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Abstract
Three novel complexes have been prepared through reactions of precursor [(dmso)

2
H][trans-RuCl

4
(dmso-S)

2
] (P) and

1,10-phenanthroline (phen) at different conditions. Whereas the analogs of mer-[RuCl
3
(dmso-S)(phen)] (1) and

[Ru(phen)
3
]Cl

2 
· 6CH

3
OH (3 · 6CH

3
OH) have already been prepared by other synthetic routes before, product (H

3
O)[Ru-

Cl
4
(phen)] · 4H

2
O (2 · 4H

2
O) is unprecedented. In the latter, isolated from highly acidic medium, also the second, strong-

ly bound dmso molecule in precursor P was substituted by chloride. Biological activities of 1 and previously isolated rut-

henium-purine complexes ([mer-RuCl
3
(dmso-S)(acv)(CH

3
OH)] (4) (acv = acyclovir); [trans-RuCl

4
(dmso-S)(guaH)] (5)

(guaH = protonated guanine) were tested and compared. These data show that compounds 1, 4 and 5 are slightly cytoto-

xic against B-16 malignant melanoma cells but not against non-transformed V-79-379A cells. The results indicate that

coordinated phen ligand increases the cytotoxicity of 1 in comparison to ruthenium precursor. The inability of tested com-

pounds to induce lysis of bovine erythrocytes shows that their cytotoxic effect is not due to the membrane damage.
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1. Introduction
Ruthenium-dimethylsulfoxide (dmso) complexes

are useful precursors in inorganic synthesis and their che-

mistry has been thoroughly studied for a long time.1,2 The

products prepared through such reactions exert versatile

interesting properties which are applicable for example in

asymmetric synthesis3 in design of new drugs4,5 and other. 

The most famous representative of biologically acti-

ve compounds from the group is NAMI-A ([ImH][trans-

RuCl
4
(dmso-S)Im] (Im = imidazole)) which was prepared

from [(dmso)
2
H][trans-RuCl

4
(dmso-S)

2
]. The isolation of

NAMI-A has shown that the presence of simple N-donor

ligands on ruthenium(III) species is a requirement for fin-

ding favorable biological activity.6 NAMI-A is not cytoto-

xic for cancer cells in vitro but shows a strong antimeta-

static effect in vivo. This compound has undergone advan-

ced preclinical trials, phase I clinical trials and is current-

ly undergoing phase II clinical studies as anti-metastatic

drug.7,8 All these findings triggered extensive exploration

of new ruthenium-dmso compounds that may bear a bio-

logical potential.

On the other hand, ruthenium complexes with 1,10-

phenanthroline (phen) or 2,2’-bipyridine (bipy) and their

derivatives are also extensively studied due to their intere-

sting physico-chemical and biological properties.9–15

Amongst these the most studied are tris chelate comple-

xes. Such complexes are namely useful in elucidating che-

mical principles which govern the recognition of nucleic

acids, in developing photochemical reagents as new diag-
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nostic tools, in the design of novel chemotherapeutics16–19

and in electron transfer mediated by the DNA double he-

lix. Though mono- and bis-oligopyridyl ruthenium com-

plexes have not been studied so thoroughly as tris-com-

plexes, their useful properties as precursors or catalysts

are also known.20,21

The aims of this work were (i) to study the reactivi-

ty of precursor [(dmso)
2
H][trans-RuCl

4
(dmso-S)

2
] (ab-

breviation P) with 1,10-phenanthroline at different condi-

tions, and (ii) to assess the biological activity of the selec-

ted products. Whereas there has been extensive research

on cytotoxic ruthenium compounds, related studies on an-

ti-viral22 and antibacterial ruthenium compounds remain

sparse.23–26 Therefore we have decided to test not only the

cytotoxicity of selected compounds (against normal and

tumor cells) but also their antibacterial potential. Additio-

nally, hemolysis of bovine erythrocytes was performed in

order to check whether tested compounds can damage the

cell membrane. 

2. Materials and Methods
2. 1. Syntheses

The ruthenium precursor P and compounds 4 and 5
were prepared as reported.1,5,27 All other chemicals and

solvents were commercially available (Sigma-Aldrich,

U.S.A.) and were used without prior drying or purifica-

tion.

mer-[RuCl
3
(dmso-S)(phen)] (1)

The precursor P (0.0600 g; 0.108 mmol) was dissol-

ved in MeOH (20.0 mL) and phenanthroline (0.0214 g;

0.108 mmol) was added while stirring vigorously. The

orange solution was refluxed for 3 h. Brown-red crystals

appeared in the solution after five days of isothermal eva-

poration of the solvent in air. The crystals were filtered

out, washed with diethyl ether and dried in air. Similar

syntheses can be performed in other solvents and result in

the formation of structurally similar solvate containing

products mer-[RuCl
3
(dmso-S)(phen)]·X (X = methanol,

ethanol, acetone). Found for 1: C, 36.11; H, 2.78; N, 6.03;

Calc. for C
14

H
14

Cl
3
N

2
OSRu (M

r
= 465.76): C, 36.10; H,

3.03; N, 6.01). Selected IR bands (Nujol, cm–1): 1636 (s),

1626 (s), 1592 (s) (phen ring C=C, C=N); 1093 (s, S=O

for dmso-S); 427 (w, Ru-S). UV (MeOH) λ
max

/nm (ε/dm3

mol–1 cm–1) 296 (7660); 401 (6671). 

