
RSC Advances

PAPER
Design, synthesis
aInstitute of Physical and Organic Ch

Rostov-on-Don, 344090, Russia
bKazan Federal University, Kazan, 420008,
cRobert H Lurie Comprehensive Cancer Cente

Department of Medicine, Feinberg School of

Superior Street, Chicago, IL, 60611, USA. E-
dCedars-Sinai Medical Center, Department o
eFox Chase Cancer Center, Philadelphia, PA
fNorth Caucasus Federal University, Stavrop
gThai Nguyen University of Education, 20

Vietnam
hInstitute for Tropical Technology, Vietnam

Hanoi, 10000, Vietnam
iThai Nguyen University of Sciences, Tan Th
jFederal Research Centre the Southern Scie

Sciences, Chekhov Ave., 41, Rostov-on-Don,

sfedu.ru

† Electronic supplementary information
data (Fig. S1–S20 and Tables S1–S2
crystallographic data in CIF or o
10.1039/d0ra10610k

‡ These authors contributed equally.

Cite this: RSC Adv., 2021, 11, 4555

Received 17th December 2020
Accepted 12th January 2021

DOI: 10.1039/d0ra10610k

rsc.li/rsc-advances

© 2021 The Author(s). Published by
and biological evaluation of
2-quinolyl-1,3-tropolone derivatives as new
anti-cancer agents†
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Tropolones are promising organic compounds that can have important biologic effects. We developed

a series of new 2-quinolyl-1,3-tropolones derivatives that were prepared by the acid-catalyzed reaction

of 4,7-dichloro-2-methylquinolines with 1,2-benzoquinones. 2-Quinolyl-1,3-tropolones have been

synthesized and tested for their anti-proliferative activity against several human cancer cell lines. Two

compounds (3d and mixture B of 3i–k) showed excellent activity against six cancer cell lines of different

tissue of origin. The promising compounds 3d and mixture B of 3i–k also demonstrated induction of

apoptotic cell death of ovarian cancer (OVCAR-3, OVCAR-8) and colon cancer (HCT 116) cell lines and

affected ERK signaling. In summary, 2-quinolyl-1,3-tropolones are promising compounds for

development of effective anticancer agents.
1. Introduction

Today, cancer remains one of the leading causes of death in
most parts of the world and is a serious obstacle to increasing
life expectancy in most countries.1 Ovarian cancer is the seventh
most common type of cancer in women worldwide2 and one of
the most common type so gynecological malignant tumors.3
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Colon cancer is both the third most common cancer and the
third most common cause of death among cancer patients.1 The
standard systemic therapy for ovarian cancer is platinum
chemotherapy doublet (cisplatin and carboplatin)4 in combi-
nation with taxanes (paclitaxel or docetaxel) and sometime
doxorubicin,5 while for colon cancer, the most effective
chemotherapy strategy is chemotherapy doublet with oxalipla-
tin, combined with either 5-uorouracil or irinotecan.6

However, platinum compounds have serious side effects
such as nausea and vomiting, nephrotoxicity, ototoxicity,
neurotoxicity, cytopenia and muscle wasting.7 In addition, in
metastatic settings, very oen, recurrent ovarian or colon
cancers commonly acquire resistance to platinum drugs.8,9 All
these factors negatively affect both the quality of life of cancer
patients and their survival rate. Therefore, the search and
development of new medicinal compounds with antitumor
activity remains an urgent task.

Derivatives of tropolones are a class of promising organic
compounds that can act as new pharmaceutical anti-
inammatory and antitumor agents. Currently, there is an
increased interest in tropolone alkaloids, since many of them
have a wide range of pharmacological activity. For example,
some of the best-known representatives are colchicine, colch-
amine and b-thujaplicin (hinokitiol), which have antitumor,
antibacterial, antiviral, antifungal, anti-inammatory and
antioxidant properties.10–12 In particular, high anti-bacterial and
anti-inammatory effects of natural alkaloids cordytropolone
and stipitalide against Propionibacterium acnes have been
RSC Adv., 2021, 11, 4555–4571 | 4555
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recently shown.13 3-Isopropenyl-tropolone has high activity
against antibiotic-resistant bacteria Staphylococcus aureus,14

while hinokitiol was effective against MRSA, Aggregatibacter
actinomycetemcomitans, Streptococcus mutans, and Candida
albicans.15 The antiviral properties of natural hydroxylated tro-
polones (b-thujaplicinol, manicol) against HIV-1.16 have also
been established.16

There are a number of studies demonstrating in more detail
the antitumor activity of hinokitiol. Hinokitiol blocks DNA
homology recombination and repair process in breast cancer
and osteosarcoma cells and is able to radiosensitize these cells
and increase apoptosis in combination with PARP inhibitor.17

Hinokitiol also exhibits antitumor effect in malignant
lymphoma and myeloma cells by inducing caspase-dependent
apoptosis.18,19 Moreover, it can inhibit migration of melanoma
cells.20 An equally interesting fact exists about the relationship
between hinokitiol and DNA methylation in colon cancer cells.
Hinokitiol can block DNA methylation via DNMT1 inhibition
that may open up the prospects for its use as a new DNMT1
inhibitor.21

Thus, tropolone derivatives have multi-target biologic and
anti-tumor activity in various types of cancer cells and are
therefore of interest for further studies.

Synthetic methods for the preparation of analogs of natural
tropoids with high biological activity have been described in
detail earlier.22 However, related 1,3-tropolone systems with
heterocyclic fragments have hardly been studied.

We have previously reported on the cytotoxic activity of
halogenated derivatives of [benzo[b][1,4]oxazepino[7,6,5-de]
quinolyl]-1,3-tropolones. The most signicant result in the
investigated series was shown by 2-[7-acetyl-9,11-di(tert-butyl)-4-
methyl-5-chlorobenzo[b][1,4]oxazepino[7,6,5-de]-quinolyl]-
5,6,7-trichloro-1,3-tropolone, inhibited the growth of breast
cancer cells MCF-7 at IC50 concentration of 12.96 mg ml�1, as
well as of epidermoid cells KB, lung cancer cells Lu and liver
cancer cells Hep-G2 at IC50 concentrations >128 mg ml�1.23 In
the present work, we report on the synthesis, molecular struc-
ture and cytotoxic properties of the novel 2-quinolin-2-yl-1,3-
tropolones.

2. Results and discussion
2.1 Chemistry

Previously, it was established that acid-catalyzed reactions
methylene-active heterocycles (substituted benzazoles or 3,3-
dimethylindolines,24 quinolines,25 quinoxalines,26 benzox-
azinones,27 quinazolinone28) with 1,2-benzoquinone derivatives
proceed with the expansion of the o-quinone ring and can lead
to the formation of 2-hetaryl-1,3-tropolones. The yields of the
nal 2-hetaryl-1,3-tropolones can vary in the particular series of
methylene active heterocyclic compound or 1,2-benzoquinone
depending on the substituents. The most optimal condition for
the synthesis of 2-hetaryl-substituted 1,3-tropolones is to carry
out the reaction at moderate temperatures (60–80 �C) in acetic
acid solution.

In this work, we used 2,8-dimethyl-4,7-dichloroquinoline
(1a) and its 5-nitro derivative (1b) as the methylene-active
4556 | RSC Adv., 2021, 11, 4555–4571
heterocycle, and 3,5-di(tert-butyl)-1,2-benzoquinone (2a), 4,6-
di(tert-butyl)-3-nitro-1,2-benzoquinone (2b), 4,6-diisopropyl-3-
nitro-1,2-benzoquinone (2c),29 3,4,5,6-tetrachloro-1,2-
benzoquinone (2d) as the initial 1,2-benzoquinones. The prep-
aration of 2-quinolyl-1,3-tropolone derivatives 3 is presented in
Scheme 1.

It has been established that the interaction of quinolines 1a,
b with a twofold excess of quinones 2a–c leads to the formation
of the corresponding 2-quinolyl-1,3-tropolones 3a–f (method A).
However, in the reaction of 1a with quinone 2c, tropolone 3g is
formed along with tropolone 3f in small amounts (10%).
Reaction products 3f and 3g were isolated from the reaction
mixture by column chromatography. On the other hand, reac-
tion 1b with quinone 2c (method A) proceeded with the
formation of only tropolone 3e.

