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Ruthenium complexes have been assessed as anti-tumor agents against cancer cells. In this project, new
heteroleptic ruthenium(Il) complexes with general formulae [Ru(L)(bipy)(dppb)](PFe) (where L = N,N-dis-
ubstituted-N'-acylthiourea, bipy = 2,2’-bipyridine and dppb = 1,4-bis(diphenylphosphino)butane) were
synthesized and characterized by elemental analysis, IR and NMR ('H and 3'P{'H}) spectroscopies, molar
conductivity measurements and single crystal X-ray diffractometry. The IR and NMR data suggest the
coordination of the ligands to the Ru(Il) metal center through the thiocarbonyl and carbonyl groups.
The structures of the new complexes were further studied by X-ray crystallography, which confirmed
the coordination of the ligands with the metal through the sulfur and oxygen atoms, leading to the for-
mation of distorted octahedral complexes. The N,N-disubstituted-N'-acylthioureas and their complexes
were screened with respect to their in vitro cytotoxicity. All compounds exhibited considerable antipro-
liferative activity against MCF-7 (human breast tumor cells ATCC HTB-26), DU-145 (human prostate
tumor cells ATCC HTB-26), and relatively low toxicity against fibroblast L929 cells (health cell line from
mouse ATCC CCL-1). A preliminary study regarding the mechanism of action of these compounds by con-
focal microscopy shows alterations of the actin filaments leading to modifications in cytoskeletal sup-
porting the cell death and that the cell nucleus is not main target of these complexes.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction cis-[PtClo(NHs),] (cisplatin) [3,4]. Cisplatin, alone or in combination

with other drugs, is used in chemotherapy against a large range of

Even after a half century of research on the theme, cancer con-
tinues to be a disease of very difficult to treatment. The main rea-
sons for that are the diversity and complexity of tumors, drug
resistance, limited animal studies and, particularly, side-effects
during treatment [1]. This disease is a result of alterations in cell
division involving cytoskeletal elements which leads to the disor-
dered proliferation of tumor cells [2].

Several drug-design strategies have been employed in order to
develop new drugs. Nevertheless, metal-based pharmaceuticals
have generated gradual increasing interest since the serendipitous
discovery of the anticancer activity of the coordination compound
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cancers, especially solid tumors [5-11]. The antineoplastic activity
of cisplatin derivatives is related to interactions by covalent attach-
ment to specific DNA sites, inducing conformational changes, inhi-
bition of DNA transcription and, consequently, cell death by
apoptosis [5,7,11]. Despite of the effectiveness of this class of com-
pounds, many side effects, such as nephrotoxicity and hepatotoxi-
city, represent a strong restriction to the use of these compounds
[10]. Therefore, there is a need for other therapeutic agents differ-
ent from those of platinum in order to overcome the problems with
cisplatin chemotherapy [12]|. Among the candidates, ruthenium
complexes present high potential to be used as metal based
therapeutic agents, and some compounds like NAMI-A ([Him]
[trans-RuCl4(DMSO)(im)], im =imidazole) and KP1019, ([Hind]-
[trans-[RuCly(ind),], ind = indazole) have already been submitted
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to phase II clinical tests [13]. Although their exact mechanism of
action is still uncertain, some hypotheses suggest that, unlike the
cisplatin derivatives, the primary target of ruthenium compounds
is not the DNA, supporting the idea that these compounds might
be active against cisplatin resistant tumors [14]. In fact, the pre-
clinical trials of NAMI-A has shown a variety of mechanisms of
action and should be considered as an anti-metastatic drug; how-
ever the toxicity profile and the lack of substantial efficacy results
makes its future undefined [15]. Therefore, new ruthenium com-
pounds with cytotoxic properties are still of interest.

N,N-Dialkyl-N'-acylthioureas (HRR'atu, Chart 1) and their metal
complexes have attracted the attention of many researchers in the
past few years due to their catalytic applications [16-18] and phar-
macological activities such as antitumor [19-21], antibacterial
[22], antimalarial [23], antifungal [24,25], herbicidal [26] as well
as potential radiopharmaceutical agents [27-29]. They are versa-
tile ligands with huge coordination chemistry. In most of the struc-
turally characterized complexes they act as either monoanionic O,
S-bidentate [17,19,20,23,25,28-33] or neutral S-monodentate
ligands [18,21,34-39], while few examples neutral bidentate N,S
[40] and monobasic bridging ligands, O and S bonded to M and N
bonded to M’ [41] or O and S bonded to M and N,N' bonded to M’
[42], have been found. In the last case, the strategy used to access
a dimeric complex was to include an additional donor atom in the
periphery of the acylthiourea in other to connect Re(V) metal
atoms [42]. Heteroleptic mono-chelate Ru(ll) and homoleptic
tris-chelate Ru(Ill) complexes containing acylthiourea ligands have
already been reported [16-18,30,43]. However there are only two
ruthenium complexes with full structural characterization:
homoleptic tris-chelates of the type [Ru(R;R.atu)s] (Chart 1A)
[43] and organometallic ruthenium(Il) complexes of the type
[Ru"Cly(#®-p-cymene)(HR Rzatu)] (Chart 1B) [18] containing
monodentate acylthiourea ligands (see Chart 1). To our knowledge,
no heteroleptic tris-chelate Ru(ll) complexes with acylthiourea
have been reported in the literature.

