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Abstract: Mono- and binuclear arene–ruthenium(II) complexes with imidazole-containing ligands
were prepared by the reaction of the ligands (L1 = bis(imidazole-1-yl)methane; ImH = 1H-Imidazole;
BImH = 1H-Benzimidazole) with [(p-cym)Ru(µ-Cl)2]2 dimers. When bis(imidazole-1-yl)methane re-
acted with [(p-cym)Ru(µ-Cl)2]2 in methanol, a binuclear complex of the type [Ru2(L1)2(p-cym)2Cl2]Cl2
(2) with cyclic structure was synthesized, whereas by using acetonitrile as a solvent under the same
reaction conditions, an unexpected C–N bond cleavage was observed, and a complex of formula
[Ru(ImH)2(p-cym)Cl]Cl (1) with coordinated imidazole molecules was obtained. Another type of
arene–ruthenium complex [Ru(BImH)(p-cym)Cl2] (3) was obtained by the reaction of benzimidazole
and [(p-cym)Ru(µ-Cl)2]2. All compounds were characterized by spectral (FT-IR, NMR 1H, 13C) and
single-crystal X-ray diffraction methods; their catalytic activity in transfer hydrogenation and the
cytotoxicity against MCF-7 and HepG2 cells were evaluated.

Keywords: arene–ruthenium complexes; imidazole; benzimidazole; bis(imidazol-1-yl)methane;
crystal structure

1. Introduction

Ruthenium complexes are of interest as catalysts, and they have also emerged as
promising nonplatinum antitumor or antimetastatic agents [1–6]. A great number of ruthe-
nium complexes with potential antitumor activity have been developed to date. Successful
clinical trial candidates NAMI-A [7], KP1019 [8], and TLD1443 [9] as well as many other
promising compounds caused ruthenium organometallics to be regarded as a dominant
area in nonplatinum antitumor drug research. Among ruthenium organometallics, the
arene–ruthenium “piano-stool” complexes show a great promise as anticancer agents.
The biological activity of arene–ruthenium complexes is affected by the properties of the
ligands coordinated to the metal center and can be tuned by a careful selection of these
ligands [10,11]. Poly(pyrazol-1-yl)methanes, a well-known family of scorpionate ligands,
are of great interest for fine-tuning the properties of complexes due to their biological
relevance and also because of their ability to form different types of complexes. Several
reports emerged on the development of arene–ruthenium(II) complexes with tris(pyrazol-1-
yl)methane [12] and bis(pyrazol-1-yl)alkanes [13]. It was shown that the arene–ruthenium
complex with bis(3,5-dimethylpyrazol-1-yl)methane (UNICAM-1) exhibits potent in vivo
antitumor effects [14]. Moreover, UNICAM-1 appears promising for the treatment of
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triple-negative breast cancer (TNBC), one of the most aggressive types of breast cancer [15].
In this regard, arene–ruthenium complexes with bis(azol-1-yl)alkanes look promising
for anticancer drug research. Nonetheless, no attempts have been made to synthesize
arene–ruthenium(II) complexes with other bis(azol-1-yl)alkanes.

Herein, we report the investigation of the interaction between the p-cymene-ruthenium(II)
precursor and some bis(azol-1-yl)alkanes (bis(imidazol-1-yl)methane and bis(benzimidazol-1-
yl)methane), together with the characterization of the obtained complexes using single crystal
X-ray diffraction analysis and spectral methods.

