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ABSTRACT: Two p-cymenerutheniumchlorido complexes with thiourea derivative of 7-
chloroquinoline (C1) and pyridine-3-imidazole (C2) were synthesized starting from [(ne-p-
cymene)RuCl;], and corresponding ligands. The structures of complexes were determined with
elemental analysis, IR, ESI-MS, 'H, ®C{*H} NMR and 2D 'H-"N correlation NMR
spectroscopy. Cytotoxic activities examined by MTT assay were performed in five human
neoplastic cell lines (HeLa, K562, A549, MDA-MB-231, EA.hy926) and one non-tumor human
fetal lung fibroblast cell line (MRC-5). Tested complexes exhibited low micro-molar activities
with ICsp in the range 11.03 - 56.45uM, while ligands L1, L2 were significantly less active.
Complex C1 showed cytoselective activity toward K562 cell-line (IC5=11.03+1.39 uM), and
was three times less active against non-tumor MRC-5 cell line. Flow cytometry analysis
indicated that complexes C1 and C2 after 24 hours treatment, caused concentration dependent
increase of apoptotic Sub-G1 fraction (up to 18.4%), comparable to cis-
diamminedichloridoplatinum(ll) (cisplatin, CDDP), though without other substantial alterations
of cell cycle. Drug-accumulation and DNA-binding study performed by ICP-MS in K562 cell-
line revealed that complex C1 had high intracellular uptake (1.38 pugRu/10° cells), which
significantly exceeded the intracellular uptake levels of CDDP (0.29 ugPt/10° cells) and C2
(0.08 ugRu/10° cells) intracellular uptakes. However, both ruthenium complexes, C1 and C2,
bind to cellular DNA less efficiently in comparison to CDDP. Structure-activity relationship
clearly suggested that introduction of 7-chloroquinoline moiety in ruthenium(ll)-p-cymene
complex significantly contributed to the intracellular uptake of C1, and higher cytotoxicity and

cytoselectivity.



INTRODUCTION

During the last decades, ruthenium arene complexes were attracted significant attention,
due to their advanced chemical and air stability, water solubility and structural diversity finally
promoted them as highly potent anticancer agents.* The arene ligands are strongly bonded to the
ruthenium center and are relatively inert towards substitution reactions stabilizing the metal ion
in lower oxidation state. In addition, such complexes have somewhat higher hydrophobicity
which is necessary for the passive transport across cell membranes. The three remaining
ruthenium coordination sites can be occupied with other ligands, forming the “piano stool”
geometry, typical for organoruthenium(ll) complexes.>® Organoruthenium complexes which
contains a n-bonded arene and various of mono- or bidentate ligands are considered as promising
candidates for treatment of cancer.’

Synthesis of complexes containing bioactive compounds as ligands directly coordinated
to transition metal ions with the aim to obtain compounds with improved biological activities
seems to be a promising strategy.> A great number of quinoline-based metal complexes were
synthesized since it was discovered that they exhibit diverse pharmacological properties, such as
antifungal, antitumor or antiviral activity.® In addition, synthetic quinoline-based drugs like,
chloroquine and primaquine are still the most important drugs in malaria treatment.”®
Introducing the bioactive compounds as ligands was successfully applied to the ruthenium arene
complexes with chloroquine analogues.” Combination of the ruthenium arene moiety with
different chloroquine derivatives lead to complexes that demonstrated significant in vitro
cytotoxicity with apoptosis as mechanism of cell death.’®!! Recent studies on ruthenium

complexes with the quinolone showed an increased toxicity against selected cancer cell lines.*?*3



Synthesis of two new ruthenium(ll)-cymene complexes has been reported here along
with their cytotoxic activities against five human neoplastic cell lines. One complex was
prepared with a new ligand, 1-(7-chloroquinolin-4-yl)thiourea L1, and the other with 3-(4,5-
dihydro-1H-imidazol-2-yl)pyridine hydrochloride L2. Ligands L1 and L2 significantly differs in
structures and modes of coordination. L1 is quinoline based ligand. From literature it is well
established that mechanism of action of wide spectrum of biologically active compounds derived
from quinoline, are based on n-staking interactions with protoporphyrine IX (malaria)* or
DNA/RNA (cancer).” Ligand L1 was designed to be coordinated to central ion via thioamide
group, and leave quinoline core available for interactions with target. Contrary to that, L2 was
chosen to achieve coordination via pyridine moiety. To our best knowledge, ligands L1 and L2
were never before used as ligands for synthesis of biologically active transition metal complexes.
Ligand L1 is new compound and this study is very first examination of its cytotoxic activity.
Ligand L2 is known from literature, but informations about its biological activities are meagre.
In recently published article the capabilities for binding to imidazoline sites (I, and I,) and o—
adrenergic receptors (a; and o) was examined.™® The results obtained in this study reveal strong
anticancer activity of the synthesized complexes, even against A549 cell line which is considered

to be only moderately sensitive to cisplatin.'’

EXPERIMENTAL SECTION

Material and methods. RuCIl;x3H,0 was purchased from Johnson Matthey (London, United
Kingdom). [(#°-p-cymene)RuCl.], was prepared according to a published procedure.*® Solvents
and other reagents were purchased from various suppliers and were used without additional

purification. Elemental analysis was carried out with Elemental Vario EL Il microanalyzer.



Infrared spectra were recorded on a Nicolet 6700 FT-IR spectrometer using ATR or KBr pellet
technique. *H and *C{*H} NMR spectra were recorded on a Varian Gemini-200 spectrometer
(at 200 and 50 MHz, respectively) and on a Bruker Ultrashield Advance I1l spectrometer (at 500
and 125 MHz, respectively) employing indicated solvents (vide infra) using TMS as the internal
standard. Chemical shifts are expressed in ppm (o) values and coupling constants (J) in Hz.