In a previous paper we reported the synthesis, characterization
and cytotoxic evaluation against tumor cells of ruthenium thiourea
derivatives of the type trans-[Ru(PPhs),(R;Ryatu)(bipy)](PFs)
(Chart 1C) [44]. Their DNA and albumin binding ability was also
evaluated. In the present paper, we describe the synthesis, spectro-
scopic and structural characterization of five new heteroleptic
ruthenium(Il) complexes containing three different classes of che-
late ligands dppb, bipy and N,N-disubstituted-N'-acylthioureas,
The two dppb and bipy ligands (see Chart 2) have been kept
unchanged, while the thiourea residues have been modified
throughout the experiments. The biological screening of these
complexes for inhibitory effects against breast and prostate tumor
cell lines and normal fibroblast cells is also reported. Furthermore,

ala

a preliminary study by means of confocal microscopy was per-
formed in order to have a highlight about the mechanism of action
of these ruthenium complexes.

2. Experimental
2.1. Material and measurements

All manipulations were carried out under purified argon with
standard Schlenk techniques. The solvents were reagent grade
and were distilled and degassed according to standard procedures
before use RuCl3-3H,0, 1,4-bis(diphenylphosphino)butane (dppb),
and 2,2-bipyridine (bipy) were used as supplied by Sigma-Aldrich.

The N,N-disubstituted-N’-acylthioureas used as ligands in this
work were synthesized by the procedure previously reported in
the literature [19]. The ruthenium precursor cis-[RuCly(dppb)
(bipy)] was prepared as reported earlier [45].

The IR spectra were recorded on a FTIR Bomem-Michelson 102
spectrometer in the 4000-200 cm ™' region using Csl pellets. Con-
ductivity values were obtained using 1.0 mM solutions of the com-
plexes in CH,Cl,, using a Meter Lab CDM2300 instrument. 'H NMR
spectra were recorded at 293 K, on a BRUKER 9.4 T spectrometer
(400 MHz for hydrogen frequency) with internally referenced to
TMS, chemical shift (5), multiplicity (m), spin-spin coupling con-
stant (J), integral (I). The CDCl3 was used as solvent, unless men-
tioned. 3'P{'"H} NMR was acquired at 161.98 MHz, with CH,Cl, as
solvent, with a capillary containing D,O (external reference 85%
H;PO,).

Cyclic voltammetry experiments were carried out in CH,Cl,
solutions containing 0.10 M, BuyNClO,4 (TBAP) (Fluka Purum), with
a Bioanalytical Systems Inc. BAS-100B/W electrochemical ana-
lyzer; the working and auxiliary electrodes were stationary Pt foils,
and the reference electrode was Ag/AgCl in a Luggin capillary
probe. Under these conditions, ferrocene is oxidized at 0.43V
(Fc*/Fc). Partial elemental analyses were carried out on Depart-
ment of Chemistry of the Federal University of Sdo Carlos - UFSCar,
in an instrument of CHNS staff EA 1108 of the FISONS.

2.2. Synthesis of N,N-dialkyl-N'-acylthioureas

A solution of an appropriate acyl chloride (30 mmol) in acetone
(50 mL) was added dropwise to a suspension of KSCN (0.01 mol) in
acetone (30 mL). To the resulting solution was added, slowly and
with constant stirring, the corresponding amine (40 mmol) dis-
solved in acetone. The solution was cooled in an ice-water bath
and the stirring was continued at room temperature for 2-9 h,
until the reaction was completed (the reaction was monitored by
TLC). The reaction mixture was then poured into 600 mL of cold
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Chart 1. N,N-Dialkyl-N'-acylthiourea ligands and their ruthenium complexes determined by X-ray studies.
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Chart 2. Pathways for the synthesis of the [Ru"(L)(dppb)(bipy)](PFs) complexes. (i) CH;0H, PPh; A; (ii) dppb, CH,Cls; (iii) bipy, CH,Cl,; (iv) HL1-5, NH4PFg, MeOH, A.

water. The solid N,N-disubstituted-N'-acylthioureas were collected
by filtration and finally purified by recrystallization from ethanol
[19].

2.3. Synthesis of the complexes

The precursor cis-[Ru"Cl,(dppb)(bipy)] was prepared by react-
ing [Ru"'Cl,(dppb)(PPhs)] (0.663 mmol; 500.0 mg) with 2,2'-bipyri-
dine (0.663 mmol; 103.5mg) in dichloromethane, under an
atmosphere of Ar. After 48 h of stirring under reflux, the solution
was concentrated to ca. 2 mL and diethyl ether was added to pre-
cipitate a red solid. The solid was filtered off, washed well with
diethyl ether (3 x 5 mL) and dried in vacuum for 24 h. Yield: 86%
(430.1 mg). 3'P{'H} NMR: &(ppm) 39.6 (d, % =38.8 Hz), 31.6 (d,
2| =38.8 Hz).

The new complexes in study were synthesized from direct reac-
tions of the precursor, cis-[Ru"Cly(dppb)(bipy)], with the N,N-dis-
ubstituted-N'-acylthioureas, in methanol solutions (Chart 2). A
solution of the corresponding N,N-dialkyl-N'-acylthiourea
(0.133 mmol), dissolved in 30 mL of methanol, was added the pre-
cursor complex cis-[Ru"Cl,(dppb)(bipy)] (0.133 mmol). After 48 h
of stirred under reflux, equimolar amount of NH4PFg dissolved in
1.0 mL of methanol was added. The resultant solution was concen-
trated to ca. 2 mL and diethyl ether was added to precipitate a
orange solid. The solid was filtered off and washed well with
diethyl ether (3 x 5 mL) and dried in vacuum for 24 h. Yield: 81-
90%.

