH), 11.60–12.00 (broad s, 2H,
NH), 12.47 (s, 1H, NH). Compound was >98% pure by HPLC
analysis performed with CH3CN/H2O/HCOONH4 (20 mM, pH ¼
5), 75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.3. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-methylhydrazinecar-
bothioamide hydrochloride (6a). Crystallization from H2O/
MeOH afforded the title compound as yellow powder (0.188 g,
64% yield), mp ¼ 224–226 �C; 1H NMR (500 MHz, DMSO-d6)
d 1.69–1.88 (m, 4H, CH2CH2CH2N), 2.85–2.93 (m, 1H, NCH2-
CHHAr), 3.09 (d, 3H, J ¼ 4.4 Hz, CH3), 3.15–3.28 (m, 4H, CH2-
NCH2CH2Ar), 3.53–3.65 (m, 1H, NCH2CHHAr), 3.71 (s, 3H,
OCH3), 3.73 (s, 3H, OCH3), 3.81 (t, 2H, J ¼ 6.8 Hz, CONCH2),
4.08–4.17 (m, 1H, NCHHAr), 4.32–4.39 (m, 1H, NCHHAr), 6.78
(s, 1H, aromatic), 6.80 (s, 1H, aromatic), 7.16–7.19 (m, 1H,
aromatic), 7.24 (d, 1H, J ¼ 7.8 Hz, aromatic), 7.45 (t, 1H, J ¼ 7.8
Hz, aromatic), 7.71 (d, 1H, J¼ 7.3 Hz, aromatic), 9.33 (q, 1H, J¼
4.4 Hz, NHCH3), 10.7 (br s, 1H, NH, D2O exchanged), 12.53 (s,
1H, NH); LC-MS (ESI+) m/z: 482 [M + H]+; 504 [M + Na]+; LC-MS-
MS 482: 451, 365; LC-MS (ESI�) m/z 480 [M � H]�; LC-MS-MS
480: 407, 379; HRMS calculated for C25H31N5O3S 482.2220 [M
+ H]+, found 482.2219. Compound was >98% pure by HPLC
analysis performed either with CH3CN/H2O/HCOONH4 (20 mM,
pH ¼ 5), 75 : 25 v/v at a ow rate 1 mL min�1 or with MeOH/
H2O, 82 : 18 at a ow rate 0.8 mL min�1.

3.3.4. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-oxoin-
dolin-3-ylidene]-N-methylhydrazinecarbothioamide di-hydrochl-
oride (6b). Crystallization from H2O/MeOH afforded the title
compound as a yellow solid; mp ¼ 250 �C (dec.) (0.186 g, yield
62%); 1H-NMR (500 MHz, CD3OD + D2O) d 1.17–2.18 (m, 14H,
cyclohexyl CH2 and CH2CH2CH2N), 3.20 (s, 3H, NCH3), 3.27–
3.80 (m, 11H, CHN and CH2N), 3.88–3.98 (m, 2H, CONCH2),
7.13–7.19 (m, 2H, aromatic), 7.45 (t, 1H, J ¼ 7.8, aromatic), 7.74
103140 | RSC Adv., 2015, 5, 103131–103146
(d, 1H, J ¼ 7.8, aromatic); LC-MS (ESI+) m/z: 457 [M + H]+; LC-
MS-MS 457: 426, 340; LC-MS (ESI�): 455 [M � H]�; LC-MS-MS
455: 382. HRMS calculated for C24H36N6OS 457.2744 [M + H]+,
found 457.2744. Compound was >98% pure by HPLC analysis
performed either with CH3CN/H2O/HCOONH4 (20 mM, pH ¼
5), 75 : 25 v/v or with MeOH/H2O, 80 : 20 at a ow rate 1 mL
min�1.

3.3.5. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-2(1H)-
yl)butyl)-2-oxoindolin-3-ylidene)-N,N-dimethylhydrazinecarbothi-
oamide hydrochloride (7a). Crystallization from H2O/MeOH
afforded the title compound as yellow powder, mp ¼ 194–196
�C; 1H NMR (500 MHz, DMSO-d6) d 1.72–1.82 (m, 4H, CH2-
CH2CH2N), 2.81–2.97 (m, 1H, NCH2CHHAr), 3.18–3.25 (m, 4H,
CH2NCH2CH2Ar), 3.39 (s, 6H, N(CH3)2), 3.58–3.64 (m, 1H,
NCH2CHHAr), 3.70 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 3.83 (t,
2H, J¼ 6.6 Hz, CONCH2), 4.01–4.18 (m, 1H, NCHHAr), 4.35–4.40
(m, 1H, NCHHAr), 6.76 (s, 1H, aromatic), 6.80 (s, 1H, aromatic),
7.17 (t, 1H, J ¼ 7.3 Hz, aromatic), 7.26 (d, 1H, J ¼ 7.8 Hz,
aromatic), 7.45 (t, 1H, J ¼ 7.8 Hz, aromatic), 7.60 (d, 1H, J ¼ 7.3
Hz, aromatic), 10.7 (broad s, 1H, NH), 13.38 (s, 1H, NH); LC-MS
(ESI+) m/z 518 [M + Na]+; LC-MS-MS 518: 473, 415; LC-MS (ESI�)
m/z 494 [M � H]�; LC-MS-MS 494: 466, 233. Compound was
>98% pure by HPLC analysis performed with CH3CN/H2O/
HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v at a ow rate 1 mL
min�1.