ESI mass spectra of ligands were recorded on 6210 Time-of-Flight LC-MS instrument (G1969A,
Agilent Technologies) in positive ion mode with CH3CN/H,0O. ESI mass spectra measurements
of complexes were carried out on a MS system LTQ Orbitrap XL with heated ESI ionization in
methanol solutions. Electronic spectra of solutions of complexes were recorded in acetonitrile,
using a GBC UV/ Vis Cintra 6 spectrophotometer. Melting points were determined on an
Electrothermal melting point apparatus. Conductivity measurements were done using a Crison
Multimeter MM 41 instrument. Conductivities of complexes were carried out with 1 mM
solutions in acetonitrile, DMSO and methanol. Reactions carried out employing microwave
(MW) conditions were performed using a Biotage Initiator Eight Robot with an automatic

sampler (USA and Sweden).

Synthesis

7-chloro-4-isothiocyanatoquinoline (2)." A mixture of 4,7-dichloroquinoline (1) (500 mg, 2.52
mmol) and silver-thiocyanate (830 mg, 5.0 mmol) in anhydrous toluene (4 mL) was heated 18
hours (oil bath, 115 °C). The hot reaction mixture was filtered and washed three times with
DCM (3%10 mL). The combined filtrates were concentrated under reduced pressure to afford the

7-chloro-4-isothiocyanatoquinolineas as yellow solid. Yield: 490 mg (89%)."H NMR (500 MHz,



CD;0D): 84 8.81 (1H, d, J = 5.1 Hz, H2), 8.07 (1H, d, J = 9.1 Hz, H5), 8.00 (1H, d, J = 2.05 Hz,
H8), 7.90 (1H, d, J = 5.0 Hz, H3), 7.59 (1H, dd, J; = 2.05, J, = 9.1, Hz, H6).
1-(7-chloroquinolin-4-yl)thiourea (L1). 7-chloro-4-isothiocyanatoquinoline (2) (450 mg, 2.05
mmol) was dissolved in MeOH/NHj3; (methanol saturated with NH3 gas, 10 mL) and the mixture
was stirred for 2 days at room temperature. The solvent was evaporated, solid was dissolved in
DCM and washed once with water, once with brine and dried over anhydrous Na,SO,. Solvent
was removed under reduced pressure and residue was purified through silica-gel dry-flash
column using DCM/MeOH(NH3) (9/1) as eluent. Yield: 308 mg (59%). Mp = 220 °C decomp.
Anal. Calcd. for (C10HsCIN3SxH,0): calculated C 46.97, H 3.94, N 16.43, S 12.54; found C
47.54, H 4.24, N 16.11, S 12.24.° IR(ATR): 3268 (s), 3124 (s), 2962 (s), 1735 (m), 1641 (s),
1610 (s), 1592 (m), 1568 (m), 1491 (s), 1448 (m), 1421 (s), 1374 (m), 1352 (m), 1312 (m), 1251
(s), 1192 (w), 1161 (w), 1111 (m), 1075 (w), 1055 (m), 908 (w), 876 (m), 828 (m), 803 (w), 768
(W), 732 (w), 634 (W), 616 (W), 585 (w). *H NMR (500 MHz, DMSO-dg): 64 9.97 (1H, br s, Ar-
NH), 8.83 (1H, d, *J2, Ha) = 4.8Hz, H2), 8.33 (1H, br's, S=C-NH,), 8.11 (1H, d, *Jgs, re) = 9.0
Hz, H5), 8.05 (1H, d, *Je, 1g) = 2.0 Hz, H8), 8.01 (1H, d, ®Jy2, 13y = 5.0Hz, H3), 7.68 (2H, m,
H6 and S=C-NH,). *C{*"H} NMR (125 MHz, DMSO-ds): dc 182.21 (C9), 151.79 (C2), 149.13
(C8a), 143.24 (C4), 134.19 (C7), 127.80 (C8), 126.66 (C6), 124.74 (C5), 121.59 (C4a), 115.69
(C3). (+)ESI-MS (m/z): [M+H]" Calculated 238.02002, found 238.01970.
2-pyridine-3-yl-4,5-dihydro-1H-imidazole hydrochloride (L2xHCI). A mixture of 3-
cyanopyridine 3 (250 mg, 2.40 mmol), ethylenediamine (3.0 mL, 44.92 mmol) and sulphur (154
mg, 4.8 mmol) was heated in a MW reactor (110 °C) for 1.5 hour. Reaction mixture was cooled
to room temperature and evaporated to dryness. Residue was dissolved in dichloromethane (30

mL), washed once with water (10 mL), once with brine (15 mL) and the organic layer was dried



over anhydrous Na,SO,. Solvent was removed under reduced pressure, residue was dissolved in
MeOH/HCI (MeOH saturated with HCI gas, 30 mL) and stirred at r.t. for 2 hours. Mixture was
evaporated to dryness, and HCI salt was triturated in dry MeOH (5 mL). Product was filtered and
dried under reduced pressure in the vacuum oven. 2-pyridine-3-il-4,5-dihydro-1H-imidazole
hydrochloric salt is a pale yellow solid. Yield: 220 mg (51%). Mp 248 - 250 °C. IR (ATR): 3503
(w), 2915 (s), 2804 (s), 2713 (s), 2678 (s), 2575 (M), 2519 (M), 2443 (m), 2054 (m), 1603 (M),
1555 (w), 1507 (s), 1343 (w), 1085 (w), 1033 (m), 1008 (w), 819 (w), 685 (w) cm™. *H NMR
(200 MHz, DMSO-de): dy 11.46 (2H, 2xNH, br s), 9.39 (1H, bs, H2), 8.95 (1H, d, 3J¢s, ne) =
4.5Hz, H6), 8.74 (1H, dt, *Ja, ns) = 8.3, “Jra, 1) = 1.8, H4), 7.81 (1H, dd, *Ja, 1s) = 8.1, *Js,
He) = 4.8, H5), 4.01 (4H, s, H8 and H9). *C{'H} NMR (50 MHz, DMSO-de): Jc 162.88 (C7),
153.31 (C6), 148.39 (C2), 138.47 (C4), 124.91 (C5), 119.86 (C3), 44.69 (C8 and C9).