[Ru(L")(dppb)(bipy)](PFs) (1): Yield 82.7 (%). Anal. Calc. for
CagH47FsN4OP3RUS: C, 55.65; H, 4.57; N, 5.41; S, 3.10. Found: C,
56.27; H, 4.30; N, 4.99; S, 2.82%. Molar conductivity (1 x 107> M
in CH,CL): 31.2Q 'em?mol % IR (Vmax/cm ™ '): 1515m vw(C=0),
841s v(P—F); 557m 6(P—F); 505m, 517m v(Ru—P); 434w v(Ru—N),
413w v(Ru—0); 382w v(Ru—S). UV-Vis (CH,Cl,, 10~ M): 2/nm
(¢/M~'cm™') 298 (48661), 426 (9059). '"H NMR [CDCl5: 6 ppm (m,
J, 1, attribution)]: 1.40 (t, J=12 Hz, 1H, CH, dppb), 1.92-2.09 (m,
2H, CH, dppb), 2.32-2.55 (m, 3H, CH, dppb), 2.97 (t,J = 11 Hz, 1H,
CH, dppb), 3.09 (s, 3H, CHs3), 3.11 (s, 3H, CH3), 3.25 (q, J=11Hz,
1H, CH, dppb), 6.33 (t,] = 8 Hz, 2H, bipy), 6.74 (t,] = 8 Hz, 2H, bipy),
6.93 (t,J = 7 Hz, 1H, Ph), 6.98 (t, ] = 6 Hz, 1H, Ph), 7.10-7.50 (m, 18H,
an overlap of aromatic protons of bipy and phenyl groups), 7.64 (t,
J=8Hz, 2H, Ph), 7.78 (d, ] = 8 Hz, 1H, Ph), 7.89 (t, J = 8 Hz, 2H, Ph),
8.16 (t, J = 8 Hz, 1H, Ph), 8.23 (d, J = 8 Hz, 1H, Ph), 8.57 (d, J= 6 Hz,
1H, Ph), 8.97 (d, J = 6 Hz, 1H, Ph). >'P{'H} NMR [CH,Cl, (D;0): 6
(ppm)] 43.2 (d); 36.1 (d), ?Jp_p=31 Hz.

[Ru'(L2)(dppb)(bipy)](PFe) (2): Yield 88.2 (%). Anal. Calc. for
CsoHs1FsN4OP3RuS: C, 56.44; H, 4.83; N, 5.27; S, 3.01. Found:
C, 56.49; H, 4.99; N, 495; S, 2.78% Molar conductivity
(1x103M in CH,CL): 2920 'cm?mol!. IR (Vmax/cm 1)

1515 s v(C=0), 839s v(P—F), 557m &(P—F); 507m, 517m v(Ru—P),
436w v(Ru—N), 411w v(Ru—0), 378w v(Ru—S). UV-Vis (CH,Cl,,
107> M): 2/nm (¢/M~'cm™') 299 (41561), 426 (7079). 'H NMR
[CDCl5: 6 ppm (m, J, I, attribution)]: 1.04 (t, J=7 Hz, 3H, CH3),
1.24 (t, J=7 Hz, 3H, CHs), 1.48 (t, J= 12 Hz, 1H, CH, dppb), 1.83-
1.99 (m, 2H, CH, dppb), 2.26-2.57 (m, 3H, CH, dppb), 3.03-3.19
(m, 2H, CH, dppb), 1.48 (d, J=12Hz, 1H, CH, dppb), 3.39-3.50
(m, 2H, CH,CHs), 3.61 (dq, ) = 13 Hz, 3] = 7 Hz, 1H, CH,CH3), 3.77
(dq, ?J =13 Hz, 3] =7 Hz, 1H, CH,CHs), 6.46 (t, = 8 Hz, 2H, bipy),
6.83 (t, J=7Hz, 2H, bipy), 6.92 (t, J=7Hz, 1H, Ph), 7.00 (t,
J=7Hz, 1H, Ph), 7.07-7.55 (m, 20H, an overlap of aromatic protons
of bipy and phenyl groups), 7.67 (d, J=8Hz, 1H, Ph), 7.92 (d,
J=8Hz, 2H, Ph), 8.03-8.10 (m, 2H, Ph), 8.67 (d, J = 5 Hz, 1H, Ph),
8.88 (d, J=6Hz, 1H, Ph). >'P{'H} NMR [CHCl, (D,0): § (ppm)]
43.2 (d); 36.6 (d), ?Jp_p=31Hz.