3.3.6. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-oxoin-
dolin-3-ylidene]-N,N-dimethylhydrazinecarbothioamide di-hydrochl-
oride (7b). Crystallization from H2O/MeOH afforded the title
compound as yellow powder (0.173 g, yield 56%), mp ¼ 250 �C
(dec.); 1H-NMR (500 Hz, CD3OD + D2O) d 1.16–2.20 (m, 14H,
cyclohexyl CH2 and CH2CH2CH2N), 3.24–3.28 (m, 2H, NCH2),
3.30–3.34 (m, 6H, N(CH3)2), 3.38–3.80 (m, 9H, piperazine CH2

and cyclohexyl CH), 3.86–3.92 (m, 2H, CONCH2), 7.13–7.18 (m,
1H, aromatic), 7.19–7.24 (m, 1H, aromatic), 7.44–7.50 (m, 1H,
aromatic), 7.86–7.90 (m, 1H, aromatic); LC-MS (ESI+): m/z 471
[M + H]+; LC-MS-MS 471: 426; LC-MS (ESI�): m/z 469 [M � H]�;
LC-MS-MS 469: 441, 385. HRMS calculated for C25H38N6OS
471.289 [M + H]+, found 471.2901. Compound was >98% pure by
HPLC analysis performed with CH3CN/H2O/HCOONH4 (20 mM,
pH ¼ 5), 75 : 25 v/v at a ow rate 1 mL min�1.

3.3.7. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-2(1H)-
yl)butyl)-2-oxoindolin-3-ylidene)-N-i-propylhydrazinecarbothioa-
mide hydrochloride (8a). Crystallization from H2O/EtOH affor-
ded the title compound as a yellow solid, (0.204 g, yield 65%);
mp ¼ 189 �C (dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.26 (d, 6H,
J ¼ 6.36 Hz, CH(CH3)2), 1.69–1.90 (m, 4H, CH2CH2CH2N), 2.88–
2.96 (m, 1H, NCH2CHHAr), 3.05–3.30 (m, 4H, CH2NCH2CH2Ar),
3.60–3.68 (m, 1H, NCH2CHHAr), 3.70 (s, 3H, OCH3), 3.74 (s, 3H,
OCH3), 3.84 (t, 2H, J ¼ 6.85 Hz, CONCH2), 4.10–4.19 (m, 1H,
NCHHAr), 4.33–4.40 (m, 1H, NCHHAr), 4.49–4.58 (m, 1H,
CH(CH3)2), 6.77 (s, 1H, aromatic), 6.80 (s, 1H, aromatic), 7.16–
7.19 (m, 1H, aromatic), 7.23 (d, 1H, J¼ 7.83 Hz, aromatic), 7.43–
7.46 (m, 1H, aromatic), 7.79–7.81 (m, 1H, aromatic), 8.94 (d, 1H,
J¼ 8.80 Hz, NH), 10.62 (broad s, 1H, NH), 12.52 (s, 1H, NH); LC-
MS (ESI+) m/z: 510 [M + H]+; 532 [M + Na]+; LC-MS-MS 532: 473.
Compound was >98% pure by HPLC analysis performed with
This journal is © The Royal Society of Chemistry 2015
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CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v, at a ow
rate 1 mL min�1.

3.3.8. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-oxoin-
dolin-3-ylidene]-N-i-propylhydrazinecarbothioamide dihydro-
chloride (8b). Crystallization from H2O/MeOH afforded the title
compound as a yellow solid, (0.167 g, yield 53%); mp ¼ 250 �C
(dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.05–2.20 (m, 20H,
cyclohexyl CH2, CH(CH3)2 and CH2CH2CH2N), 3.20–3.85 (m,
13H, NCH2, CONCH2 and cyclohexyl CH), 4.49–4.56 (m, 1H,
CH(CH3)2), 7.15–7.18 (m, 1H, aromatic), 7.21–7.24 (m, 1H,
aromatic), 7.42–7.45 (m, 1H, aromatic), 7.78–7.80 (m, 1H,
aromatic), 8.91–8.93 (m, 1H, NH), 11.50–12.00 (broad s, 2H,
NH), 12.49 (s, 1H, NH); LC-MS (ESI+): m/z 485 [M + H]+; LC-MS-
MS 485: 426. LC-MS (ESI�): m/z 483 [M � H]�; LC-MS-MS 483:
382. Compound was >98% pure by HPLC analysis performed
with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v, at
a ow rate 1 mL min�1.

3.3.9. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-(tert-butyl)hydrazine-
carbothioamide hydrochloride (9a). Crystallization from EtOH/
H2O afforded the title compound as yellow solid (0.053 g, 16%
yield), mp ¼ 206 �C (dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.56
(s, 9H, C(CH3)3), 1.69–1.81 (m, 4H, CH2CH2CH2N), 2.87–2.91 (m,
1H, NCH2CHHAr), 3.12–3.28 (m, 4H, CH2NCH2CH2Ar), 3.58–
3.62 (m, 1H, NCH2CHHAr), 3.71 (s, 3H, OCH3), 3.73 (s, 3H,
OCH3), 3.80–3.82 (m, 2H, CONCH2), 4.10–4.15 (m, 1H,
NCHHAr), 4.35–4.40 (m, 1H, NCHHAr), 6.76 (s, 1H, aromatic),
6.80 (s, 1H, aromatic), 7.14–7.17 (m, 1H, aromatic), 7.23–7.25
(m, 1H, aromatic), 7.43–7.46 (m, 1H, aromatic), 7.75–7.76 (m,
1H, aromatic), 8.16 (s, 1H, NH), 10.56 (broad s, 1H, NH), 12.50
(s, 1H, NH); LC-MS (ESI+) m/z: 524 [M + H]+; 546 [M + Na]+; LC-
MS-MS 524: 451; LC-MS (ESI�) m/z 522 [M � H]�; LC-MS-MS
522: 407. Compound was >98% pure by HPLC analysis per-
formed with CH3CN/H2O/HCOONH4 (20 mM, pH¼ 5), 75 : 25 v/
v, at a ow rate 1 mL min�1.