[(m°-p-cymene)Ru(L1)CI]CI (C1). To a warm solution (35 °C) of L1 (63 mg, 0.262 mmol) in
CH:Cl,/MeOH mixture (40 mL, V/V = 3/1), [Ru(4®-p-cymene)Cl,], (80 mg, 0.131 mmol) in
CH.Cl, (2 mL) was added in one portion. The color of the reaction mixture has changed from
orange to dark red. The reaction mixture was cooled to room temperature, stirred for 20 h and
placed in a fridge for two days. The red powder was filtered off, washed with hexane and dried
in vacuum. Yield: 86 mg (58%). Anal. Calcd. for C»H2CI3N3RuS: C, 44.16; H, 4.08; N, 7.73.
Found: C, 43.77; H, 4.53; N, 7.39. IR (ATR, cm™): 3277.4 (s), 3073.8 (s), 2995.9 (w), 2957.5
(W), 2870.5 (W), 2701.9 (s), 2645.7 (m), 1624.6 (s), 1586.2 (M), 1471.9 (5), 1414.4 (m), 1366.2
(s), 1344.8 (s), 1238.6 (w), 1208.3 (m), 832.0 (w), 644.2 (w). *H NMR (500 MHz, DMSO-de):
Sn 8.88 (1H, d, Iz, 13 = 5.4 Hz, H2), 8.59 (1H, bs S=C-NHj,), 8.37-8.32 (2H, m, H3 and H5),
8.16 (1H, bs S=C-NHy), 8.10 (1H, d, “Js, He) = 2.1 Hz, H8), 7.76 (1H, dd, *Jgs, re) = 9.1, “Jgue,

Hg) = 2.2 Hz, H6), 5.84 — 5.75 (4H, m, H11, H11", H12 and H12)), 2.88-2.78 (1H, m, H15), 2.09



(3H, s, H14), 1.19 (6H, d, *Jg1s, H1e) =7.0 Hz H16 and H16'). *C{*H} NMR (125 MHz, DMSO-
de): oc 182.03 (C9), 149.38 (C2), 145.96 (C8a and C4), 135.56 (C7), 127.20 (C6), 125.21 (C8
and C5), 120.50 (C4a), 113.31 (C3), 106.35 (C13), 100.06 (C10), 86.34 (C12 and C12'), 85.48
(C11 and C11Y), 29.94 (C15), 21.47 (C16 and C16'), 17.84 (C14). (+)ESI-MS (m/z): [(n°-p-
cymene)Ru(L1-H)]" Calculated 472.01776, found 472.0189.

[(m°-p-cymene)Ru(HL2)Cl,]BPh, (C2). To a solution of L2xHCI (36 mg, 0.196 mmol) in
ethanol (6 mL), [Ru(;°-p-cymene)Cl.], (60 mg, 0.098 mmol) in ethanol (4 mL) was added in one
portion. The color of the reaction mixture has changed from red to dark orange. The reaction
mixture was stirred at room temperature for 48 h. Sodium-tetraphenylborate (67 mg, 0.196
mmol) was added, and the resulting yellow precipitate was filtered off, washed with diethyl-ether
and dried in vacuo. Yield: 105 mg (68%). Anal. Calcd. for C4,H44CIoN3sRu: C, 65.49; H, 6.01; N,
5.33. Found: C, 64.86; H, 6.01; N, 5.44.% IR (ATR, cm™): 3300.0 (s), 3117.2 (m), 3055.7 (s),
2965.8 (M), 1621.7 (s), 1580.2 (W), 1475.9 (m), 1426.0 (m), 1379.5 (W), 1291.2 (m), 1032.9 (w),
737.0 (s), 707.0 (s), 612.8 (). *H NMR (200 MHz, DMSO-dg): 6 10.70 (2H, 2xNH, br s), 9.09
(1H, d, Iz, Hay = 2.2, H2), 8.90 (1H, dd, %Jms, He) = 4.8, ‘s, 1) = 1.4 Hz, H6), 8.29 (1H, dt,
3Jha, sy = 7.9, Iz, ey = 2.0, H4), 7.68 (1H, dd, *J (s, 1s) = 8.1, *Jgs, ey = 4.8Hz, H5), 7.20 (8H,
br s, H2-BPh,), 7.00-6.86 (8H, m, H3-BPhy), 6.85-6.72 (4H, m, H4-BPh,), 5.83-5.73 (4H, m,
H11, H11", H12 and H12'), 4.03 (4H, s, H8 and H9), 2.95-2.77 (1H, m, H15), 2.12 (3H, s, H14),
1.22 (6H, d, *Jits, Hie) = 6.7 Hz, H16 and H16"). *C{*H} NMR (50 MHz, DMSO-ds) dc 163.90
(C7), 163.61 (C1-BPhy), 155.04 (C6), 149.19 (C2), 136.41 (C4), 135.79 (C2-BPh,), 125.55 (C3-
BPh,), 124.38 (C5), 121.77 (C4-BPhy), 119.23 (C3), 106.61 (C13), 100.33 (C10), 86.60 (C12

and C12), 85.74 (C11 and C11'), 44.80 (C8 and C9), 30.18 (C15), 21.69 (C16 and C16"),



18.07(C14). (+)ESI-MS (m/z): [(n°-p-cymene)Ru(L2-H)]* Calculated 382.084664, found
382.0903.

Bioassays. For biological examination (intracellular accumulation, interactions with DNA,
cytotoxicity) the complexes C1, C2 and corresponding ligands L1, L2xHCL were dissolved in
DMSO (10 mM), prior to use. DMSO solutions were mixed with the aqueous solutions used in
biological studies immediately prior to use, so that final concentration of DMSO never exceeded
0.1% (Vv/v).

Reagents and cell cultures. Five human tumor cell lines: human cervix adenocarcinoma
(HeLa), human myelogenous leukemia (K562), human alveolar basal adenocarcinoma (A549),
human breast adenocarcinoma (MDA-MB-231), human umbilical vein endothelial cells (EA.hy
926) and one non-tumor human lung fibroblast cell line (MRC-5) were maintained as monolayer
culture in nutrient medium, Dulbecco's Modified Eagle Medium (DMEM). Powdered DMEM
medium was purchased from Sigma-Aldrich Co. Nutrient mediums were prepared in sterile
deionized water, supplemented with penicillin (192 U/mL), streptomycin (200 ug/mL), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) (25 mM), L-glutamine (3 mM), 10% of
heat-inactivated fetal calf serum (FCS) (pH 7.2). For maintaining the EA.hy 926 cells, DMEM
was additionally supplemented with D-Glucose (4.5 g/L). The cells were grown at 37 °C in 5%
CO; and humidified at air atmosphere.

