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ABSTRACT: The ligands 2-pyridin-2-yl-1H-benzimidazole
(HL1), 1-methyl-2-pyridin-2-ylbenzimidazole (HL2), and 2-(1H-
imidazol-2-yl)pyridine (HL3) and the proligand 2-phenyl-1H-
benzimidazole (HL4) have been used to prepare five different
types of new ruthenium(II) arene compounds: (i) monocationic
complexes with the general formula [(η6-arene)RuCl(κ2-N,N-
HL)]Y [HL = HL1, HL2, or HL3; Y = Cl or BF4; arene = 2-
phenoxyethanol (phoxet), benzene (bz), or p-cymene (p-cym)];
(ii) dicationic aqua complexes of the formula [(η6-arene)Ru-
(OH2)(κ

2-N,N-HL1)](Y)2 (Y = Cl or TfO; arene = phoxet, bz, or
p-cym); (iii) the nucleobase derivative [(η6-arene)Ru(9-MeG)-
(κ2-N,N-HL1)](PF6)2 (9-MeG = 9-methylguanine); (iv) neutral
complexes consistent with the formulation [(η6-arene)RuCl(κ2-
N,N-L1)] (arene = bz or p-cym); (v) the neutral cyclometalated complex [(η6-p-cym)RuCl(κ2-N,C-L4)]. The cytototoxic activity
of the new ruthenium(II) arene compounds has been evaluated in several cell lines (MCR-5, MCF-7, A2780, and A2780cis) in
order to establish structure−activity relationships. Three of the compounds with the general formula [(η6-arene)RuCl(κ2-N,N-
HL1)]Cl differing in the arene moiety have been studied in depth in terms of thermodynamic dissociation constants, aquation
kinetic constants, and DNA binding measurements. The biologically most active compound is the p-cym derivative, which
strongly destabilizes the DNA double helix, whereas those with bz and phoxet have only a small effect on the stability of the DNA
double helix. Moreover, the inhibitory activity of several compounds toward CDK1 has also been evaluated. The DNA binding
ability of some of the studied compounds and their CDK1 inhibitory effect suggest a multitarget mechanism for their biological
activity.

■ INTRODUCTION

Cancer embraces a broad collection of heinous diseases,
characterized by the uncontrolled proliferation of abnormal
cells that invade and disrupt tissues. It begins at specific organs
and often spreads to more distant parts of the body through the
lymphatic system or bloodstream to extend their destructive
growth.1 The causes responsible for the initiation and
promotion of cancer may be both external (e.g., chemicals,
radiation, viruses) and internal (e.g., hormones, immune
conditions, inherited genes).2 The treatment of cancer is
accomplished by a number of optional therapies such as
surgery, chemotherapy, radiation therapy, immunotherapy, and
monoclonal antibody therapy. In particular, chemotherapy
involves the use of drugs to kill cancer cells by interfering with
cell division processes in different possible ways, e.g., with the
duplication of DNA. Therefore, anticancer drugs tend to target
all rapidly dividing cells, generally with low specificity for cancer
cells.3

Recently, half-sandwich ruthenium(II) arene compounds4

have been identified as an alternative class of potential
anticancer drugs that could complement the medicines
nowadays in clinical use, such as cisplatin and congeners.5 In
particular, several compounds of the general formulas [(η6-
arene)RuX(κ2-N,N-L)]Y have displayed promising anticancer
activity. The previous compounds are typically endowed with
four structural elements in the coordination sphere of the RuII

center: (i) an η6-arene moiety, which stabilizes the oxidation
state of the metal cation and may facilitate transport through
the cell membrane, (ii) a leaving group (X), which undergoes
easy dissociation to allow coordination of the metal ion to
target biomolecules, (iii) an ancillary bidentate ligand (κ2-N,N-
L), which may control the reactivity toward different
biomolecules (DNA, enzymes) and even play a key role in
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the interaction with them through hydrogen bonding or
intercalation, and (iv) the overall charge and counterion
identity, which can affect the solubility and permeability.6 Our
group has reported recently the synthesis and anticancer
properties of other families of ruthenium(II) arene complexes
with ligands such as 2,4-diamino-6-(2-pyridyl)-1,3,5-triazine (2-
pydaT),7 several phenanthrolines,8 or the aminophosphines 2-
(diphenylphosphino)-1-methylimidazole (dpim) and diphenyl-
2-pyridylphosphine (Ph2Ppy).

9 This work is focused on the
combination of different ruthenium(II) arene fragments with
aryl-substituted benzimidazoles as bioactive ancillary ligands, in
the hope that the resulting ruthenium(II) complexes can
improve the antiproliferative properties of the free ligands.
Benzimidazoles and, in particular, aryl-substituted benzimi-

dazole derivatives exhibit a wide slate of potential pharmaceut-
ical applications, including antihypertensive, antiinflammatory,
antibacterial, antifungal, antiviral, antioxidant, antiulcer, and
antitumor activity.10,11 Furthermore, some examples of
palladium(II) and platinum(II) complexes with 2-(2-pyridyl)-
benzimidazole have been studied in relation to their
cytotoxicity.12 What is more, novel families of ruthenium(II)
complexes bearing benzimidazole scaffolds in the ancillary
ligands have been reported over the last months as potential
anticancer6b−d and antidiabetes13 drugs. In this contribution,
we describe the preparation and characterization of several
ruthenium(II) complexes with the ligands 2-pyridin-2-yl-1H-
benzimidazole (HL1), 1-methyl-2-pyridin-2-ylbenzimidazole
(HL2), and 2-(1H-imidazol-2-yl)pyridine (HL3) and deproto-
nated 2-phenyl-1H-benzimidazole (HL4) (see Scheme 1), as

well as their cytotoxic activity against several cancer cell lines, to
establish the corresponding structure−activity relationships
(SAR) and thus the effect of different chemical functions in
structural elements such as the arene, the counterion, the
leaving group, the specific ancillary ligand (aryl-substituted
benzimidazoles), and the overall charge of the complexes. In
earlier contributions, we verified that ruthenium coordinates to
the N7 guanine site, whereas aromatic ligands can either
intercalate or not, depending on their structure. Bifunctional
complexes have aroused great interest because of the
observation that these types of compounds with dual action
(intercalation into the base pairs and metal coordination to the
DNA bases)14,15 promote unusual distortion of DNA that
affects the recognition of repair enzymes, leading to apoptosis
and cell death. Ruthenium arene complexes endowed with such
ability display much higher cytotoxicity toward cancer cells than
the corresponding nonintercalant compounds. Nevertheless, it
should be noticed that other biotargets such as kinase proteins
or topoisomerases can also be related to the biological activity
of these complexes.16,17

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization of Com-

pounds. The synthesis and characterization of all of the new
compounds are described in detail in the Supporting
Information (SI).

a. Cationic Complexes. The reaction between the
appropriate ruthenium(II) arene starting material and the
ligands HL1, HL2, and HL3 (molar ratio 1:2) at room

Scheme 1. Structure and Numbering of the New Ruthenium(II) Arene Compounds with Aryl-Substituted Benzoazoles
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temperature and using methanol as the solvent yielded
compounds of the general formula [(η6-arene)RuCl(κ2-N,N-
HL)]Cl [HL = HL1, arene = 2-phenoxyethanol (phoxet;
[1a]Cl), benzene (bz; [1b]Cl), or p-cymene (p-cym; [1c]Cl);
HL = HL2, arene = p-cym ([2c]Cl); HL = HL3, arene = p-cym
([3c]Cl); see Scheme 1 and eq 1 in Scheme 2]. The respective
BF4

− salts of the general formula [(η6-arene)RuCl(κ2-N,N-
HL1)]BF4 [arene = phoxet ([1a](BF4)), bz ([1b](BF4)), or p-
cym ([1c](BF4))] were prepared by a related procedure in the
presence of AgBF4 and using CH2Cl2 as the solvent (see
Scheme 1 and eq 2 in Scheme 2).
The dicationic aqua derivatives of the formula [(η6-

arene)Ru(OH2)(κ
2-N,N-HL1)](Y)2 [arene = phoxet ([4a]-

(BF4)2 and [4a](TfO)2), bz ([4b](BF4)2 and [4b](TfO)2), p-
cym ([4c](BF4)2 and [4c](TfO)2); see Scheme 1] were also
synthesized and isolated by treating the compounds [1a]Cl,
[1b]Cl, and [1c]Cl with either an excess of AgBF4 (molar ratio
1:3) or AgTfO (molar ratio 1:2) in distilled water (see eq 3 in
Scheme 2). The nucleobase derivative [(η6-arene)Ru(9-MeG)-
(κ2-N,N-HL1)](PF6)2 [[5c](PF6)2; see Scheme 1] was
prepared by reacting [1c](BF4) with 9-methylguanine (9-
MeG) at 37 °C in water and isolated as the PF6