3.3.10. (Z)-N-t-Butyl-2-[1-[4-(4-cyclohexylpiperazin-1-il)butyl]-
2-oxoindolin-3-ylidene]hydrazinecarbothioamidehydrochloride
(9b). Crystallization from H2O/MeOH afforded the title
compound as yellow solid (0.175 g, 54% yield), mp ¼ 250 �C
(dec.); 1H-NMR (500 MHz, DMSO-d6): d 1.08–2.20 (m + s, 23H,
14H, cyclohexyl CH2, C(CH3)3 and CH2CH2CH2N), 3.10–3.82 (m,
13H, NCH2, CONCH2 and cyclohexyl CH), 7.13–7.17 (m, 1H,
aromatic), 7.22–7.24 (m, 1H, aromatic), 7.42–7.46 (m, 1H,
aromatic), 7.73–7.75 (m, 1H, aromatic), 8.16 (s, 1H, NH), 11.60–
12.00 (broad s, 2H, NH), 12.47 (s, 1H, NH); LC-MS (ESI+)m/z 499
[M + H]+; LC-MS-MS 499: 426. LC-MS (ESI�): m/z 497 [M � H]�;
LC-MS-MS 497: 382. Compound was >98% pure by HPLC anal-
ysis performed with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5),
75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.11. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-benzylhydrazinecar-
bothioamide hydrochloride (10a). Trituration with H2O/
MeOH (1/1) followed by washing with MeOH afforded the
title compound as yellow solid (0.224 g, 65% yield), mp ¼ 240
�C (dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.69–1.90 (m, 4H,
CH2CH2CH2N), 2.86–2.93 (m, 1H, NCH2CHHAr), 3.04–3.28 (m,
4H, CH2NCH2CH2Ar), 3.59–3.67 (m, 1H, NCH2CHHAr), 3.71 (s,
This journal is © The Royal Society of Chemistry 2015
3H, OCH3), 3.73 (s, 3H, OCH3), 3.82 (t, 2H, J ¼ 6.85 Hz,
CONCH2), 4.10–4.19 (m, 1H, NCHHAr), 4.35–4.41 (m, 1H,
NCHHAr), 4.88–4.90 (m, 2H, benzyl CH2), 6.77 (s, 1H,
aromatic), 6.80 (s, 1H, aromatic), 7.18–7.21 (m, 1H, aromatic),
7.22–7.29 (m, 2H, aromatic), 7.31–7.40 (m, 4H, aromatic),
7.42–7.47 (m, 1H, aromatic), 7.84–7.86 (m, 1H, aromatic),
9.78–9.98 (m, 1H, NH), 10.66 (broad s, 1H, NH), 12.70 (s, 1H,
NH); LC-MS (ESI+) m/z: 558 [M + H]+; 580 [M + Na]+; LC-MS-MS
558: 451. Compound was >98% pure by HPLC analysis per-
formed with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25
v/v, at a ow rate 1 mL min�1.

3.3.12. (Z)-N-Benzyl-2-[1-[4-(4-cyclohexylpiperazin-1-yl)-
butyl]-2-oxoindolin-3-ylidene]hydrazinecarbothioamide dihy-
drochloride (10b). Crystallization from H2O/MeOH afforded the
title compound as yellow solid (0.235 g, 69% yield), mp¼ 250 �C
(dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.05–2.20 (m, 14H,
cyclohexyl CH2 and CH2CH2CH2N), 3.10–3.85 (m, 13H, NCH2,
CONCH2 and cyclohexyl CH), 4.85–4.95 (m, 2H, benzyl CH2),
7.15–7.20 (m, 1H, aromatic), 7.20–7.30 (m, 2H, aromatic), 7.31–
7.40 (m, 4H, aromatic), 7.40–7.50 (m, 1H, aromatic), 7.70–7.75
(m, 1H, aromatic), 9.85–9.92 (m, 1H, NH); 11.14–11.85 (broad s,
2H, NH); 12.52–12.66 (m, 1H, NH). Compound was >98% pure
by HPLC analysis performed with CH3CN/H2O/HCOONH4 (20
mM, pH ¼ 5), 75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.13. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-phenylhydrazinecar-
bothioamide hydrochloride (11a). Trituration from MeOH
afforded the title compound as orange powder (0.151 g, 48%
yield), mp ¼ 212 �C (dec.); 1H NMR (500 MHz, DMSO-d6) d 1.73–
1.84 (m, 4H, CH2CH2CH2N), 2.90–3.11 (m, 1H, NCH2CHHAr),
3.16–3.26 (m, 4H, CH2NCH2CH2Ar), 3.58–3.64 (m, 1H, NCH2-
CHHAr), 3.71 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 3.83 (t, 2H, J¼ 6.8
Hz, CONCH2), 4.01–4.18 (m, 1H, NCHHAr), 4.35–4.40 (m, 1H,
NCHHAr), 6.76 (s, 1H, aromatic), 6.8 (s, 1H, aromatic), 7.17–7.21
(m, 1H, aromatic), 7.25–7.30 (m, 2H, aromatic), 7.41–7.49 (m, 3H,
aromatic), 7.59–7.62 (m, 2H, aromatic), 7.86 (d, 1H, J ¼ 6.8 Hz,
aromatic), 10.80 (broad s, 1H, NH), 10.90 (s, 1H, NHAr), 12.74 (s,
1H, NHCS); HSQC (1H–13C) signals are in agreement with the re-
portedassignments. LC-MS (ESI+)m/z: 544 [M+H]+; 566 [M+Na]+;
LC-MS-MS 544: 451, 365; LC-MS (ESI�)m/z 542 [M�H]�; LC-MS-
MS542:407;HRMScalculated forC30H33N5O3S [M+H]+544.2377,
found 544.2378. Compound was >98% pure by HPLC analysis
performedwith CH3CN/H2O/HCOONH4 (20mM, pH¼ 5), 75 : 25
v/v or with MeOH/H2O 80 : 20 v/v, at a ow rate 1 mL min�1.