Reuxing 1a with an equivalent amount of 2d in dioxane
(method B) leads to the formation of 2-quinolyl-5,6,7-trichloro-
1,3-tropolone 3h. However, the reaction of 5-nitro derivative 1b
with 2d gives rise the mixture of three polychloro-substituted
tropolones: 5,6,7-trichloro-1,3-tropolone 3i, 4,5,6,7-tetrachloro-
1,3-tropolone 3j and 4,5,6-trichloro-1,3-tropolone 3k (Scheme
2) in a ratio of 55, 30, and 15%, respectively (mixture B of 3i–k).
Since it was impossible to separate a mixture of tropolones 3i–k
by thin layer or column chromatography, the ratio of the
mixture has been determined from the integrated signal
intensity of OH-group protons.

Carrying out the reaction 1b (1 eq.) with 2d (2 eq.) under
milder conditions in acetic acid (method A) leads to a change in
the ratio of the mixture of polychlorotropolones (35% (3i), 55%
(3j) 10% (3k)). Since the mixture B of tropolones 3i–k can easily
be obtained synthetically, mixture of B was investigated further
for the anticancer activity.

The mechanism of formation of the tropolone system 3 was
studied earlier by theoretical methods. The multistep reaction
includes aldol condensation with the formation of intermediate
A, cyclization of A into the norcaradiene derivative B, and
rearrangement of B into the dihydrotropolone C. Oxidation of
the latter with an excess of the initial 1.2-benzoquinone 2 leads
to 1,3-tropolones 3a–f (method A).

Interaction of 4,7-dichloro-2-methylquinolines 1a with 4,6-
diisopropyl-3-nitro-1,2-benzoquinone 2c gives rise two
competing processes: the formation of tropolone 3f and the
reaction of nitrous acid elimination in C, accompanied by 1,3-
sigmatropic shi of the hydrogen atom, which ultimately leads
to the formation of 1,3-tropolone 3g.

o-Quinone ring expansion upon reuxing 1a,b with 3,4,5,6-
tetrachloro-1,2-benzoquinone 2d (method B) proceeds accord-
ing to a similar mechanism, but in this case intermediate C
under goes dehydrochlorination, and as a result tropolones 3h
and the mixture of tropolones 3i, k were obtained. The forma-
tion of the isomeric 4,5,6-trichloro-1,3-tropolone 3k was
observed only in the case of the reaction of 2d with 1b. Tropo-
lone 3j is formed by both method A and method B due to the
competing oxidation reaction of intermediate C with 1,2-ben-
zoquinone 2d.

The structure of the compounds 3a–k that we obtained was
conrmed by 1H NMR and IR spectroscopy and mass
© 2021 The Author(s). Published by the Royal Society of Chemistry



Scheme 1 Synthesis of 2-quinolyl-1,3-tropolone derivatives 3 by an alternative pathway of the reaction.
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spectrometry data. In the 1H NMR spectra of compounds 3a–j,
the signal of the proton of the hydroxyl group, which forms
a strong hydrogen bond with the quinoline nitrogen atom in the
rst position, closing the six-membered chelate ring, is
observed in the downeld region dH 17–19 ppm in the form of
a narrow singlet peak. 1H NMR spectrum of polychlorinated
tropolones 3i–k showed in a weak eld the presence of three
signals of OH protons – groups 18.61 ppm (3i), 17.92 ppm (3j),
17.22 ppm (3k). Signals of protons of the tropolone cycle appear
at 7.19 ppm (3i) and 7.33 ppm (3k). The HRMS (ESI) (m/z [M–H])
mass spectrum of tropolones 3i–k conrms the presence of
compounds with molecular weights of 476.8777, which corre-
sponds to 3i,k and 510.8380, which corresponds to 3j. The
synthesis conditions and some physicochemical data of the
obtained compounds 3a–j are shown in Table 1.

The structure of 3c was established by X-ray diffraction
analysis and is shown in Fig. 1. As a result of the prototropic
rearrangement, the hydrogen atom is condently localized at
the nitrogen atom N(1) at a distance of 0.98(2) Å and partici-
pates in the formation of intramolecular hydrogen bond with
the oxygen atom of the carbonyl group of tropolone with the
following parameters: O(2)–C(3) ¼ 1.2785 (15) Å, H(1)/O(2)
�1.567 Å, the angle N(1)–H(1)–O(2) in the cycle formed by the
intramolecular hydrogen bond is 149.78. The bond lengths of
the aminoenone system N(1)–C(8) ¼ 1.3464(16) Å and C(8)–C(2)
¼ 1.4454(16) Å are close in their absolute values to those for the
xed diketone form in 2-substituted N-methylquinoline30 (1.353
Å and 1.443 Å, respectively. Deposition number 1864613). This
indicates the realization in the crystalline phase the
Scheme 2 Formation of the mixture of three polychloro-substituted 1,3

© 2021 The Author(s). Published by the Royal Society of Chemistry
aminoenone form (NH) of tropolone 3c (Fig. 1a). It should be
noted that the tropolone cycle in the crystal takes on the “bath”
conformation (Fig. 1b).

Compounds 3 can exist in solution in two tautomeric (OH)
and (NH) forms (Scheme 3). The thermodynamic equilibrium
between them in the gas phase and polar solvent (DMSO) has
been studied by theoretical methods (DFT) (Table 2) (Fig. S1–S3,
Tables S1–S22, ESI†).

According to theoretical estimates, themain inuence on the
equilibrium of (NH) and (OH) tautomeric forms of tropolone
derivatives is exerted, on the one hand, by the donor–acceptor
properties of the quinoline and tropolone fragments, and on
the other, by the polarity of the environment. Variations of these
factors make it possible to change the equilibrium of these
isomers over a wide range (Table 2).

An acceptor substituent (nitro group) in the quinoline
moiety of 3 stabilizes the (OH) isomer. On the contrary, increase
of the medium polarity stabilizes the (NH) form to a greater
extent. Replacement of tert-butyl substituents in the tropolone
fragment with isopropyl substituents does not signicantly
affect the results.

The introduction of the nitro group into the tropolone
fragment stabilizes (NH) isomer. In the polar solvent (DMSO),
this effect is further enhanced. The introduction of the nitro
group into both tropolone and quinoline fragments of mole-
cules (compounds 3d and 3e) also stabilizes the (NH) isomer,
but to a lesser extent than one nitro group in the tropolone part
of the molecule. This indicates that acceptor substituents in the
quinoline and tropolone fragments partially compensate for
-tropolones 3i–k.

RSC Adv., 2021, 11, 4555–4571 | 4557



Table 1 Novel derivatives of 2-(7-chloro-2-quinolyl)-1,3-tropolones 3

Compd Structure Reaction conditions Yield (%)
Melting point
(�C) 1H dOH(NH) (ppm)

3a Method A: AcOH, 65–70 �C, 1a (1 eq.)/2a (2 eq.) 63 189–190 18.77

3b Method A: AcOH, 65–70 �C, 1b (1 eq.)/2a (2 eq.) 47 264–265 17.57

3c Method A: AcOH, 65–70 �C, 1a (1 eq.)/2b (2 eq.) 30 236–237 18.17

3d Method A: AcOH, 65–70 �C, 1b (1 eq.)/2b (2 eq.) 77 254–255 18.35

3e Method A: AcOH, 65–70 �C, 1b (1 eq.)/2c (2 eq) 28 255–256 19.19

3f

Method A: AcOH, 65–70 �C, 1a (1 eq.)/2c (2 eq.)

51 189–190 19.18

3g 10 147–148 19.01

3h Method B: dioxane, 102 �C, 1a (1 eq.)/2d (1.1 eq.) 72 275–276 19.02

4558 | RSC Adv., 2021, 11, 4555–4571 © 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper



Table 1 (Contd. )

Compd Structure Reaction conditions Yield (%)
Melting point
(�C) 1H dOH(NH) (ppm)

Method A: AcOH, 65–70 �C, 1b (1 eq.)/2d (2 eq.) 55(A)a 197–200A 18.613i

Mixture 3i, 3j, 3k Method B: dioxane, 102 �C, 1b (1 eq.)/2d (1.1 eq.) 46(B)b 192–193B 17.923j

17.223k

a Method A (mixture in a ratio of 3i (35%), 3j (55%), 3k (10%)). b Method B(mixture in a ratio of 3i (55%), 3j (30%), 3k (15%)).