[Ru"(L3)(dppb)(bipy)](PFs) (3): Yield 85.4 (%). Anal. Calc. for Csg-
Hs,FsN4OPsRuS: C, 60.05; H, 4.43; N, 4.83; S, 2.76. Found: C, 60.43;
H, 4.28; N, 4.58; S, 2.58%. Molar conductivity (1 x 107> M in CH,-
Cl): 2720 'em?mol . IR (Vmax/cm™1): 1515s v(C=0), 839s v
(P—F), 557 §(P—F); 505, 517m v(Ru—P), 492m v(Ru—N), 434w v
(Ru—0), 372w v(Ru—S). UV-Vis (CH,Cl,, 10~> M): A/nm (¢/M~! -
cm™') 299 (45616), 426 (8012). 'H NMR [CDCls: 6 ppm (m, J, I,
attribution)]: 1.34 (t, J= 12 Hz, 1H, CH, dppb), 1.76-2.51 (m, 5H,
CH, dppb), 2.92 (t, J=10Hz, 1H, CH, dppb), 3.06 (q, J=10Hz,
1H, CH, dppb), 6.31 (t,J = 8 Hz, 2H, bipy), 6.78 (t, ] = 7 Hz, 2H, bipy),
6.95-6.43 (m, 31H, an overlap of aromatic protons of bipy and phe-
nyl groups), 7.61 (t, J= 7 Hz, 1H, Ph), 7.82 (t, ] = 8 Hz, 2H, Ph), 7.89
(d, J =8 Hz, 1H, Ph), 8.15 (t, /= 8 Hz, 1H, Ph), 8.26 (d, J = 8 Hz, 1H,
Ph), 8.63 (d, J=6Hz, 1H, Ph), 8.83 (d, J=6 Hz, 1H, Ph). >'P{'H}
NMR [CH,Cl, (D,0): 6 (ppm)] 40.4 (d); 38.1 (d), ?p_p=31 Hz.

[Ru'l(L*)(dppb)(bipy)](PFe)-2H,0 (4): Yield 85.5 (%). Anal. Calc.
for CeoHs7FsN4OP3RuS-2H,0: C, 58.77; H, 5.01; N, 4.57; S, 2.63%.
Found: C, 58.70; H, 5.23; N, 4.63; S, 2.23%. Molar conductivity
(1x107>3M in CHyCl): 2800 'cm?mol™'. IR (Vpax/cm ')
1516s v(C=0), 841s v(P—F), 505, 517m v(Ru—P), 492m v(Ru—N),
436w v(Ru—0), 366w v(Ru—S). UV-Vis (CH,Cl,, 107> M): A/nm
(¢/M~Tem™1) 298 (23291), 422 (2829). 'H NMR [CDCls: 6 ppm
(m, J, I, attribution)]: 1.39 (t, J=10Hz, 1H, CH, dppb), 1.80 (t,
J=10Hz, 1H, CH, dppb), 2.20-2.47 (m, 3H, CH, dppb), 2.97 (t,
J=11Hz, 1H, CH, dppb), 3.16 (q, J=11Hz, 1H, CH, dppb), 3.63
(t,J=11 Hz, 1H, CH; dppb), 4.75-5.07 (m, 4H, CH,, benzyl), 6.23-
6.32 (m, 3H, bipy), 6.46 (t, J=3 Hz, 1H, bipy), 6.75-6.83 (m, 3H,
bipy + Ph), 6.96 (t, J=7 Hz, 1H, Ph), 7.03 (t, J=7 Hz, 2H, Ph),
7.07-7.50 (m, 25H, an overlap of aromatic protons of bipy and phe-
nyl groups), 7.64 (t, ] = 8 Hz, 1H, Ph), 7.82 (d, J = 8 Hz, 2H, Ph), 7.96
(t, ] =8 Hz, 2H, Ph), 8.06 (t, J=7 Hz, 1H, Ph), 8.14 (d, J= 8 Hz, 1H,
Ph), 8.36 (d, ] =6 Hz, 1H, Ph), 8.71 (d, ] =6 Hz, 1H, Ph). 3'P{'H}
NMR [CH.Cl, (D20): 6 (ppm)] 43.8 (d); 36.7 (d), %Jp_p = 35 Hz.
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[Ru"(L3)(dppb)(bipy)](PFs) (5): Yield 87.8 (%). Anal. Calc. for
CsgH49FsN4O5P5RUS: C, 56.71; H, 4.55; N, 4.72; S, 2.70. Found: C,
56.23; H, 5.03; N, 5.21; S, 2.92%. Molar conductivity (1 x 107> M
in CH,Cly): 2990 'cm?mol™!. IR (Vpax/cm™'): 1519sv(C=0),
841s v(P—F), 505, 517m v(Ru—P), 492m v(Ru—N), 436w v(Ru—0),
366w v(Ru—S). UV-Vis (CH,Cl,, 107> M): A/nm (¢/M~'cm') 298
(27410). 'H NMR [CDCls: 6 ppm (m, J, I, attribution)]: 1.37 (m,
1H, CH, dppb), 1.85-2.03 (m, 2H, CH, dppb), 2.22-2.48 (m, 3H,
CH, dppb), 2.92 (t, J=10Hz, 1H, CH, dppb), 3.18 (q, J=10Hz,
1H, CH, dppb), 6.08 (d, J=8 Hz, 1H, bipy), 6.20 (d, J=7 Hz, 1H,
bipy), 6.31 (t, J=7 Hz, 2H, bipy), 6.80 (t, J=7 Hz, 2H, bipy), 7.00
(t, J=7 Hz, 2H, bipy), 6.90-7.48 (m, 26H, an overlap of aromatic
protons of furoyl, bipy and phenyl groups), 7.73 (t, J=7 Hz, 1H,
Ph), 7.84 (d, J= 8 Hz, 1H, Ph), 7.98 (t, J = 8 Hz, 2H, Ph), 8.04-8.13
(m, 2H, Ph), 8.64 (d, J=6 Hz, 1H, Ph), 8.97 (d, J =6 Hz, 1H, Ph).
31p{'TH} NMR [CH.Cl, (D,O): & (ppm)] 402 (d); 37.7 (d),
z_lp,p=31 Hz.