3.3.14. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-oxoin-
dolin-3-yliden]-N-phenylhydrazinecarbothioamide di-hydrochl-
oride (11b). Crystallization from H2O/MeOH afforded the title
compound as yellow powder (0.180 g, yield 54%), mp ¼ 250 �C
(dec.); 1H-NMR (500 Hz, CD3OD + D2O) d 1.20–2.20 (m, 14H,
cyclohexyl CH2 and CH2CH2CH2N), 3.24–3.28 (m, 2H, NCH2),
3.20–3.95 (m, 13H, NCH2, CONCH2 and cyclohexyl CH), 7.10–
7.16 (m, 1H, aromatic), 7.17–7.27 (m, 1H, aromatic), 7.30–7.36
(m, 1H, aromatic), 7.39–7.51 (m, 3H, aromatic), 7.51–7.59 (m,
2H, aromatic); LC-MS (ESI+): m/z 519 [M + H]+; LC-MS-MS 519:
426, 340; LC-MS (ESI�): m/z 517 [M � H]�; LC-MS-MS 517: 382.
HRMS calculated for C29H38N6OS 519.2901 [M + H]+, found
519.2899. Compound was >98% pure by HPLC analysis
RSC Adv., 2015, 5, 103131–103146 | 103141
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performed with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5),
75 : 25 v/v at a ow rate 1 mL min�1.

3.3.15. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-(p-tolyl)hydrazine-
carbothioamide hydrochloride (12a). Crystallization from H2O/
EtOH afforded the title compound as orange powder (0.157 g,
45% yield), mp ¼ 164 �C dec.; 1H NMR (500 MHz, DMSO-d6)
d 1.71–1.88 (m, 4H, CH2CH2CH2N), 2.33 (s, 1H, PhCH3), 2.87–
2.95 (m, 1H, NCH2CHHAr), 3.06–3.27 (m, 4H, CH2NCH2CH2Ar),
3.57–3.66 (m, 1H, NCH2CHHAr), 3.71 (s, 3H, OCH3), 3.73 (s, 3H,
OCH3), 3.83 (t, 2H, J ¼ 6.8 Hz, CONCH2), 4.10–4.19 (m, 1H,
NCHHAr), 4.33–4.40 (m, 1H,NCHHAr), 6.76 (s, 1H, aromatic), 6.8
(s, 1H, aromatic), 7.18–7.23 (m, 4H, aromatic), 7.43–7.48 (m, 3H,
aromatic), 7.82–7.87 (m, 1H, aromatic), 10.63 (broad s, 1H, NH),
10.92 (s, 1H, NHAr), 12.76 (s, 1H, NH); LC-MS (ESI+)m/z: 558 [M +
H]+; 580 [M +Na]+; LC-MS-MS 558: 451, 365; 580: 473, 415; LC-MS
(ESI�) m/z 556 [M � H]�; LC-MS-MS 556: 407. Compound was
>98% pure by HPLC analysis performed with CH3CN/H2O/
HCOONH4 (20mM,pH¼5), 75 : 25 v/v, at aow rate 1mLmin�1.

3.3.16. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-
oxoindolin-3-yliden]-N-(4-metilphenyl)hydrazinecarbothioa-
mide dihydrochloride (12b). Crystallization from H2O/MeOH
afforded the title compound as yellow powder (0.240 g, yield
70%), mp ¼ 250 �C (dec.); 1H-NMR (500 MHz, DMSO-d6 + D2O)
d 1.00–2.04 (m, 14H, cyclohexyl CH2 and CH2CH2CH2N), 2.28 (s,
3H, PhCH3), 3.08–3.90 (m, 13H, NCH2, CONCH2 and cyclohexyl
CH), 7.13–7.18 (m, 2H, aromatic), 7.18–7.22 (m, 2H, aromatic),
7.36–7.41 (m, 2H, aromatic), 7.42–7.47 (m, 1H, aromatic), 7.77–
7.81 (m, 1H, aromatic); LC-MS (ESI+): m/z 533 [M + H]+; LC-MS-
MS 533: 426; LC-MS (ESI�): m/z 531 [M � H]�; LC-MS-MS 531:
382. Compound was >98% pure by HPLC analysis performed
with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v, at
a ow rate 1 mL min�1.

3.3.17. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-(4-methoxyphenyl)-
hydrazinecarbothioamide hydrochloride (13a). Crystallization
from EtOH afforded the title compound as orange solid (0.170 g,
49% yield), mp ¼ 152 �C (dec.); 1H-NMR (500 MHz, DMSO-d6)
d 1.72–1.83 (m, 4H, CH2CH2CH2N), 2.88–2.91 (m, 1H, NCH2-
CHHAr), 3.10–3.28 (m, 4H, CH2NCH2CH2Ar), 3.60–3.63 (m, 1H,
NCH2CHHAr), 3.71 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.78 (s,
3H, OCH3), 3.83 (t, 2H, J¼ 6.36 Hz, CONCH2), 4.12–4.15 (m, 1H,
NCHHAr), 4.35–4.38 (m, 1H, NCHHAr), 6.77 (s, 1H, aromatic),
6.80 (s, 1H, aromatic), 6.97–6.99 (m, 2H, aromatic), 7.17–7.20
(m, 1H, aromatic), 7.25–7.26 (m, 1H, aromatic), 7.43–7.47 (m,
3H, aromatic), 7.83–7.85 (m, 1H, aromatic), 10.57 (broad s, 1H,
NH), 10.80 (s, 1H, NHAr), 12.69 (s, 1H, NH); LC-MS (ESI+) m/z:
574 [M + H]+; 596 [M + Na]+; LC-MS-MS 574: 451; LC-MS (ESI�)
m/z 572 [M � H]�; LC-MS-MS 572: 407. Compound was >98%
pure by HPLC analysis performed with CH3CN/H2O/HCOONH4