(H
3
O)[RuCl

4
(phen)]·4H

2
O (2·4H

2
O) (2)

Compound 1 (0.010 g; 0.0215 mmol) was suspen-

ded in 10.0 mL of concentrated HCl and refluxed for 4 h

to form a clear yellow solution. After several days of isot-

hermal evaporation of the solvent in air few brownish cry-

stals appeared in the solution. Compound 2 · 4H
2
O is un-

stable in air and was only characterized by X-ray crystal-

lography. 

[Ru(phen)
3
]Cl

2 
· 6CH

3
OH (3 · 6CH

3
OH) (3)

The synthesis was carried out solvothermally in a

Teflon container. The precursor P (0.0799 g, 0.144 mmol)

was dissolved in MeOH (0.7 mL) to form an orange solu-

tion. Phenanthroline (0.0853 g, 0.432 mmol) was added

while stirring vigorously. A dark orange suspension was

put in stainless steel autoclave followed by heating at 130

°C for 24 h under autogeneous pressure. Facile loss of in-

terstitial solvent was observed for compound 3. Found: C,

57.08; H, 4.52; N, 9.85 Calc. for C
40

H
40

Cl
2
N

6
O

4
Cl

2
Ru: C,

57.13; H, 4.80; N, 10.0). Selected IR bands (Nujol, cm–1):

1649 (s), 1633 (s), 1573 (s) (phen ring C=C, C=N). UV

(MeOH) λ
max

/nm (ε/dm3 mol–1 cm–1) 260 (95849) 416

(15062); 444 (15996).

2. 1. 1. Elemental Analyses

Elemental analyses were performed on a Perkin-El-

mer 204C microanalyser (U.S.A.).

2. 1. 2. Spectroscopy (IR, UV-Vis)

IR spectra were recorded on a Perkin-Elmer FTIR

1720 spectrometer (U.S.A.) and on a Perkin-Elmer 2000

FTIR spectrometer (U.S.A.) in Nujol with CsI windows.

The UV-VIS spectra of the solutions were recorded on a

Perkin Elmer Lambda 19 spectrometer (U.S.A.).

2. 1. 3. X-ray Structural Analysis

Diffraction data for all three compounds were col-

lected on a Nonius Kappa CCD diffractometer with grap-

hite monochromatic MoKα radiation at temperature 150

K. The data were processed using DENZO program.

Structures were solved by direct methods using SIR97.

Most of the positions of hydrogen atoms were obtained

from the difference Fourier maps, the remaining were cal-

culated. We employed full-matrix least-squares refine-

ments on F magnitudes with anisotropic displacement fac-

tors for non-hydrogen atoms using Xtal3.6. The crystallo-

graphic data were deposited in the Cambridge Crystallo-

graphic Data Center and were assigned the deposition

numbers CCDC 1028368–1028370 for compounds 1–3
respectively. References for the crystallographic software

are given in the Supporting Information file.

2. 2. Biological Assays
2. 2. 1. Cells and Preparation of Ruthenium 

Solutions
The cells V-79-379A (diploid lung fibroblasts of

Chinese hamster) and B-16 (mouse melanoma) were
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grown in Eagle minimal essential medium (MEM, Gibco,

Paisley, Scotland) supplemented with 10% fetal calf se-

rum (FCS) (Sigma, Germany), penicillin (100 U/mL) and

streptomycin (100 μg/mL) at 37 °C in CO
2

incubator.

The stock solutions (500 μM) of each compound

were prepared in culture medium. Test solutions (1, 10,

100 μM) were made by dilution in complete medium, con-

taining 10% FCS just before experiments. 

2. 2. 2. In Vitro Cytotoxicity Assay (MTT test)

Cells were plated in 96-well microtiter plates (Co-

star, U.S.A.) at concentration 5000 cells/well. The ruthe-

nium compounds at concentrations of 1, 10 and 100 μM,

prepared in medium with serum, were added for 48 hours.

The cytotoxicity was determined with MTT test. After the

addition of 20 μL of MTT (5 mg/mL) (Sigma, Germany)

to each well (100 μL) for 3 h, MTT-containing medium

was carefully removed. The formazan crystals were dis-

solved in 100 μL dmso (Sigma, Germany) and the absor-

bance was measured at 570 nm using Anthos microplate

reader (Anthos, Australia). Proliferation (%) was expres-

sed as ratio between optical density of treated cells and

untreated cells after 48 hours of growth. The data are pre-

sented by means with standard deviations of 3–4 indepen-

dent experiments. The differences were analyzed using

Student’s t-test on two populations with p < 0.05 and 

p < 0.001 considered significant.

2. 2. 3. Determination of Hemolytic Activity

Bovine erythrocytes were centrifuged from freshly

collected citrated blood and washed twice with an excess

of 0.9% saline and once with 140 mM NaCl, 20 mM

TRIS.HCl buffer pH 7.4. Hemolytic activity was measu-

red by a turbidimetric method.28 Stock solution (1 mg/m-

L) of tested compounds in 50 mM TRIS.HCl buffer pH

7.4 was progressively diluted by two-fold in the same buf-

fer, and 100 μL of resulting solutions were combined with

100 μL of erythrocyte suspension. The initial absorbance

of the lysing mixture at 650 nm was 0.5. The potential de-

crease of optical density, due to the direct membrane da-

mage and consequent hemolysis, was recorded for 30 mi-

nutes at 650 nm using a Kinetic Microplate Reader

(Dynex Technologies, U.S.A.). All experiments were per-

formed at 25 °C, repeating every measurement three ti-

mes. Marine sponge-derived polymeric alkylpyridinium

salts (poly-APS) were used in the final concentration of

10 μg/mL as a positive, hemolytically active control.29

2. 2. 4. Determination of Antibacterial Activity

The following bacterial strains were used: Staphylo-
coccus aureus EXB-V54, Micrococcus luteus EXB-V52,
Bacillus subtilis EXB-V68, Escherichia coli EXB-V1,
Proteus vulgaris EXB-V17, Klebsiella pneumoniae EXB-

V12, Pseudomonas aeruginosa EXB-V28, and Salmonel-
la typhimurium EXB-V8. The strains were obtained from

the culture collections of the Chair of Molecular Genetics

and Microbiology of the Biotechnical Faculty, University

of Ljubljana.