− salt by adding
an excess of (NH4)PF6 (see eq 4 in Scheme 2).
b. Neutral Complexes. In addition, the compounds [1b]Cl

and [1c]Cl were reacted with NaHCO3 in a mixture of
dichloromethane/methanol at room temperature to produce
the neutral complexes [(η6-arene)RuCl(κ2-N,N-L1)] [L1 =
deprotonated HL1; arene = bz ([6b]) or p-cym ([6c]); see
Scheme 1 and eq 5 in Scheme 2].18

c. Cyclometalated Complex. On the other hand, the
addition of the commercial proligand HL4 to a solution of
[(η6-p-cym)RuCl2]2 in dichloromethane in the presence of
NaAcO (molar ratio 2:1:2) at room temperature resulted in the
formation of the cyclometalated complex [(η6-p-cym)RuCl(κ2-
N,C-L4)] ([7c]; see Scheme 1 and eq 6 in Scheme 2).19

All of the new compounds were isolated in moderate-to-good
yield (from 43% to 85%) as the corresponding racemates (RRu
or SRu) in the form of yellow, orange, or brown solids that are
air- and moisture-stable. Qualitative tests have determined that
the salts of monocationic and dicationic complexes of types
[(η6-arene)RuCl(κ2-N,N-HL1)]Y and [(η6-arene)Ru(OH2)(κ

2-
N,N-HL1)](Y)2 are soluble in water and in most cases also in
other polar solvents such as methanol and ethanol (see the
Experimental Section). Neutral complexes [6b] and [6c] are

also slightly soluble in water, but [7c] is only soluble in some
organic solvents such as dichloromethane, chloroform, acetone,
and dimethyl sulfoxide (see Table 2 for quantitative tests).
All of the aforementioned derivatives have been fully

characterized by 1H and 13C{1H} NMR spectroscopy and
also by IR spectroscopy, positive fast-atom-bombardment
(FAB+) mass spectrometry, molar conductivity, and elemental
analysis. In addition, the 19F{1H} NMR spectra have been
recorded for the BF4

−, PF6
−, and TfO− salts and the 31P{1H}

NMR spectra for the PF6
− salts. Assignment of all of the peaks

in the 1H and 13C{1H} NMR spectra of every complex was
performed using 2D NMR experiments such as 1H−1H
gCOSY, 1H−1H NOESY, 1H−13C gHSQC, and 1H−13C
gHMBC (see the Experimental Section and Tables 1SI-a−c
in the SI) and corroborated with bibliographic data of
palladium or platinum complexes with HL1, [MCl2(HL

1)]
(M = Pd or Pt).12a The crystal structures of compounds
[1a]Cl, [1b](BF4), [1c](BF4), [2c]Cl, {[4b]2(BF4)2(SiF6)},
[5c](PF6)2, and [7c] have been determined by single-crystal X-
ray diffraction.
The 1H NMR spectra of the monocationic compounds

[1a]Cl, [1a](BF4), [1b]Cl, [1b](BF4), [1c]Cl, [1c](BF4),
[2c]Cl, and [3c]Cl in DMSO-d6 or CDCl3 at 25 °C proved
coordination of the corresponding ligands to the respective
metallic fragments. Explicitly, the characteristic signals for HL1,
HL2, and HL3 in the complexes are downfield-shifted in all
cases with regard to those of the free ligands. Regardless of the
ligand, H6′(py) exhibits the strongest shift with a Δδ (1H) =
0.68−0.99 ppm (see Figure 1SI-a in the SI). The complexes
with HL1 and HL3 also display a broad resonance attributed to
the N−H group, at about 15 and 16 ppm, respectively.
Moreover, in the cases of the p-cym and phoxet derivatives, the
NMR patterns of the arene resonances certify the asymmetric
nature of the resulting complexes. Indeed, two doublets for
diastereotopic methyls (iPr group) and the expected ABCD
spin system for the aromatic resonances are observed in the p-
cym derivatives, whereas in the case of the phoxet analogues,
the two protons of the methylene groups are seen as
diastereotopic and the aromatic protons produce an ABCDE
pattern. The bz relatives, [1b]Cl and [1b](BF4), do not
provide this kind of symmetry information; instead, they exhibit
just the typical singlet at 6.30 ppm. Besides, the resonances for
the aromatic protons (C−H) of the arenes in all of these
complexes are upfield-shifted with regard to those of the free

Scheme 2. Synthesis of the New Ruthenium(II) Compounds
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arene rings but downfield-shifted with respect to those of the
dimeric precursors (see Tables 1SI-b and 1SI-c in the SI). On
the other hand, the 2D 1H−1H NOESY spectrum for
[1c](BF4) (see Figure 2SI in the SI) shows nuclear Overhauser
effect (NOE) cross peaks between the signal attributed to
residual H2O and those for H3′ and Hc, suggesting that a H2O
molecule could be hydrogen-bonded to the N−H group of the
coordinated HL1 ligand (in fact, the crystal X-ray structure of
[1c](BF4) exhibits a H2O molecule hydrogen-bonded to HL1

in the solid state). What is more, this NOESY spectrum exhibits
exchange peaks that correlate the broad resonances of H2O and
the −NH group, proving that these protons take part in an
exchange process.
The 1H NMR spectra of the aqua derivatives [4a](BF4)2,

[4b](BF4)2, [4c](BF4)2, [4a](TfO)2, [4b](TfO)2, and [4c]-
(TfO)2 in D2O at 25 °C are very similar to those of [1a]Cl,
[1b]Cl, and [1c]Cl. However, most of the signals of the
corresponding aromatic protons are shifted to higher
frequencies relative to their chlorido precursors. This tendency
has been previously observed for other dicationic aqua
complexes.7 Another interesting feature has been found in
the 2D 1H−1H NOESY or 2D 1H−1H ROESY spectra of the
aqua complexes [4a](BF4)2, [4c](BF4)2, [4a](TfO)2, and
[4c](TfO)2. They exhibit exchange peaks between H2 and H6

and most likely also between H3 and H5, although the latter are
completely or partially overlapped with diagonal cross-peaks
(see Figure 1). This evidence suggests an interconversion

process between the two possible enantiomers (RRu and SRu) of
each complex.20 Such a process seems to be slow in the NMR
time scale at 25 °C because the signals involved in the exchange
are clearly distinguishable. Bearing in mind that similar

processes have not been witnessed for the corresponding
chlorido precursors, we propose a mechanism that involves
dissociation of the H2O molecule and recoordination by the
opposite site (Figure 2). This observation proves the higher
lability of the aqua ligands in these complexes relative to
chlorido ligands in the respective precursors. Significantly, fast
inversion of the Ru center has been reported for
chloridoruthenium(II) arene complexes with anionic O,O-
donor ligands in protic solvents at room temperature, as
established by the presence of only two doublets for the
aromatic p-cym protons in chiral-at-metal complexes, suggest-
ing a rapid exchange process between both enantiomers.21

The 1H NMR spectrum of [5c](PF6)2) in DMSO-d6 shows
characteristic signals for coordinated 9-MeG and HL1. A 2D
1H−1H ROESY experiment was recorded to assign all of the
signals (see Figure 3SI in the SI). It is worth noting that nuclear
Overhauser interactions were observed between the signals of
residual H2O and both H3′ and Hc, suggesting that a H2O
molecule is hydrogen-bonded to the −NH group of the
benzimidazole motif in solution (Scheme 3). What is more, an

exchange cross-peak was detected between the N−H group and
the H2O molecule. Interestingly, the H6′ resonance of
[5c](PF6)2 is strongly shifted to higher frequencies (9.98
ppm) compared to the respective signal in [1c](BF4) (9.62
ppm). This fact could be the result of both the dicationic nature
of [5c]2+ and the possible participation in solution of this
proton in a hydrogen-bonding interaction with the O atom of
9-MeG, as is also pointed out by X-ray diffraction in the solid
state (vide infra).
The 1H NMR spectra of the neutral complexes [(η6-

arene)RuCl(κ2-N,N-L1)] [arene = bz ([6b]), p-cym ([6c])] in
DMSO-d6 show resonances for both the corresponding arene
and deprotonated HL1, labeled as L1. Indeed, the absence of
signals in the low-field region of both spectra confirmed

Figure 1. Zoom for the aromatic protons of p-cym in the 2D 1H−1H
NOESY spectra of compound [4c](BF4)2 in D2O at 25 °C. Red cross
peaks = NOE correlations. Blue cross peaks out of the diagonal =
exchange correlations.

Figure 2. Proposed mechanism for the interconversion process between the two possible enantiomers (RRu and SRu) of the aqua complex [4c]
2+. A

analogous mechanism is proposed for [4a]2+.