MTT assay. Cytotoxicity of tested complexes was determined by using 3-(4,5-dimethylthiazol-
yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) assay.”*?? Cells were seeded into
96-well cell culture plates (Thermo Scientific Nunc™), at a cell density of: 4000 c/w (HeLa);
8000 c/w (A549); 7000 c/w (MDA-MD-231 and MRC-5); 3000 c/w (EA.hy 926); and 5000 c/w

(K562), in 100 pL of culture medium. After 24 hours of growth, cells were exposed to the serial



dilutions of the tested complexes. Serial dilutions were made in culture medium, so that final
concentrations achieved per wells were 6.25 uM, 12.5 uM, 25 uM, 50 uM and 100 uM. Each
concentration was tested in triplicates. After incubation periods of 72 hours, 20 uL of MTT
solution, 5 mg/mL in phosphate buffer solution, pH 7.2 were added to each well. Samples were
incubated for 4 hours at 37 °C, with 5% CO, in humidified atmosphere. Formazan crystals were
dissolved in 100 uL of 10% sodium dodecyl sulfate (SDS). Absorbances were recorded after 24
hours, on an enzyme-linked immunosorbent assay (ELISA) reader (ThermoLabsystems
Multiskan EX 200-240 V), at the wavelength of 570 nm. ICsy values (uM) were determined
from the cell survival diagrams. The percentages of surviving cells relative to untreated controls
were determined. The ICs value, defined as the concentrations of the compound causing 50%
cell growth inhibition, was estimated from the dose-response curves.

Flow-cytometric analysis of cell cycle phase distribution. Quantitative analysis of cell cycle
phase distribution was performed by flow-cytometric analysis of the DNA content in fixed K562
cells, after staining with propidium iodide (PI).2® Cells were seeded at density of 3 x 10° cells per
well, into 6-well plates (Thermo Scientific Nunc™), in 2 mL of nutrition medium. After 24
hours of growth, cells were exposed to the investigated complexes, ligands or cis-
diamminedichloridoplatinum(ll) (cisplatin, CDDP) at concentrations corresponding to the ICs
or 2 x ICsq values. After 24 hours of continuous treatment cells were collected, washed twice
with ice-cold PBS, and fixed overnight in 70% ethanol. After fixation cells were washed with
PBS, and incubated with RNaseA (1 mg/mL) for 30 min at 37 °C. Immediately before flow-
cytometric analysis, cells were stained with PI, at concentration of 400 mg/mL. Cell cycle phase
distribution was analyzed using a fluorescence activated sorting cells (FASC) Calibur Becton

Dickinson flow cytometer and Cell Quest computer software.



Microwave digestion. The digestion was performed on Advanced Microwave Digestion System
(ETHOS 1, Milestone, Italy) using HPR-1000/10S high pressure segmented rotor. The pressure-
resistant PTFE vessels used in this study were consisted of the fluoropolymer liner. Before use,
the PTFE vessels were acid cleaned and rinsed with deionized water. This type of vessel endures
maximum temperature of 240 °C and a maximum pressure of 100 bar. A maximum of 10 PTFE
vessels could simultaneously be mounted on the rotor. The internal temperature was monitored
with one vessel equipped with a sensor unit only, and this vessel had a sensor-protecting tube
that was in direct contact with the digested solution, differing from the other common PTFE
vessels. The entire sample was precisely and quantitatively transferred and mixed in each clean
vessel with 7 mL HNO3; (65%) and 1 mL H,0; (30%) (Suprapure®, Merck, Germany) and then
microwave heated for 10 min. The temperature was controlled by using a predetermined power
program. The temperature was typically raised to 200 °C in the first 10 min, and to a peak
temperature of 200 °C in the next 10 min, and then cooled down rapidly. After cooling and
without filtration, the solution was diluted to a fixed volume into a 10 mL volumetric flask and
made up to volume with ultra-pure water. Ultra-pure water resistivity of 18.2 MQ/cm was
prepared using a Milli-Q system (Millipore, Bedford, MA, USA).

Measurement of intracellular ruthenium(ll) accumulation using ICP-MS. Ruthenium
accumulation was analyzed in K562 cells, using inductively coupled plasma mass spectrometry
(ICP-MS). K562 cells were seeded at density of 7 x 10°, into 25 cm? dishes (Thermo Scientific
Nunc™). At the exponential phase of growth, cells were treated with the investigated complexes
(C1 and C2) or CDDP at equimolar concentration of 50 uM. After 24 hours, cells were collected
by centrifugation at 1000 rpm, 10 min. Cell pellet was washed by ice cold PBS and cell viability

was determined by tripan-blue exclusion test. Measurement of ruthenium(Il) content in HelLa



cells, was analyzed, by using ICP-MS and Thermo Scientific iCAP Qc ICP-MS (Thermo
Scientific, Bremen, Germany) spectrometer with operational software Qtegra. The instrument
was optimized for optimum performance in He KED (Kinetic Energy Discrimination) mode
using the supplied autotune protocols. Standards for the instrument calibration were prepared on
the basis of ruthenium, plasma standard solution, Specpure®, Ru 1000ug/mL certified reference
solution ICP Standard purchased from Alfa Aesar GmbH & Co KG (Germany).?*

Measurement of ruthenium(ll)-DNA-binding using ICP-MS. Binding of ruthenium to
cellular DNA was analyzed in K562 cells, by using ICP-MS. K562 cells were seeded at density
of 2x10°, into 75 cm? dishes (ThermoScientificNunc™) and at the exponential growth phase
cells, were treated with the tested complexes or CDDP at equimolar concentration of 50 uM.
After 24 hours treatment, cells were collected, washed by ice cold PBS and cell pellet was
collected by centrifugation at 1000 rpm, for 10 min. Cell number was determined by tripan-blue
exclusion test. Total DNA was isolated by using salting out procedure, as previously

described,>>%

and concentrations were determined spectrophotometrically by measuring
absorbance at A260/A280nm, at BioSpec-nano (Shimadzu Biotech).