Fig. 1 Molecular structure of 5,7-di(tert-butyl)-2-(4,7-dichloro-8-methyl-2-quinolyl)-4-nitro-1,3-tropolone 3c with representation of the
atoms by thermal vibration ellipsoids of 50% probability (a); a tropolone cycle in a crystal in the “bath” conformation (b).

Paper RSC Advances
each other's inuence and, on the other hand, demonstrates
a higher effectiveness of acceptor substituents in the tropolone
moiety. Stabilization of the (NH) isomer is also observed upon
replacement of tert-butyl substituents in the tropolone fragment
Scheme 3 Intramolecular proton transfer in compounds 3a–k.

© 2021 The Author(s). Published by the Royal Society of Chemistry
with chlorine atoms (compounds 3h, 3i), which is consistent
with the general properties of the tautomeric equilibrium in
these systems mentioned above.
2.2. Biology

2.2.1. In vitro anti-proliferative activity of tropolone
compounds 3a–h and tropolone mixture B (3i–k). First, the anti-
proliferative activity of all novel tropolone compounds 3a–h and
mixture B of 3i–k was tested out in parallel against six human
cancer cell lines (lung cancer: A549 and H441, ovarian cancer:
OVCAR-3 and OVCAR-8, colon cancer: HCT 116, and pancreatic
cancer: Panc-1) using Alamar Blue Cell Viability Reagent (Invi-
trogen, UK).
RSC Adv., 2021, 11, 4555–4571 | 4559



Table 2 Total energies with zero-point energy correction Etot + ZPE
(au) and relative energies DE (kcal mol�1) of (NH) and (OH) isomers of
tropolone derivatives 3a–j in the gas phase (g) and DMSO solution (s)
according to the PBE0/6–311 + G (d, p) calculations

Structure Etot + ZPE (g) DE (g) Etot + ZPE (s) DE (s)

3a (NH) �2092.705668 0.0 �2092.715974 0.0
3a (OH) �2092.707205 �0.96 �2092.716625 �0.41
3b (NH) �2297.039006 0.0 �2297.053321 0.0
3b (OH) �2297.041444 �1.53 �2297.055267 �1.22
3c (NH) �2297.041242 0.0 �2297.056554 0.0
3c (OH) �2297.040005 0.78 �2297.053547 1.89
3d (NH) �2501.373627 0.0 �2501.392772 0.0
3d (OH) �2501.373616 0.01 �2501.390877 1.19
3e (NH) �2422.890683 0.0 �2422.909876 0.0
3e (OH) �2422.890567 0.07 �2422.908419 0.91
3f (NH) �2218.557968 0.0 �2218.573183 0.0
3f (OH) �2218.557252 0.45 �2218.57104 1.34
3g (NH) �2014.218773 0.0 �2014.229307 0.0
3g (OH) �2014.220275 �0.94 �2014.230029 �0.45
3h (NH) �3157.133771 0.0 �3157.144041 0.0
3h (OH) �3157.133633 0.09 �3157.142118 1.21
3i (NH) �3361.465409 0.0 �3361.479782 0.0
3i (OH) �3361.466531 �0.70 �3361.479323 0.29
3j (NH) �3820.926859 0.00 �3820.941783 0.00
3j (OH) �3820.925688 0.73 �3820.938795 1.87
3k (NH) �3361.463126 0.00 �3361.478029 0.00
3k (OH) �3361.462296 0.52 �3361.475645 1.50
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This reagent contains non-toxic resazurin-based solution
that is blue in color and non-uorescent, upon entering living
cells, resazurin is reduced to resorun, a compound that is red
in color and highly uorescent. Conversion of resazurin to
resorun is used as a means to measure relative numbers of
living cells. The effect of the test compounds was evaluated at
concentrations up to 5 mM. This is due to the low solubility of
compounds 3a–h andmixture B of 3i–k in DMSO, and due to the
fact that an increase in DMSO amount can lead to the toxic
effect of the solvent on cell lines under study, that can result in
distortion of experimental ndings. For additional controls, we
used well-known analogue compound of the tropolone series,
hinokitiol, and a widely used chemotherapy drug cisplatin. The
IC50 values are summarized in Table 3, with the values shown
representing the average of at least three independent
Table 3 IC50 values of the designed compounds, including 3d and mixt

Cell line
3a,
3b, 3g, 3f, 3e 3h 3c

OVCAR-8a >5 2.62 >5
OVCAR-3a >5 4.73 3.93
H441b >5 1.35 2.62
A549b — — —
HCT 116c — — —
Panc-1d — — —

a Human ovarian cancer. b Human lung cancer. c Human colon cancer. d H
hinokitiol.

4560 | RSC Adv., 2021, 11, 4555–4571
experiments. A dash means that the compounds did not show
antiproliferative activity in cell lines tested in the concentration
range up to 5 mM. Representative IC50 curves for 3d and mixture
B (of 3i–k) the cell lines in three cell lines are shown in Fig. S4
(see ESI†).

The IC50 values of compounds 3a, 3b, 3e, 3g, 3f did not fall
within the concentration range up to 5 mM. In contrast, the
compounds 3h and 3c showed antiproliferative activity against
the OVCAR-8, OVCAR-3 and H441 cell lines, and the IC50 values
of these compounds were lower than the values for cisplatin and
hinokitiol. Compounds 3d and mixture B of 3i–k demonstrated
broad inhibitory activity against all six cell lines. The IC50 values
ranged from 0.95 to 3.93 mM and from 0.51 to 1.98 mM for 3d
and mixture B of 3i–k respectively. In addition, the anti-
proliferative activities of these compounds against OVCAR-3,
OVCAR-8 and HCT 116 were generally better than against
other cell lines (Table 3).

Since 3d and mixture B of 3i–k compounds showed the
broadest range of biologic activity across all 6 cancer cell lines,
we next focused our biologic studies on these tropolones. As
a proof of concept, we decided to focus on HCT 116 colon and
OVCAR-3 and OVCAR-8 ovarian cancer cell lines. Nowadays, the
standard rst-line therapy for both of these two types of cancer
includes platinum-based doublet drug combinations, but the
majority of patients ultimately experience resistance to plat-
inum drugs or dose-limiting toxicities. Furthermore, unlike in
lung cancer, immunotherapy is generally ineffective for the
majority of ovarian and colon cancers, therefore only a few
advances occurred in these disease in these disease in the last
decades. This latter fact led us to continue looking for ways to
improve treatments for these two common, yet difficult to treat
types of cancers.

For the next set of biological experiments, we used
compounds at IC50 and IC25 concentration values. The values
IC50 of 3d compound for OVCAR-3, OVCAR-8 and HCT 116 were
3.93 mM, 1.33 mM and 2.15 mM, respectively. At the same time,
IC50 of mixture B 3i–k compound for these three cell lines were
0.63 mM, 1.98 mM and 1.15 mM, respectively.

