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Abstract. Oligopyridine based copper(ll) complexes are of interest to scientists as possible anticancer
agents due to promising cytotoxic and DNA binding/cleaving properties. In this study, copper(ll) complex
[Cu(phendione)L,]-C,HsOH with 1,10-phenanthroline-5,6-dione (phendione) and 4,5-dichloro-isothiazole-3-
carboxylic acid (HL) was synthesized and characterized by elemental analysis, IR-spectroscopy, X-ray pow-
der diffraction and single-crystal X-ray diffraction. According to X-ray diffraction data, obtained compound is
mononuclear complex with square pyramidal coordination environment of the central atom which is sur-
rounded by two isothiazolate molecules and one phendione ligand. The X-ray diffraction data are confirmed
by IR-spectroscopy data showing the presence of characteristic stretching vibration bands of the carbonyl
and carboxyl groups of oligopyridine ligand and isothiazolate ions, respectively. Density functional theory
(DFT) calculations for complex were carried out using the ADF software package to perform geometry opti-
mization and frequency calculations that were in a good agreement with experimental IR spectrum. Cytotoxi-
city of complex and initial reagents was tested in vitro against HepG2 (human hepatocellular carcinoma) and
MCF-7 (human breast adenocarcinoma) cell lines. The complex showed high dose-dependent cytotoxic ac-
tivity with the ICsq values of 0.60+0.03 uM and 0.96+0.13 uM, respectively, which is higher than the activity of
cisplatin against these cell lines. The activity of the complex is due to the presence of phendione ligand,
which exhibits a similar cytotoxic activity.
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AHHOomauus. Komnnekcol medu(ll) Ha ocHoge onu2onupuduUHO8 npusnekarm uHmepec uccriedosamernel 8
Kayecmee 803MOXHbIX MPOMUBOOINYX0/Ie8bIX a2eHMOo8 88UQY UX 8bI0AIUUXCS LUMOMOKCUYECKUX ceolicma
u criocobHocmu cessbigambcs/pacwennams [JHK. B Hacmoswem uccrnedosaHuu bbin nonyqYeH U oxapak-
mepu3osaH ¢ nomowbro VIK-crnekmpockonuu, anemMeHmHo20, peHmaeHoha3o8020 U PeHMaeHOCmpyKmyp-
Hoeo aHanusa komnnekc medu(ll) ¢ 1,10-¢gpeHaHmponuH-5,6-0uoHom (phendione) u 4,5-duxnopo-u3o-
muasorn-3-kapboHoeol kucromolt, [Cu(phendione)L,]-C,HsOH. CoznacHo daHHbIM peHmeeHOoCmpyKmMypHO-
20 aHarnu3sa, fosly4eHHoe coeOUHEeHUe S8/19emcsi MOHOSI0ePHbIM, NpuU 3moM 08e MOJIeKy/bl u3omuasona u
1,10-gpbeHaHmponuH-5,6-0uoH obpa3yrom KeadpamHo-rnupamudasibHOE OKPYXEHUEe UeHmpasibHo20 amoma.
LaHHble peHmeeHOCmMpPyKmMypHO20 aHarnu3a coanacytomcs ¢ OaHHbiMu MK-criekmpockonuu, ykasbiearouu-
MU Ha Hanu4ue xapakmepucmu4HbiX MO10C 8aieHMHbIX KornebaHul kapboHuUIbHOU u KapboKcubHOU epynn
onuzonupuduHa U fpou3so0HO20 u3omua3osia CoomeemcmeeHHO. Pacyembl, 8bINOHEeHHbIE MemodoMm
meopuu yHkyuoHana nnomHocmu (DFT) ¢ ucnonb3osaHuem rnipoepammHo20 rakema ADF, noseonunu
onmMuUMU3UpPo8amb 2e0MEMPUI0 KOMIISIeKca U 8bl4UCIUMb meopemuyeckull VMIK-criekmp, komopblil Xopowo
coenacyemcsi ¢ 9KcriepuMeHmarbHbIM. L{umomoKcu4HOCMb KOMITIIEKCO8 U UCXOOHbIX pea2eHmos ucciedo-
8aHa Ha KriemoYHbix fuHUsix HepG2 (eenamouenntonspHas kapyuHoma) u MCF-7 (adeHokapyuHoMa Mo-
J104HOU >enesbl). Kommnnekc nposiernsiem 8bICOKY0 00303a8UCUMY UUMOMOKCUYECKY0 akmueHOCMb, rpu
amom 3HaveHus napamempa |Csy cocmasnstom 0,60+0,03 mkM (HepG2) u 0,96+0,13 mkM (MCF-7), ymo
rpeesbiwaem akmueHOCMb YucriamuHa o OMHOWEHU K OaHHbIM KIemMOYHbIM JTUHUSM. AKMUBHOCMb
Komrinekca obycriosneHa npucymcmeuem nuzaHda phendione, komopsili 8 ceobodHoMm sude makxe obna-
daem MOKCUYHOCMbIO.