RESULTS AND DISCUSSION

Synthesis of ligands. Ligand L1 is a new compound and it was synthesized from isothiocyanate
derivative 2 (Scheme 1). Starting from 4,7-dichloroquinoline 1, using silver-isothiocyanate in
anhydrous toluene after 18 hours 4-isothiocyanate derivative 2 was obtained.?” Stirring of

solution of 2 in methanol saturated with gaseous ammonia at room temperature during 2 days,

isocyanate was transformed in to corresponding 4-thiourea L1.
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Scheme 1. Synthetic route to ligands L1 and L2xHCI

Ligand L2xHCI is a known compound and many different procedures for its synthesis starting
from corresponding 3-cyanopyridine were described.?® Procedure with sulphur as reducing agent
was applied here, by using MW instead ultra-sound (Scheme 1).%

Synthesis of complexes. Complexes C1 and C2 were obtained from [(4°-p-cymene)RuCl,];
dimer and ligands L1 or L2xHCI respectively, in 1:2 molar ratio (Scheme 2). Applying this
method, in CH,Cl,/MeOH mixture, at 35°C, red complex C1 was obtained in good yield (58%).
The complex C1 is soluble in DMSO, DMF, and methanol and partially soluble in water. The
complex C2 was obtained in ethanol as solvent, at room temperature using the method described
above, with L2xHCI in good yield (68%) as a yellow solid. The complex C2 has good solubility

in DMSO, DMF and acetonitrile.
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Scheme 2 Synthetic route to complexes [(n®-p-cymene)Ru(L1)CI]CI (C1) and [(n°-p-

cymene)Ru(HL2)Cl,]BPh, (C2) and NMR numbering scheme.

Spectral analysis. The IR spectrum of the ligand L1 exhibited a very strong band around 1600
cm ' and a sharp band around 3200 cm™' due to the C-N and N-H stretching, respectively. The
medium band around 1268 cm™ originates from C=S vibration. Additional weak band is
observed at around 700 cm™' due to w(CS) in free ligand that lacks in spectrum of complex C1.
The position of C=S band in spectrum of complex C1 is split in two bands around 1238 cm™and
1208 cm™. This strongly suggests that the ligand is bound to the ruthenium center via the sulfur
atom from thiourea group.*® In complex C2 a strong band at 1600 cm™"' from pyridine v(C=N) of
the complex shows a downward shift of up to 10 cm™ relative to the multiple bands observed in
the free ligand. The electronic absorption spectra of complexes C1 and C2 were recorded in
acetonitrile in the range of 800 — 200 nm. Based on the position and nature of the peaks, all the
bands are assigned to either intraligand n — #n* and = — x* transitions or MLCT and LMCT.

The mass spectra of complexes show fragmentation patterns that prove the coordination of



ligands. The ESI mass spectra of complexes C1 and C2 were recorded in the positive mode. For
complex C1 signal at m/z 472.0189 appears when complex cation [(n°-p-cymene)Ru(L1)CI]*
loses hydrochloric acid to form [(n°-p-cymene)Ru(L1-H)]" cation (Figure S1). For complex C2
signal at 382.0903 m/z appears when complex cation [(n°-p-cymene)Ru(HL2)Cl,]" loses 2
molecules of hydrochloric acid to form [(n®-p-cymene)Ru(L2—H)]" cation (Figure S2).

In the *'H and *C{*H} NMR spectra of both complexes characteristic signals from
coordinated p-cymene appear at expected shifts.
Complex C1. Values of corresponding integrals for signals L1 and p-cymene reveal their
presence in 1:1 molar ratio. In the complex C1, all protons from ligand L1 are shifted when
compared with the free ligand, which thus confirmed coordination of L1 to central ion. Protons
from S=CNH, moiety within thiourea group at 8.33 and 7.75-7.60 ppm (inseparable multiplet
with H6) in free L1 were shifted down-field and appeared at 8.59 and 8.16 ppm. Protons H3 and
H5 at 8.10 and 8.11 ppm respectively, both appeared as doublets in free L1 were shifted down-
field, and appeared as multiplet at 8.37-8.32 ppm (inseparable multiplet) in C1. Remaining
protons from quinoline ring were also slightly shifted down-field. Comparison of **C{*H} NMR
spectra of free ligand L1 and complex C1 showed that all carbon atoms, with exception of C9,
changed their chemical shifts. Thiocarbonyl carbon retained position at 182 ppm. Following
carbons were shifted mostly (free L1 vs. C1 ppm): C4 (143.24 vs. 145.96), C8a (149.13 vs.
145.96), C8 (127.80 vs. 125.21) overlapped with C5 (124.74 vs. 125.21), C2 (151.79 vs. 149.38),
C3 (115.69 vs. 113.31). Based on the NMR data we can suggest that ligand L1 was coordinated
through thioamide group to central ion. Strong support for this assumption was obtained from
'H->"N HSQC NMR spectra for S=C-NH, moiety of ligand L1 and complex C1. *H-">N HSQC

NMR spectrum revealed cross peaks at 131.02/9.22 and 131.02/9.05 ppm for free L1, and



122.34/8.67 and 122.34/8.57-8.47 ppm for complex C1, which were assigned to **N-'H coupling
within S=C-NH,.*! Observed up-field shift of 8.68 ppm for °N strongly indicate coordination of
ligand L1 to central ion through thioamide group. Corresponding *H, **C{*H} and 'H-">N HSQC
NMR spectra for L1 and C1 are given in Supporting information (Figures S3 — S10).