Analyzing the structure and biological activity of compounds
3, we decided that the most active compounds in the series of 2-
quinoline-1,3-tropolones against various cancer cell lines
(H441, A549, OVCAR-3, OVCAR-8, HCT 116, Panc-1) are
ure B of 3i–k (mM) in various human cancer cell lines

3d
Mixture B
of 3i–k Cisplatine Hinokitiole

1.33 1.98 3.75 >5
3.93 0.63 5.10 >5
0.97 0.70 3.74 1.97
4.05 1.61 4.16 >5
2.15 1.15 4.22 >5
0.95 0.51 3.25 >5

uman pancreatic cancer. e Comparison control drugs were cisplatin and

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Effect of 3d and mixture B of 3i–k tropolones at IC25 and IC50 concentrations on colony formation ability of ovarian and colon cancer
cells. (A) OVCAR-8 under 3d treatment for 7 days; (B) OVCAR-8 undermixture B (3i–k treatment for 7 days); (C) OVCAR-3 under 3d treatment for
7 days; (D) OVCAR-3 under mixture B of treatment of 3i–k for 7 days; (E) HCT 116 under 3d treatment for 7 days; (F) HCT 116 under mixture B of
treatment of 3i–k for 7 days.
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tropolones containing acceptor groups (NO2, Cl) in the
periphery of the tropolone ring – 5,7-di(tert-butyl)-2-(4,7-
dichloro-8-methyl-2-quinolyl)-4-nitro-1,3-tropolone 3c, 5,7-
di(tert-butyl)-2-(4,7-dichloro-8-methyl-5-nitro-2-quinolyl)-4-
nitro-1,3-tropolone 3d and polychlorinated derivatives – 2-(4,7-
dichloro-8-methyl-2-quinolyl)-5,6,7-thrichloro-1,3-tropolone 3h
and mixture B of 3i–k. These tropolones, according to quantum
chemical calculations, are in the tautomeric aminoenone form
© 2021 The Author(s). Published by the Royal Society of Chemistry
3 (NH). It is likely that the tautomeric 3 (NH)-form is involved in
the mechanisms of inhibition of the growth of cancer cells.
Despite the fact that compounds 3e,f (5,7-di-isopropyl) are also
in the aminoenone form 3 (NH), like their structural analogs
3c,3d (5,7-di-(tert-butyl)) the IC50 values of compounds 3e,f
turned out to be higher than 5 mM. And tropolones 3c, 3d with
bulkier tert-butyl substituents at positions 5 and 7 of the
RSC Adv., 2021, 11, 4555–4571 | 4561



Fig. 3 Effect of 3d on apoptosis induction in ovarian and colon cancer cell lines. Cells were treated 3d at indicated concentration, or with DMSO.
Flow cytometry results after at 0 h, 24 h, 48 h using Annexin V and propidium iodide are shown for OVCAR-8 (A), OVCAR-3 (B) and HCT 116 (C)
cell line.
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tropolone ring showed the best results in inhibiting cancer cells
in this series of compounds under study.

2.2.2. Tropolone compound 3d and tropolone mixture B
(3i–k) inhibit colony formation of human ovarian and colon
cancer cells. Since 3d and mixture B of 3i–k compounds showed
the broadest range of biologic activity across all six cancer cell
lines, we next focused our biologic studies on these compounds.
We decided to focus on HCT 116 colon and OVCAR-3 and
OVCAR-8 ovarian cancer cell lines, for a proof of concept in vitro
study. Colony formation assay was performed to verify clono-
genic ability of cells with the focus on compound 3d and
mixture B of 3i–k compounds treatment for 7 days. These cancer
4562 | RSC Adv., 2021, 11, 4555–4571
cell lines were treated with these two compounds at IC25 and
IC50 concentrations. As shown in Fig. 2, treatment of these cells
leads to signicantly decreased clonogenic capacity in all three
cell lines tested with compound 3d (Fig. 2A, C and E). In
contrast, as shown in Fig. 2B, D and F, mixture B of 3i–k did not
signicantly inhibit the colony formation ability of ovarian
cancer cells as measured by the cytotoxicity test, while the
colony formation of HCT 116 colon cancer cells is signicant
inhibited bymixture B of 3i–k (Fig. 2F). This indicates that colon
cancer cells are more sensitive to mixture B of 3i–k than ovarian
cancer cells.
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Effect of mixture B of 3i–k on apoptosis induction in ovarian and colon cancer cell lines. Flow cytometry results after at 0 h, 24 h, 48 h
treatment using Annexin V and propidium iodide are shown for OVCAR-8 (A), OVCAR-3 (B) and HCT 116 (C) cell line.
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2.2.3. Compound 3d and tropolone mixture B (3i–k) induce
apoptosis in ovarian and colon cancer cell lines. Proliferation
and clonogenic effects suggested that these 3d and mixture B
(3i–k) compounds could induce apoptosis in cancer cells. To
conrm if cancer cells proliferation effects are due to apoptosis
type of cell death triggered by 3d and mixture B (3i–k)
compounds, we treated ovarian and colon cancer cells by 3d or
mixture B for 24 and 48 h and then stained cells with Annexin V-
FITC and propidium iodide (PI) and then analyzed by ow
cytometry. DMSO control induced signicant apoptosis, espe-
cially in OVCAR-8 cell line. However, 3d compound induced
signicantly more apoptosis. The percentages of apoptosis in
OVCAR-8 cells treated with 3d were for 24 and 48 hours 26.77 �
© 2021 The Author(s). Published by the Royal Society of Chemistry
1.8% and 46.2 � 1.8%, respectively (Fig. 3A). The OVCAR-3 cell
line demonstrated a 28.9 � 2.8% increase (p-value < 0.0001) in
the number of apoptotic cells from control by 24 hours under 3d
treatment. As shown in Fig. 3B, this effect also continued at 48
hours compound exposure time point (Fig. 3B). HCT 116 colon
cancer cells also show high apoptotic level relative to DMSO at
48 hours exposure at 50.87 � 9.2% (p-value < 0.0001) (Fig. 3C).

Under the treatment with mixture B (3i–k), only OVCAR-8
cells had signicantly more (p-value < 0.0001) apoptotic cells
relative to DMSO. The total numbers of late (Annexin-V+/PI+)
apoptotic cells aer the 48 hours treatment increased to 32.2 �
1.7%. However, in OVCAR-3 and HCT 116 cells, apoptosis was
no different and similar to control DMSO treatment (Fig. 4).
RSC Adv., 2021, 11, 4555–4571 | 4563



Fig. 5 Effect of the 3d compound on apoptosis, asmeasured by PARP cleavage, and ERK-signaling pathway in OVCAR-8, OVCAR-3 andHCT 116
cell lines. Cells were treatedwith 3d compound for 0, 12, 24 and 48 hours, and western blot analysis was done. (A) OVCAR-8 cell line; (B) OVCAR-
3 cell line; (C) HCT 116 cell line.
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These results conrmed that compound mixture B induces cell
apoptosis in OVCAR-8 cells in a dose-dependent manner.

2.2.4. Novel tropolone compound 3d and tropolone mixture
B (3i–k) induce apoptosis as measured by PARP cleavage and
lead to an ERK signaling pathway activation in ovarian and
colon cancer cells. Since 3d and tropolone mixture B showed
signicant biologic activity as seen by suppressed proliferation
4564 | RSC Adv., 2021, 11, 4555–4571
and clonogenicity of cancer cells, and as were able to detect
increase in apoptosis as measured by Annexin V, we next
decided to elucidate whether 3d compound andmixture B affect
apoptosis and to probe their effects on a common cancer cell
signaling pathway. We rst investigated changes in the of PARP
and ERK1/2 protein level upon 3d treatment. PARP engages
DNA repair, and genomic stability, and is one of the
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Effect of themixture B of 3i–k compound on apoptosis, as measured by PARP cleavage and ERK-signaling pathway in OVCAR-8, OVCAR-
3 and HCT 116 cell lines. Cells were treated with mixture B of 3i–k compound for 0, 12, 24 and 48 hours. Western blot analysis: (A) OVCAR-8 cell
line; (B) OVCAR-3 cell line; (C) HCT 116 cell line.
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downstream proteins that is involved in programmed cell
death. PARP cleavage typically indicates that this protein is
inactivated, and cells are undergoing apoptosis.31

Here we show that the compound 3d used at IC50 concen-
tration, during incubation at different time points induces
PARP cleavage in OVCAR-8, OVCAR-3 and HCT 116 cell lines,
supporting our Annexin V data (Section 2.2.3) that cells are
undergoing apoptosis (Fig. 5). All three cell lines were treated
© 2021 The Author(s). Published by the Royal Society of Chemistry
for 0, 12, 24 and 48 hours with 3d, and DMSO was used as
a control. In all cell lines, a statistically signicant apoptosis
effects appeared aer 12 hours effect of 3d. In ovarian cancer
cell lines, this effect extends up to 24 hours of incubation
(OVCAR-3) and up to 48 in the case of OVCAR-8 (Fig. 5).