2. Results and Discussion
2.1. Synthesis of Coordination Compounds

The interaction between commercially available arene–ruthenium dimer [Ru(p-cym)Cl2]2
and bis(imidazol-1-yl)methane (L1) in acetonitrile unexpectedly led to an ionic complex
[Ru(ImH)2(p-cym)Cl]Cl (1, Scheme 1). Apparently, free imidazole molecules arise from C–N
bond breaking in bis(imidazole-1-yl)methane, which then coordinate to the ruthenium center.
The same complex 1 could also be obtained as a product of the direct reaction of 1H-imidazole
with [Ru(p-cym)Cl2]2 in acetonitrile (Scheme 1).
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observed previously, but it occurred when at least one coordination site in the ligand is 
not coordinated, which makes it possible to have an interaction between the solvent 
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To provide an understanding of the formation of complex 1, NMR monitoring of the 
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Immediately after mixing the reagents, a set of four signals with chemical shifts close to 
the initial L1 was detected (marked by red circles in Figure 1), and they can be assigned to 
an intermediate Ru–L1 complex. The concentration of this complex rapidly decreased, and 
no complex was detected in the reaction mixture after 24 h. The concentration of the initial 
L1 also decreased (NMR signals marked by green circles), which indicates that L1 was 
transformed during the reaction. Another set of three signals with increasing intensity 
appeared synchronously (purple squares in Figure 1); they may be assigned to CH signals 
of imidazole (protonated or deprotonated form) coordinated to the ruthenium(II) center. 
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A similar formation of a complex with neutral pyrazole from bis(pyrazol-1-yl)methane
was demonstrated in [13], but in that case, reaction in methanol led to the product with two
neutral heterocycles as ligands while the reaction in acetonitrile gave a mononuclear arene–
ruthenium complex with bis(pyrazol-1-yl)methane. However, to date, no mechanism
was proposed to describe the C–N bond breaking processes. Boron–nitrogen (B–N) bond
breaking in complexes containing poly(pyrazol-1-yl)borates was observed previously, but
it occurred when at least one coordination site in the ligand is not coordinated, which
makes it possible to have an interaction between the solvent molecules and the B and N
atoms of an uncoordinated heterocycle [16].

To provide an understanding of the formation of complex 1, NMR monitoring of the
reaction between L1 and [Ru(p-cym)Cl2]2 in acetonitrile-d3 was performed, and the spectra
of the reaction mixture were recorded every 2 min after mixing the reagents (Figure 1).
Immediately after mixing the reagents, a set of four signals with chemical shifts close to
the initial L1 was detected (marked by red circles in Figure 1), and they can be assigned
to an intermediate Ru–L1 complex. The concentration of this complex rapidly decreased,
and no complex was detected in the reaction mixture after 24 h. The concentration of the
initial L1 also decreased (NMR signals marked by green circles), which indicates that L1
was transformed during the reaction. Another set of three signals with increasing intensity
appeared synchronously (purple squares in Figure 1); they may be assigned to CH signals
of imidazole (protonated or deprotonated form) coordinated to the ruthenium(II) center.
After 24 h, a precipitate was visible in the NMR tube, which explains the almost complete
disappearance of these signals. No signals of free imidazole (7.07, 7.62, and 10.67 ppm
in MeCN-d3 [17]) were detected, which supports the assumption of its coordination to
ruthenium after the breaking of the C–N bond in L1. Another signal with increasing
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intensity is a singlet near 9.94 ppm, which is characteristic for formaldehyde [18]. The
relative intensity of this signal increased synchronously with the decrease of the intensity
of CH2 singlet in L1 (Figure S1), which leads to the conclusion that the methylene group
undergoes ruthenium-catalyzed oxidation by air oxygen, which is known to proceed in
polar solvents, such as acetonitrile [19]. It should be noted that the NMR 1H spectrum of
the individual complex 1 dissolved in acetonitrile-d3 contains multiple signals, including
a signal of the formaldehyde, indicating that the complex is unstable in this solvent and
undergoes oxidation.
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Changing the solvent from acetonitrile to a less polar methanol in the reaction between
[Ru(p-cym)Cl2]2 and bis(imidazole-1-yl)methane allowed us to isolate a binuclear arene–
ruthenium(II) complex [Ru2(L1)2(p-cym)2Cl2]Cl2 (2, Scheme 2).
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The analogous reaction between [Ru(p-cym)Cl2]2 and bis(benzimidazole-1-yl)methane
in methanol or acetonitrile did not lead to any identifiable products. By using free ben-
zimidazole as a ligand in 1:1 or 2:1 Ru:BImH ratio in acetonitrile, a neutral complex
[Ru(BImH)(p-cym)Cl2] (3) was prepared (Scheme 3).
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All complexes are air-stable in the solid state and are soluble in water (except com-
plex 3), acetone, ethanol, chloroform, and DMSO. It should be noted that the synthesis of
the complexes 1 and 3 were reported previously [20,21], but in this contribution we were
able to determine their crystal structures and study some of their properties.