Knroyeeble cnoea: Komrnekc medu, usomuasor, KpucmarnudecKkasd cmpykmypa, d)eHaHmpOﬂUH, uumo-
MOKCU4YHCOMb
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INTRODUCTION

Currently, mixed-ligand complexes of essential
metals with 1,10-phenanthroline and its derivatives
are being actively studied in vitro and in vivo for their
biological properties (cytotoxic, antioxidant, antibac-
terial, antiviral and other activities) [1-7]. Essential
metals include such microelemets as iron, copper,
zinc, cobalt, nickel, manganese and some other
metals. Among the complexes of essential metals,
the most interesting as anticancer agents are
1,10-phenanthroline based copper(ll) complexes,
since they are capable to interact and cleave
DNA/RNA backbone [8, 9]. Moreover, oligopyridine
and amino acid/acetylacetone based copper(ll)
complexes (Casiopeinas) have shown antiprolifera-
tive, genotoxic, and antineoplastic activity [10, 11].
The most promising complexes from the Casio-
peinas series have completed preclinical trials [12].
Besides amino acids, N-donor systems (terpyridine,
imidazole, benzimidazole, tetrazole), O-donor sys-
tems (salicylic acid, dicarboxylic acids), S-donor
systems (thiosemicarbazones, dithiocarbamates,
thioureas), Schiff bases are often used as second-
ary ligand in synthesis of cytotoxic Casiopeinas-like
complexes [6]. The isothiazole heterocycles and
coordination compounds with isothiazoles have
been shown to be bioactive substances with pesti-
cidal, anticancer, anti-inflammatory and antiviral ac-
tivities [13]. However, despite their promising prop-
erties, isothiazoles are negligibly used for the syn-
thesis of bioactive oligopyridine based complexes
with essential metals. Thus, the research aiming
preparation of corresponding complexes may be
indeed promising from the point of view of medicinal
chemistry.

In continuation of our work [14] in order to ex-
pand the number of available cytotoxic oligopyridine
based complexes with isothiazole as secondary li-
gand, the present study set out to synthesise new
mixed-ligand copper(ll) complex with 1,10-phena-
nthroline-5,6-dione and 4,5-dichloro-isothiazole-3-
carboxylic acid and evaluate its biological activity.

EXPERIMENTAL SECTION

1,10-Phenanthroline-5,6-dione (phendione) was
acquired from ABCR (Germany). 4,5-Dichloro-iso-
thiazole-3-carboxylic acid (HL) was synthesized as
previously described [15, 16]. Solvents and reagents
were used as purchased without any further purification.

Elemental analysis (C, H, N) was performed
using Euro EA 3000 analyzer. IR absorption spec-
tra were recorded on SCIMITAR FTS 2000 and
VERTEX-80 spectrophotometers at 4000-400 cm™
(in fluorinated oil — in the region of 4000—1500 cm™,
in vaseline oil — 1800-400 CM'l). Powder XRD ana-
lysis of complexes was performed on a Shimadzu
XRD-7000 diffractometer (CuKa radiation, Ni filter,
3-40° 26 range, 0.03° 26 step, room temperature).

Quantum-chemical calculations were carried out on
the computational cluster of NIIC SB RAS using the
Amsterdam Density Functional (ADF) program by
dint of density functional theory (DFT)". The gene-
ralized gradient approximation (GGA), the density
functional PBE (Perdew — Burke — Ernzerhof) [17] in
combination with the all electron basis set TZ2P [18]
were applied. The calculations were carried out for
non-solvent system.

Bruker D8 Venture diffractometer with the gra-
phite-monochromated MoK, radiation (A =0.71073 A)
was utilized to collect single-crystal XRD data for
copper(ll) complex. All measurements were carried
out at 150 K, and the ¢- and w-scan techniques
were employed. Absorption corrections were applied
with the SADABS program?®. The crystal structure
was solved and refined by means of the SHELXT
[19] and SHELXL [20] programs using OLEX2 GUI
[21]. Atomic thermal displacement parameters for
non-hydrogen atoms were refined anisotropically.
Positions of hydrogen atoms were calculated ac-
cording to their geometrical conditions and refined
by dint of the riding model. The crystallographic data
and details of the structure refinements are shown in
Table 1. CCDC 2121029 contains the supplemen-
tary crystallographic data for this paper. These in-
formation can be obtained free of charge from The
Cambridge Crystallographic Data Center at
https://www.ccdc.cam.ac.uk/structures/.