Protein-serine/threonine kinases ERK 1/2 are involved in cell
survival, proliferation, as well as adhesion and cell migration.
Similar to PARP cleavage kinetics, phospho-ERK1/2 kinases
RSC Adv., 2021, 11, 4555–4571 | 4565
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phosphorylation occurred with 3d treatment for 12 hours. In
OVCAR-3 and OVCAR-3 cell lines, high level of phospho-ERK1/2
is maintained for up to 48 hours. In the HCT 116 cell line, there
was no statistically signicant activation of ERK1/2-kinase, but
there is a trend to increase with 48 hours of incubation (Fig. 5).

Finally, we investigated apoptosis and signaling effects of
tropolone mixture B (3i–k) treatment, as described in Fig. 6.
Cells were treated with IC50 concentration of mixture B for 0, 12,
24 and 48 hours. There was a signicant induction of cleaved
PARP between the two conditions under DMSO and mixture B
in OVCAR-8 cells on 12 and 24 hours (Fig. 6A). Meanwhile, in
OVCAR-3 and HCT 116 cell lines, slight non-signicant increase
in the cleaved/total PARP 24 and 48 hours can be clearly seen.
Turning now to the experimental evidence on protein-serine/
threonine kinases ERK1/2, we did not nd signicant ERK1/2
phosphorylation in across all three cell lines (Fig. 6A–C).

3. Conclusions

In this study, a series of novel 2-quinolyl-substituted 1,3-tro-
polones 3 was obtained. The structure of compounds 3 was
conrmed by physicochemical methods of analysis (NMR 1H,
13C, IR and Mass spectrometry). The structure of 5,7-di(tert-
butyl)-2-(4,7-dichloro-8-methyl-2-quinolyl)-4-nitro-1,3-tropolone
established by X-ray analysis. The relative thermodynamic
stability of (OH) and (NH) tautomeric forms of 2-quinolyl-
substituted 1,3-tropolones 3 has been studied. In subsequent
testing for biological activity, compound 3d and tropolone
mixture B of 3i–k exhibited the broadest and potent activities
against six various human cancer cell lines with IC50 values
ranging from 0.63 to 3.93 mM. Furthermore, compound 3d
reduced colony formation induced apoptosis in ovarian cancer
(OVCAR-3, OVCAR-8) and colon cancer (HCT 116) cell lines.
However, it should be noted that when testing the effect of
compounds on the ability to colony formation, tropolone
mixture B of 3i–k did not show activity, although the prolifer-
ation assay nominated it as a strong active compound. Also, cell
death was induced by tropolone mixture B of 3i–k treatment
appeared only in OVCAR-8 cell line, but not in OVCAR-3 and
HCT 116 as no signicant changes of percent apoptotic cells
and accumulation of cleaved PARP this cell line under
compound treatment were detected. In summary, tropolone
mixture B of 3i–k can lead to apoptosis activation but had
a narrower range of activity in this study and has less potent
anti-tumor activity than 3d. Finally, the ERK pathway was
broadly induced by 3d compound, but not by tropolone mixture
B of 3i–k treatment. Taken together, our study suggests that 2-
quinolyl-1,3-tropolones are a promising new class of heterocy-
clic compounds that should be used for the future development
of effective anticancer agents.

4. Materials and methods
4.1. General

The 1H, 13C NMR spectra were recorded on a Bruker Avance 600
spectrometer. The chemical shis are given with respect to the
signal of SiMe4 as the internal standard. Attenuated total
4566 | RSC Adv., 2021, 11, 4555–4571
internal reectance IR (ATR-IR) spectra were measured on
a Varian 3100 FT-IR Excalibur Series spectrometer. HRMS were
registered on a Bruker UHR-TOF MaxisTM Impact instrument.
Chromatography was performed on columns packed with Al2O3

(Brockmann activity II–III). The melting point was measured on
a Fisher–Johns apparatus. The IR and NMR spectra were
recorded using equipment of the Shared Use Center “Molecular
spectroscopy” of the Southern Federal University.
4.2. Synthesis

4.2.1. Synthesis of 5,7-di(tert-butyl)-2-(4,7-dichloro-8-
methyl-2-quinolyl)-1,3-tropolone 3a (method A). A solution of
4,7-dichloro-2,8-dimethylquinoline 1a (2.2 g, 10 mmol) and of
3,5-di(tert-butyl)-1,2-benzoquinone 2a (4.4 g, 20 mmol) in
glacial acetic acid (10 ml) was heated at 65–70 �C for 30 h. Aer
cooled to the room temperature, the reaction mixture was
diluted with water and extracted with dichloromethane (2� 100
ml). The combined organic layers were washed with water (2 �
100 ml) and then dried with anhydrous Na2SO4 and the solvent
was removed in vacuo. The residue was puried by alumina
column chromatography with petroleum/dichloromethane
(3 : 1) collecting the rst bright yellow fraction (Rf � 0.9). Aer
removal of the solvent in vacuo, the residue was recrystallized
from propane-2-ol. Yellow crystals of 3a. Yield 2.8 g (63%), mp
189–190 �C. IR (n): 3117, 1644, 1623, 1586, 1494, 1462, 1455,
1409, 1378, 1364, 1330, 1271, 1240, 1188, 1149, 1087, 1017, 942,
879, 853, 822, 808, 767, 728, 691 cm�1. 1H NMR (600 MHz,
CDCl3) d, ppm: 1.25 (9H, s, C(CH3)3), 1.38 (9H, s, C(CH3)3), 2.76
(3H, s, CH3), 6.67 (1H, d, CHtrop, J ¼ 1.8 Hz), 6.77 (1H, d, CHtrop,
J ¼ 1.8 Hz), 7.53 (1H, d, CHAr, J ¼ 8.9 Hz), 7.94 (1H, d, CHAr, J ¼
8.9 Hz), 8.23 (1H, s, CHAr), 18.77 (1H, s, OH). 13C NMR (151
MHz, CDCl3) d, ppm: 14.97, 29.95, 31.12, 37.19, 38.43, 114.37,
119.78, 122.74, 122.86, 123.18, 124.47, 127.94, 129.86, 137.41,
141.96, 144.12, 154.70, 155.59, 155.80, 173.84, 194.71. HRMS
(ESI): m/z [M–H]� calcd for C25H26Cl2NO2: 442.1346; found:
442.1345. Calcd for C25H27Cl2NO2 (%): C, 67.57; H, 6.12; N, 3.15.
Found (%): C, 67.38; H, 6.00; N, 3.02 (Fig. S5 and S6, ESI†).

4.2.2. Synthesis of 5,7-di(tert-butyl)-2-(4,7-dichloro-8-
methyl-5-nitro-2-quinolyl)-1,3-tropolone 3b (method A). A
solution of 4,7-dichloro-2,8-dimethyl-5-nitroquinoline 1b (2.7 g,
10 mmol) and of 3,5-di(tert-butyl)-1,2-benzoquinone 2a (4.4 g,
20 mmol) in glacial acetic acid (10 ml) was heated at 65–70 �C
for 30 h. Aer cooling down to the room temperature, the
reaction mixture was diluted with water and extracted with
dichloromethane (2 � 100 ml). The combined organic layers
were washed with water (2 � 100 ml) and then dried with
anhydrous Na2SO4 and the solvent was removed in vacuo. The
residue was puried by alumina column chromatography with
petroleum/dichloromethane (3 : 1) collecting the rst bright
yellow fraction (Rf � 0.4). Aer removal of the solvent in vacuo,
the residue was recrystallized from propane-2-ol. Yellow crystals
of 3b. Yield 2.3 g (47%), mp 264–265 �C. IR (n): 3115, 1658, 1595,
1577, 1539, 1486, 1463, 1455, 1392, 1367, 1317, 1287, 1245,
1192, 1100, 1025, 1003, 942, 893, 872, 864, 836, 813, 763, 727,
704 cm�1. 1H NMR (600 MHz, CDCl3) d, ppm: 1.26 (9H, s,
C(CH3)3), 1.38 (9H, s, C(CH3)3), 2.78 (3H, s, CH3), 6.69 (1H, d,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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CHtrop, J ¼ 1.8 Hz), 6.85 (1H, d, CHtrop, J ¼ 1.8 Hz), 7.67 (1H, s,
CHAr), 8.28 (1H, s, CHAr), 17.57 (1H, s, OH). 13C NMR (151 MHz,
CDCl3) d, ppm: 15.88, 29.95, 31.10, 37.46, 38.57, 114.41, 114.53,
123.11, 123.17, 123.81, 123.89, 135.20, 135.50, 139.96, 144.17,
145.01, 156.20, 156.43, 157.25, 171.36, 194.08. HRMS (ESI): m/z
[M–H]� calcd for C25H25Cl2N2O4: 487.1197; found: 487.1190.
Calcd for C25H26Cl2N2O4 (%): C, 61.36; H, 5.35; N, 5.72. Found
(%): C, 61.12; H, 5.08; N, 5.56 (Fig. S7 and S8, ESI†).