Activities were evaluated using the standard agar

diffusion test.30 Bacteria were allowed to grow overnight

and their concentration was then determined. Bacterial

culture was incorporated in Lauria Broth nutrient agar

previously cooled to 42 °C. The final concentration of

bacteria was approximately 5 × 105 colony forming units

(CFU)/mL. Twenty milliliters of inoculated medium were

poured into Petri dishes and kept at 4 °C until use. Circles

of agar (Φ = 1 cm) were cut out from the cooled medium.

For estimating minimal inhibitory concentration

(MIC), the compounds were progressively diluted by fi-

ve-fold in TRIS.HCl buffer pH 7.4. 100 μL of each dilu-

tion were poured into the holes cut in the inoculated me-

dium, after which the agar plates were kept at 37 °C for

24 h. Finally, the diameters of inhibition zones were

measured. 

3. Results and Discussion 
3. 1. Syntheses

Three novel products have been isolated during

reactions between precursor [(dmso)
2
H] [trans-Ru-

Cl
4
(dmso-S)

2
] (P) and 1,10-phenantroline by varying ex-

perimental conditions – mer-[RuCl
3
(dmso-S)(phen)] (1),

(H
3
O)[RuCl

4
(phen)] · 4H

2
O (2·4H

2
O) and [Ru(phen)

3
]

Cl
2
·6CH

3
OH (3 · 6CH

3
OH). 

Scheme 1: Synthetic pathways to complexes 1, 2, and 3. (a) P, 1 eq. phen, MeOH, 3 h; (b) 1, HCl(conc.), reflux 4 h; (c) P, 3 eq. phen, MeOH, sol-

vothermal 130°C, 24 h.
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Product 1 was obtained by refluxing precursor P and

phenanthroline ligand in a suitable solvent (Scheme 1, a).

Phenanthroline replaced one dmso and a chloride ligand

from the precursor to bind bidentately to ruthenium ion. 

It was already established before that one of the two

trans S-coordinated dmso molecules in precursor X[trans-

RuCl
4
(dmso-S)

2
] (X = protonated dmso, Na+, NH

4
+),

could easily be substituted which was explained by the

large trans effect of this ligand.1 However, it is much mo-

re difficult to substitute the second dmso molecule which

is more tightly bound (due to backbonding contribution).1

A nitrogen donor ligand (L) can replace the axially coor-

dinated dmso molecule and through such synthetic proce-

dure a wide class of derivatives with the general formula

X[trans-RuCl
4
(dmso-S)L] have been prepared. It is

known that in these products stepwise chloride hydrolysis

occurs under physiological conditions which is thus rele-

vant for their in vivo mechanism of action.31 Interestingly,

in our studies between ruthenium precursor X[trans-Ru-

Cl
4
(dmso-S)

2
] and antiviral agent acyclovir, we have furt-

her realized that coordination of acyclovir trans to dmso-S
was always accompanied by replacement of one chloride

with a molecule of a hydrogen-bond donor ligand (water,

alcohol).Whereas the replacement of one dmso-S molecu-

le in the precursor with the N-donor ligand was expected,

further replacement of one of the four chloride ions by the

oxygen bearing ligand is rare.5,27 It is worth to note that

such products have been isolated only with acyclovir,

which is a guanine derivative but not with other purine de-

rivatives used (pure guanine, hypoxanthine, N6-butylade-

nine theophylline, theobromine, caffeine).27

According to all these facts, the coordination of

phen in 1 was not surprising. Various modifications of

compound 1 have been prepared from different solvents

(containing different solvate molecules). X-ray diffraction

analysis of these products confirmed that the coordination

sphere of ruthenium is the same but the solvate molecules

are present in the lattice. During our studies we have also

noticed that an analogue of 1, with cocrystallized toluene

molecules has already been prepared through a different

synthetic procedure.32

All our efforts to incorporate the second phen mole-

cule to form bis(1,10-phenantroline) ruthenium product

from precursor X[trans-RuCl
4
(dmso-S)

2
] were not suc-

cessful though the conditions (T, molar ratio, solvent etc.)

have been varied. However, we have unexpectedly isola-

ted a new compound (H
3
O)[RuCl

4
(phen)] (2) during this

work. Again, similar as in 1, phenanthroline replaced one

dmso and one chloride ligand from the precursor (Scheme

1, b). Compounds containing a single molecule of dmso

coordinated to ruthenium are quite inert to the substitution

(as explained above), but obviously, under certain condi-

tions (e.g. in highly acidic medium), the second dmso mo-

lecule could be replaced by the chloride. Only few cry-

stals of this compound have grown from solution which

merely allowed to determine the crystal structure.