(20 mM, pH ¼ 5), 75 : 25 v/v, at a ow rate 1 mL min�1.
3.3.18. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-

oxoindolin-3-ylidene]-N-(4-methoxyphenyl)hydrazinecarbo-
thioamide hydrochloride (13b). Crystallization fromH2O/MeOH
afforded the title compound as a yellow solid, (0.203 g, yield
61%); mp ¼ 250 �C (dec.); 1H-NMR (300 MHz, DMSO-d6) d 1.10–
2.20 (m, 14H, cyclohexyl CH2 and CH2CH2CH2N), 3.00–3.85 (m,
103142 | RSC Adv., 2015, 5, 103131–103146
13H, NCH2, CONCH2 and cyclohexyl CH), 3.78 (s, 3H, OCH3),
6.90–7.00 (m, 2H, aromatic), 7.15–7.30 (m, 2H, aromatic), 7.40–
7.55 (m, 3H, aromatic), 7.80–7.90 (m, 1H, aromatic), 10.80 (s, 1H,
NH), 11.25–11.93 (broad s, 2H, NH), 12.66 (s, 1H, NH); LC-MS
(ESI+): m/z 549 [M + H]+; LC-MS-MS 549: 426. LC-MS (ESI�): m/z
547 [M�H]�; LC-MS-MS 547: 382. Compoundwas >98%pure by
HPLC analysis performed with CH3CN/H2O/HCOONH4 (20 mM,
pH ¼ 5), 75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.19. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-(4-uorophenyl)-
hydrazinecarbothioamide hydrochloride (14a). Crystallization
fromH2O/MeOH afforded the title compound as orange powder
(0.170 g, 49% yield), mp¼ 163 �C; 1H-NMR (500MHz, DMSO-d6)
d 1.73–1.83 (m, 4H, CH2CH2CH2N), 2.85–2.91 (m, 1H, NCH2-
CHHAr), 3.10–3.31 (m, 4H, CH2NCH2CH2Ar), 3.57–3.66 (m, 1H,
NCH2CHHAr), 3.70 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 3.68–3.75
(m, 2H, CONCH2), 4.07–4.18 (m, 1H, NCHHAr), 4.30–4.40 (m,
1H, NCHHAr), 6.75 (s, 1H, aromatic), 6.78 (s, 1H, aromatic),
7.18–7.28 (m, 4H, aromatic), 7.43–7.60 (m, 3H, aromatic), 7.81–
7.83 (m, 1H, aromatic), 10.71 (broad s, 1H, NH), 10.89 (s, 1H,
NHAr), 12.74 (s, 1H, NHCS); HSQC (1H–13C) signals are in
agreement with the reported assignments and NOESY 1D with
the reported geometry. LC-MS (ESI+) m/z: 562 [M + H]+; 584 [M +
Na]+; LC-MS-MS 562: 451; LC-MS-MS 584: 473; LC-MS (ESI�)m/z
560 [M � H]�; LC-MS-MS 556: 407. Compound was >98% pure
by HPLC analysis performed with CH3CN/H2O/HCOONH4 (20
mM, pH ¼ 5), 75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.20. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-
oxoindolin-3-yliden]-N-(4-uorophenyl)hydrazinecarbothioa-
mide di-hydrochloride (14b). Crystallization from H2O/MeOH
afforded the title compound as yellow solid (0.145 g, resa
42%), mp ¼ 250 �C (dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.00–
2.04 (m, 14H, cyclohexyl CH2 and CH2CH2CH2N), 3.15–3.90 (m,
13H, NCH2, CONCH2 and cyclohexyl CH), 7.17–7.22 (m, 1H,
aromatic), 7.24–7.28 (m, 2H, aromatic), 7.28–7.30 (m, 1H,
aromatic), 7.44–7.50 (m, 1H, aromatic), 7.57–7.63 (m, 2H,
aromatic); 7.81–7.85 (m, 1H, aromatic), 10.80–10.95 (m, 1H, NH,
D2O exchanged), 11.22–11.99 (broad s, 2H, NH piperazinium),
12.65–12.81 (m, 1H, NH, D2O exchanged); LC-MS (ESI+):m/z 537
[M + H]+; LC-MS-MS 537: 426; LC-MS (ESI�): m/z 535 [M � H]�;
LC-MS-MS 535: 382. Compound was >98% pure by HPLC anal-
ysis performed with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5),
75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.21. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-(4-chlorophenyl)-
hydrazinecarbothioamide hydrochloride (15a). Crystallization
fromH2O/MeOH afforded the title compound as orange powder
(0.170 g, 47% yield), mp ¼ 172 �C (dec.); 1H-NMR (500 MHz,
DMSO-d6) d 1.71–1.90 (m, 4H, CH2CH2CH2N), 2.86–2.94 (m, 1H,
NCH2CHHAr), 3.06–3.27 (m, 4H, CH2NCH2CH2Ar), 3.58–3.67
(m, 1H, NCH2CHHAr), 3.71 (s, 3H, OCH3), 3.73 (s, 3H, OCH3),
3.83 (t, 2H, J ¼ 6.85 Hz, CONCH2), 4.10–4.19 (m, 1H, NCHHAr),
4.33–4.40 (m, 1H, NCHHAr), 6.77 (s, 1H, aromatic), 6.80 (s, 1H,
aromatic), 7.18–7.21 (m, 1H, aromatic), 7.25–7.28 (m, 1H,
aromatic), 7.47–7.51 (m, 3H, aromatic), 7.64–7.68 (m, 2H,
aromatic), 7.84–7.86 (m, 1H, aromatic), 10.66 (broad s, 1H, NH),
10.93 (s, 1H, NHAr), 12.79 (s, 1H, NHCS); LC-MS (ESI+) m/z: 578
This journal is © The Royal Society of Chemistry 2015
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[M + H]+; 600 [M + Na]+; LC-MS-MS 578: 451; LC-MS-MS 600: 473,
415. Compound was >98% pure by HPLC analysis performed
with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v, at
a ow rate 1 mL min�1.