2.4. Crystal structure determination

Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of CH,Cl, solutions of 1 at room temperature.
The data collection was performed using Mo Ko radiation
(2=71.073 pm) on a BrukeR APEX II Duo diffractometer. Standard
procedures were applied for data reduction and absorption correc-
tion. The structures were solved with sHELxs97 using direct methods
[46] and all non-hydrogen atoms were refined with anisotropic
displacement parameters with sHeLx12014 [47]. The hydrogen atoms
were calculated at idealized positions using the riding model
option of sHeixi2014 [47]. Hexafluorophosphate anion and phenyl
ring of the thiourea ligand are disordered and were refined over
two sites with occupancies 0.636:0.364 and 0.466:0.534, respec-
tively. Table 1 contains more detailed information about the struc-
ture determinations.

Table 1
Crystal data and structure refinement details for [Ru"(L!)(dppb)(bipy)](PFs) (1).

1

Empirical formula C48H47FsN4OPsRUS

Formula weight 1035.94

T (K) 296(2)

7 (A) 0.71073

Crystal system monoclinic

Space group P24/c

Unit cell dimensions

a(A) 12.1677(6)

b (A) 28.1703(14)

c(A) 14.4942(8)

B(°) 109.5400(10)

V (A3) 4682.0(4)

V4 4

Dca]c (Mg/mB) 1.470

Absorption coefficient (mm™') 0.547

Crystal size (mm) 0.70 x 0.68 x 0.25

0 range for data collection (°) 1.45-25.04

Index ranges 14 <h <14, -30 <k <33,
-16<1<17

Reflections collected 28202

Independent reflections (Rin) 8212 (0.0175)

Completeness to theta 0 = 25.044° 98.9%

Absorption correction multi-scan

Maximum and minimum
transmission

Refinement method

Data/restraints/parameters

Goodness-of-fit (GOF) on F?

Final R indices [I > 2a(I)]

R indices (all data)

Residual maximum and minimum
(eA™)

CCDC number

0.7452 and 0.6737

full-matrix least-squares on F?
8212/103/641

1.050

Ry =0.0260, wR; = 0.0643

Ry =0.0291, wR; = 0.0661
0.363 and -0.378

1418917

2.5. Cell culture assay

The in vitro cytotoxicity assays on cultured human tumor cell
lines still represent the standard method for the initial screening
of antitumor agents. Thus, as a first step to assess their pharmaco-
logical properties, the ruthenium complexes were assayed toward
human breast tumor cells MCF-7 (ATCC: HTB-22), human prostate
tumor cells DU-145 (ATCC:HTB-81) and against from mouse L929
fibroblast cells (ATCC:CCL 1). The cells were routinely maintained
with Dulbecco’s Modified Eagle’s medium (DMEM-for 1929 and
DU-145) or RPMI 1640 (for MCF-7) supplemented with 10% fetal
bovine serum (FBS), at 37 °C in a humidified 5% CO, atmosphere.
For the cytotoxicity assay, 1.5 x 10% cells well~! were seeded in
200 pL of complete medium in 96-well plates (Corning Costar).
The complex was dissolved in sterile DMSO (from 10 to
0.01 mM). One microliter of each complex sample was added to
200 pL medium. Cells were exposed to the complex for a 48 h-per-
iod. The conversion of MTT to formazan by metabolically viable
cells was monitored by an automated microplate reader at 540 nm.

2.6. Confocal fluorescence microscopy studies

In order to characterize the morphology of the cytoskeletal and
of the cell nucleus green and blue fluorescence of Alexa Fluor 488
Phalloidin and DAPI, respectively, were used to mark the cellular
localization. The DU-145 cells were seeded into 24 wells cell cul-
ture cluster at the density of 0.35 x 10° per well (1 mL, 5% CO,,
37 °C). After 24 h, the cells were treated with 0.14 pM of complex
5 (ICsg value), and control cell was treated with DMSO and incu-
bated for 24 h. The treated and control cells were washed twice
in PBS (phosphate-buffered saline, pH 7.4) and fixed with a solu-
tion of 3.7% formaldehyde in PBS for 2 h, washed 2x in PBS
(5 min), permeabilized with triton-x 0.1% for 20 min and washed
again with PBS (2 times for 5 min). The material was incubated
with the “Alexa Fluor 488 Phalloidin” solution (5 pLL of the stock
solution “Alexa Fluor 488 Phalloidin” + 200 pL of PBS+2 puL of
BSA) for 30 min and washed 2x with PBS (5 min each). After that,
the material was marked with the DAPI solution (30 nM) for 5 min
and washed 2x with PBS (5 min each). Finally, the material was
mounted by using a montage ProLong® Gold reagent (Molecular
Probes) and analyzed in a Laser Leica TCS SP5II Confocal Micro-
scopy. The wavelength of the laser was 488 nm for the actin (Alexa
Fluor 488 Phalloidin) and 305 nm for the nucleus (DAPI).

3. Results and discussion

The Chart 2 shows the pathway for the synthesis of the Ru(lI)
complexes. The complexes were obtained by reacting methanolic
solutions of acylthioureas with the cis-dichlorido(1,4-bis
(diphenylphosphino)butane)(2,2’-bipyridine)ruthenium(Ill)  pre-
cursor, cis-[Ru''Cl,(dppb)(bipy)]. The coordination between the
acylthiourea derivatives and the precursor proceeded by an
exchange reaction, which involved deprotonation of the acylth-
ioureido group of the ligands upon complexation [19]. The orange
complexes were obtained using Schlenk techniques under an
atmosphere of argon. Elemental analyses of the complexes suggest
the formation of cis-[Ru'(L)(dppb)(bipy)](PFs) (1-5) (Chart 2). The
compounds are air stable and very soluble in chlorinated solvents,
acetone, and methanol but are virtually insoluble in hydrocarbon
solvents, diethyl ether and water.