Scheme 3. Structure, Numbering, and Significant NOE
Contacts for [5c](PF6)2 with a Hydrogen-Bonded H2O
Molecule in the Second Coordination Sphere, as Observed
by 2D 1H−1H ROESY in DMSO-d6
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Figure 3. ORTEP diagrams for compounds [1a]Cl·2H2O, [1b](BF4)·2H2O, [1c](BF4)·H2O, [2c]Cl, {[4b](BF4)(SiF6)0.5}·2H2O, [5c](PF6)2·
H2O, and [7c]. Water molecules and, in some cases, counteranions have been omitted for space reasons. Thermal ellipsoids are shown at the 30%
probability.
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deprotonation of the −NH group. Besides, the peaks attributed
to L1 in [6b] and [6c] are more shielded compared to those of
HL1 in the respective precursors [1a]Cl and [1b]Cl because of
the anionic nature of L1. The arene resonances of these neutral
complexes are also upfield-shifted with respect to those of their
monocationic precursors, in agreement with the general trend
for cationic and neutral ruthenium(II) arene complexes.22

Finally, the 1H NMR spectrum of the cyclometalated
complex [(η6-p-cym)RuCl(κ2-N,C-L4)] ([7c]) exhibits three
well-defined ABCD spin systems for the aromatic protons of
the deprotonated phenyl ring, the benzimidazole heterocycle,
and the p-cym ligand. This characteristic pattern is in
agreement with the formation of a cyclometalated complex
with a κ2-C,N chelate ring. Interestingly, the evolution with
time of the corresponding NMR sample showed the slow rise
of a second set of signals assigned to the Cl/DMSO-d6
substitution product, with a molar ratio 56:44 for the
equilibrium mixture after 5 days (see Figure 1SI-b in the SI).
On the other hand, the 13C{1H} NMR spectra recorded for

some complexes show the expected signals for both the arene
and aryldiazole ligands and exhibit symmetry patterns entirely
consistent with those established by 1H NMR (see the
Experimental Section). In the case of [7c], a highly deshielded
singlet attributed to the orthometalated C was recorded at
177.53 ppm, while the signal for the other o-C of the
cyclometalated phenyl group was located at 123.64 ppm, which
is almost 54 ppm upfield-shifted with regard to the former. This
is consistent with the literature data.19

The FAB+ mass spectra of the new compounds exhibit
characteristic sets of peaks for different fragments: [M − Y]+ for
the monocationic complexes of the type [(η6-arene)RuCl(κ2-
N,N-HL)]Y, fragments with one coordinated H2O molecule for
the aqua complexes described above; [M − 2PF6 − H]+ for
[5c](PF6)2; [M + H]+ for the neutral complexes [6b] and [6c],
and [M]+ for [7c].
The Fourier transform infrared spectra of all of the

compounds, except those of the Cl− salts, exhibit strong
diagnostic absorptions for the respective counteranions (see the
Experimental Section).
The molar conductivity measurements (ΛM) for the new

compounds in aqueous solutions (10−3 M) confirmed the 1:1

electrolyte nature of the salts of monocationic complexes, the
1:2 electrolyte behavior of the salts of dicationic derivatives, and
the molecular character of complex [6c] (ΛM of complexes
[6b] and [7c] could not be measured because of solubility
difficulties (see the Experimental Section). However, the values
measured for the neutral and monocationic species were
slightly higher than expected, in agreement with partial
dissociation of the chloride anion in water at room temperature
(aquation).
Elemental analysis of the aqua compounds [4a](BF4)2,

[4b](BF4)2, and [4c](BF4)2 did not acceptably match with the
expected values as a result of presumable contamination with
AgBF4, and consequently these compounds were ruled out for
biological studies.

X-ray Diffraction. Single crystals suitable for X-ray
diffraction analysis were obtained for [1a]Cl·2H2O, [1b]-
(BF4)·2H2O, [1c](BF4)·H2O, [2c]Cl, {[4b](BF4)(SiF6)0.5}·
2H2O (see the explanation below for the presence of SiF6

− as
the counterion of [4b]2+), [5c](PF6)2·H2O, and [7c]. The
ORTEP diagrams are shown in Figure 3, whereas selected bond
lengths and angles with estimated standard deviations are
gathered in Table 1, and relevant crystallographic parameters
are given in the SI (Table 2SI-a,b). In all cases, the
corresponding unit cells show the two possible enantiomers
(RRu and SRu) resulting from the stereogenic nature of the metal
center. All of the complexes adopt the classical pseudooctahe-
dral three-legged piano-stool arrangement and, hence, the arene
rings display the common π-bonded η6-coordination mode,
whereas the arylbenzimidazole-type ligands assume a bidentate-
chelate coordination mode (κ2-N,N or κ2-C,N), occupying two
coordination positions. The last place in the coordination
sphere is occupied by a chloride ion, a H2O molecule, or 9-
MeG. In all of the derivatives, the structural features are
comparable with those of similar compounds (see below).23

The Ru−centroid distances for the different complexes fall in a
narrow interval (1.667−1.697 Å) and are standard compared to
alike complexes (Table 3SI in the SI).
The Ru−Cl bond distances in [1a]Cl, [1b](BF4), [1c](BF4),

[2c]Cl, and [7c] are in the usual range, although the value for
[7c] is shifted toward the upper limit [2.4251(8) Å], as in other
cycloruthenated congeners,7a,19 probably because of the

Table 1. Selected Bond Lengths (Å) and Angles (deg) for Compounds [1a]Cl·2H2O, [1b](BF4)·2H2O, [1c](BF4)·H2O, [2c]Cl,
{[4b](BF4)(SiF6)0.5}·2H2O, [5c](PF6)2·H2O, and [7c]

distance/angle [1a]Cl·2H2O [1b](BF4)·2H2O [1c](BF4)·H2O [2c]Cl

Ru1−Cl1 2.3851(8) 2.4068(16) 2.4105(12) 2.4047(12)
Ru1−N1(py) 2.093(2) 2.128(5) 2.108(3) 2.104(3)
Ru1−N2 2.075(2) 2.078(4) 2.078(4) 2.078(3)
N2−C6 1.319(3) 1.316(7) 1.321(5) 1.334(5)
N3−C6 1.341(4) 1.361(7) 1.346(6) 1.351(5)
N2−Ru1−N1 76.64(9) 76.56(18) 76.52(13) 75.85(12)
N1−Ru1−Cl1 85.25(6) 85.55(13) 84.69(10) 85.13(9)
N2−Ru1−Cl1 85.55(6) 84.74(13) 83.24(10) 84.20(9)

distance/angle {[4b](BF4)(SiF6)0.5}·2(H2O) distance/angle [5c](PF6)2·H2O distance/angle [7c]

Ru1−O1 2.124(3) Ru1−N1(9-MeG) 2.134(3) Ru1−Cl1 2.4251(8)
Ru1−N1(py) 2.132(4) Ru1−N8(py) 2.135(4) Ru1−C13 2.072(2)
Ru1−N2 2.070(4) Ru1−N6 2.077(3) Ru1−N1 2.0957(18)
N2−C6 1.333(6) N6−C7 1.328(5) N1−C7 1.332(3)
N3−C6 1.336(6) N7−C7 1.341(5) N2−C7 1.350(3)
N2−Ru1−N1 76.79(16) N6−Ru1−N8 76.12(13) C13−Ru1−N1 77.46(8)
N1−Ru1−O1 82.14(16) N1−Ru1−N8 89.07(12) C13−Ru1−Cl1 86.66(6)
N2−Ru1−O1 82.61(15) N6−Ru1−N1 85.66(12) N1−Ru1−Cl1 86.75(5)
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concurrence of a second anionic ligand in the metal
environment, namely, the strongly σ-donor ligand L4.
The Ru−N distances are shorter for the benzimidazole

heterocycle than for the pyridyl moiety in all of the cationic
complexes with HL1 and HL2, that is, [1a]Cl, [1b](BF4),
[1c](BF4), [2c]Cl, {[4b]2(BF4)2(SiF6)}, and [5c](PF6)2. In
the case of [7c], the Ru−N(benzimidazole) bond [Ru1−N1 =
2.0957(18) Å] is considerably longer than those for the
aforementioned cationic derivatives with HL1 or HL2. Besides,
the orthometalated Ru−C distance [Ru1−C13 = 2.072(2) Å] is
shorter than Ru1−N1 and also shorter than the Ru−N(py)
bonds in its cationic relatives (Table 1) but similar to the Ru−
C distances of related complexes. These features result from the
strong σ-donor nature of the negatively charged C atom.19b

The N−Ru−X (X = N or C) angles of the chelate rings are
determined by the features of the corresponding free bidentate
ligands. These angles are very similar for all of the
arylbenzimidazoles used in this work, with values between
76.12(13)° and 76.8(2)° for the complexes with HL1 and
values of 75.85(12)° and 77.46(8)° for the compounds [2c]Cl,
and [7c], respectively. Some other geometrical parameters are
gathered in Table 3SI in the SI and are briefly discussed there.
The compounds [1a]Cl, [1b](BF4), and [1c](BF4) exhibit a

H2O molecule in the second coordination sphere, linked to the
N−H group of HL1 through a strong hydrogen bond (N−H---
O). A similar interaction has been reported for [η5-CpRu-
(HL1)(PPh3)](PF6).

24

Furthermore, in the case of [5c](PF6)2, the O atom of 9-
MeG is oriented toward the pyridyl moiety of HL1 and takes
part in a triple hydrogen-bonding interaction as an acceptor.
Two of these contacts are intramolecular in nature: C21−
H21---O1 with the p-cym ring and C18−H18---O1 with the
pyridyl group (see Table 8SI and Figure 10SI in the SI); hence,
these interactions reinforce the link between the nucleobase
and the [(p-cym)Ru(HL1)]2+ fragment and could render the
bonding selective to guanine relative to adenine, for instance.
Sadler et al. have reported similar features in the specific
recognition of DNA by complexes such as [(η6-arene)Ru(9-
EtG)(bpy(OH)O)]+ [bipy(OH)O = deprotonated 2,2′-bipyr-
idine-3,3′-diol]25 or [(η6-arene)Ru(9-EtG)(en)]2+ (en =
H2NCH2CH2NH2) and [(η6-arene)Ru(9-EtG)(Et-en)]2+ [Et-
en = Et(H)NCH2CH2NH2].