By applying more severe (solvothermal) conditions

in reaction mixture containing X[trans-RuCl
4
(dmso-S)

2
]

and 1,10-phenanthroline we were able to substitute all li-

gands bonded to ruthenium in the precursor with three

phen molecules (Scheme 1, c). Of course various similar

products of this type have been isolated before,17,18 but to

the best of our knowledge this solvate of compound 3 –

[Ru(phen)
3
]Cl

2 
· 6CH

3
OH (3 · 6CH

3
OH) was not reported

up to now. The cocrystallized solvent molecules are not

strongly bound. The crystals rapidly deteriorate at room

temperature due to the loss of solvent and the elemental

analyses of two samples both correspond to the presence

of four methanol molecules. Also the reaction route descri-

bed in this paper was not used for the isolation of this type

of complexes before. It is to be noted that in the precursor

ruthenium is in a +3 oxidation state but was obviously re-

duced during the reaction to +2 state. Redox reactions are

not unusual under solvothermal conditions33 and reduction

of metal ion was also observed in our previous solvother-

mal work with copper and antibacterial ciprofloxacin.34

3. 2. X-ray Crystal Structure 
Characterization
Complex 1 adopts a distorted octahedral geometry

where the ruthenium(III) ion is coordinated by three chlo-

ride ions in a mer- configuration, by dmso (coordinated

through S) and by bidentately bonded phen (Figure 1) and

is isostructural with its iridium analogue [IrCl
3
(dmso-

S)(phen)] reported by Scharwitz et al. in 2008.35 All di-

stances and angles around the metal center are similar to

those found in compounds prepared by van der Drift et
al.32 and Spek et al.36 The main difference between 1 and

Figure 1: Ruthenium species in 1 with heteroatom labeling. The el-

lipsoids are represented at a 30% probability level. Only one of the

two crystallographically independent molecules of 1 that are pre-

sent in the asymmetric unit is displayed and hydrogen atoms are

omitted for clarity. The bond lengths and angles do not differ signi-

ficantly between the two molecules. Selected bond lengths (Å):

Ru1a–Cl1a 2.353(2), Ru1a–Cl2a 2.351(1), Ru1a–Cl3a 2.353(1),

Ru1a–S1a 2.294(1), Ru1a–N1a 2.085(5), Ru1a–N2a 2.097(5).
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its analogs reported in the literature is the presence of sol-

vent molecules (toluene32 or chloroform36) in the previ-

ously known crystal structures. The conformation of com-

plex molecules in 1 is the same as in structures containing

solvent since it is stabilized by analogous C–H···O and

C–H···Cl intramolecular hydrogen bonds. Due to the in-

corporation of solvent the packing of molecules is diffe-

rent but is in all three cases stabilized by C–H···Cl inter-

molecular hydrogen bonds and π···π and π···σ stacking in-

teractions among phenanthroline rings.

In compound 2 · 4H
2
O the ruthenium center is in a

slightly distorted environment comprising of bidentately

bonded phenanthroline and four chlorido anions (Figure

2). The bond lengths of axially coordinated chloride ions

(Ru–Cl1 = 2.3483 (16), Ru–Cl2 = 2.3490 (16) Å) are

slightly shorter as those of other two chloride ions (Ru–Cl3

= 2.3890 (16), Ru–Cl4 = 2.3854 (15) Å). All other distan-

ces and angles are in agreement with the literature data.37

The charge of coordination anions [RuCl
4
(phen)]– is com-

pensated by oxonium cations. The structure contains also

solvate water molecules. The lattice is stabilized by an ar-

ray of hydrogen bonds (Table S5) in which the oxonium

ion is the donor of three strong O–H…O hydrogen bonds

to adjacent water molecules which in turn form additional,

weaker hydrogen bonds among themselves and with the

coordinated chlorido ligands. It is interesting to compare

this structure with H
5
O

2
[RuCl

4
(L)] · 2H

2
O, where L is

dcbpy = 4,4’-dicarboxylic acid-2,2’-bypiridine38 instead of

phen. Ru–N and Ru–Cl coordination bond lengths and an-

gles are similar to those in 2 – in both compounds the bond

lengths of axially coordinated chloride ions are slightly

shorter in comparison with those of other two chloride

ions, which are bonded trans to N atoms. The counter ions

are in both compounds protonated water molecules – oxo-

nium cations. However, the crystal packing of these two

compounds is different due to the fact that phen and dcbpy

ligands have different sizes and dcbpy is involved in

hydrogen bonding with water molecules and the oxonium

cation through carboxylic groups.

In compound 3 · 6CH
3
OH three bidentately bonded

phen ligands are coordinated to ruthenium to form a pro-

peller-shaped complex cation (Figure 3). Its charge is

compensated by two chloride ions. The asymmetric unit

contains also six solvent methanol molecules. The length

of the Ru–N bonds [2.063(8)–2.075(9) Å] and the ligand

bite angles [79.9(3)–80.3(3)°] fall within the interval of

values reported in the Cambridge Structural Database for

the 20 structures containing the [Ru(phen)
3
]2+ fragment

([2.025–2.093(4) Å] and [78.63–80.85°], respectively). In

spite of a very similar conformation of cations their cry-

stal packing is different in comparison with compound

3·6CH
3
OH due to different kind of anions and co-crystal-

lized solvent molecules. Moreover, compound 3 ·

6CH
3
OH is isostructural with [Fe(phen)

3
]Cl

2 
· 6CH

3
OH,

the compound39 which differs from 3 · 6CH
3
OH only in

the kind of central ion.

Figure 2: Anionic ruthenium species in the crystal structure of

2·4H
2
O with heteroatom labeling. The ellipsoids are represented at

a 30% probability level. Hydrogen atoms are omitted for clarity.

Selected bond lengths (Å): Ru1–Cl1 2.348(1), Ru1–Cl2 2.349(1),

Ru1–Cl3 2.389(2), Ru1–Cl4 2.385(2), Ru1–N1 2.064(5), Ru1–N2

2.056(5).