Complex C2. Values of corresponding integrals for signals belonging to BPh,", L2xHCI and p-
cymene reveal that they are present in 1:1:1 molar ratio. All signals of pyridine protons in
complex C2 are shifted up-field in comparison with corresponding signals in uncoordinated
ligand and thus confirmed coordination to central ion. The most significant changes could be
observed for protons H4 at 8.29 ppm, H2 at 9.09 ppm in comparison with the corresponding
protons in L2xHCI - 8.74 and 9.39 ppm, respectively. Protons H5 and H6 were less shifted, and
protons H8 and HI did not change their positions. Signals belonging to carbons in pyridine ring
changed their positions, and the following carbons were shifted the most (free L2xHCI vs. C2
ppm): C4 (138.47 vs. 136.41), C6 (153.31 vs. 155.04), C7 (162.88 vs. 163.90) and C2 (148.39 vs.
149.19). Signals belonging to C8 and C9 from imidazolidine moiety did not change their position
significantly. *H->N HMBC NMR spectra of ligand L2 revealed cross peaks at 316.7/9.29 and
316.7/8.77 ppm assigned to *N-'H couplings of pyridine nitrogen with H2 and H6. Additional
cross peaks were observed at 251/3.85 and 127.73/3.85 ppm that were assigned to °N-'H
couplings of imidazoline nitrogens with H8 and H9.*? *H-">"N HMBC NMR spectra of complex
C2 revealed cross peaks at 317.65/9.08 and 317.65/8.9 ppm that were assigned to *N-'H
couplings of pyridine nitrogen with H2 and H6. An additional cross peak, although weak, was
observed at 115.33/4.0 and it was assigned to *>N-'H couplings of imidazoline nitrogens with H8
and H9. During *H-"*N HMBC experiments L2 were recorded as base, and for that reason only

changes for pyridine nitrogen should be considered. A small down-filed shift for pyridine



nitrogen was observed, which could suggest influence of coordination of L2 to central ion. Based
on the above analysis we suggest that ligand L2xHCI is coordinated as cation through nitrogen
atom in pyridine ring to central ion. Corresponding *H, *C{*H} and 'H-®N HMBC NMR
spectra for L2xHCI and C2 are given in Supporting information (Figures S11 — S18).

Stability of complexes C1 and C2. In addition to the general application in structure solving,
NMR spectroscopy has been widely used for the thermodynamic and kinetic studies.** We used
NMR spectra for evaluation of stability of synthesized complexes. Within this research, we
planned to examine biological activity of complexes C1 and C2, and according to applied assay
(vide infra) complexes should have high stability in DMSO. Since both C1 and C2 are very well
soluble in same solvent, DMSO-ds was chosen for stability studies. Spectra were recorded at
room temperature at regular intervals during 24 hours. *H NMR spectra showed no changes
during that time. Position of characteristic signals belonging to the ligands and p-cymene did not
change their positions, and relative ratios of integrals of corresponding signals remained the
unchanged (Figures S19 - S24). Comparison of *H NMR spectra of complexes C1 and C2 with
corresponding spectra of the free ligands L1 and L2, and with complex [Ru(cymene)CIl,DMSQ]
showed that no substitutions of ligands with DMSO molecules, or any other changes in
structures occurred, thus the complexes could be considered as stable. Furthermore, results

suggested that complexes would be stable in the applied bioassays.

Conductivity measurements. In order to obtain additional informations about structures of the
complexes the conductivity of their solutions was measured. Since complexes exhibited good
solubility in different solvents we used methanol and DMSO as solvents for C1, and acetonitrile

for C2. Conductivity values for 1mM solutions of C1 in DMSO and methanol are



16.21Q *cm’mol™ and 80 Q *cm?mol™, respectively, while the conductivity value for C2 in
acetonitrile is 114.5 Q 'em”mol™. Conductivity of solution depends on the electrolyte type, but it
depends on the solvent as well. From the observed conductivities, and based on the literature

data®, we concluded that both complexes are 1:1 type of electrolytes.

Based on the spectral analysis, stability and conductivity measurements we propose the
following structures for complexes C1 and C2 (Figure 1): in complex C1 ligand L1 is
coordinated as bidentate through thioamide group, occupying two coordination sites. In complex
C2 ligand L2 is coordinated as a monodentate cation, through pyridine nitrogen. The

coordination spheres are completed with p-cymene and one chloride anion (C1) or two chloride

anions (C2).
X
u
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Figure 1. Proposed structures of complexes C1 and C2.

MTT assay. The cytotoxic activities of ruthenium(ll) complexes C1, C2, corresponding ligands
L1, L2xHCI, and cis-diamminedichloridoplatinum(ll) (cisplatin, CDDP) as a referent
compound, were evaluated for 72 hours of continuous drug action, by using colorimetric MTT

assay. Study was performed in five human neoplastic cell lines (HeLa, K562, A549, MDA-MB-



231, EA.hy 926) and in one non-tumor human fetal lung fibroblast cell line (MRC-5), which was
used as non-cancerous model for in vitro toxicity evaluation. The obtained results presented as
ICso values (Table 1) showed that the tested complexes exhibited cytotoxicity towards all tested
cell lines, with ICsp values in the range 11.03 - 56.45 uM. Ligands L1 and L2xHCI did not show
cytotoxic activity (ICsp) up to 100 uM and could be considered as inactive against tested cell
lines. Results clearly demonstrated substantial contribution of coordination of ligands L1 and
L2xHCI to the cytotoxic activity of the tested complexes. Complex C1 exhibited better
cytotoxicity when compared with C2, with the exception towards the HeLa cells. Against that
cell line C2 is approximately two-fold more active than C1. The lowest I1Cs values (uM) for C1
were observed in human erythromyeloblastoid leukemia cells (K562) (Figure 2a), and human
transformed endothelial cells (EA.hy 926) (Figure 2b): 11.03 + 1.39 and 13.8 + 251
respectively, which were close to the ICs, values of CDDP (10.86 + 0.55 and 7.79 + 1.2
respectively). MTT assay in MRC-5 cells, revealed decreased toxicity of both C1 and C2 in
comparison to CDDP. Particularly C1 showed approximately three-times less cytotoxicity in
MRC-5 cells (Figure 2c), than in tumor K562 and EA.hy 926 cells, which suggested its
cytoselective potential towards the tumor cells. Ability of ruthenium complexes with different
structures to exhibit moderate cytotoxicity in vitro against the non-tumor cell models, while
being selectively cytotoxic towards particular cancer cell lines, often lymphoid, has already been
reported.® Structure-activity comparison in the present study clearly revealed that higher
cytotoxicity and cytoselectivity towards tumor cells of C1 in comparison to C2 is contribution of
coordinated ligand L1. Graphics with cell survival after 72 hours treatment of A549, HelLa and
MDA-MB-231 cell lines with ligands L1, L2, complexes C1, C2 and CDDP are given in

Supporting Information (Figures S25 — S27).