26 In addition, there is a strong
intermolecular hydrogen bond with a solvation H2O molecule,

O2−H(1O2)---O1 (Table 8SI and Figure 10SI in the SI). The
3D crystal architectures of the seven new compounds are built
on the basis of hydrogen bonds, CH−π interactions, and π−π-
stacking interactions (see the SI for a brief discussion of the
intermolecular interactions of some compounds, as well as
Tables 4SI−10SI and Figures 5SI−12SI).

Aqueous Solubility, Aquation−Anation Equilibria,
and Hydrolysis Phenomena. Solubility. The aqueous
solubility of the free ligands and some of the new compounds
has been determined at room temperature (19−21 °C). The
free ligands are not soluble in water, most likely because of
strong self-association by hydrogen bonding and π−π-stacking
interactions. By contrast, all of the studied compounds, except
[7c], are soluble in water, although they exhibit solubility values
in a broad range, 2.9−157.5 mM (Table 2). The enhanced
solubility of the compounds relative to the free ligands is
attributable to the blocking of the hydrogen-bonding acceptor
atoms of the ligands (N atoms) after coordination and, in the
cationic complexes, to the cation−cation repulsion, as well as
the anion interposition, all of which contribute to disruption of
the intermolecular hydrogen bonds that build the strong self-
association in the crystal network of the free ligands.27

Nevertheless, the solubility values show a strong dependence
on the counterion, the overall charge of the complex (related to
the formal charge of the ligands) and the arene identity. The
chloride salts are much more soluble in water than their BF4

−

counterparts, in agreement with the trend observed in the
literature for other families of ruthenium(II) arene complexes,
which is explained as a result of the high hydration energy
attributed to the Cl− anion.28 With regard to the arene
influence, the p-cym derivatives give better solubilities than the
bz and phoxet analogues. Within the p-cym series, the solubility
diminishes according to the sequence [3c]Cl > [1c]Cl >
[2c]Cl > [4c](TfO)2 > [6c], indicating that substitution of
HL1 by HL3 enhances the solubility in water because of the
lower hydrophobicity of HL3, whereas replacement of HL1 by
HL2 produces the reverse result thanks to the presence of the
less polar N−Me group in the benzimidazole heterocycle
instead of the N−H unit. The aqua compound [4c](TfO)2
only displays a modest ability to dissolve in water despite its
dicationic nature, possibly by virtue of the limited hydro-
philicity of TfO−, and finally [6c] shows very poor solubility
owing to their neutral nature. In particular, [1c]Cl and [3c]Cl

Table 2. Solubility Dataa in Water and the Aquation−Anation Ratio at Different NaCl Concentrations for Selected Compounds,
Expressed as a Percentage of the Aqua Derivative in the Respective Equilibrium Mixture of Ru−OH2 and Ru−Cl Complexes in
D2O (3 mM, Referring to the Initial Concentration of the Indicated Compound)b

% aquation

ref compound solubility (mM) 0 mM NaCl 5 mM NaCl 100 mM NaCl

[1a](BF4) [(phoxet)RuCl(HL1)](BF4) 2.9 74 50 9
[1b](BF4) [(bz)RuCl(HL1)](BF4) 5.9 69 49 9
[1c](BF4) [(p-cym)RuCl(HL1)]BF4 6.5 60 41 9
[1a]Cl [(phoxet)RuCl(HL1)]Cl 4.3 65 44 14
[1b]Cl [(bz)RuCl(HL1)]Cl 10.5 54 41 14.
[1c]Cl [(p-cym)RuCl(HL1)]Cl 141.2 52 44 11
[2c]Cl [(p-cym)RuCl(HL2)]Cl 37.0 49 35 12
[3c]Cl [(p-cym)RuCl(HL3)]Cl 157.5 59 45 12
[4c](TfO)2 [(cym)Ru(OH2)(2-pybzIm)](TfO)2 27.5 100 65 13
[6c] [(p-cym)RuCl(L1)] 3.0 94 86 31
[7c] [(p-cym)RuCl(L4)] NS low solubility in water low solubility in water low solubility in water

aSolubility in water at room temperature (between 19 and 21 °C). bData obtained from the 1H NMR spectra recorded at 25 °C, in the absence of
NaCl and then in the presence of either 5 or 100 mM NaCl solutions, by integration of the H6′ signals.
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exhibit exceptionally high solubility values. In any event, with
the exception of [7c], all of the compounds are sufficiently
soluble to enable biological studies in aqueous media and could
circumvent hypothetical administration problems. Conse-
quently, no correlation could be found between the solubility
of the new compounds and the IC50 values (vide infra).
Hydrolysis. The 19F{1H} NMR spectra of the aqua

derivatives [4a](BF4)2, [4b](BF4)2, and [4c](BF4)2 in D2O
showed evidence of slow hydrolysis of the BF4

− counterions at
5 °C (NMR sample kept in the refrigerator). In particular, two
new resonances (A and B in Figure 4SI in the SI), apart from
those for BF4

−, were observed in the 19F{1H} NMR spectrum
of [4b](BF4)2 with molar ratios (A:B:BF4

−) of 4:1:95 after 15
days and 24:17:59 after 60 days, respectively. The signal B at
−144.1 ppm [1:1:1:1 quartet, 1J(11B−19F) = 14.7 Hz], was
attributed to BF3(OD)

− according to the literature.29 Indeed,
the slight tendency toward hydrolysis of BF4

− in acidic media to
produce HF and fluoroborates [BF4−n(OH)n]

− (n = 1−4) is
well documented29 and in our case seems to be favored or
catalyzed by the acidity of the ruthenium-coordinated ligand
HL1. The second resonance (A) at −130.45 ppm (s) was
ascribed to SiF6

2−,30 which is likely formed from the reaction
between DF (HF) and the borosilicate glass of the NMR tube
(see Figure 4SI in the SI and the equations therein).
Consistently, a single crystal was obtained from the above-
mentioned NMR sample of [4b](BF4)2 in D2O 3 months after
its preparation, and the corresponding X-ray diffraction analysis
confirmed cocrystallization of both counteranions BF4

− and
SiF6

2−, along with the dicationic aqua complex [4b]2+ (see the
structure above).
Aquation−Anation Equilibria. The aquation−anation equi-

libria of selected complexes were studied under pseudophar-
macological conditions by recording the corresponding 1H
NMR spectra of 3 mM solutions in D2O at 25 °C, in the
absence of NaCl and afterward in the presence of NaCl (5 or
100 mM as model concentrations for the intracellular and

blood plasma conditions, respectively). Signals for two different
products were observed in all cases, and the molar ratio
between them remained constant in the spectra recorded after
15 min and 1 h as evidence of fast equilibration. In particular,
the two doublets appearing in each case at the highest
frequencies were ascribed to the H6′ protons of the aqua
derivative (9.69−9.62 ppm) and its chlorido precursor (9.56−
9.48 ppm; see Scheme 1 for numbering) and used as references
for integration purposes. Consistently, the peak intensity of the
chlorido species increased after the addition of NaCl, whereas a
concomitant decrease in the peak intensity of the aqua species
was observed. The aquation degree is expressed in every case as
a percentage of the aqua complex in the equilibrium mixture
(Table 2). An analysis of the data has allowed us to conclude
that in the absence of NaCl all of the monocationic complexes
undergo aquation to a notable extent, from 49 to 74%, with
some differences depending on the counterion, the arene, or
the bidentate aryldiazole ligand. In the presence of NaCl, all of
the equilibria are shifted to the chlorido side with very similar
aquation values for the different species, between moderate (in
the presence of 5 mM NaCl) and low (in the presence of 100
mM NaCl), suggesting that, under these conditions, the effect
of the counterion, the arene, or the pyridyldiazole ligand over
dissociation of the chloride group is small. In addition, aquation
of the neutral complex [6c] is the highest, 85.5% at 5 mM NaCl
and even 30.6% at 100 mM NaCl. Surely, this is due to the high
σ-donor character of its anionic ligand (L1), which must favor
dissociation of the chloride group. The formation of the more
reactive aqua derivatives from their respective chlorido
precursors is assumed to be the activation step for subsequent
interaction with biological targets such as DNA or proteins, and
so the reactivity tendencies of these complexes could explain, in
part, their biological activity in some cases.