Synthesis of [Cu(phendione)L,]-C,HsOH. [Cu(H,O)Ly]
was synthesized as previously described [14]. The
precipitate of [Cu(H,O)L,] (0.048 g, 0.10 mmol) was
resuspended in mixture of ethanol (2 ml) and di-
chloromethane (3 ml). Solid phendione (0.025 g,
0.12 mmol) was added to suspension with stirring.
The reaction mixture became clear, precipitate dis-
solved. The solution was left for slow evaporation at
room temperature. Polycrystalline phase was ob-
tained after a week. Green crystals were filtered
out, washed with ethanol and dried in air. Yield:
0.064 g (90%). Elemental analysis (%): Calc. for
C,,H1,Cl,CuN,O+S,: C, 37.0; H, 1.7; N, 7.8. Found:
C,37.3;H,18;N,7.7.

Cytotoxic activity. Human hepatocellular carci-
noma (HepG2) and human breast adenocarcinoma
(MCF-7) cell lines were cultured in Iscove's Modified
Dulbecco's Medium (IMDM) supplemented with a
10% fetal bovine serum under a humidified atmos-
phere (5% CO, and 95% air) at 37 °C. Cell viability
was evaluated by Hoechst/PI staining as previously
described [22]. Hep2 cells were cultured to 96-well
plates at a density 5-10° cells per well. After 24 hours
cells were treated with complex dissolved in DMSO
and incubated for 48 hours. Serial dilutions were
prepared in IMDM medium in the concentration
range of 0.1-25 pM. For identification of live, apop-
totic and dead cells, treated cells and control cells
were stained with a mixture of fluorescent dyes

'ADF2013, Software for Chemistry & Materials, Theoretical Chemistry, Vrije Universiteit, Amsterdam (The Netherlands), 2013.
2Bruker Apex3 software suite: Apex3, SADABS-2016/2 and SAINT, version 2018.7-2; Bruker AXS Inc.: Madison, WI, 2017.
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Hoechst 33342 (Sigma-Aldrich) and propidium io-
dide (Invitrogen) for 30 min at 37 °C. An IN Cell
Analyzer 2200 (GE Healthcare, UK) was used to
perform automatic imaging of four fields per well
under 200xmagnification, in bright field and fluores-
cence channels. The IN Cell Investigator image
analysis software (GE Healthcare, UK) was used to
determine live, apoptotic and dead cells among the
whole population. All data shown are mean of three
wells. The quantitative data were expressed as the
mean = standard deviation (SD). All statistical anal-
yses were performed using the software Excel 2016
(Microsoft) and Origin 8.0.

Table 1. Crystallographic data
of the copper(ll) complex

Tabnuua 1. Kpuctannorpadguyeckme gaHHble
ansi komnnekca megu(ll))

Parameter Value
Empirical formula C22H1,CI4N4O7S,Cu
Formula weight 713.82

Crystal system,

Monoclinic, P21/c
space group

for data collection/®
Index ranges
Reflections collected
Independent reflections

Restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (1)]
Final R indexes [all data]

Temperature (K) 150

al/A 11.2744(15)
b/A 8.5017(11)
c/A 28.481(3)
a/° 90

B/ 94.024(5)
y/° 90
Volume/A® 2723.2(6)
Z 4

Pealc g/lcm’ 1.741
p/mm? 1.399
Crystal size/mm 0.3x0.2%x0.12
20 range

4.774 t0 51.486

13<h<7,-10<k<10,
33<1<34
34013
5030 [Rixt = 0.0520,
Reigma = 0.0398]

0/363
1.088

Ry = 0.0423, wR, = 0.0921

Ry = 0.0554, wR; = 0.0971

Largest diff.
peak/hole / e/A*

RESULTS AND DISCUSSION

Green crystals of copper(ll) complex
[Cu(phendione)L,]-C,HsOH were obtained after
slow evaporation of ethanol/dichloromethane (1:1.5
by volume) solution containing [Cu(H,O)L,] and
phendione ligand in 1:1.2 molar ratio. Obtained
complex is soluble in DMSO, CH3CN, sparingly
soluble in ethanol, CH,Cl, and practically insoluble
in water. The elemental analysis results for
[Cu(phendione)L,]-C,HsOH are consistent with the
proposed formula of the complex. The presence of
solvent ethanol molecule was confirmed by
IR-spectroscopy (v(OH) = 3464, 3308 cm™).
Powder X-ray diffraction analysis have been used
to demonstrate the identity of single crystal and the
synthesized polycrystalline phase of complex which

0.75/-0.41
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proved the phase purity of the bulk sample (Fig. 1).