Figure 3: Cationic ruthenium species in the crystal structure of

3·6CH
3
OH with heteroatom labeling. The ellipsoids are represen-

ted at a 30% probability level. Hydrogen atoms are omitted for cla-

rity. Ru–N bond lengths are between 2.063(8) and 2.075(9) Å, phen

bite angles are between 79.9(3) and 80.3(3)°.

3. 3. Biological Assays (Cytotoxicity, 
Hemolytic Activity, Antibacterial Tests)

The cytotoxicity of our previously isolated ruthe-

nium-purine derivative complexes against TS/A murine

adenocarcinoma cell line has been tested before.27 It was

found that these complexes showed only minor cytotoxi-

city which was not unexpected and was already observed

for several ruthenium complexes.31 We were interested to

find if replacing the purine with phen could result in sub-

stantial change of activity which is the reason that selected

previously isolated ruthenium-purine complexes have
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been included in the tests herein. Ruthenium complex

with acyclovir [mer-RuCl
3
(acv)(dmso-S)(CH

3
OH)] ·

0.5CH
3
OH (4 · 0.5CH

3
OH)5 and ruthenium complex with

guanine [trans-RuCl
4
(guaH)(dmso-S)] · 2H

2
O (5 · 2H

2
O)27

were selected (Figure 4). Among the newly prepared com-

plexes (1–3) only compound 1 was chosen to be tested for

biological activity. The main reason to omit tests for com-

pounds 2 and 3 is that both compounds are rather unstable

in air at room temperature, which is not acceptable for po-

tential drugs. Additionally, it has already been discovered

before that [Ru(phen)
3
]2+ is not able to cross intact biolo-

gical membranes.40,41

were used to test in vitro cytotoxicity of selected ruthe-

nium complexes by MTT test. Antiproliferative activity

was expressed as ratio between optical density of treated

cells and control cells, as shown on Figure 5 and Figure 6.

None of the tested compounds had any effect on normal

V-79-379A cell line (Figure 5). A slightly selective signi-

ficant inhibitory effect on B-16 malignant melanoma cell

line was detected for compounds 1, 4, 5, and P, especially

at the highest tested concentration (100 μM concentration;

75.5–83.7% of control, Figure 6). Significantly reduced

growth induced by phen on both V-79-379A and B-16 cell

lines was observed at 10 μM and 100 μM (Figure 5 and Fi-

gure 6). Acyclovir had no effect on proliferation of both

tested cell lines. Our results of cytotoxicity tests are in

agreement with recently published results of Tan et al.46

who tested the activity of a series of ruthenium(III) com-

plexes (amongst other also the analogue of our compound

1) and determined that cytotoxicity of their compounds is

relatively low. 

The results for compounds 4 and 5 on B-16 cell line

(1 and 10 μM) were also comparable to our previous re-

sults,27 where a TS/A murine adenocarcinoma cell line

was used. It is worth to note that in present work the inhi-

bitory effect at 100 μM concentration was less expressed. 

Our results show a slight anticancer activity of the

compounds 1, 4, 5 and P at the highest tested concentra-

tion (100 μM), where the growth of B-16 cells was redu-

ced to approximately 80%, but no cytotoxic effect was

found in the treatment of normal cells. There are several

differences between normal and tumor cells. Apart from

morphological changes (for example alternation of nuc-

lear structure and changes of other organelles) differences

exist also on molecular level (for example DNA hypo-

methylation,47 protein composition etc.). Additionally, in

cancer cells, showing an excessive rate of cell division,

many of enzymes (e.g. telomerase) involved in DNA re-

plication are overexpressed. Any of these changes could

be the reason for the observed different activity of the te-

sted compounds against cancer and normal cells. 

It is interesting that the melanoma cytotoxicity of 1
is slightly increased in comparison to the ruthenium pre-

cursor (Figure 6). In contrast, in purine containing com-

plexes 4 and 5, the cytotoxic activity is less expressed in-

dicating that the introduction of phen into molecule can

enhance its cytotoxic activity.

For a long time, it was believed that DNA is the

most important target of ruthenium compounds. There is

no doubt that several ruthenium complexes indeed interact

with DNA, which we have also clearly confirmed for se-

lected ruthenium-purine complexes.48 Tan et al. 46 have al-

so discovered that their ruthenium compounds with vari-

ous N,N-ligands (also phen) interact with DNA and that

the affinity is increased with the extension of the planar

area of the N,N-ligands. Therefore they suggest that non-

covalent binding of the complexes to DNA may play a

more important role than covalent binding. However, it

Figure 4: NAMI-type ruthenium complexes of antiviral drug acyc-

lovir (4, left) and protonated nucleobase guanine (5, right).

Both organic ligands that are coordinated to ruthe-

nium in complex 1, dmso and phenanthroline respectively,

exert biological effects either in free form or in form of

metal complex. Bioactivities of dmso include analgesic,

anti-inflammatory and cryoprotective properties.42 It is al-

so known that this ligand enhances the permeability of li-

pid membranes.43

1,10-Phenanthroline is important chelating agent.

Due to its planar nature it was proposed it can act as a DNA

intercalator. Metal complexes containing 1,10-phenanthro-

line are also known to bind to DNA by an intercalative mo-

de and it is well-known that such complexes can exert inte-

resting anticancer properties.44 Since the discovery of Sig-

man and coworkers that the copper complex- [Cu(phen)
2
]+

efficiently cleaves DNA45 in the presence of reducing agent

and H
2
O

2
several complexes of this type have been studied

from this point. We were therefore very interested to find

out if the simultaneous presence of phenanthroline and dm-

so in the coordination sphere of ruthenium might result in

synergistic effect regarding biological activity.