Antiproliferative Activity. The antiproliferative activity of
the ligands HL1, HL2, and HL3 and the proligand HL4 and
those of selected compounds has been evaluated in a

Table 3. IC50 (μM, 96 h, 37 °C)a Values for Ligands HL1, HL2, HL3, and HL4 and Selected Compounds in the Cell Lines A2780,
A2780cis, MCF-7, and MRC-5

SFc

ref compound A2780 A2780cis RFb MCF-7 MRC-5 A2780 A2780cis MCF-7

cisplatin 0.87 ± 0.01 5.17 ± 0.11 5.94 12 ± 1 4.87 ± 0.07 5.6 0.9 0.4
HL1 >100
HL2 >100
HL3 >100
HL4 >100
[(p-cym)RuCl2]2 >300d >300d

[1a]Cl [(phoxet)RuCl(HL1)]Cl 149 ± 3 66 ± 3
[1b]Cl [(bz)RuCl(HL1)]Cl 96 ± 1 110 ± 6
[1c]Cl [(p-cym)RuCl(HL1)]Cl 30 ± 1 34 ± 1 1.13 68 ± 1 224 ± 20 7.5 6.6 3.3
[1c](BF4) [(p-cym)RuCl(HL1]BF4 29 ± 1 68 ± 3
[2c]Cl [(p-cym)RuCl(HL2)]Cl 35 ± 2 10 ± 2 0.29 29 ± 1 55 ± 4 1.6 5.5 1.9
[3c]Cl [(p-cym)RuCl(HL3)]Cl 19 ± 1 16 ± 1 0.84 38 ± 1 25 ± 1 1.3 1.6 0.7
[6c] [(p-cym)RuCl(L1)] 33 ± 2 30 ± 1 0.91 4.15 4.6 1.7
[7c] [(p-cym)RuCl(L4)] 11 ± 1 11 ± 1 1.00 26 ± 3e 34 ± 1 3.09 3.1 1.3

aThe IC50 values are expressed as mean ± standard deviation from at least three independent experiments, as obtained by the MTT assay using
exposure times of 96 h at 37 °C. bRF (resistance factor) = ratio of IC50 for A2780cis/IC50 for A2780; the lower the RF value, the better. cSF
(selectivity factor) = ratio of IC50 for MRC-5/IC50 for either A2780 or MCF-7. MRC-5 fibroblasts are usually chosen as models for health cells to
evaluate the selectivity of chemotherapeutic drugs.33c The higher the SF value, the more selective the activity. dBibliography data: see refs in the text
(incubation time = 72 h). e[7c] has been tested to the highest possible concentration because interferences are observed at higher concentrations
because of the characteristic color of this compound. Stock solutions of [7c] in DMSO were used, so the activity can be attributed to the equilibrium
mixture between both [7c] and the Cl−/DMSO substitution product.
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comparative in vitro MTT cell viability assay after incubation
times of 96 h at 37 °C with human ovarian carcinoma cells
(A2780), cisplatin-resistant human ovarian carcinoma cells
(A2780cis), and human hormone-dependent breast cancer cells
(MCF-7). The activity values, summarized in Table 3, are
expressed as the inhibitory potency (IC50). Cisplatin was used
as the positive control in all of the cell lines. The cytotoxicity of
the free ligands is very low (IC50 > 100 μM) in the
chemosensitive A2780 cell line, and for this reason, it was
not tested in the A2780cis or MCF-7 cells. Likewise, the
dimeric starting material [Ru(p-cym)Cl2]2 is inactive in these
cell lines according to the literature data.31 By contrast, most of
the new ruthenium compounds evaluated in the cell line A2780
showed moderate or good activity. Thus, the most prominent
in vitro inhibitory potencies were obtained for the neutral
cyclometalated complex [7c] (IC50 = 11 ± 1 μM) and the
monocationic derivative [3c]Cl (IC50 = 19 ± 1 μM). Both
results compare reasonably well with other notably cytotoxic
ruthenium(II) arene derivatives reported recently.6d,22,32 In the
MCF-7 cells, the best results were achieved for [7c] (IC50 = 26
± 3 μM), [2c]Cl (IC50 = 29 ± 1 μM), and [3c]Cl (IC50 = 38 ±
1 μM), which are only between 2- and 3-fold less active than
cisplatin. Nevertheless, the remainder of the compounds
exhibited a low performance in this cell line compared to
other ruthenium(II) complexes.33 The antiproliferative activity
of compounds [2c]Cl and [3c]Cl toward the A2780cis cells is
unusual as long as the corresponding IC50 values are lower than
those for the A2780 cells. Thus, the resistance factor, RF, for
these compounds is below unity, indicating that [2c]Cl and
[3c]Cl overcome cisplatin resistance. Finally, the selectivity
factors (SF = IC50 for MRC-5/IC50 for the respective cancer
cells) have been determined for some compounds, as a measure
of the tumor-selective antiproliferative potency. The MRC-5
normal fibroblasts are usually chosen as models for healthy cells
in this kind of analysis. In this regard, the most prominent drug
turned out to be [1c]Cl because of the low cytotoxicity of this
compound toward the fibroblasts. Thus, the SF values for
[1c]Cl are higher than those of cisplatin in the three cancer cell
lines7.5 versus 5.6 (A2780); 3.3 versus 0.4 (MCF-7) and 6.6
versus 0.9 (A2780cis)and this compound can be postulated
as a clinical alternative in the treatment of ovarian cancer on the
basis of this result.
Furthermore, a comparison of the IC50 values obtained for

[1a]Cl, [1b]Cl, and [1c]Cl in the A2780 and MCF-7 cells
(Table 3) suggests that the arene ring affects the cytotoxic
activity. In both cell lines, [1c]Cl with p-cym is more active
than [1b]Cl with bz. Compound [1a]Cl shows erratic behavior
because it is the less active compound in the A2780 cells but
exhibits an activity similar to that of [1c]Cl in the MCF-7 cells.
As a matter of fact, the arene group is known to have a crucial

effect on the cytotoxicity.34 Among the main arene features,
modulation of the aquation rate and the influence on the acidity
constants of Ru-aqua species stand out. Both effects are directly
related to the biological activity of the ruthenium compounds
because the aqua species are the biologically active species.35

Moreover, the arene type affects the coordination rate of the Ru
center to the guanine N7 site, with complexes containing an
extended arene being faster than those containing a monoarene
group.36 In fact, complexes endowed with an extended arene
are able to interact with DNA by both covalent binding and
intercalation of the arene moiety.37 Furthermore, the cytotoxic
activity in A2780 cancer cells has been shown to increase with
the size of the coordinated arene: bz < p-cym < biphenyl <

dihydroanthracene < tetrahydroanthracene.38 To shed light on
the mechanism of the cytotoxic activity of compounds [1a]Cl,
[1b]Cl, and [1c]Cl, the acid-dissociation constant (pKa), the
rate of aquation, and the DNA binding ability were assessed,
analyzing if these properties are affected by the arene identity or
bear some relationship with their relative biological activity.

Determination of the pKa Values of HL1, [1a]Cl, [1b]Cl,
and [1c]Cl. The acid-dissociation constants, pKa, were
determined by recording the absorbance spectra of the free
ligand HL1 and the ruthenium compounds [1a]Cl, [1b]Cl, and
[1c]Cl. Figure 13SIA in the SI shows the UV−vis absorbance
spectrum of HL1, and Figure 13SIB in the SI the absorbance
data at 335 nm and different acidity levels; the data pairs were
analyzed with eq 5SI in the SI.
Table 4 lists the pKa values of HL

1 at 5 mM NaCl. The three
different species involved in the ionization equilibria of the free

ligand are the monocationic species ([H2L
1]+) with the pyridyl

N site protonated (prevailing at pH < 4.06), the neutral species
(HL1) predominant from pH ≥ 4.06 to pH ≤ 12.50, and the
anionic species ([L1]−) resulting from deprotonation at the
benzimidazole N site (prevailing at pH >12.50). The
deprotonation scheme is depicted in Figure 14SI in the SI.
As for ionization of the ruthenium complexes, because of the

close similarity of the UV−vis spectra, only that of [1b]Cl is
shown (Figure 15SI in the SI). The presence of several
isosbestic points unveils different species in equilibrium. The
absorbance (at 344 and 353 nm) versus the pH plot reveals two
different equilibria, providing the acidity constants by means of
eq 5SI in the SI. Table 4 lists the pKa values at different ionic
strengths; these results correlate well with those reported for
other ruthenium complexes containing HL1.39 Hence, three
species can be set for the ruthenium complexes: the
monocationic species (prevailing at pH <6), the neutral species
resulting from N−H deprotonation (prevailing in the 6 ≤ pH ≤
9 range), and presumably the neutral hydroxido species (pH
>9) (Figure 4).
Therefore, the pKa value for deprotonation of the N−H

group in HL1 dramatically dropped from 12.5 to 6.1 as a result
of coordination. In summary, at pH 7.0, where the DNA
binding has been studied, the ruthenium(II) complexes are
present in the chlorido neutral form. To check whether
formation of the hydroxo species is possible without the
involvement of the aqua complex, the equilibrium constants of
[1a]Cl were evaluated at different NaCl concentrations, I = 5,
100, and 500 mM. Inspection of Table 2 reveals that a
percentage of the aqua complex strongly diminished upon an
increase in the salt content. For I = 0.5 M, only the chloro
complex was detected (result not shown). The spectrophoto-
metric behavior for all ionic strenghts was similar to that of
Figure 15SI in the SI, and we can conclude that involvement of
the aqua complex intermediate in the formation of the hydroxo