3.3.22. (Z)-N-(4-Chlorophenyl)-2-[1-[4-(4-cyclohexylpipera-
zin-1-yl)butyl]-2-oxoindolin-3-ylidene]hydrazinecarbothioamide
dihydrochloride (15b). Crystallization from H2O/MeOH affor-
ded the title compound as yellow solid (0.220 g, 63% yield), mp
¼ 250 �C (dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.00–2.24 (m,
14H, cyclohexyl CH2 and CH2CH2CH2N), 3.20–3.90 (m, 13H,
NCH2, CONCH2 and cyclohexyl CH), 7.13–7.18 (m, 2H,
aromatic), 7.18–7.22 (m, 2H, aromatic), 7.36–7.41 (m, 2H,
aromatic), 7.42–7.47 (m, 1H, aromatic), 7.77–7.81 (m, 1H,
aromatic), 10.75–11.01 (m, 1H, NH), 11.37–12.20 (broad s, 2H,
NH); 12.73–12.99 (m, 1H, NH); LC-MS (ESI+): m/z 553 [M + H]+;
LC-MS-MS 553: 426. Compound was >98% pure by HPLC anal-
ysis performed with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5),
75 : 25 v/v, at a ow rate 1 mL min�1.

3.3.23. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-(4-(triuoromethyl)-
phenyl)hydrazinecarbothioamide hydrochloride (16a). Crystal-
lization fromH2O/EtOH afforded the title compound as a yellow
solid, (0.059 g, yield 16%); mp ¼ 155 �C (dec.); 1H-NMR (500
MHz, DMSO-d6) d 1.73–1.84 (m, 4H, CH2CH2CH2N), 2.88–2.91
(m, 1H, NCH2CHHAr), 3.10–3.25 (m, 4H, CH2NCH2CH2Ar),
3.55–3.63 (m, 1H, NCH2CHHAr), 3.71 (s, 3H, OCH3), 3.72 (s, 3H,
OCH3), 3.82–3.84 (m, 2H, CONCH2), 4.10–4.18 (m, 1H,
NCHHAr), 4.35–4.40 (m, 1H, NCHHAr), 6.76 (s, 1H, aromatic),
6.80 (s, 1H, aromatic), 7.20 (t, 1H, J¼ 7.34 Hz, aromatic), 7.27 (d,
1H, J ¼ 7.83 Hz, aromatic), 7.48 (t, 1H, J ¼ 7.83 Hz, aromatic),
7.80 (d, 2H, J ¼ 8.32 Hz, aromatic), 7.86 (d, 1H, J ¼ 7.34 Hz,
aromatic), 7.93 (d, 2H, J ¼ 8.3 Hz, aromatic), 10.64 (broad s, 1H,
NH), 11.09 (s, 1H, NHAr), 12.86 (s, 1H, NH); LC-MS (ESI+) m/z:
612 [M + H]+; 634 [M + Na]+; LC-MS-MS 612: 451; LC-MS-MS 634:
473; LC-MS (ESI�) m/z 610 [M � H]�; LC-MS-MS 522: 407.
Compound was >98% pure by HPLC analysis performed with
CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v, at a ow
rate 1 mL min�1.

3.3.24. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-
oxoindolin-3-ylidene]-N-(4-(triuoromethyl)phenyl)hydrazine-
carbothioamide dihydrochloride (16b). Crystallization from
AcOEt afforded the title compound as a red-orange solid (0.280
g, yield 75%); mp ¼ 250 �C (dec.); 1H-NMR (500 MHz, DMSO-
d6): d 1.05–2.20 (m, 14H, cyclohexyl CH2 and CH2CH2CH2N),
3.10–3.90 (m, 13H, NCH2, CONCH2 and cyclohexyl CH), 7.13–
7.17 (m, 1H, aromatic), 7.17–7.22 (m, 1H, aromatic), 7.24–7.28
(m, 1H, aromatic), 7.44–7.50 (m, 1H, aromatic), 7.78–7.82 (m,
2H, aromatic), 7.83–7.87 (m, 1H, aromatic), 7.91–7.96 (m, H,
aromatic), 11.07 (s, 1H, NH), 11.60–12.00 (broad s, 2H, NH),
12.85 (s, 1H, NH); LC-MS (ESI+)m/z 587 [M + H]+; LC-MS-MS 587:
426. LC-MS (ESI�): m/z 585 [M � H]�; LC-MS-MS 585: 382.
Compound was >98% pure by HPLC analysis performed with
CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v, at a ow
rate 1 mL min�1.