Two different cell lines V-79-379A (normal fibrob-

lasts of Chinese hamster) and B-16 (mouse melanoma)
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was recently suggested that the discovery of new DNA

binding drugs might be less important in the future in

comparison to drugs that bind other targets.49 Even for

NAMI-A and KP10196,50 which are perhaps the most ex-

tensively studied ruthenium compounds the mechanism of

action as well as the targets crucial for activity are not

completely elucidated. It was also shown that interaction

of certain ruthenium(II) polypyridyl complexes with cell

membrane might be crucial for their mode of action and

that for such complexes enlargement of the ligands aro-

matic ring system results in an increase in the cellular rut-

henium.41 It is not clear how NAMI-A enters the cell, but

it was hypothesized that this can be possible either by a

passive diffusion and/or by an active transport.51 Intere-

stingly, we have recently showed that by increasing cell

membrane permeability with electroporation the cytotoxi-

city of NAMI-A was markedly increased.51 In order to ob-

tain some additional data on the possible mechanism of

cytotoxicity, the compounds were also tested on their abi-

lity to induce lysis of bovine red blood cells. Erythrocytes

are nucleus-free cells lacking DNA, as well as all the

enzymes involved in its replication. In consequence, their

damage is mainly due to the disruption of the cell mem-

brane. Erythrocytes have been extensively used as target

cells for assessing the lytic potential of several membrane-

active molecules and compounds.29,52 In contrast to the

cytotoxicity tests performed on nucleated cells, where

slight activity was observed at high concentrations, none

of the assayed compounds induced lysis of bovine eryt-

hrocytes up to the extremely high concentrations (500

μg/mL). Results of both hemolytic and cytotoxic assay in-

dicate that the observed reduction of tumor cell growth,

induced by our compounds, is not the consequence of

membrane-damaging activity. One could argue that there

is a possibility that ruthenium compounds do not enter the

cells at all and as a consequence the interaction with DNA

and (or) other intracellular components does not occur.

However, in our paper27 where also compounds 4 and 5
were studied, it was clearly confirmed that ruthenium is

present inside the TS/A adenocarcinoma cells. Moreover,

it was also reported that a number of Ru(II) polypyridyl

complexes are transported into the cellular interior rather

than associating at the membrane surface.53

Ruthenium compounds P, 4, 5, and acyclovir did not

show any antibacterial potential up to the concentration of

1 mg/mL. Compound 1 was the only exception, and was

slightly active (MIC from 250 to more than 1000 μg/mL)

against different tested bacteria. The reference compound,

phenanthroline, showed moderate antibacterial potential.

We can conclude that the tested ruthenium compounds are

not promising as potential antibacterial drugs. Table S6

showing the antibacterial potential of the tested com-

pounds is given in Supplementary Information file.

4. Conclusions

We were able to prepare new ruthenium-phenant-

hroline complexes from precursor [(dmso)
2
H][trans-Ru-

Cl
4
(dmso-S)

2
] and phenanthroline. Whereas mer-[Ru-

Cl
3
(dmso-S)(phen)] (1) and [Ru(phen)

3
]Cl

2 
· 6CH

3
OH (3)

are only analogues of known compounds, product

(H
3
O)[RuCl

4
(phen)] · 4H

2
O (2) was not reported before.

However, the synthetic routes used here are straightfor-

ward, novel and could be successfully used for the prepa-

ration of ruthenium-(N,N-ligand) complexes. Our reac-

tions also showed that not only one weakly bonded dmso

could be replaced from this precursor, but under more se-

vere conditions, also strongly bonded dmso could be sub-

stituted.

The biological activity data show that a slightly se-

lective significant inhibitory effect on B-16 malignant me-

Figure 5: Effects of different concentrations (1–100 μM) of ruthe-

nium complexes 1, 4, 5, precursor P, and ligands phen and acv on

proliferation of V-79-379A cell line expressed as% of control after

48 hours of growth. Data are derived from 3–4 independent experi-

ments and presented as means with standard deviations. The diffe-

rences were analyzed using Student’s t-test on two populations;

*p<0.05, ** p<0.001 vs.controls.

Figure 6: Effects of different oncentrations (1–100 μM) of ruthe-

nium complexes 1, 4, 5, precursor P, and ligands phen and acv on

proliferation of B-16 cell line expressed as% of after 48 hours of

growth. Data are derived from 3–4 independent experiments and

presented as means with standard deviations. The differences were

analyzed using Student’s t-test on two populations; * p<0.05, **

p<0.001 vs. controls.
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lanoma cell line was detected for compounds 1, 4, 5, and

P, especially at the highest tested concentration (100 μM

concentration; 75.5–83.7% of control), but have no effect

on normal cell line V-79-379A. It is interesting that the tu-

mor cytotoxicity of 1 (which contains phenanthroline as

ligand) is slightly increased in comparison to the ruthe-

nium precursor. In contrast, in purine containing comple-

xes 4 and 5, the cytotoxic activity is less expressed.

We have also demonstrated that the observed reduc-

tion of tumor cell growth, induced by our compounds, is

not the consequence of membrane-damaging activity.

Therefore further experiments are needed to reveal the

biological targets and details of the mode of action of the-

se and similar ruthenium compounds.
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Povzetek
Z reakcijo med rutenijevim prekurzorjem [(dmso)

2
H][trans-RuCl

4
(dmso-S)

2
] (P) in 1,10-fenantrolinom (phen) pri raz-

li~nih pogojih smo pripravili tri nove koordinacijske spojine. Analogna kompleksa spojin mer-[RuCl
3
(dmso-S)(phen)]

(1) in [Ru(phen)
3
]Cl

2 
· 6CH

3
OH (3·6CH

3
OH) sta `e poznana, vendar so bili za njuno sintezo uporabljeni druga~ni po-

stopki. Kompleks 2 · 4H
2
O s strukturno formulo (H

3
O)[RuCl

4
(phen)] · 4H

2
O pa je povsem nova spojina. Izoliran je bil

z mo~no kisle raztopine, kar je omogo~ilo substitucijo tudi zadnjega dmso liganda iz prekurzorja P s klorido ligandom.