Table 4. pKa Values Obtained for HL1, [1a]Cl, [1b]Cl, and
[1c]Cl at Different Ionic Strengths

compound [NaCl], mM pKa1 pKa2

HL1 5 4.06 ± 0.02 >12.50
[1a]Cl 5 6.11 ± 0.02 8.56 ± 0.05

100 6.73 ± 0.01 8.84 ± 0.04
500 6.87 ± 0.02 9.22 ± 0.04

[1b]Cl 5 6.11 ± 0.02 8.56 ± 0.01
[1c]Cl 5 6.07 ± 0.04 8.97 ± 0.04
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complex can be discarded. At the same 5 mM ionic strength,
the data of Table 4 show that pKa1 is independent of the arene
substituent, whereas pKa2 is higher for [1c]Cl than for [1a]Cl
and [1b]Cl. The greater antiproliferative activity of [1c]Cl
could be related to the lower reactivity of the Ru−OH
derivative.7a

Determination of the Aquation Rate Constants for
[1a]Cl, [1b]Cl, and [1c]Cl. A kinetic study of the aquation
process (formation of H2O−Ru) of the [1a]Cl, [1b]Cl, and
[1c]Cl compounds was carried out spectrophotometrically at I
= 5 mM (NaCl) and pH 7.0.
Figure 16SI in the SI shows the kinetic curve corresponding

to aquation of [1b]Cl alone, and Table 5 lists the aquation rate
constants (kaq) for the three systems alone, with values in the
sequence [1a]Cl < [1b]Cl < [1c]Cl. The kaq value for [1c]Cl
was almost 4 and 3 times higher than those of [1a]Cl and
[1b]Cl, respectively. Therefore, as reported earlier,35 it is
plausible to link the observed higher activity of [1c]Cl with the
aquation rate constant.
Binding of [1a]Cl, [1b]Cl, and [1c]Cl with the

Mononucleotide 5′dGMP and CT-DNA. Kinetic, Circular
Dichroism, and Melting Temperature. The covalent

binding between ruthenium(II) of [5c](PF6)2 and 9-MeG
has been structurally supported by X-ray diffraction (Figure 3).
However, to ensure that the RuII−N7G bond is also formed in
aqueous solution DNA-containing complexes, a kinetic study of
the reaction of the compounds [1a]Cl, [1b]Cl, and [1c]Cl
with 5′dGMP and CT-DNA has been conducted spectrophoto-
metrically. The kinetic runs were fitted to biexponential
functions (Figure 5). Table 5 lists the results of the fitting
and the kaq and kcb values obtained for 5′dGMP and CT-DNA
under the same conditions in the three systems, with kaq and kcb
being the rate constants of the aquation process (fast reaction)
and formation of the RuII−N7G covalent binding (slow
reaction), respectively. For the systems with [1c]Cl, the two
constants were slightly bigger compared to those of [1a]Cl and
[1b]Cl. The kaq value in the presence of 5′dGMP and CT-
DNA was almost 1 order of magnitude higher than that in their
absence (Table 5); that is, the second reaction accelerates the
aquation. The kcb values in the presence of CT-DNA were
smaller than those in the presence of 5′dGMP, indicating that
the intercalation binding to DNA displayed by the benzoazole
ligand (see below) obstructs the covalent binding.

Figure 4. Dissociation equilibria for [1b]Cl.

Table 5. Rate Constants Obtained for Aquation (kaq) and Covalent Binding (kcb) of [1a]Cl, [1b]Cl, and [1c]Cl Alone and in the
Presence of 5′-dGMP and CT-DNAa

alone 5′-dGMP CT-DNA

104kaq 103kaq 104kcb 103kaq 105kcb

[1a]Cl 3.2 ± 0.02 2.5 ± 0.1 3.5 ± 0.1 2.2 ± 0.1 7.0 ± 0.1
[1b]Cl 4.6 ± 0.03 1.4 ± 0.1 1.3 ± 0.1 1.1 ± 0.3 3.2 ± 0.2
[1c]Cl 11.9 ± 0.04 7.2 ± 0.1 5.1 ± 0.1 4.3 ± 0.2 9.0 ± 0.1

aCD = 3.6 × 10−5 M, CP/CD = 10, pH 7.0, I = 5 mM (NaCl), and T = 25 °C. CD stands for the ruthenium compound concentration, and CP stands
for the concentration of 5′-dGMP or CT-DNA.

Figure 5. Absorbance/time kinetic curve and fitting by a biexponential function (red line) for the 5′-dGMP/[1a]Cl system (A) and for the CT-
DNA/[1c]Cl system recorded at λ = 345 nm, CD = 3.6 × 10−5 M, CP/CD= 10, pH 7.0, I = 5 mM (NaCl), and T = 25 °C.
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Solutions containing different CD/CP ratios (P = DNA and D
= [1a]Cl, [1b]Cl, and [1c]Cl) were incubated overnight. Thus,
once the RuII−N7G covalent binding is formed, the structural
changes were studied by circular dichroism (CD) and thermal
denaturation measurements.
Figure 6A shows that positive bands emerged at 330 and 420

nm for both the DNA/[1a]Cl and DNA/[1b]Cl systems,
whereas for the DNA/[1c]Cl system only the new band at 330
nm could be observed. In all cases, two isodichroic points
appeared in the sets of CD curves. The compounds show
bathochromic and hypochromic effects of the positive band of
DNA (λ = 275 nm) as the CD/CP ratio was raised. This effect is
more perceptible with [1a]Cl and [1b]Cl than with [1c]Cl. On
the other hand, the 3 nm blue shift of the negative band of
DNA at 245 nm was absent for DNA/[1c]Cl. These features
are related to the different extent of intercalation.40 Another
interesting difference was found in the amplitude of the
induced CD band at 330 nm, which for the DNA/[1c]Cl
system was smaller compared with that for [1a]Cl or [1b]Cl
(Figure 6B). Therefore, it seems evident that the p-cym arene
prevents intercalation of the benzoazole ligand to a greater
extent than bz and phoxet.
The melting experiments were carried out at different CD/CP

ratios, and the values of the melting temperature, Tm, were
calculated from the absorbance−temperature curves. Figure 7

shows the negative slope in the Tm versus CD/CP plot; from the
negative slopes, we can infer a higher destabilizing effect on
DNA for [1c]Cl compared to that for [1a]Cl and [1b]Cl,
which shows little effect on the thermal stability of DNA; that
is, the p-cym group destabilizes DNA to a greater extent than
the bz and phoxet groups.
Intercalation of a dye into the base pairs of DNA causes a

stabilizing effect of the double helix and, hence, the slope of the
Tm versus CD/CP plot becomes more positive insofar as the
intercalation extent of the drug increases.41 On the other hand,
the covalent binding of a complex to the helix destabilizes the
double helix, resulting in a negative slope of the Tm versus CD/
CP plot.

42 Given that both types of binding were present in all
three complexes, [1a]Cl/CT-DNA, [1b]Cl/CT-DNA, and
[1c]Cl/CT-DNA, it can be concluded that, for the latter, the
destabilizing effect prevails because of the smaller intercalation
occasioned by the influence of p-cym compared to bz and
phoxet.
From the CD, melting, and aquation rate constant data

gathered, it was verified that [1c]Cl manifests a well-
differentiated behavior relative to [1a]Cl and [1b]Cl.
Concerning this feature, the p-cym ring plays a positive role
in the observed cytotoxicity for both A2780 and MCF-7 cells
(vide supra) compared to bz. Hence, a direct relationship
between the DNA−complex interaction and the biological
activity can indeed be established.

In Vitro Inhibition of Cyclin-Dependent Kinase 1 (CDK1).
The in vitro inhibitory ability of selected ligands and
compounds toward the CDK1 activity was evaluated to shed
light into a possible multitarget mechanism for the cytotoxic
properties of these compounds. For comparison purposes,
staurosporine was included in the assay. As shown in Table 6,
the CDK1 inhibitory potency of the tested compounds is poor
compared to that of the reference drug and other ruthenium-
(II) complexes.43 However, it is worth mentioning here that
HL1 is the most active drug among the free ligands. Moreover,
compounds [1c]Cl, [4c](TfO)2, and [6c], all with HL1, show
higher activity relative to the free ligand and yield the best
results among the studied ruthenium(II) derivatives. These data
point to a synergistic effect on the CDK1 inhibition for the
combination between HL1 and the metal fragment [(η6-p-
cym)RuX]n+. Moreover, these results, together with the ability
of [1c]Cl to bind DNA, suggest a possible multitarget
mechanism, at least for the antiproliferative activity of this
compound.

Figure 6. (A) CD spectra for the CT-DNA/[1a]Cl system. (B) Molar ellipticity at λ = 330 nm of (●) CT-DNA/[1a]Cl, (▲) CT-DNA/[1b]Cl,
and (⧫) CT-DNA/[1c]Cl. CP= 5.1 × 10−5 M; CD/CP = 0−3.