According to single-crystal X-ray diffraction data,
the copper(ll) complex [Cu(phendione)L,]-C,HsOH
reveals square pyramidal coordination environment
of central atom. The coordination sphere of Cu(ll)
consists of two O atoms of the isothiazoles carbo-
xylates, one N of the isothiazole ligand and two
N atoms of the phendione (Fig. 2). Additional con-
tact (of 2.772 A) is observed between the copper(ll)
and the O atom of the isothiazole moiety giving dis-
torted octahedral 5+ 1 environment. Also there is
outer-sphere ethanol molecule. Similar structure has
been observed in our previous work, where bipico-
line has been used instead of phendione [14].

[Cu(phendione)L, ] C,H.,OH

experimental
— simulated

20 degree

Fig. 1. X-ray powder patterns for [Cu(phendione)L,]-C,HsOH
Puc. 1. Andpaktorpamma ansi [Cu(phendione)L,]-C,HsOH)

Fig. 2. Structure of [Cu(phendione)L;] complex
(Solvent ethanol molecule is not shown)

Puc. 2. CtpykTtypa komnnekca [Cu(phendione)L;]
(Monekyna pacTBOpuUTENs He NOKa3aHa)

DFT-calculations, such as IR-frequencies and
energies of HOMO/LUMO, have been carried out for
copper(ll) complex. The highest occupied molecular
orbital (HOMO) and lowest-lying unoccupied molec-
ular orbital (LUMO) are known to be the most im-
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portant orbitals in a molecule. In case of copper(ll)
complex, the electron density of HOMO (Fig. 3) is
concentrated on phendione mainly and energy of
this orbital is equal to -5.978 eV. LUMO (-4,997 eV)
is disposed on copper ion and donor atoms of its
coordination sphere. The energy gap between
HOMO and LUMO (EHOMO - ELUMO) is -0.981 eV. A
molecule with large HOMO-LUMO gap is described
as a hard molecule which is much less polarizable.
In contrast, the soft systems have small HOMO-
LUMO gap and are highly polarizable [23]. Thus,
complex refers to soft molecules due to the small
value of energy gap.

Vibrational spectrum has been calculated for the
complex with optimized geometry. There are no im-
aginary frequencies in the obtained spectrum, con-
sequently, the geometry corresponds to local mini-
ma. The main vibrational frequencies of calculated
and experimental spectra are shown in Table 2. The
vibrations of characteristic groups (COO-, C-H,
C—ClI, O=C-C=0) exhibit in both spectra. The slight
shift and broadening of bands is observed in expe-
rimental IR-spectrum, which can be due to the pre-
sence of ethanol molecule in system. Despite these
small differences spectra are in a good agreement.

The obtained IR-spectrum clearly indicates the for-
mation of copper(ll) complex. There is a disap-
pearing of broad v(O-H) band observed in the HL
spectrum (2915 cm™) in the result of ligand depro-
tonation during the synthesis. Moreover, the
bands of asymmetrical stretching vibrations of the
carboxylate group shift to the low-frequency re-
gion (1651-1614 cm™) in contrast to the band in HL
spectrum (V(COO),s = 1724 cm™).

The cytotoxicity of copper(ll) complex was
tested by Hoechst/Pl staining on HepG2 (human
hepatocellular carcinoma) and MCF-7 (human
breast adenocarcinoma) cell lines by exposing
them for 48 h to the medium containing the com-
pound in 0.1-25 yM concentration. The concentra-
tion-dependent cell viability graphs are given in
Fig. 4. Calculated from these graphs ICsq values
(concentration required to reduce survival in the cell
lines to 50%) are summarized in Table 3.