3.1. Spectroscopic characterization

The infrared spectra of all compounds are in agreement with
the proposed molecular formulas. The IR spectra of the ligands
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show broad, strong absorptions in the range of 3050-3260 cm™!

occurs due to NH stretching vibration [19]. The coordination of
the metal center to the carbonyl group decreases the C=0 stretch-
ing vibration frequency by c.a. 180 cm™~!, when compared with the
free ligands, in agreement with literature [48]. As observed, the
asymmetric and symmetric N—H stretching vibration bands, pre-
sented in the free ligands, are absent in the IR spectra of the com-
plexes. For all the complexes the v(C=0) stretching vibration is
found close to 1585 cm™!. The v(C=S) stretching vibrations,
observed at 815-878 cm™! in the spectra of free N,N-disubsti-
tuted-N'-acylthioureas, shift to the 734-769 cm™! range in the
complexes, indicating coordination through the sulfur atom of
the ligands. This substantial change is an indication of deprotona-
tion of the ligands and formation of a C—S single bond [49]. The
absorptions at 515 and 437 cm™! in the IR spectra of the complexes
can be assigned to the Ru—P and Ru—O vibration mode, respec-
tively [50]. The low-frequency region in the IR spectra of the com-
plexes (1-5) shows low intensity bands, which could be assigned
as Ru-S stretching vibrations [50]. Electronic spectra showed band
in the UV region (299 nm) assigned to intraligand m — ©* transi-
tions, also observed in the free ligands (dppb and bipy). The other
band, observed as a shoulder band around 425 nm, is assigned to
charge transfer from Ru(Il) to the ligands [45].

The NMR ('H and 3'P{'H}) spectra of the complexes were car-
ried out in order to elucidate the coordination of acylthiourea
ligands with the cis-[Ru"Cl,(dppb)(bipy)] precursor. A comparative
analysis was made on the basis of the spectroscopic data corre-
sponding to both free and coordinated ligands.

The new Ru(ll) complexes showed similar {'H}-chemical shift
pattern. Some hydrogen atom values of § were not observed pre-
cisely due to overlapping of aromatic signals of dppb, bipy and
thiourea ligands, however the 'H NMR integrations and signal mul-
tiplicities are in agreement with the proposed structures. The 'H
NMR spectra of the free ligands showed basically three sets of well
separated signals corresponding to their Ry, R, substituents and to
the NH proton. The signals of the NH protons appear as broad sin-
glets in the region between ¢ 8.35-8.80 ppm. Upon coordination
the N—H proton signal disappears in accord with the deprotona-
tion of the ligands as indicated by the IR spectra of the complexes
[17,19,21,30].

The 3'P{"H} NMR spectrum of the precursor cis-[Ru"Cl,(dppb)
(bipy)] [18] in CH,Cl, solution shows two doublets signals
for the phosphorous donor atoms at 43.5ppm and 29.8 ppm
(¥Jp_p=132.9 Hz). The 3'P{'H} NMR spectra of the compounds 1-5
showed doublets indicating the formation of unsymmetrical struc-
tures and the nonequivalency of the phosphorus atoms of the dppb
ligand. Besides a septet at approximately -145.0 ppm were
observed due to the PFg counter ion, according with the molar con-
ductivity measurements for all compounds (see Section 2). The
chemical shifts for complexes under study are similar, indicating
that the magnetic shielding of the phosphorus atoms are very
close, as expected, since they are trans to a nitrogen and the
carbonyl oxygen atoms from the bipy and thiourea ligands,
respectively.

3.2. Crystal structures

The structure of the complex 1 was studied by X-ray diffraction.
The ORTEP representation of the representative complex along
with the numbering scheme is presented in Fig. 1. Selected data
of interatomic distances and main angles can be found in Table 2.
The heteroleptic ruthenium(Il) complex exhibits a 6-coordinated
metal center bonded to the diphosphine (dppb), the bipyridine
(bipy) and to the monoanionic thiourea L™ ligand in O,S-bidentate
mode, leading to a distorted octahedral geometry around the metal
center. The ruthenium(Il) charge is compensated by the PFg

Fig. 1. ORTEP plot of complex 1 with the thermal ellipsoids at the 50% probability
level. Hydrogen atoms, PFs and some atom labels are omitted for clarity. Phenyl
ring of the thiourea ligand is disordered over two sites (occupancy 46.6:53.4).

Table 2
Selected bond lengths (A) and angles (°) refined from X-ray for 1.