4.2.3. Synthesis of 5,7-di(tert-butyl)-2-(4,7-dichloro-8-
methyl-2-quinolyl)-4-nitro-1,3-tropolone 3c (method A). A solu-
tion of 4,7-dichloro-2,8-dimethylquinoline 1a (2.2 g, 10 mmol)
and of 4,6-di(tert-butyl)-3-nitro-1,2-benzoquinone 2b (5.3 g, 20
mmol) in glacial acetic acid (10 ml) was heated at 65–70 �C for
15 h. Aer cooled to the room temperature, the reactionmixture
was diluted with water and extracted with dichloromethane (2
� 100ml). The combined organic layers were washed with water
(2 � 100 ml) and then dried with anhydrous Na2SO4 and the
solvent was removed in vacuo. The residue was puried by
alumina column chromatography with petroleum/
dichloromethane (1 : 1) collecting the second bright yellow
fraction (Rf � 0.6). Aer removal of the solvent in vacuo, the
residue was recrystallized from propane-2-ol. Yellow crystals of
3c. Yield 1.45 g (30%), mp 236–237 �C. IR (n): 3107, 1659, 1626,
1597, 1589, 1561, 1539, 1485, 1466, 1393, 1377, 1280, 1245,
1197, 1151, 1086, 1045, 1013, 966, 941, 892, 873, 851, 825, 814,
784, 767, 731, 670 cm�1. 1H NMR (600 MHz, CDCl3) d, ppm: 1.28
(9H, s, C(CH3)3), 1.30 (9H, s, C(CH3)3), 2.72 (3H, s, CH3), 6.38
(1H, s, CHtrop), 7.56 (1H, d, CHAr, J¼ 9.0 Hz), 7.93 (1H, d, CHAr, J
¼ 9.0 Hz), 8.28 (1H, s, CHAr), 18.17 (1H, s, OH). 13C NMR (151
MHz, CDCl3) d, ppm: 14.67, 29.07, 30.40, 37.40, 38.01, 114.16,
118.69, 119.33, 122.11, 123.13, 126.92, 128.15, 137.73, 139.09,
143.21, 146.06, 149.96, 152.02, 154.20, 174.54, 194.09. HRMS
(ESI): m/z [M–H]� calcd for C25H25Cl2N2O4: 487.1197; found:
487.1193. Calcd for C25H26Cl2N2O4 (%): C, 61.36; H, 5.35; N,
5.72. Found (%): C, 61.18; H, 5.10; N, 5.58 (Fig. S9 and S10,
ESI†).

4.2.4. Synthesis of 5,7-di(tert-butyl)-2-(4,7-dichloro-8-
methyl-5-nitro-2-quinolyl)-4-nitro-1,3-tropolone 3d (method A).
A solution of 4,7-dichloro-2,8-dimethyl-5-nitroquinoline 1b
(2.7 g, 10 mmol) and of 4,6-di(tert-butyl)-3-nitro-1,2-
benzoquinone 2b (5.3 g, 20 mmol) and in glacial acetic acid
(10 ml) was heated at 65–70 �C for 15 h. Aer cooled to the room
temperature, the reaction mixture was diluted with water and
extracted with dichloromethane (2 � 100 ml). The combined
organic layers were washed with water (2 � 100 ml) and then
dried with anhydrous Na2SO4 and the solvent was removed in
vacuo. The residue was puried by alumina column chroma-
tography with petroleum/dichloromethane (1 : 1) collecting the
second bright yellow fraction (Rf � 0.3). Aer removal of the
solvent in vacuo, the residue was recrystallized from propane-2-
ol. Yellow crystals of 3d. Yield 4.1 g (77%), mp 254–255 �C. IR (n):
3111, 1664, 1602, 1547, 1490, 1464, 1366, 1329, 1281, 1244,
1199, 1096, 1053, 1020, 965, 944, 889, 869, 828, 813, 764, 735,
695 cm�1. 1H NMR (600 MHz, CDCl3) d, ppm: 1.29 (9H, s,
C(CH3)3), 1.31 (9H, s, C(CH3)3), 2.77 (3H, s, CH3), 6.48 (1H, s,
CHtrop), 7.68 (1H, s, CHAr) 8.31 (1H, s, CHAr), 18.35 (1H, s, OH).
13C NMR (151 MHz, CDCl3) d, ppm: 15.60, 29.06. 30.38, 37.78,
© 2021 The Author(s). Published by the Royal Society of Chemistry
38.16, 114.49, 120.36, 122.83, 123.09, 132.25, 137.03, 140.06,
141.52, 144.94, 145.02, 148.76, 152.77, 154.59, 172.38, 193.48.
HRMS (ESI): m/z [M–H]� calcd for C25H24Cl2N3O6: 532.1048;
found: 532.1042. Calcd for C25H25Cl2N3O6 (%): C, 56.19; H,
4.72; N, 7.86. Found (%): C, 56.00; H, 4.54; N, 7.68 (Fig. S11 and
S12, ESI†).

4.2.5. Synthesis of 2-(4,7-dichloro-8-methyl-5-nitro-2-
quinolyl)-5,7-diisopropyl-4-nitro-1,3-tropolone 3e (method A).
A solution of 4,7-dichloro-2,8-dimethyl-5-nitroquinoline 1b
(0.68 g, 2.5 mmol) and of 4,6-diisopropyl-3-nitro-1,2-
benzoquinone 2c (1.2 g, 5 mmol) and in glacial acetic acid (10
ml) was stirred for 12 h at 70 �C. Aer cooled to the room
temperature, the reaction mixture was diluted with water and
extracted with dichloromethane (2 � 100 ml). The combined
organic layers were washed with water (2 � 100 ml) and then
dried with anhydrous Na2SO4 and the solvent was removed in
vacuo. The residue was puried by alumina column chroma-
tography with petroleum/dichloromethane (1 : 4) collecting the
second yellow fraction (Rf� 0.45). Aer removal of the solvent in
vacuo, the residue was recrystallized from propane-2-ol. Yellow
crystals of 3e. Yield 0.35 g (28%), mp 255–256 �C. IR (n): 3117,
1609, 1592, 1547, 1506, 1463, 1409, 1368, 1310, 1287, 1246,
1200, 1105, 1071, 1042, 947, 880, 841, 803, 760, 723, 692 cm�1.
1H NMR (600 MHz, CDCl3) d, ppm: 1.23 (6H, d, CH(CH3)2, J ¼
6.9 Hz), 1.24 (6H, d, CH(CH3)2, J ¼ 6.9 Hz), 2.76 (1H, sep,
CH(CH3)2, J ¼ 6.9 Hz), 2.80 (3H, s, CH3), 3.39 (1H, sep,
CH(CH3)2, J ¼ 6.9 Hz), 6.49 (1H, s, CHtrop), 7.72 (1H, s, CHAr),
8.35 (1H, s, CHAr), 19.19 (1H, s, OH). 13C NMR (151 MHz, CDCl3)
d, ppm: 15.76, 21.51, 22.66, 32.97, 33.49, 113.94, 114.41, 119.15,
123.66, 124.03, 133.24, 136.81, 140.45, 141.64, 143.53, 144.96,
149.53, 155.92, 158.70, 169.39, 190.02. HRMS (ESI): m/z [M–H]�

calcd for C23H20Cl2N3O6: 504.0735; found: 504.0725. Calcd for
C23H21Cl2N3O6 (%): C, 54.56; H, 4.18; N, 8.30. Found (%): C,
54.38; H, 4.02; N, 8.16 (Fig. S13 and S14, ESI†).