2.2. Spectroscopic Characterization

The 1H and 13C NMR spectra of 1–3 recorded in DMSO-d6 or CDCl3 displayed all
the expected signals of the coordinated p-cymene and nitrogen ligand, in accordance with
the existence of only one species in solution (Figures S2–S7). The resonances of the azole
protons were shifted upfield with respect to those of uncoordinated ligands, confirming
their coordination to the ruthenium(II) center. The 1H NMR spectra of 1–3 exhibit a doublet
for the methyl groups in the isopropyl moiety, a singlet for the methyl group in p-cymene
moiety, and an AB spin system attributable to the protons of the p-cymene ring in the
range of 5.4−6.3 ppm, which is typical of ruthenium–arene systems with a symmetric
ruthenium center [22,23]. The 1H NMR spectrum of 1 also exhibits a singlet of NH pro-
ton near 13.2 ppm, which indicates the coordination of the imidazole molecules in the
protonated form.

2.3. Crystal Structures of the Complexes

Mononuclear ionic complex 1 crystallized in a monoclinic P21/n space group. The
molecular structure of the compound is shown in Figure 2. The ruthenium center is
in a six-coordinated environment, and the structure of the cation complex adopted a
half-sandwich “piano-stool” type of geometry with angles around the ruthenium atom
of 83.41(5) (N(5)–Ru–N(4)), 87.57(4) (N(4)–Ru–Cl(2)), 87.29(4) (N(5)–Ru–Cl(2)). The p-
cymene ring is planar, and the Ru–C average bond length of 2.1902(16) Å (range 2.1676(17)–
2.2142(16) Å) was observed. The Ru–Cl(2) bond length of 2.4203(4) Å is of the same order
as reported in cationic arene–ruthenium(II) complexes [24]. The imidazole–ruthenium
Ru–N(4) and Ru–N(5) distances are almost identical, i.e., 2.1118(3) Å and 2.1106(14) Å,
respectively. Hydrogen bond linking of the chlorine anion and imidazole rings N(6)–
H(6)···Cl(3) (distance 3.116; N(6)–H(6)–Cl(3) angle 172.01) and N(7)–H(7)···Cl(3) (distance
3.107; N(7)–H(7)–Cl(3) angle 164.34) was observed. Short contacts between the chlorine
anion (Cl(3)) and –CH– in the imidazole ring (distance 2.850) and between the chlorine
atom (Cl(2)) and –CH– in the imidazole ring (distance 2.763) were also observed. (Figure 3).
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Figure 3. Intermolecular N–H···Cl interactions in the crystal structure of complex 1.

Complex 2 crystallized in a centrosymmetric monoclinic space group P21/c. The asym-
metric unit contained half of molecule 2 and one molecule of methanol. In binuclear com-
plex 2, the coordination environment of the metal centers retained the sandwich geometry
in which the p-cymene ligands occupied half of the coordination sphere in η6-coordination
mode. The chlorine atom and two nitrogen atoms of the bis(imidazol-1-yl)methane com-
pleted the second half of the coordination sphere. Bis(imidazol-1-yl)methane ligands were
coordinated in a bridging bidentate fashion, forming a cyclic binuclear structure (Figure 4).
Despite there being a few structurally characterized arene–ruthenium complexes involving
bis(pyrazol-1-yl)methanes that exhibit coordination in bidentate chelating mode [13,25,26],
compound 2 is the first example of ruthenium complexes in which the bis(azol-1-yl)alkane
ligand acts as a bridging component. The interatomic Ru–N distances are 2.0933(18) (Ru–
N(2)) and 2.1099(17) (Ru–N(4)) Å. The interatomic Ru–Cl distance is 2.4059(6) Å, while
Ru–C distances are in the range 2.170(2)–2.197(2) Å and are close to those typically found
in arene–ruthenium complexes.
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Compound 3 crystallized in the orthorhombic space group Pna21 with one molecule
in the asymmetric unit (Figure 5). The Ru atom adopted a η6-coordination mode to the
p-cymene ring, with Ru–C distances in the range from 2.145(3) to 2.204(3) Å (average
2.175(3) Å); Ru–Cl bond lengths are close to those in related compounds, i.e., 2.4319(8) Å
for Ru(1)–Cl(1) and 2.4193(8) Å for Ru(1)–Cl(2). The BImH ligand displays a Ru–N distance
of 2.144(3) Å. The molecules of 3 are linked via intermolecular weak N–H···Cl hydrogen
bonds (distance 3.229 Å, angel N(2)–H(2)–Cl(1) 163.73) (Figure 6).
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The phase purity of bulk products of complexes 1–3 was confirmed by powder X-ray
diffraction analysis; the experimental and calculated patterns and shown in Figures S8–S10.