Preu~ili smo tudi biolo{ke aktivnosti novih kompleksov ter predhodno objavljenih kompleksov s purinskimi derivati

([mer-RuCl
3
(dmso-S)(acv)(CH

3
OH)] (4) (acv = aciklovir); [trans-RuCl

4
(dmso-S)(guaH)] (5) (guaH = protonirani gva-

nin). Spojine 1, 4 in 5 so {ibko toksi~ne za celi~no linijo B-16 (maligni melanom), ne pa tudi za V-79-379A celi~no li-

nijo. Vezava liganda phen je torej pove~ala toksi~nost rutenijeve zvrsti. Eksperimenti na govejih eritrocitih so pokazali,

da toksi~nost ni posledica po{kodb celi~ne membrane. 
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Diffraction data for all three compounds were collected on a Nonius Kappa CCD 
diffractometer with graphite monochromated MoKα radiation at temperature 150 K. The data 
were processed using DENZO1 program. Structures were solved by direct methods using 
SIR972. Most of the positions of hydrogen atoms were obtained from the difference Fourier 
maps, the remaining were calculated. We employed full-matrix least-squares refinements on F 
magnitudes with anisotropic displacement factors for non-hydrogen atoms using Xtal3.63. The 
exception were C and O atoms of solvate methanol molecules in 3, which are slightly 
disordered and are thus refined with isotropic displacement parameter. The position of 
hydroxyl H atoms of these molecules were not determined. One water molecule (O5W) in 1 is 
disordered over two positions O5W1 and O5W2. These two maxima were also refined with 
isotropic displacement parameter and the corresponding H atoms positions were not 
determined. The parameters of hydrogen atoms were not refined. In the final cycle of the 
refinement we used 3939, 7201 and 6147 reflections and 217, 397 and 454 parameters for 
compounds 1, 2·4H2O and 3·6MeOH, respectively. The final R values were 0.033, 0.030 and 
0.068 and Rw values were 0.030, 0.030 and 0.045 for 1, 2·4H2O and 3·6MeOH respectively. 

The crystallographic data were deposited in the Cambridge Crystallographic Data Center and 
were assigned the deposition numbers CCDC 1028368–1028370 for compounds 1–3 
respectively. 

References 

1. Z. Otwinowski, W. Minor, Methods Enzymol. 276 (1997) 307. 



2. Altomare, M.C. Burla, M. Camalli, G. Cascarano, C. Giacovazzo, A. Guagliardi, 

A.G.G. Moliterni, G. Polidori, R. Spagna, J. Appl. Cryst. 32 (1999) 115. 

3. Hall, S.R., du Boulay, D.J. & Olthof-Hazekamp, R. (1999). Eds. Xtal3.6 System . 

University of Western Australia.  
 

Table S1: Crystallographic data for compounds 1, 2·4H2O and 3·6MeOH. 

 1 2·4H2O 3·6MeOH 
Empirical formula C14H14Cl3N2ORuS C12H19Cl4N2O5Ru C42H48Cl2 N6O6Ru
Mw 465.76 514.16 904.858 
T, K 150(2) 150(2) 150(2) 
Crystal system triclinic triclinic orthorhombic
Space group P-1 P-1 Pbca 
a, Å 8.8592(1) 8.1409(2) 18.5607(3) 
b, Å 11.7145(2) 9.2715(2) 18.6235(3) 
c, Å 16.7731(3) 13.0919(3) 23.7095(5) 
α, deg. 92.5915(7) 86.061(1) 90.000 
β, deg. 103.1136(7) 77.551(1) 90.000 
γ, deg. 93.3115(7) 78.652(1) 90.000 
V, Å3 1689.46(5) 945.70(4) 8195.5(3) 
Z 4 2 8 
Dcalc, g/cm3 1.831 1.806 1.466 
µ, mm-1 1.527 1.418 0.568 
F(000) 924 514 3672 
Crystal size, mm 0.44×0.16×0.14 0.175×0.125×0.10 0.30×0.25×0.20 
Color red brown red 
Data collected / unique 24614 / 7691 16369 / 4297 30130 / 12959
Rint 0.031 0.039 0.10 
Restraints / parameters 0 / 397 0 / 217 0 / 454 
S 1.218 1.089 1.100 
R1, wR2 [I>2σ(I)] 0.030 / 0.030 0.033 / 0.030 0.068 / 0.045
R1, wR2 (all data)  0.043 / 0.056 0.058 / 0.067 0.197 / 0.085
Largest diff. peak / hole (e Å–3)  0.749 / –0.962 0.792 / –0.614 1.857 / –3.293* 

*The largest diff. peak and hole in 3 is located in close proximity to the central ruthenium ion 



Table S2: Selected geometric parameters (Å, °) in 1. 