4.2.6. Synthesis of 2-(4,7-dichloro-8-methyl-2-quinolyl)-5,7-
diisopropyl-4-nitro-1,3-tropolone 3f and 2-(4,7-dichloro-8-
methyl-2-quinolyl)-5,7-diisopropyl-1,3-tropolone 3g (method
A). A solution of 4,7-dichloro-2,8-dimethylquinoline 1a (0.67 g, 3
mmol) and of 4,6-diisopropyl-3-nitro-1,2-benzoquinone 2c
(1.4 g, 6 mmol) in glacial acetic acid (10 ml) was stirred for 12 h
at 70 �C. Aer cooled to the room temperature, the reaction
mixture was diluted with water and extracted with dichloro-
methane (2 � 100 ml). The combined organic layers were
washed with water (2 � 100 ml) and then dried with anhydrous
Na2SO4 and the solvent was removed in vacuo. The residue was
puried by alumina column chromatography with petroleum/
dichloromethane (2 : 1) collecting the rst and the second
yellow fractions. The rst fraction is compound 3g (Rf � 0.65),
the second fraction is compound 3f (Rf � 0.35). Aer removal of
the solvent in vacuo, the residues were recrystallized from
propane-2-ol.

Yellow crystals of 3f. Yield 0.7 g (51%), mp 189–190 �C. IR (n):
3120, 3087, 1620, 1599, 1567, 1537, 1483, 1462, 1434, 1392,
1374, 1325, 1287, 1246, 1234, 1192, 1152, 1091, 1063, 1036,
1013, 988, 942, 889, 876, 851, 838, 825, 805, 789, 766, 722,
681 cm�1. 1H NMR (600 MHz, CDCl3) d, ppm: 1.21 (6H, d,
CH(CH3)2, J ¼ 6.9 Hz), 1.22 (6H, d, CH(CH3)2, J ¼ 6.9 Hz), 2.73
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(1H, sep, CH(CH3)2, J ¼ 6.9 Hz), 2.76 (3H, s, CH3), 3.41 (1H, sep,
CH(CH3)2, J¼ 6.9 Hz), 6.40 (1H, s, CHtrop), 7.60 (1H, d, CHAr, J¼
8.9 Hz), 7.97 (1H, d, CHAr, J ¼ 8.9 Hz), 8.40 (1H, s, CHAr), 19.18
(1H, s, OH). 13C NMR (151 MHz, CDCl3) d, ppm: 14.8, 21.45,
22.64, 32.66, 33.19, 113.77, 118.11, 120.08, 122.76, 123.06,
127.71, 128.67, 138.02, 138.86, 141.50, 146.15, 151.12, 154.92,
157.75, 172.23, 190.33. HRMS (ESI): m/z [M–H]� calcd for
C23H21Cl2N2O4: 459.0884; found: 459.0880. Calcd for
C23H22Cl2N2O4 (%): C, 59.88; H, 4.81; N, 6.07. Found (%): C,
59.64; H, 4.60; N, 5.90 (Fig. S15 and S16, ESI†).

Yellow crystals of 3g. Yield 0.12 g (10%), mp 147–148 �C. IR
(n): 3115, 3086, 1605, 1525, 1488, 1463, 1400, 1378, 1339, 1318,
1260, 1188, 1150, 1112, 1091, 1049, 1007, 990, 953, 931, 878,
865, 831, 812, 780, 769, 723, 682 cm�1. 1H NMR (600 MHz,
CDCl3) d, ppm: 1.21 (6H, d, CH(CH3)2, J ¼ 6.8 Hz), 1.24 (6H, d,
CH(CH3)2, J¼ 6.8 Hz), 2.68 (1H, sep, CH(CH3)2, J¼ 6.8 Hz), 2.78
(3H, s, CH3), 3.46 (1H, sep, CH(CH3)2, J ¼ 6.8 Hz), 6.54 (1H, s,
CHtrop), 6.65 (1H, s, CHtrop), 7.55 (1H, d, CHAr, J ¼ 8.9 Hz), 7.96
(1H, d, CHAr, J ¼ 8.9 Hz), 8.31 (1H, s, CHAr), 19.01 (1H, s, OH).
13C NMR (151 MHz, CDCl3) d, ppm: 15.02, 22.48, 23.06, 32.64,
37.63, 115.21, 121.00, 122.72, 123.25, 125.94, 128.28, 130.28,
137.33, 141.88, 144.12, 153.08, 156.64, 157.48. HRMS (ESI): m/z
[M–H]� calcd for C23H22Cl2NO4: 414.1033; found: 414.1034.
Calcd for C23H23Cl2NO2 (%): C, 66.35; H, 5.57; N, 3.36. Found
(%): C, 66.14; H, 5.28; N, 3.18 (Fig. S17 and S18, ESI†).

4.2.7. Synthesis of 2-(4,7-dichloro-8-methyl-2-quinolyl)-
5,6,7-thrichloro-1,3-tropolone 3h (method B). To the boiling
solution of 2,8-dimethyl-4,7-dichloroquinoline 1a (1.58 g, 7
mmol) in dioxane (20 ml), portions of o-chloranil 2d (1.9 g, 7.7
mmol) were added. The reaction mixture was reuxed for
20 min. Aer cooled to the room temperature, the yellow
precipitate was ltered off, washed with dioxane. The solid was
recrystallized from benzene. Yellow crystals of 3h. Yield 2.2 g
(72%), mp 275–276 �C. IR (n): 3125, 3052, 1633, 1598, 1557,
1538, 1485, 1463, 1455, 1378, 1320, 1295, 1237, 1196, 1152,
1125, 1097, 1022, 949, 898, 881, 864, 839, 818, 767, 722,
700 cm�1. 1H NMR (600 MHz, CDCl3) d, ppm: 2.81 (3H, s, CH3),
7.09 (1H, s, CHtrop), 7.64 (1H, d, CHAr, J ¼ 9 Hz), 8.02 (1H, d,
CHAr, J ¼ 9 Hz), 8.44 (1H, s, CHAr), 19.02 (1H, s, OH). HRMS
(ESI): m/z [M–H]�calcd for C17H7Cl5NO2: 431.8925; found:
431.8925. Calcd for C17H8Cl5NO2 (%): C, 46.88; H, 1.85; N, 3.22.
Found (%): C, 46.62; H, 1.60; N, 3.02 (Fig. S19, ESI†).

4.2.8. Synthesis of mixture of tropolones – 2-(4,7-dichloro-
8-methyl-5-nitro-2-quinolyl)-5,6,7-thrichloro-1,3-tropolone 3i, 2-
(4,7-dichloro-8-methyl-5-nitro-2-quinolyl)-4,5,6,7-tetrachloro-
1,3-tropolone 3j and 2-(4,7-dichloro-8-methyl-5-nitro-2-
quinolyl)-4,5,6-thrichloro-1,3-tropolone 3k

Method A. A solution of 4,7-dichloro-2,8-dimethyl-5-
nitroquinoline 1b (1.35 g, 5 mmol) and of o-chloranil 2d
(2.46 g, 10 mmol) in glacial acetic acid (15 ml) was stirred for
36 h at 50 �C. Aer cooled to the room temperature, the reaction
mixture was diluted with water and extracted with dichloro-
methane (2 � 100 ml). The combined organic layers were
washed with water (2 � 100 ml) and then dried with anhydrous
Na2SO4 and the solvent was removed in vacuo. The residue was
puried by silica gel column chromatography with dichloro-
methane collecting the bright yellow fraction (Rf � 0.9). Aer
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removal of the solvent in vacuo, the residues was recrystallized
from benzene to give inseparable mixture of compounds 3i–k
(35% – 3i, 55% – 3j and 10% – 3k), mp 197–200 �C (benzene)
(1.4 g, yield 55%).