2.4. Cytoxicity Evaluation

The cytotoxic activity of complexes 1–3 against HepG2 and MCF-7 cells was examined
in the presence of different concentrations of the tested compounds dissolved in ethanol.
The cytotoxicity study was carried out using dual staining with Hoechst 33342/propidium
iodide (PI) with the differentiation of cells into live and apoptotic ones. The half maximal
inhibitory concentration (IC50) was defined as the drug concentration that reduces the
number of living cells by 50%. Among the tested compounds, complex 1 showed no cyto-
toxicity in the 5–100 µM concentration range. Due to the limited solubility of the complexes
2 and 3 in ethanol, 1–50 µM concentration range was used. In the case of complexes 2 and
3, no cell death or apoptosis were observed, but cell count decreased by more than a half at
50 µM concentration, which clearly indicates a cytostatic effect (Figure S11). The MCF-7
cell line was used to evaluate the cytotoxicity of complex 3, which showed the highest
cytostatic effect on HepG2 cells. As one can see from Figure S11, treatment of MCF-7 cells
for 48 h with complex 3 initiated apoptosis (39%) and cell death (17%) after incubation with
the highest tested compound concentration. The IC50 value of complex 3 is 47.3 ± 0.8 µM,
which is comparable to the IC50 of cisplatin against this cell line (33.7 ± 1.8 µM) [27].

2.5. Catalytic Activity of Complexes 1–3 in Transfer Hydrogenation

Compounds 1–3 were investigated as catalysts in transfer hydrogenation using ace-
tophenone as a model substrate (Scheme 4). All reactions were run with 5 mol % of Ru
catalyst, NaOH as the base, and isopropyl alcohol as a hydrogen source.
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and 94%, respectively. Neutral complex 3 was the most effective, resulting in the highest
acetophenone conversion.
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3. Materials and Methods
3.1. Synthesis of the Complexes

The dimer [Ru(p-cym)Cl2]2 was purchased from Alfa Aesar. Bis(imidazol-1-yl)methane
was synthesized analogously to a previously reported procedure [28]. All other materials
were obtained from commercial sources and were used as received.

[Ru(ImH)2(p-cym)Cl]Cl·0.5CH3CN (1). Imidazole (14 mg, 0.2 mmol) was dissolved
in MeCN (1 mL). [Ru(p-cym)Cl2]2 (31 mg, 0.05 mmol) was dissolved in MeCN (3 mL), and
the resulting solution was added to the initial one. The orange needle crystals formed in 12 h
at room temperature and were filtered off, washed twice with MeCN, and dried in air. Yield
was 36 mg (89%). Found, %: C 44.1, H 5.2, N 14.0. C16H22Cl2N4Ru·0.5CH3CN. Calculated,
%: C 44.1, H 5.1, N 13.6. 1H NMR (500 MHz, DMSO-d6): δ = 1.11 (d, 6H, (CH3)2CH, J 6.8 Hz),
1.74 (s, 3H, CH3), 2.44 (m, 1H, (CH3)2CH), 5.59 (AB spin system, 4H, J 5.9 Hz, p-cym), 6.92 (s,
2H, 5-H-Im), 7.35 (s, 2H, 4-H-Im), 8.33 (s, 2H, 2-H-Im), 13.16 (s, 2H, NH-ImH) ppm. 13C
NMR (125 MHz, DMSO-d6): δ = 17.8 (CH3-C6H4-CH(CH3)2), 22.4 (CH3-C6H4-CH(CH3)2),
30.7 (CH3-C6H4-CH(CH3)2), 81.2, 86.5, 100.5, 102.0 (CH3-C6H4-CH(CH3)2), 117.9 (5-C-Im),
130.1 (4-C-Im), 139.2 (2-C-Im) ppm. FT-IR (cm−1): 3439 (s), 3098 (s), 3032 (s), 2960 (s),
2938 (s), 2860 (s), 2726 (w), 2631 (w), 2253 (w), 1629 (m), 1546 (m), 1500 (m), 1474 (w),
1446 (m), 1389 (w), 1326 (w), 1268 (w), 1200 (w), 1180 (w), 1142 (m), 1114 (m), 1099 (m),
1071 (s), 1031 (m), 919 (w), 876 (w), 865 (w), 830 (m), 802 (m), 767 (s), 673 (m), 656 (m),
624 (m), 449 (w), 435 (w).