Bond lengths

Ru-0(1) 2.1165(13)
Ru-S(1) 2.3595(5)
Ru-N(3) 2.1247(16)
Ru-N(4) 2.1489(17)
Ru-P(1) 2.2932(5)
Ru-P(2) 2.3069(5)
S(1)-C(29) 1.735(2)
0(1)-C(30) 1.269(2)
N(1)-C(30) 1.318(3)
N(1)-C(29) 1.339(3)
Bond angles

P(1)-Ru-P(2) 95.358(18)
0(1)-Ru-N(3) 87.36(6)
O(1)-Ru-N(4) 79.10(6)
O(1)-Ru-P(1) 172.42(4)
0(1)-Ru-P(2) 90.33(4)
O(1)-Ru-S(1) 91.15(4)
N(3)—Ru-S(1) 168.74(5)
N(4)-Ru-S(1) 91.52(5)
P(1)-Ru-S(1) 93.809(18)
P(2)-Ru-S(1) 90.477(19)
C(29)-S(1)-Ru 107.25(7)
C(30)-0(1)-Ru 126.90(13)

counter ion, forming a monocationic complex. The coordination
of the dppb, bipy and thiourea ligands forms a seven-, five- and
six-membered chelate rings, respectively. The negative charge of
the monoanionic thiourea is delocalized over the ligand moiety,
through the conjugated double bonds system, consistent with the
single bond predominant character for the S—C bond (1.70-
1.73 A) and to the considerable double bond character observed
for the C=N (around 1.33 A) and C=0 (around 1.27 A) distances.
The sulfur atom of the acylthiourea ligand coordinates trans to
the bipy nitrogen atom N3, while the oxygen atom O1 is trans coor-
dinated to the phosphorous atom P1. The Ru—P, Ru—N, Ru—0 and
Ru—S bond lengths are in the expected range observed in similar
Ru(Il) compounds [51-54]. Furthermore, the bidentate ligands
are almost perpendicular to each other, with P(2)—Ru(1)—S(1)
and O(1)—Ru(1)—P(2) close to 90°. The P(1)—Ru—S(1) angle around
101° shows a clear distortion of the octahedral geometry. As
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Table 3
Cyclic voltammograms (mV) of the complexes (1-5) (1.0 mM) in CH,Cl, (Ag/AgCl,
0.1 mol/L PTBA, 100 mV/s).

Compound Ru"/Ru™ (E,,) (mV) Eijz (mV) Ipallpe
1 1036 930 0.97
2 940 890 1.02
3 994 941 0.95
4 1037 929 0.95
5 981 - -

expected, no classical hydrogen bonds are found in the crystalline
structures of the compounds.

3.3. Cyclic voltammetry

In order to investigate the redox behavior and the stability of
the complexes in solution the cyclic voltammograms were

Table 4

recorded in dichloromethane at room temperature at the potential
range 0 to +1.5V with a Pt disc electrode versus an Ag/AgCl
reference electrode. The complexes 1-4 showed quasi-reversible
(Ipa/lpc = 1) waves whose processes correspond to the one-electron
oxidation of Ru(Il) to Ru(Ill) (Table 3). The anodic peak around
Epa=1.0V is attributed to the oxidation of the ruthenium(II) ion
to ruthenium(III) [ 18], while the complex 5 showed an irreversible
process. In the case of complex 1, a process related to the reduction
of the thiourea ligand was also observed at 1190 mV.

The complexes presented cathodic peaks in the potential range
from 940 to 1037 mV, showing that the substitution of the periph-
eral groups in the thiourea moiety (R1 and R2 groups) influences
the electronic character of the ligands. When compared to the pre-
cursor cis-[Ru"Cly(dppb)(bipy)] (E1j2 = 650 mV) [18], the oxidation
potential of the thiourea derivatives presented a significant
increase. The higher redox potential observed for these complexes
evidences a greater stability of the complexes upon coordination of

Cytotoxic effect (ICsq) of 1-5 complexes and cisplatin against MCF-7, DU-145 and L929 (fibroblast cells), after 48 h of incubation.

Complexes L929 (uM) MCF-7 (uM) SI (ICs0L929/ICs0MmcE-7) DU-145 (uM) SI (ICsoL929/ICs0DU-145)
(1) 0.57 £0.03 >0.10 >5.7 0.75+0.21 0.76
(2) 1.65+0.40 >0.10 >16.5 1.75+045 0.94
3) 1.22+041 >0.10 >12.2 0.31£0.06 3.93
(4) 0.52 £0.06 8.90 £1.95 0.06 0.42 £0.07 1.24
(5) 0.66 £ 0.06 12.21+£2.15 0.05 0.14+0.04 4,71
Cisplatin 16.53 £2.38 243 +£0.20 6.80 2.00 £ 0.47 8.27
DU-145 MCF-7
¢ 1 1004 o 1
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5 o a 2
b ‘ — .-
= o3 & o 3
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Fig. 2. Effects of N-disubstituted-N'-acylthiourea ruthenium complexes on the DU-145, MCF-7 and L929 cells proliferation.
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the thiourea ligands. Finally, a second reduction process was
observed after the first anodic scan which was attributed to a
reduction process of the thiourea ligand.

3.4. Cytotoxicity assays

The cytotoxicities of all five complexes were evaluated against
two human tumor cell lines representing tumors of two different
origins, prostate and breast, in addition to a mouse fibroblast cell
line, by means of the colorimetric MTT assay. They were compared
to cisplatin and free ligands under the same conditions. Cell
respiration, as an indicator of cell viability, was determined by the
mitochondrial dependent reduction of MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) to formazan [55].

The percentage of cell viability was calculated by dividing the
average absorbance of the cells treated with the ruthenium com-
plex by that of the control; percentage of cell viability versus drug
concentration (logarithmic scale) was plotted to determine the ICsq
(drug concentration at which 50% of the cells are viable relative to
the control), with its estimated error derived from the average of 3
trials. The concentrations that produce 50% of growth inhibition
(ICs0, M) are shown in Table 4, calculated from the dose-survival
curves obtained after drug treatment represented in the Fig. 2.