Table 1. In vitro cytotoxicity of compounds C1, C2, L1, L2xHCI and CDDP against human cell

lines after 72 hours of continuous drug action.

Cell line® Compound

1Cs0 (1M) C1 C2 L1 L2xHCI CDDP!
HelLa" 56.45+1.59 28.62+1.72 >100" >100 7.59+0.04
K562° 11.03+1.39 54.86+6.6 >100 >100 10.86%0.55
MDA-MB-231° 26.62+7.24 47.66+1.02 >100 >100 13.24+0.4

EA.hy 926° 13.8+2.51 25.34+3.57 >100 >100 7.79+1.2

A549° 31.49+5.63 39.77+0.79 >100 >100 17.2+0.7
MRC-5¢ 33.745.47 42.54+6.7 >100 >100 11.54+0.5

% 1Cs values (uM) are presented as and average = SD from three or more independent experiments.

PHeLa: human cervix cancer cell line; ¢ K562: human myelogenous leukemia cell line; ¢ MDA-

MB.231: human breast cell line; ® EA.hy 926: human endothelial cell line; T A549 human lung

adenocarcinoma epithelial cell line; ¢ MRC-5: non-tumor human lung fibroblast cells; " > 100

denotes that ICso was not obtained in the range of concentrations tested up to 100 uM.i CDDP = cis-

diamminedichloridoplatinum(ll) (cisplatin).
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Figure 2. Cell survival after 72 hours treatment with ligands L1, L2, complexes C1, C2 and

CDDRP of: a) K562 cell line, b) Ea.hy 926 cell line, c) MRC-5 cell line.

Cell cycle analysis by flow cytometry. In order to investigate whether the tested ruthenium
complexes inhibited cancer cell growth through suppression of cell cycle, flow cytometry
analysis of the cell cycle phase distribution was examined in K562 cells, by using staining with
propidiumiodide (PI). K562 cells were chosen for further analysis due to their high sensitivity to
the action of C1, in the level comparable to that of cisplatin. The effect of the tested agents or
cisplatin was analyzed at two different concentrations (ICsy and 2xICsp). At the lower
concentration, the tested agents did not significantly alter the cell cycle progression. At 2xICsy,

cisplatin caused loss of DNA at G2-M and a subsequent increase of sub-G1 content. C1 and C2



also induced concentration dependent accumulation of cells in sub-G1 fraction (Figure 3, Table
2), in the extent similar to cisplatin. Generation of sub-G1 peak is considered as a hallmark of
internucleosomal DNA cleavage, as the result of apoptotic cell death.***" However C1 and C2
did not cause any other alterations of the cell cycle, following the 24 hours action. This result
may not be unexpected, since the ability of some Ru-arene complexes, to generate cytotoxic
effect with just moderate or no effect on cell cycle, was reported previously.*®**

Free ligand did not induce changes in the sub-G1 fraction, relative to control, which is
consistent with its lack of cytotoxicity. Minor arrest in the S phase was caused by L1, and
seemed to be concentration independent (approximately 29.3% at both 1Cso and 2XICsp,
compared with the control 21.3%). Slight S phase delay, might indicate interference of 7-
chloroquinolineligand with cellular DNA.*® Earlier studies on quinoline-based antibacterial
agents (such as Ciprofloxacin), have demonstrated the potential of quinoline derivatives to
inhibit topoisomerase in HelLa cells, and DNA-gyrase in bacteria, at higher concentrations,

while Ciprofloxacin-treated K562 cells progressed more slowly through the S and G2/M stages

of the cell cycle.”!
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Figure 3. Diagrams of cell cycle phase distribution of treated K562 cells after 24 hours treatment

with L1, L2, CDDP, C1 and C2 at concentration corresponding to (A) ICsoand (B) 2x1Cso.

Table 2. Percentage of cells in sub-G1 fraction of cell cycle,
after 24 hours treatment with L1, L2, CDDP, C1 and C2 at

concentration corresponding to 1Cspand 2x1Cso.

Sub G1 fraction (%)

|C5o 2XlCSO
Control 8.06 £ 0.00 8.1 £0.00
L1 6.57 £ 0.0.02 6.5 £ 0.57

L2 10.38 £ 0.41 6.9 +0.08



CDDP 18.47 +1.38 24.4 +1.38

C1 10.84 £ 0.71 18.4 +£0.33

C2 11.84 +0.00 179+15

Gasser et al. reported that ruthenium complexes [Ru(n®-arene)(L)Cl], similar to C1 and
C2, where L is N-heterocyclic ligand: pyridine, imidazoles, quinoline and their derivatives,
undergo solvolysis by DMSO and release of ligands.** Ligand-exchange reaction on ruthenium
ion caused by DMSO, tends to reach an equilibrium, in which, according to Turel, 10-50% of
ligand may remain free.'? However, in the aqueous solutions, exchange of the anionic
(halogenide) ligands is considered to be a part of complex activation. The newly formed complex
has enhanced reactivity with nucleophilic targets in the cells.** Complex chemical behavior of
ruthenium(Il)-arene complexes, raises a question of whether the prominent cytotoxicity of C1
and C2 may resulted from the similar process which includes solvolysis of one or more ligands
from the initial complexes, and also that pertaining to the structure of active complex, which may
bind to DNA or inhibit transcription processes.** We found that there were no changes in the
structures of complexes C1 and C2 in DMSO solution during 24 hours. In *H NMR chemical
shifts of the coordinated ligands remained at same position and no changes of ratios of integrals
of the corresponding signals were detected (see Figures S19 - S24). Based on the obtained
activities of the complexes C1 and C2, and corresponding ligands L1 and L2xHCI, and the
observed stability of the tested complexes it could be concluded that the active complexes have
the structures proposed in Figure 1. An additional study is needed to elucidate faith of the initial

complex C1 in biological medium and to investigate feasible mechanism of action.