Method B. To the boiling solution of 4,7-dichloro-2,8-
dimethyl-5-nitroquinoline 1b (1.35 g, 5 mmol) in dioxane (20
ml) was added portions out o-chloranil 2d (1.23 g, 5 mmol). The
reaction mixture was reuxed for 30 min. Aer cooled to the
room temperature and the solvent was removed in vacuo. The
residue was puried by silica gel column chromatography with
dichloromethane collecting the second bright yellow fraction
(Rf � 0.9). Aer removal of the solvent in vacuo, the residues was
recrystallized from benzene to give inseparable mixture of
compounds 3i–k (55% – 3i, 30% – 3j and 15% – 3k), mp 192–
193 �C (benzene) (1.1 g, yield 46%).

Yellow crystals of mixture of 3i–k (method B). IR (n): 3113,
1646, 1594, 1539, 1463, 1376, 1286, 1224, 1197, 1159, 1124,
1104, 1046, 962, 902, 885, 767, 718, 682 cm�1. 1H NMR (600
MHz, CDCl3) d, ppm: 2.833i (3H, s, CH3), 2.88

3j (3H, s, CH3),
2.913k (3H, s, CH3), 7.19

3i (1H, s, CHtrop), 7.33
3k (1H, s, CHtrop),

7.73–7.763i–k (1H, m, CHAr), 8.34–8.46
3i–k (1H, m, CHAr), 17.72

3k

(1H, s, OH), 17.923j (1H, s, OH), 18.613i (1H, s, OH). HRMS (ESI):
m/z[M–H]� calcd for C17H6Cl5N2O4 (3i, 3k): 476.8774; found:
476.8777. HRMS (ESI): m/z[M–H]�calcd for C17H5Cl6N2O4 (3j):
510.8458; found: 510.8380 (Fig. S20, ESI†).

4.3. X-ray analysis

The single crystals of 3c have been grown in dimethyl sulfoxide
solution. The data collection have been performed on an Agilent
SuperNova diffractometer using microfocus X-ray source with
copper anode (l ¼ 1.54184) and Atlas S2 CCD detector. The
diffraction data of 3c were obtained at room temperature (293
K). Single crystals of C25H26Cl2N2O4 are triclinic: a ¼ 7.6690(2)
Å, b ¼ 9.8456(4) Å, c ¼ 15.9190(6) Å, a ¼ 88.165(3)�, b ¼
87.926(3)�, g ¼ 73.153(3)�,V ¼ 1149.35(7) Å3, Z ¼ 2, T ¼ 100 K,
m(Cu Ka) ¼ 2.838 mm�1, Dcalc ¼ 1.414 g cm�3, space group P�1
(no. 2). 21 532 reections measured (9.388� # 2Q # 148.056�),
4600 unique (Rint ¼ 0.0282, Rsigma ¼ 0.0187) which were used in
all calculations. The nal R1 was 0.0324 (I > 2s(I)) and wR2 was
0.0851 (all data). The collection of reexes, determination and
renement of unit cell parameters were performed by using the
specialized CrysAlisPro 1.171.38.41 soware suite.32 The struc-
tures were solved by using ShelXT program,33 structure rene-
ment was also performed with ShelXL program.34 Molecular
graphics were rendered and prepared for publication with the
Olex2 version 1.2.10 soware suite.35 The complete X-ray
diffraction datasets were deposited at the Cambridge Crystal-
lographic Data Center (deposit CCDC 2040512) (Tables S23 and
S24, ESI†).

4.4. Computational methods

All computations were carried out with Gaussian 09 (ref. 36)
program package using DFT methods, employing PBE0
exchange–correlation functional37,38 and 6-311+G(d,p) basis set.
The stationary points (minima) on the potential energy surface
(PES) were veried by calculating the eigenvalues of the Hessian
© 2021 The Author(s). Published by the Royal Society of Chemistry
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matrix. Solvent effects were modeled by using polarizable
continuum model (PCM)39 within the integral equation
formalism (IEFPCM).40
4.5. Biological experiments

4.5.1. Reagents and cell lines. All tropolone compounds
studied were solubilized in DMSO. OVCAR-8, OVCAR-3 and
HCT 116, H441 cancer cell lines(ATCC, Manassas, VA, USA) were
grown in RPMI 1640 (Gibco), A549 and Panc-1 cancercell lines
were grown in DMEM (Gibco) with 10% FBS and 10 mg ml�1

penicillin/streptomycin solution (PanEco) with 1 mg ml�1

insulin (PanEco).
4.5.2. Cell viability assay. Cells were seeded into 96-well

culture plates at 2000 cells per well and were grown in RPMI
1640 containing 10% FBS at 37 �C. Aer 24 h cells were treated
with all tropolone test compounds for 72 h. Aer incubation, 10
ml of Alamar Blue reagent (Invitrogen, UK) was added to each
well, mixed and then incubated for additional 2 hours at 37 �C
in a CO2 incubator. The uorescence of each sample was
measured using a microplate reader by uorescence detection
at excitation and emission wavelength of 540–590 nm
respectively.

4.5.3. SDS–PAGE and western blot analysis. For protein
analysis, cells were resuspended in a lysis RIPA buffer (#89901,
Thermo, IL, USA) containing Phosphatase (#78426, Thermo, IL,
USA) and Protease (#78429, Thermo) inhibitors cocktails at 4 �C,
followed by the BCA protein assay (#23225, Thermo, IL, USA).
Protein samples were separated electrophoretically by 15%
SDS–PAGE and were then transferred to a polyvinylidene
diuoride membrane (#ISEQ0001, Sigma-Aldrich, UK). The
membranes were incubated with primary and secondary anti-
bodies and then developed with enhanced chemiluminescence
(#170-5061, Bio-Rad, CA, USA). The primary antibodies and
their dilution factors were the 1 : 1000. For the western analysis,
phospho-p44/42 MAPK (T202/Y204) (#4370S, Cell Signaling,
MA, USA), p44/42 MAPK (Erk1/2) (L34F12) (#4696S, Cell
Signaling, MA, USA), PARP and cleaved PARP (#9542S, Cell
Signaling, MA, USA), tubulin (3873S, Cell Signaling, MA, USA)
antibodies were used. For the detection of the signal from the
membranes was used The ChemiDoc XRS+ System (Bio-Rad,
USA) and for quantitative analysis of western blots was used
Image Lab soware (Bio-Rad, USA).

4.5.4. Annexin-V and PI double staining assay. Annexin-V
and PI labeling for the detection of apoptotic or necrotic cell
death was performed using an Alexa Fluor 488 Annexin V/Dead
Cell Apoptosis Kit according to the manufacturer's instructions
(Life Technologies, OR, USA). Briey, cells were seeded in six-
well plates and grown in RPMI 1640 medium containing 10%
FBS at 37 �C. Cells were treated with 3d and mixture B (3i–k).
1.75 mM and 1.7 mM for OVCAR-8, 3.2 mM and 0.63 mM for
OVCAR-3 and 1.9 mM and 1.1 mM for HCT 116 respectively for
0 h, 24 h, 48 h. Samples were analyzed on the rst (FL1) and
third (FL3) detectors of the FACS Caliburcytouometer using
CellQuest soware (Becton Dickinson). At least 10 000 events
were calculated for each experiment.
© 2021 The Author(s). Published by the Royal Society of Chemistry
4.5.5. Clonogenic assay. Cells (HCT 116: 500 cells per well,
OVCAR-8: 2000 cells per well, OVCAR-3: 2000 cells per well) were
plated in 6-well plate and incubated at 37 �C, 5% CO2 for colony
formation. On the next day cells were 3d and mixture B (3i–k)
with 1.75 mM and 1.7 mM for OVCAR-8, 3.2 mM and 0.63 mM for
OVCAR-3 and 1.9 mM and 1.1 mM for HCT 116 respectively. Aer
7 days, colonies were xed with 100% (v/v) methanol for 15 min,
stained with 0.4% Crystal violet (Sigma, UK) for 30 min for
colony visualization and dried. Colonies were counted using
Image J soware (NIH, USA).
4.6. Statistical analysis

All the data are mean values of at least 3 independent experi-
ments and expressed as means (�SEM). For multiple-group
comparison multiple t-tests were used by statistical soware
GraphPad Prism 6, p-value less than 0.05 was considered to be
statistically signicant.
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