Earlier, copper acetate and HL were shown to
be nontoxic in the concentration range of 1-50 uM
[14]. At the same time, 1,10-phenanthroline-5,6-
dione is highly toxic to HepG2 and MCF-7 cells with
ICso values being in the nanomolar concentration
range [24].

b c
Fig. 3. Electron density of [Cu(phendione)L;] (a), HOMO (b) and LUMO (c)
Puc. 3. OnektpoHHas nnotHocTb [Cu(phendione)L;] (a), BSMO (b) 1 HCMO (c)

Table 2. Calculated and experimental vibrational frequencies (cm'l)

of [Cu(phendione)L;]

Tabnuua 2. TeopeTn4eckn pacCHMTaHHbIE N IKCMEPUMeEHTarnbHble konebaTenbHble YacToTbl (CM'l)

komnnekca [Cu(phendione)L;]

Assignment, cm™ DFT-calculation Experimental data
v(O—H)eton - 3464, 3308
v(C—H) 3130, 3115, 3106 3101, 3086, 3061
V(C—H)eton - 2960, 2924, 2856
v(0O=C—-C=0)as 1692 1726
v(0O=C—-C=0)s 1664 1710
v(COO)as 1642, 1628 1651, 1614
v(COO)s 1261 1261
v(C-Cl) 1055, 1044 1049, 1024
Riings, 8(C—H) 1578, 1560, 1412, 1306, 1195, 1114, 979, 942 1576, 1408, 1300, 1205, 1128, 972
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HepG2 cell line

B Cell count === Dead cells

N

Live cells === Apoptosis

100

=]
=

60

Cell count, %

40

"lﬁi

C 0.1 0.5
Concentration, pM

MCF-7 cell line

B Cell count === Dead cells Live cells w=le= Apoptosis

c 0.1 0.5 1 5 25
Concentration, pM

Fig. 4. Effect of [Cu(phendione)L;]-C,HsOH on the viability of HepG2 and MCF-7 cells

Puc. 4. 3ddekT Bosgenctaus [Cu(phendione)L,]-C,HsOH Ha BbkMBaemocTb knetok HepG2 n MCF-7

According to cytotoxicity study of [Cu(phen-
dione)L,]-C,HsOH, complex possesses dose-depen-dent
cytotoxicity against both cell lines (ICsy = 0.96£0.13 uM
(MCF-7), 0.604£0.03 pM (HepG2)), while its toxicity
is higher than that of oligopyridine on HepG2 cells
and vice versa on MCF-7 cells (See Table 3). Thus,
the activity of the complex is due to the presence of
phendione ligand, which exhibits a similar cytotoxic ac-
tivity. The activity of the obtained complex exceeds the

activity of cisplatin by more than an order of magnitude.
This compound is part of a series of mixed-ligand
copper(ll) complexes with HL and various oli-
gopyridines, and turned out to be the most toxic in this
series. So, for example, the I1Cs, value against MCF-7
cells in the same conditions is 1.8+0.3 uM for [Cu(4,7-
dimethyl-1,10-phenanthroline)L;,] and 4.2+0.2 yM for
[Cu(1,10-phenanthroline)(H,O)L,] [14].

Table 3. ICsp values of the compounds against MCF-7 and HepG2 cell lines

Tabnuua 3. 3HayeHus ICso ANst NONMYYEHHbIX COEAMHEHUIA NO OTHOLLEHMIO K KNETOYHbIM NnHusiM MCF-7 1 HepG2

1Cso value, uM
Compound MCF-7 cells HepG2 cells
Cu(OAc)2 >50 >50
HL >50 _
1,10-phenanthroline-5,6-dione 0.73+0.06 3.320.6
[Cu(phendione)L,]-C,HsOH 0.96+0.13 0.60+0.03
Cisplatin 33.7+1.8 33.0+5.4

CONCLUSIONS

Mononuclear copper(ll) complex based on
4,5-dichloro-isothiazole-3-carboxylic acid and
1,10-phenanthroline-5,6-dione [Cu(phendione)L,] has
been obtained and characterized by several physi-
cochemical methods. The results of single crystal
X-ray diffraction indicate that complex reveals
square pyramidal coordination environment of cen-
tral atom which consist of two O atoms of the isothi-
azoles carboxylates, one N of the isothiazole ligand
and two N atoms of the phendione. According to
DFT-calculations, the value of energy gap be-
tween HOMO and LUMO of complex is small
(-0.981 eV), thus, [Cu(phendione)L,] refers to soft

molecules. This compound causes pronounced
cytotoxic effect against HepG2 and MCF-7 cells in
0.1-25 concentration range which is an order of
magnitude higher than cisplatin cytotoxicity.
[Cu(phendione)L,] is part of a series of mixed-ligand
copper(ll) complexes with HL and various oli-
gopyridines. Cytotoxicity of these complexes in-
creases with the transition from 1,10-phenanthroline
to 4,7-dimethyl-1,10-phenanthroline and is maximal in the
1,10-phenanthroline-5,6-dione based complex. Thus, this
work helps to understand structure-cytotoxic activity rela-
tionships for the oligopy-ridine based isothiazole cop-
per(ll) complexes.
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