Ru1a–Cl1a 2.3528(14) Ru1b–N2b 2.093(5) 
Ru1a–Cl2a 2.3512(13) Ru1b–Cl3b 2.3350(12) 
Ru1a–Cl3a 2.3346(12) Ru1b–Cl1b 2.3333(13) 
Ru1a–S1a 2.2935(12) Ru1b–Cl2b 2.3461(13) 
Ru1a–N1a 2.086(4) Ru1b–S1b 2.3114(13) 
Ru1a–N2a 2.097(5) Ru1b–N1b 2.102(5) 

Cl1a–Ru1a–Cl2a 91.97(5) Cl1b–Ru1b–N1b 85.79(13) 
Cl1a–Ru1a–Cl3a 92.93(5) Cl1b–Ru1b–N2b 88.21(13) 
Cl1a–Ru1a–S1a 86.62(5) Cl2b–Ru1b–Cl3b 95.18(5) 
Cl1a–Ru1a–N1a 174.11(13) Cl2b–Ru1b–S1b 89.61(5) 
Cl1a–Ru1a–N2a 94.74(13) Cl2b–Ru1b–N1b 86.93(13) 
Cl2a–Ru1a–Cl3a 174.42(5) Cl2b–Ru1b–N2b 89.04(13) 
Cl2a–Ru1a–S1a 92.39(4) Cl3b–Ru1b–S1b 87.22(4) 
Cl2a–Ru1a–N1a 86.83(11) Cl3b–Ru1b–N1b 172.19(13) 
Cl2a–Ru1a–N2a 92.18(13) Cl3b–Ru1b–N2b 93.34(14) 
Cl3a–Ru1a–S1a 90.55(4) S1b–Ru1b–N1b 100.33(13) 
Cl3a–Ru1a–N1a 88.03(11) S1b–Ru1b–N2b 178.58(13) 
Cl3a–Ru1a–N2a 84.77(13) N1b–Ru1b–N2b 79.16(18) 
S1a–Ru1a–N1a 99.19(12) Cl1b–Ru1b–Cl3b 91.85(4) 
S1a–Ru1a–N2a 175.18(14) Cl1b–Ru1b–S1b 93.08(5) 
N1a–Ru1a–N2a 79.56(17) Cl1b–Ru1b–Cl2b 172.59(5) 

 
Table S3: Selected geometric parameters (Å, °) in 2·4H2O. 

Ru–Cl1 2.3483 (16) Ru–N2 2.056 (5) 
Ru–Cl2 2.3490 (16) N1–C10 1.377 (7) 
Ru–Cl3 2.3890 (16) N1–C2 1.330 (8) 
Ru–Cl4 2.3854 (15) N2–C9 1.331 (8) 
Ru–N1 2.064 (5) N2–C12 1.365 (8) 

Cl1–Ru–Cl2 177.28 (5) Cl2–Ru–N2 91.46 (14) 
Cl1–Ru–Cl3 88.89 (6) Cl3–Ru–Cl4 89.60 (6) 
Cl1–Ru–Cl4 91.17 (5) Cl3–Ru–N1 95.66 (14) 
Cl1–Ru–N1 89.81 (14) Cl3–Ru–N2 174.78 (15) 
Cl1–Ru–N2 87.85 (14) Cl4–Ru–N1 174.67 (14) 
Cl2–Ru–Cl3 91.61 (6) Cl4–Ru–N2 94.54 (15) 
Cl2–Ru–Cl4 91.51 (5) N1–Ru–N2 80.26 (19) 
Cl2–Ru–N1 87.48 (14)   

 
 

Table S4: Selected geometric parameters (Å, °) in 3·6MeOH. 

Ru–N1a 2.063(8) Ru–N10a 2.075(9) 
Ru–N1b 2.071(9) Ru–N10b 2.065(9) 
Ru–N1c 2.067(7) Ru–N10c 2.066(9) 

N1a–Ru–N1b 96.6(3) N1a–Ru–N10c 88.2(3) 
N1a–Ru–N1c 93.0(3) N1b–Ru–N1c 94.9(3) 
N1a–Ru–N10a 80.3(4) N1b–Ru–N10a 90.9(3) 
N1a–Ru–N10b 173.9(3) N1b–Ru–N10b 80.3(3) 

 

 



Table S5: Hydrogen bond contact distances and angles in compound 2·4H2O. O5w1 and O5w2 atoms 
have 50% occupancy. 

Donor (D) Acceptor (A) D...A (Å) D–H...A (°) 
O1w O3w1–x,1–y,2–z 2.642(7) 165 
O1w O4w 2.432(7) 174 
O1w O5w1–x,2–y,2–z 2.610(10) 174 
O1w O5w2–x,2–y,2–z 2.467(16) 154 
O2w Cl4–x,2–y,2–z 3.222(5) 163 
O2w Cl3x,1+y,z 3.420(4) 162 
O3w Cl31+x,y,z 3.202(5) 164 
O3w Cl2 3.108(5) 166 
O4w O3w 2.737(7) 178 
O4w O2w1–x,2–y,2–z 2.725(7) 175 

O5w1 O2w 2.791(12) – 
O5w1 Cl1 3.130(15) – 
O5w2 O2w 2.711(17) – 
O5w2 Cl1 3.186(11) – 

 



 

Table S6: Minimal inhibitory concentrations (MIC) of the tested compounds against selected bacteria. 
n.i. = no inhibition. 

MIC (ug/ml)
Microorganism 1 4 5 P phen Acv 
Klebsiella pneumoniae  800 1000 1000 1000 60 1000 
Staphylococcus aureus  250 1000 1000 1000 20 1000 
Escherichia coli 500 1000 1000 1000 75 1000 
Salmonella typhimurium  1000 1000 1000 1000 50 1000 
Proteus vulgaris 900 1000 1000 1000 35 1000 
Pseudomonas aeruginosa 1000 1000 1000 1000 1000 1000 
Micrococcus luteus 1000 1000 1000 1000 250 1000 
Bacillus subtilis 1000 1000 1000 1000 250 1000 
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