3.3.25. (Z)-2-(1-(4-(6,7-Dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)butyl)-2-oxoindolin-3-ylidene)-N-(naphthalen-1-yl)-
hydrazinecarbothioamide hydrochloride (17a). Crystallization
This journal is © The Royal Society of Chemistry 2015
from H2O/EtOH afforded the title compound as yellow solid
(0.133 g, resa 37%), mp ¼ 200 �C (dec.); 1H-NMR (500 MHz,
DMSO-d6) d 1.72–1.89 (m, 4H, CH2CH2CH2N), 2.88–2.96 (m, 1H,
NCH2CHHAr), 3.05–3.15 (m, 4H, CH2NCH2CH2Ar), 3.44–3.67
(m, 1H, NCH2CHHAr), 3.71 (s, 3H, OCH3), 3.73 (s, 3H, OCH3),
3.84 (t, 2H, J ¼ 6.85 Hz, CONCH2), 4.10–4.20 (m, 1H, NCHHAr),
4.35–4.42 (m, 1H, NCHHAr), 6.77 (s, 1H, aromatic), 6.81 (s, 1H,
aromatic), 7.18 (t, 1H, J ¼ 7.8 Hz, aromatic), 7.27 (d, 1H, J ¼ 7.8
Hz, aromatic), 7.47 (t, 1H, J ¼ 7.8 Hz, aromatic), 7.53–7.61 (m,
4H, aromatic), 7.82–7.86 (m, 2H, aromatic), 7.96 (d, 1H, J ¼ 8.3
Hz, aromatic), 8.00–8.03 (m, 1H, aromatic), 10.44 (broad s, 1H,
NH), 11.19 (s, 1H, NHAr), 12.83 (s, 1H, NH); LC-MS (ESI+) m/z:
594 [M + H]+; 616 [M + Na]+; LC-MS-MS 594: 451; LC-MS-MS 616:
473. Compound was >98% pure by HPLC analysis performed
with CH3CN/H2O/HCOONH4 (20 mM, pH ¼ 5), 75 : 25 v/v, at
a ow rate 1 mL min�1.

3.3.26. (Z)-2-[1-[4-(4-Cyclohexylpiperazin-1-yl)butyl]-2-
oxoindolin-3-ylidene]-N-(naphthalen-1-yl)hydrazinecarbothioa-
mide dihydrochloride (17b). Crystallization from H2O/MeOH
afforded the title compound as yellow solid (0.235 g, resa
65%), mp ¼ 250 �C (dec.); 1H-NMR (500 MHz, DMSO-d6) d 1.00–
2.20 (m, 14H, cyclohexyl CH2 and CH2CH2CH2N), 3.15–3.90 (m,
13H, NCH2, CONCH2 and cyclohexyl CH), 7.16–7.21 (m, 1H,
aromatic), 7.24–7.29 (m, 1H, aromatic), 7.44–7.50 (m, 1H,
aromatic), 7.53–7.63 (m, 4H, aromatic), 7.80–7.89 (m, 2H,
aromatic), 7.94–7.99 (m, 1H, aromatic), 7.99–8.20 (m, 1H,
aromatic), 11.13–11.28 (m, 1H, NH), 11.30–11.96 (broad s, 2H,
NH), 12.72–12.89 (m, 1H, NH); LC-MS (ESI+): m/z 569 [M + H]+;
LC-MS-MS 569: 426; LC-MS (ESI�):m/z 567 [M�H]�; LC-MS-MS
567: 382. Compound was >98% pure by HPLC analysis per-
formed with CH3CN/H2O/HCOONH4 (20 mM, pH¼ 5), 75 : 25 v/
v, at a ow rate 1 mL min�1.
3.4. Biology

3.4.1. Materials. [3H]-DTG (29 Ci mmol�1) and (+)-[3H]-
pentazocine (32 Ci mmol�1) were purchased from Perki-
nElmer Life Sciences (Zavantem, Belgium). DTG was purchased
from Tocris Cookson Ltd, U.K. (+)-Pentazocine was obtained
from Sigma-Aldrich-RBI s.r.l. (Milan, Italy). Male Dunkin
guinea-pigs and Wistar Hannover rats (250–300 g) were from
Harlan, Italy. Cell culture reagents were purchased from Euro-
Clone (Milan, Italy). Calcein-AM, MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazoliumbromide), doxorubicin, ferrozine (3-
[2-pyridyl]-5,6-diphenyl-1,2,4-triazine-40,400-disulfonic acid
sodium salt) were obtained from Sigma-Aldrich (Milan, Italy).

3.4.2. Competition binding assays. All the procedures for
the binding assays were previously described. s1 and s2

receptor binding were carried out according to Berardi et al.51

The specic radioligands and tissue sources were respectively:
(a) s1 receptor, (+)-[3H]-pentazocine, guinea-pig brain
membranes without cerebellum; (b) s2 receptor, [3H]-DTG in
the presence of 1 mM (+)-pentazocine to mask s1 receptors, rat
liver membranes. The following compounds were used to dene
the specic binding reported in parentheses: (a) (+)-pentazocine
(73–87%), (b) DTG (85–96%). Concentrations required to inhibit
50% of radioligand specic binding (IC50) were determined by
RSC Adv., 2015, 5, 103131–103146 | 103143
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using six to nine different concentrations of the drug studied in
two or three experiments with samples in duplicate. Scatchard
parameters (Kd and Bmax) and apparent inhibition constants (Ki)
values were determined by nonlinear curve tting, using the
Prism, version 3.0, GraphPad soware (1998).52

3.4.3. Cell culture. MDCK-MDR1 cells was a gi of Prof. P.
Borst, NKI-AVL Institute, Amsterdam, Netherland. Human
MCF7 breast adenocarcinoma cells was purchased from ICLC
(Genoa, Italy). Human A549 lung cancer cells was obtained from
ATCC (Manassas, VA). The doxorubicin-resistant counterpart
breast MCF7dx cells and lung A549dx tumor cells, were kindly
provided by Prof. Chiara Riganti (Dep. of Oncology, University
of Turin, Italy). MCF7 and MDCK-MDR1 cells were grown in
DMEM high glucose supplemented with 10% fetal bovine
serum, 2 mM glutamine, 100 U mL�1 penicillin, 100 mg mL�1

streptomycin, in a humidied incubator at 37 �C with a 5% CO2

atmosphere. A549 cells were grown in HAM'S F12 supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 U mL�1

penicillin, 100 mgmL�1 streptomycin, in a humidied incubator
at 37 �C with a 5% CO2 atmosphere. MCF7dx and A549dx were
grown in the samemedium of parental cells supplemented with
doxorubicin (100 nM for MCF7dx and 10 nM for A549dx,
respectively).