Figure 7. Melting temperature as a function of the CD/CP ratio of (■)
DNA alone and the systems (●) DNA/[1a]Cl, (▲) DNA/[1b]Cl,
and (⧫) DNA/[1c]Cl. CP = 4.1 × 10−5 M; CD/CP = 0−1, I = 5 mM
(NaCl), CP = 4.1 × 10−5 M, pH 7.0, temperature range from 35 to 95
°C; scan rate of 0.3 °C/min.
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SAR. The new complexes described in this work have been
furnished with different motifs in their structural elements in
order to gain a better understanding of the optimal features for
antitumor activity. The following structure−property and
structure−activity relationships are inferred primarily from the
solubility of the different compounds in water and the cytotoxic
potency of the different drugs in the chemoselective A2780 cell
line, with some remarks regarding the MCF-7 cells (see Figure
8 for a graphical summary), as well as the aquation rate
constants and DNA interaction studies.
(a) We have concluded that coordination of the aryl-

substituted benzimidazole molecules to different [(arene)-
RuX]+ fragments has a beneficial influence on the anticancer
activity of the resulting complexes compared to that of the free
ligands or the dimeric starting materials, suggesting a synergistic
effect for the combination of both elements in a single
molecule. Moreover, this effect hints at a mechanism in which
the metal site interacts with the biological target (allegedly
DNA) promoted by the ligand.
(b) To a second place, [1c]Cl and [1c](BF4) were found to

be equally active in the two cell lines studied (A2780 and MCF-
7), ruling out a counterion effect despite the small difference in
the aqueous solubility of both salts and the slight tendency
toward hydrolysis of the BF4

− ion in an acidic medium. On the
other hand, it is worth mentioning that, according to the

literature, other counteranions with more lipophilic character,
such as BPh4

−, can modulate the cellular uptake of ruthenium-
(II) cationic complexes by ion pairing.44

(c) The effect of the arene identity was evaluated from a
comparison of the IC50 values of [1a]Cl, [1b]Cl, and [1c]Cl.
Thus, the activity sequence in both cell lines (A2780 and MCF-
7) turned out to be [1c]Cl > [1b]Cl, indicating that p-cym
behaves better than bz. Regarding phoxet, the results are
somehow contradictory because it shows a detrimental impact
compared to p-cym over the inhibitory potency in the A2780
cells, whereas both IC50 values are very similar in the MCF-7
cells. The superior performance in the antiproliferative activity
of p-cym-RuII derivatives over their bz counterparts has already
been reported and attributed to the presence of electron-donor
groups in the p-cym ring, which promote chloride dissocia-
tion.32b,43 In our systems, this effect is also observed, but the
higher destabilizing influence of [1c]Cl over the secondary
structure of DNA could play an important role as well.
(d) The effect of the overall charge of the metal complex, the

presence of the N−H group, or even the σ-donor ability of the
ancillary ligand on the inhibitory concentration is difficult to
establish, owing to the dependence of these structural features
on the pH and Cl− concentration. In the A2780 cells, the IC50
values for [1c]Cl and [6c] are very similar because [6c] is
formally the conjugate base of [1c]Cl, and, consequently, the
protonation state will depend only on the pH, regardless of the
complex used in the in vitro assays. Indeed, complexes [1c]+,
[6c], and [4c]2+ can be seen as part of a system whose chemical
and biological properties can be tuned through protonation/
deprotonation and aquation/anation. Comparison of the IC50
values for [6c] and [7c] is also difficult to interpret for the
same reason; that is, the actual protonation state of these
species will depend on the above-mentioned external factors.
Nevertheless, the IC50 value for [7c] is 3-fold lower than that
for [6c] in the A2780 cells, although the low solubility of [7c]
could remain as a limitation for further studies. Three similar
ruthenium(II) complexes with funtionalized cyclometalated
benzimidazole ligands have been reported recently, with IC50
values comparable to those of [7c] in the A2780 cells.6d

(e) The presence of the benzo ring in the diazole heterocycle
seems to have a notorious negative effect on both the aqueous

Table 6. Inhibition Values (%) of Selected Ligands and
Compounds toward CDK1

ref compound % inhibition at 100 μM

HL1 24 ± 2
HL2 19 ± 1
HL3 3 ± 2
HL4 20 ± 1

[1c]Cl [(p-cym)RuCl(HL1)]Cl 45 ± 1
[2c]Cl [(p-cym)RuCl(HL2)]Cl 15 ± 1
[3c]Cl [(p-cym)RuCl(HL3)]Cl 12 ± 1
[4c](TfO)2 [(p-cym)Ru(OH2)(HL

1)](TfO)2 51 ± 4
[6c] [(p-cym)RuCl(L1)] 49 ± 6
[7c] [(p-cym)RuCl(L4)] 25 ± 4

IC50(staurosporine) = 15.33 nM.

Figure 8. Graphical scheme showing the general role/function of different structural elements, the aqueous solubility, and the SAR based on the IC50
values for A2780, A2780cis, and MCF-7 for the present family of complexes.
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solubility and the inhibitory potency toward all of the cancer
cells used in this study. In fact, [3c]Cl is more soluble in water
than [1c]Cl and also more active in the three cancer cells
utilized. Nevertheless, [1c]Cl exhibits better selectivity factors.
(f) Finally, replacement of the N−H group by a N−Me

group in the aryldiazole ligand diminishes the solubility in water
and confers a variable effect on the cytotoxic activity depending
on the cancer cell line, as concluded from a comparison of the
IC50 values of [1c]Cl and [2c]Cl. In particular, [2c]Cl provides
a better IC50 value than [1c]Cl in the MCF-7 cells and shows
potential to overcome the cisplatin resistance. However, [1c]Cl
bestows better selectivity values than [2c]Cl.
Concluding Remarks. The HL1, HL2, and HL3 ligands and

the HL4 proligand have been used to prepare an ample series of
ruthenium(II) arene complexes, aiming to fine-tune the
cytotoxic properties of these types of promising anticancer
drugs. The crystal structure of seven of the new derivatives has
been elucidated by X-ray diffraction. For the 9-MeG derivative,
[5c](PF6)2, subsequent structural analysis has provided critical
information about intramolecular hydrogen-bonding interac-
tions in the specific recognition of guanine (DNA) as a putative
biological target. A selection of the new compounds has been
assessed for their in vitro antiproliferative activity against
A2780, A2780cis, and MCF-7 cells and MRC-5 fibroblasts, and
detailed SAR about the key functional groups have been settled.
Thus, the p-cym arene seems to improve the activity versus bz,
whereas phoxet shows erratic behavior. Besides, positive effects
on the cytotoxic activity are attributed to the presence of the
N−Me group and the absence of the benzo ring in the
benzoazole unit. Compounds [1c]Cl, [2c]Cl, [3c]Cl, [6c], and
[7c] provided the best antiproliferative activity, deserving
further study in different cell lines as potential anticancer drugs.
Indeed, additional biological studies to determine the action
mechanism and the actual target of [7c] and [4c]2+, as the
active species of [1c]Cl, are ongoing nowadays in our
laboratory and will be reported in due course. In addition,
the three [(η6-arene)RuCl(κ2-N,N-HL1)]Cl compounds differ-
ing in the arene moiety, studied in terms of DNA binding,
suffered aquation at low ionic strength, I = 5 mM (NaCl), and
displayed covalent binding in the presence of 5′-dGMP or CT-
DNA. The formation rate constant of the Ru−N7 bond of the
guanine residue is smaller with CT-DNA than with 5′-dGMP
because in the former other noncovalent binding modes, such
as intercalation of the ligand between the DNA base pairs,
could occur, hindering the covalent binding. It can then be
concluded that the three compounds studied here interact with
DNA in a bifunctional way, involving covalent binding and
intercalation. The type of arene plays a significant role in the
DNA binding, as inferred from the collected results. Thus, the
complex with p-cym displays the smallest intercalation degree
compared to bz or phoxet and destabilizes the DNA structure
more than the others.

■ EXPERIMENTAL SECTION
General Methods and Starting Materials. Starting materials:

RuCl3·xH2O was purchased from Apollo Scientific Ltd. and used as
received. [(η6-arene)Ru(μ-Cl)Cl]2 (arene = p-cym, bz,45 or phoxet46)
was prepared according to literature procedures. AgBF4, the ligand 2-
(2-pyridyl)benzimidazole (HL1), and the proligand 2-phenylbenzimi-
dazole (HL4) were purchased from Aldrich and used without further
purification. The ligands 1-methyl-2-pyridin-2-yl-1H-benzimidazole
(HL2)47 and 2-(1H-imidazol-2-yl)pyridine (HL3)48 were prepared
according to literature procedures. Deuterated solvents were obtained
from SDS and Euriso-top. The aqueous solutions were prepared with

doubly deionized water from a Millipore Q apparatus (APS; Los
Angeles, CA). Calf-thymus DNA (CT-DNA) was purchased from
Sigma-Aldrich as a lyophilized sodium salt, and DNA was dissolved in
doubly deionized water and sonicated. The DNA sonication was
carried out using a MSE-Sonyprep sonicator, by application to suitable
CT-DNA samples (10 mL of CT-DNA of ca. 2 × 10−3 MBP) seven
repeated cycles of 10 s sonication and 20 s pause, at 14 μm amplitude.
The sonicator tip was introduced directly into the solution and kept in
an ice bath to minimize thermal effects due to sonication. The
polynucleotide concentration, MBP, is expressed in molarity of base
pairs and denoted as CP. The ionic strength was adjusted using sodium
chloride, and sodium cacodylate, (CH3)2AsO2Na, was used to keep the
acidity constant at pH 7.0.