ICP-MS measurement of intracellular ruthenium(l1) accumulation. In order to determine the
level of intracellular accumulation of the novel ruthenium(ll) complexes C1 and C2, versus
accumulation of CDDP, ICP-MS study was performed in K562 cells, following the 24 hours
treatment with equal concentrations (50 uM) of compounds (Figure 4A). The obtained results are
presented as plot of metal concentration Ru(ll) or Pt(ll), recorded inside the cells, normalized
upon the cell number (ug/10° cells). The obtained data indicated that C1 entered cells more
efficiently compared with CDDP. Intracellular ruthenium concentration (C1): 1.38+0.166
(ugRu/10° cells) exceeded that of CDDP: 0.299+0.002 (ugPt/10° cells) by approximately 4.6
times. Complex C2 exhibited poor intracellular accumulation, 0.081+0.004 (ngM/10° cells) at
same concentration, which was in accordance to its lower activity. Ruthenium-arene complexes
of similar structures containing quinoline derivatives, were initially synthesized as successful
antibacterial and antimalarial agents, and were characterized by good transport behavior and
balanced structural and lipophilic properties.***> A number of studies highlighted the relevance
of lipophilicity on drug influx and activity, and there is a clear correlation between drug
intracellular accumulation and cytotoxicity in numerous cell lines.*® Accordingly, the obtained
data in the present study demonstrated significantly higher intracellular accumulation of C1
versus C2 and CDDP, and clearly indicated positive effect of the quinoline moiety on cellular

uptake of Ru(n®-p-cymene) complexes.
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Figure 4. Concentrations of platinum(ll)/ruthenium(ll) after 24 hours treatment of K562 cells
with equimolar concentrations (50 uM) of C1, C2 or CDDP: A) intracellular concentrations
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values of three independent measurements.

ICP-MS measurement of ruthenium(l1)-DNA binding. Cellular DNA is a common target of
cytotoxic action of metal-based complexes. Ru(ll) compounds might interact with DNA directly,
inducing conformational changes, crosslinks or strand breaks,"*® or may damage DNA
indirectly through induction of mitochondrial-apoptotic cell death or oxidative stress.*”* In
order to assess capability of the complexes C1 and C2 to bind DNA in K562 cells, the ICP-MS
study was performed following 24 hours treatment. Cells were collected immediately after the
treatment and nuclear DNA was isolated and quantified. Stock solutions of DNA gave a ratio of
UV absorbance A260/A280 of 2.3-2.8, indicating that the DNA was sufficiently free of protein
contamination. The results of ICP-MS study (Figure 4B), showed that both ruthenium complexes
binds to cellular DNA less efficiently when compared with CDDP. The level of DNA
platination, 0.271 = 0.001 pg Pt/ug DNA, was two times higher than the level of DNA-ruthenium
binding caused by C1: 0.135 + 0.005 pg Ru/ug DNA. Poor DNA binding of C2: 0.007+ 0.006 pg

Ru/pug DNA, was in accordance to its lower intracellular accumulation and the generally lower



cytotoxicity. The ratio of DNA binding (relative to the amount of complex present in the cell)
decreased in order: CDDP > C1 > C2. Although C1 exhibited comparable in vitro activity to
CDDRP in K562, our conclusion is that its mechanism of cytotoxic action could not be explained
only by the DNA binding capability, or at least that DNA might not be the only intracellular
target, for this type of complexes.

Reduced DNA binding of C1 compared with cisplatin, may be due to the additional
interactions with proteins or peptides carrying sulfur donor groups, such as cysteine, methionine,
glutathione (GSH), which are known to intercept metal-drugs prior the entrance into the nucleus
and which have an important role in the mechanisms of metal-drugs toxicity and resistance.”*!
The exact mechanism of action of ruthenium-based complexes is still largely unknown. Though
C1 bind to DNA, it might induce different DNA conformational changes than cisplatin, due to
the different complex geometry, and in addition, it may interact to the non-nuclear targets, such
as the mitochondrion or the cellular enzymes.®® A promising possibility for cell-specific
activation of metal-based drugs may be through ligand-stereoselective catalysis, mediated by
certain cellular enzymes, which are often found in highly increased concentrations in tumor
tissue.>® Altogether, results obtained in the present study are in agreement to the previously
referred literature of ruthenium complexes with p-cymene as arene, which have shown
cytotoxicity comparable to that of cisplatin in a number of cell lines******* though nuclear DNA

might not represent the single target in the mechanism of cytotoxicity of these compounds.

CONCLUSION
In this work one new ligand and two new ruthenium-p-cymene complexes have been

prepared. Based on spectroscopic data, usual piano-stool geometry of complexes was proposed.



According to our in vitro biological studies on the panel of five cell lines, C1, contained 7-
chloroquinoline-4-thiourea  ligand, displayed the prominent action in  human
erythromyeloblastoid leukemia cells (K562), comparable to that of cisplatin, while being
cytoselective and three times less toxic in non-tumor MRC-5 cells. Complexes C1 and C2, at the
applied cytotoxic concentrations (2xICsg), exhibited similar capability to induce apoptotic sub-
G1 fraction, in the absence of other substantial alterations of cell cycle. Results obtained with the
ICP-MS study revealed differences in the affinity for cellular uptake and DNA binding of tested
complexes. Intracellular uptake of C1 exceeded that of CDDP and C2, by approximately 4.6 and
10-times, respectively, while the level of DNA binding (pg of metal/ug DNA) decreased in
following order CDDP > C1 > C2 implicating, that cellular DNA, might not present the only
target of cytotoxic action of this type of complexes. Certainly, additional study is needed in order
to address mechanism of action and selectivity of C1 toward K562 cells. Structure-activity
comparison suggested that introduction of 7-chloroquinoline-4-thiourea moiety to ruthenium(ll)-
p-cymene, markedly enhanced intracellular uptake of C1 and contributed to the cell-specific
cytotoxicity. Reduced drug accumulation is one of the major limitations to the successful
chemotherapy treatment and is among the major factors responsible for the development of
tumor cell resistance. Present study demonstrated that introduction of 7-chloroquinoline-4-
thiourea ligand to the ruthenium arene of general structure [Ru(n®-arene)(L)Cl,] may provide a

way to the design of complexes with an encouraging cellular-uptake properties.
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