3.4.4. Calcein-AM experiment. These experiments were
carried out as already described.43 MDCK-MDR1 cell line
(50 000 cells per well) was seeded into black culture plate 96/
wells plate with 100 mL medium and allowed to become
conuent overnight. 100 mL of different concentrations of test
compounds (0.1–100 mM) were solubilized in culture medium
and added to each well. The 96/wells plate was incubated at 37
�C for 30 min. 100 mL of calcein-AM, solved in Phosphate
Buffered Saline (PBS), was added to each well to yield a nal
concentration of 2.5 mM, and the plate was incubated for 30
min. The plate was washed 3 times with 100 mL ice cold PBS.
Saline buffer (100 mL) was added to each well and the plate was
read by a PerkinElmer Victor3 spectrouorimeter at excitation
and emission wavelengths of 485 nm and 535 nm, respectively.
In these experimental conditions, calcein cell accumulation in
the absence and in the presence of tested compounds was
evaluated and uorescence basal level was estimated by
untreated cells. In treated wells the increase of uorescence
with respect to basal level was measured. EC50 values were
determined by tting the uorescence increase percentage
versus log[dose].

3.4.5. Bioluminescent ATP assay. This experiment was
performed as reported in technical sheet of ATPlite 1 step Kit for
luminescence ATP detection based on rey (Photinus pyralis)
luciferase (PerkinElmer Life Sciences).53 The ATPlite assay is
based on the production of light caused by the reaction of ATP
with added luciferase and D-luciferin (substrate solution) and
the emitted light is proportional to the ATP concentration. The
MDCK-MDR1 cells were seeded into black culture plate 96/wells
plate in 100 mL of complete medium at a density 2 � 104 cells
per well. The plate was incubated O/N in a humidied atmo-
sphere 5% CO2 at 37 �C. The medium was removed and 100 mL
of complete medium in the presence or absence of different
concentrations of test compounds was added. The plate was
103144 | RSC Adv., 2015, 5, 103131–103146
incubated for 2 h in a humidied atmosphere 5% CO2 at 37 �C.
Then, 50 mL of mammalian cell lysis solution was added to all
wells and the plate stirred for 5 minutes in an orbital shaker. In
all wells, 50 mL of substrate solution was added and the plate
stirred for 5 min in an orbital shaker. The plate was dark
adapted for 10 min and the luminescence was measured on the
microplate reader Victor 3 from PerkinElmer Life Sciences.

3.4.6. Iron chelation assay. This assay are performed as
reported in Viollier et al.,54 with minor modication. Ferrozine
reacts with divalent iron to form stable magenta species. The
maximum absorbance is recorded at a wavelength of 562 nm. To
conrm the chelation properties of our thiosemicarbazone
compounds, we incubated the standard curve of FeSO4 in pres-
ence or absence of our compounds. Ferrozine stock solution was
prepared at 10�2 M in water. FeSO4 standard solution was
prepared at 10�2 M in water. Tested compounds stock solution
was prepared at 10�2 M in DMSO. 1 mL of FeSO4 standard curve
(0.5–25 mM) was incubated with or without 10 mL of tested
compound (100 mM) for 15 min at room temperature. 10 mL of
ferrozine (100 mM) was added and the solution was analyzed at
the UV/Vis spectrophotometer at wavelengths of 562 nm.

3.4.7. Cell viability. Determination of cell growth was per-
formed using the MTT assay at 48 h.55 On day 1, 25 000 cells per
well were seeded into 96-well plates in a volume of 100 mL. On
day 2, the various drugs concentration (1–100 mM) were added.
In all the experiments, the various drug-solvents (EtOH, DMSO)
were added in each control to evaluate a possible solvent cyto-
toxicity. Aer the established incubation time with drugs (48 h),
MTT (0.5 mg mL�1) was added to each well, and aer 3–4 h
incubation at 37 �C, the supernatant was removed. The for-
mazan crystals were solubilized using 100 mL of DMSO/EtOH
(1 : 1) and the absorbance values at 570 and 630 nm were
determined on the microplate reader Victor 3 from PerkinElmer
Life Sciences. The interference of ROS in cell viability was
indirectly determined by MTT assay reported above at 24 h. On
day 1, 25 000 cells per well were seeded into 96-well plates in the
presence or absence of a-tocopherol (100 mM). On day 2, the
drugs (1–100 mM) were added alone and in combination with a-
tocopherol (100 mM). Aer incubation (24 h) with drugs, MTT
assay was performed as above.
4. Conclusions

There is a desperate need for effective strategies to treat MDR.
The availability of novel and promising molecules to be studied
for ghting resistant tumors was widen through this work. For
the rst time molecules targeting simultaneously s2 and Pg-p
proteins (two hallmarks of proliferating and resistant tumors)
while sequestering iron species, were generated with the aim to
hit P-gp overexpressing tumors. Several antiproliferative agents
with potent activity in breast and lung doxorubicin resistant
cells were obtained. Some of them hold promises for the
treatment of resistant tumors and deserve deeper character-
ization. Also, the present work sets up the stage for further
studies that aim at clarifying the contribution of each target to
the overall effects of these compounds as well as the activated
This journal is © The Royal Society of Chemistry 2015
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pathways so that more potent and selective molecules may be
produced to combat the emergence of resistant tumors.
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