All synthetic manipulations were carried out under an atmosphere
of dry, O-free N2 using standard Schlenk techniques. The solvents
were distilled from the appropriate drying agents and degassed before
use. Elemental analyses were performed with a PerkinElmer 2400
CHN microanalyzer. The analytical data for the new compounds were
obtained from crystalline samples when possible. In some cases, the
data were totally accurate, but in others, the agreement of the
calculated and found values for C was >0.4%, so that solvent molecules
were introduced in the molecular formulas to improve agreement. IR
spectra were recorded on a Nicolet Impact 410 spectrophotometer
(4000−400 cm−1 range) as KBr pellets. FAB mass spectra (position of
the peaks in DA) were recorded with an Autospec spectrometer. The
isotopic distribution of the heaviest set of peaks matched very closely
that calculated for the formulation of the complex cation in every case.
NMR samples were prepared under a N2 atmosphere by dissolving the
suitable amount of compound in 0.5 mL of the respective oxygen-free
deuterated solvent, and the spectra were recorded at 298 K (unless
otherwise stated) on a Varian Unity Inova-400 (399.94 MHz for 1H;
161.9 MHz for 31P; 376.28 MHz for 19F; 100.6 MHz for 13C).
Typically, 1D 1H NMR spectra were acquired with 32 scans into 32K
data points over a spectral width of 16 ppm. 1H and 13C{1H} chemical
shifts were internally referenced to tetramethylsilane via 1,4-dioxane in
D2O (δ = 3.75 and 67.19 ppm, respectively) or via the residual 1H and
13C signals of the corresponding solvents, CD3OD (δ = 3.31 and 49.00
ppm) and (CD3)2CO (δ = 2.05 and 29.84 ppm), according to the
values reported by Fulmer et al.49 Chemical shift values are reported in
ppm and coupling constants (J) in hertz. The splitting of proton
resonances in the reported 1H NMR data is defined as s = singlet, d =
doublet, t = triplet, st = pseudotriplet, q = quartet, sept = septet, m =
multiplet, bs = broad singlet. All 31P resonances were referenced
against an external standard of 85% H3PO4 at 0 ppm. 2D NMR spectra
such as 1H−1H gCOSY, 1H−1H NOESY, 1H−13C gHSQC, and
1H−13C gHMBC were recorded using standard pulse sequences. The
probe temperature (±1 K) was controlled by a standard unit calibrated
with methanol as a reference. All NMR data processing was carried out
using MestReNova, version 6.1.1.

Characterization data have been moved to the SI.
The pH values of NMR samples in D2O were measured at room

temperature before and after recording the NMR spectra, using a
Metrohm 16 DMS Titrino pH meter fitted with a combined glass
electrode and a 3 M KCl solution as a liquid junction, which was
calibrated with Radiometer Analytical SAS buffer solutions at pH
1.679, 2.000, 4.005, 6.865, 7.000, and 7.413. No correction was applied
for the effect of deuterium on the glass electrode.

Spectrophotometric measurements and thermal denaturation
experiments were performed on a Hewlett-Packard 8453A spectro-
photometer (Agilent Technologies, Palo Alto, CA) fitted with diode-
array detection and computer-assisted temperature control systems.
The measurements were performed in a 1.0-cm-path-length cell.
Thermal denaturation experiments were carried out at constant CT-
DNA concentration (CP = 4 × 10−5 M) and with variation of the CD/
CP ratio from 0 to 1. The absorbance at 260 nm was recorded during
the heating from 35 to 95 °C at a 0.3 °C/min scan rate with 1 min of
stabilization time.

CD spectra were recorded on a MOS-450 Bio-Logic spectrometer
(Claix, France). The measurements were performed in 1.0-cm-path-
length cells at 25 °C. CD titrations have been carried out by adding
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increasing amounts of the ruthenium compounds into the cell
containing the CT-DNA solution (CP = 5 × 10−5 M), with variation
of the CD/CP ratio from 0 to 3.
Cytotoxicity Assays in Cancer Cells. The MTT proliferation

assay is based on the reduction of the yellow MTT tetrazolium salt (3-
[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazolium bromide) by mito-
chondrial dehydrogenases to form a blue MTT formazan in viable
cells.50 Approximately 4 × 103 cells per well for both A2780 and
A2780cis and 1 × 104 cells per well for either MCF-7 and MRC-5 were
cultured in 100 μL of a growth medium in 96-well plates and
incubated at 37 °C under a 5% CO2 atmosphere. The growth media
were RPMI 1640 with 10% fetal bovine serum (FBS) and 2 mM L-
glutamine in a 95% air, 5% CO2 atmosphere for A2780 and A2780cis
cells, minimun essential medium eagle (EMEM) with 10% FBS in 95%
air, 5% CO2 atmosphere for MRC-5, and EMEM with 2 mM L-
glutamine and Earle’s BSS adjusted with 1.5 g/L NaHCO3, 0.1 mM
nonessential amino acids, and 1 mM sodium piruvate supplemented
with 10% FBS and 0.01 mg/mL bovine insulin in a 95% air, 5% CO2
atmosphere for MCF-7 cells. The cells were grown for 24 h, and the
growth medium was replaced by a fresh medium containing different
concentrations of the compounds to be assayed and maintained at 37
°C in a 5% CO2 atmosphere for either 96 h (A2780, A2780cis, or
MCF-7 cell lines) or 168 h (MRC-5 cell line). Cisplatin was used as a
positive control. After this time, 10 μL of a 5 mg/mL solution of MTT
in PBS (0.136 mM NaCl, 1.47 mM KH2PO4, 8 mM NaH2PO4, and
2.68 mM KCl) were added to each well, and the cells were maintained
at 37 °C in a 5% CO2 atmosphere for 4 h; afterward, 100 μL of a 10%
SDS solution in 0.01 M HCl was added to each well, and the cells were
maintained at 37 °C in a 5% CO2 atmosphere for 12−14 h.
Absorbance was read at λ = 595 nm in an Ultra-Evolution microplate
reader (Tecan). At least two independent experiments were performed
with three replicates per dose. The data were expressed as the growth
inhibition percentage calculated according to the equation: % growth
inhibition = 100 − [(AD × 100)/AB], where AD is the measured
absorbance in wells containing samples and AB is the absorbance
measured for blank wells (cells with a medium and a vehicle). To
calculate the growth inhibitory potency of the compounds,
concentration−response curves of the compounds were constructed
and fitted to the following equation:

= +y E x/ [1 (IC / ) ]n
max 50 (7)

where y is the percentage growth inhibitory effect, Emax is the
maximal inhibitory effect observed, IC50 is the concentration of the
compound inhibiting the growth to 50%, n is the slope of the fitting, x
is the drug concentration, and n is the slope. Nonlinear regression was
carried out by GraphPad Prism, version 2.01, 1996 (GraphPad
Software Inc.).
Inhibition of CDK1. The activity of CDK1 was quantified by a

mobility shift assay. Simplified method: the CDK1 kinase (0.5 nM,
Carna Biosciences 04-102) was added to a 384-well plate (Greiner
781076). The selected compounds and substrate FL-Peptide 29 (1.5
μM, ProfilerPro-Caliper 760429) + ATP (55 μM, Sigma A2383) were
added. The mixture was incubated for 1 h without stirring. Then, the
termination buffer (40 μL, ProfilerPro-Caliper 760367) + EDTA (40
mM, Sigma ED2SS) were added. Formation of the product was
detected by LabChip EZ Reader II (PerkinElmer). The inhibition
percentage was calculated with respect to inhibitor absence points (0%
inhibition) and ATP absence points (100% inhibition).
X-ray Crystallography. A summary of the crystal data collection

and refinement parameters for all compounds is given in Table 2SI-a,b
in the SI. Single crystals of [1a]Cl·2H2O, [1b](BF4)·2H2O,
[1c](BF4)·H2O, [2c]Cl, {[4b](BF4)(SiF6)0.5}·2H2O, [5c](PF6)2·
H2O, and [7c] were mounted on a glass fiber and transferred to a
Bruker X8 APEX II CCD-based diffractometer equipped with a
graphite-monochromated Mo Kα radiation source (λ = 0.71073 Å).
The highly redundant data sets were integrated using SAINT51 and
corrected for Lorentz and polarization effects. The absorption
correction was based on the function fitting to the empirical
transmission surface as sampled by multiple equivalent measurements
with the program SADABS.52

The software package SHELXTL, version 6.10,53 was used for space
group determination, structure solution, and refinement by full-matrix
least-squares methods based on F2. A successful solution by direct
methods provided most non-H atoms from the E map. The remaining
non-H atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-H atoms were refined with
anisotropic displacement coefficients. H atoms were placed using a
“riding model” and included in the refinement at calculated positions.
CCDC reference numbers for [1a]Cl·2H2O, [1b](BF4)·2H2O,
[1c](BF4)·H2O, [2c]Cl, {[4b](BF4)(SiF6)0.5}·2H2O, [5c](PF6)2·
H2O, and [7c] are 996487−996493, respectively.
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