The compound 5 was the most effective compound against
human prostate tumor cell (DU-145) line with ICso value of
0.14 uM, while the compounds 1-3 presented the same ICsq value
for the breast tumor cell line (MCF-7) >0.10 pM. All complexes pre-
sented significant cytotoxic effects with higher activity with
respect to their uncoordinated acylthiourea, emphasizing the
importance of the presence of the metal for antitumor biological
activity presented by the new complexes, a different result from
that observed for rhenium(V) complexes where the replacement
of the halide by the chelating benzoylthiourea lead to a significant
decrease of the biological activity [28]. This fact indicates different
mechanisms for the biological activities of the uncoordinated
acylthioureas and their related ruthenium(Il) complexes. In order
to determine the selectivity and to estimate the therapeutic win-
dow of the compounds presented here we also measured their
cytotoxicity against fibroblast cells. With these results, it's possible
to calculate the selectivity index (SI, relative activity of a com-
pound against the tumor cell line compared with its cytotoxicity
to normal cells) of each compound by the ratio of ICs, (fibroblast
cells) to ICso (tumor cells). The complexes 2 and 3 were found to

be the most selective for MCF-7 and DU-145 cell lines, respectively,
(SI'values around 17 and 4, respectively). Under an inverted micro-
scope, cell shape and changes in it can be observed clearly. As
shown in Fig. 3, DU-145 prostate tumor cells appeared epithelial
cell morphology in the control group and there were very few
round cells. Cells treated with 5 showed obvious morphological
changes after the first 24 h; cells treated for 48 h showed, in addi-
tion to morphological changes, a loss of adhesion, an epithelial
form and confluence, indicating the possibility of apoptosis [56].

Recently, our research group reported four ruthenium(IlI) com-
plexes containing bistriphenylphosphines, bipyridine and N ,N'-
(disubstituted)-N'-acylthiourea ligands and their cytotoxicity
against DU-145 tumor cells was in the range of 0.22-0.46 uM
[44], in the present report the ICsqy values are in the range of
0.14-1.75 uM, very similar to that observed for ruthenium-bis
(triphenylphosphine). Interestingly, all complexes were more cyto-
toxic than cisplatin in the human DU-145 cell line.

3.5. Confocal fluorescence microscopy studies

The results indicate that the combination of Ru(Il) and acylth-
iourea in a single molecule results in complexes that are more
cytotoxic than the individual components alone, displaying in all
cases low ICsq values and higher selectivity indexes. After verifying
that these ruthenium complexes present remarkable cytotoxicity
against DU-145 cells it is worth to investigate their mechanism
of action. Given the higher selectivity of complex 5 against this
tumor cell line, it was selected for a preliminary mechanism study.
Thus we inspected morphological changes of the human prostate
tumor cells DU-145 by confocal microscopy upon treatment with
[Ru"(L3)(dppb)(bipy)](PFs) (Fig. 3). In control cells (Fig. 4A-C) the
tubular aspect of the actin filaments (in green) were maintained
after 24 h while the tumor cells incubated with [Ru'(L>)(dppb)
(bipy)](PFg) (Fig. 4D-F) presented several damage due to fragmen-
tation of the microfilaments after that time, in accord with cell
death. The cell nucleus was also showed alterations in its morphol-
ogy but in a much lower degree. When compared to the nucleus of
the DU-145 control cells (Fig. 4A-C), the appearance of nucleus of
the tumor cells treated with [Ru"(L>)(dppb)(bipy)](PFs) is only a bit
different, indicating that the interaction of the ruthenium(Il) com-
plex with this organelle is quite weak. These results support the
conclusion that the compounds are effective to cause cell death
by causing modifications to the actin filaments which are

Fig. 3. Morphological study under an inverted microscope of DU-145 control cells (A) and cells treated with the ICso value of complex 5 (B). The images are representative of

pictures taken in three independent experiments (n = 3).
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Fig. 4. Confocal fluorescence images (Alexa Fluor® 488 Phalloidin) of Actin-F (in green) + DAPI nuclear stain (in blue) upon 24 h of incubation. A-C are DU-145 control cells
and D-F are DU-145 tumor cells treated with ICso value of [Ru"(L>)(dppb)(bipy)](PFs) (5). (Colour online.)

cytoskeletal components responsible for normal cellular division.
These results are similar to the presented by NAMI-A, for which
interactions with actin proteins on the cell surface or with colla-
gens of the extracellular matrix have been proposed as possible
mechanisms of the anti-metastatic action [57]. Rhodium com-
plexes also target cellular organelles rather than the nucleus [58].
Further experiments are necessary to comprehend the observed
results and fully understand the mechanism of action of these
compounds.

4. Conclusions

Heteroleptic tris-chelate ruthenium(Il) complexes containing
acylthiourea ligands can be prepared in high yields and purity.
The cytotoxic behavior of some of the compounds under study is
remarkable. The changes of peripheral groups R1 and R2 of the
thiourea moiety influences the degree of cytotoxicity and complex-
ation with ruthenium(Il) metal center increases the activity in
most cases, indicating that the metal center plays a key role on
the activity. Further experiments are necessary to comprehend
the observed results. The confocal microscopy images demon-
strated that modifications of the actin filaments and consequently
to the cytoskeletal might be responsible for the activity of these
complexes instead of interaction with the nucleus.
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CCDC 1418917 contains the supplementary crystallographic
data for complex 1. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Center, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
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