[Ru2(L1)2(p-cym)2Cl2]Cl2·3CH3OH (2). Bis(imidazol-1-yl)methane (74 mg, 0.5 mmol)
was dissolved in MeOH (5 mL). [Ru(p-cym)Cl2]2 (153 mg, 0.25 mmol) was dissolved in
MeOH (10 mL), and the resulting solution was added to the initial one. Slow evaporation
afforded a yellow solid, which was washed with MeOH and dried in air. Yield was
94 mg (41%). Found, %: C 44.1, H 5.7, N 11.2. C34H44Cl4N8Ru2·3CH3OH. Calculated,
%: C 44.2, H 5.6, N 11.1. 1H NMR (500 MHz, DMSO-d6): δ = 1.10 (d, 12H, (CH3)2CH, J
6.8 Hz), 1.81 (s, 6H, CH3), 2.54 (m, 2H, (CH3)2CH), 5.74 (AB spin system, 8H, J 6.1 Hz,
p-cym), 7.61 (d, 8H, 4,5-Im, J 7.9 Hz), 7.82 (s, 4H, 2-H-Im) ppm. 13C NMR (125 MHz, DMSO-
d6): 18.0 (CH3-C6H4-CH(CH3)2), 22.3 (CH3-C6H4-CH(CH3)2), 30.6 (CH3-C6H4-CH(CH3)2),
56.2 (CH2), 82.3, 85.3, 99.6, 103.3 (CH3-C6H4-CH(CH3)2), 121.1 (5-C-Im), 133.3 (4-C-Im),
140.6 (2-C-Im) ppm. FT-IR (cm-1): 3410 (s), 3301 (m), 3250 (m), 3112 (s), 3089 (m), 3052 (m),
3003 (w), 2963 (m), 2926 (m), 2869 (m), 2820 (m), 2583 (w), 1626 (m), 1509 (s), 1469 (m),
1443 (m), 1400 (s), 1354 (m), 1326 (w), 1300 (s), 1234 (vs), 1205 (m), 1162 (w), 1102 (vs),
1062 (m), 1039 (s), 999 (w), 950 (w), 876 (m), 796 (m), 764 (s), 716 (s), 653 (m), 618 (m),
521 (w), 464 (w), 449 (w), 421 (w).

[Ru(BImH)(p-cym)Cl2] (3). Benzimidazole (12 mg, 0.1 mmol) was dissolved in
MeOH (1 mL). [Ru(p-cym)Cl2]2 (31 mg, 0.05 mmol) was dissolved in MeOH (3 mL),
and the resulting solution was added to the initial one. The red block crystals formed in 24
h at room temperature and were filtered off, washed twice with MeOH, and dried in air.
Yield was 26 mg (61%). Found, %: C 48.1, H 4.8, N 6.5. C17H20Cl2N2Ru. Calculated, %: C
48.1, H 4.7, N 6.6. 1H NMR (500 MHz, CDCl3): δ = 1.31 (d, 6H, (CH3)2CH, J 6.9 Hz), 2.07 (s,
3H, CH3), 2.92 (m, 1H, (CH3)2CH), 5.46 (AB spin system, 4H, J 5.7 Hz, p-cym), 6.72 (t, 1H,
6-H-BIm, J 7.3 Hz), 6.80 (t, 1H, 7-H-BIm, J 7.7 Hz), 7.03 (t, 1H, 5-H-BIm, J 8.1 Hz), 7.69 (d,
1H, 8-H-BIm, J 8.2 Hz), 8.21 (s, 1H, 2-H-BIm), 10.90 (s, 1H, NH-BIm) ppm. 13C (125 MHz,
DMSO-d6): 18.4 (CH3-C6H4-CH(CH3)2), 22.3 (CH3-C6H4-CH(CH3)2), 30.7 (CH3-C6H4-
CH(CH3)2), 80.9, 82.8, 97.4, 102.8 (CH3-C6H4-CH(CH3)2), 112.7 (6-C-BIm), 118.7 (7-C-BIm),
121.9 (5-C-BIm), 123.3 (8-C-BIm), 132.3 (4-C-BIm), 140.2 (9-C-BIm), 144,8 (2-C-BIm) ppm.
FT-IR (cm-1): 3442 (m), 3158 (s), 2969 (s), 2920 (m), 2866 (m), 1623 (m), 1595 (w), 1492 (s),
1474 (m), 1454 (s), 1414 (s), 1386 (s), 1326 (w), 1303 (w), 1271 (m), 1248 (s), 1194 (w), 1157 (w),
1145 (w), 1134 (w), 1108 (m), 1085 (w), 1059 (m), 1011 (m), 979 (w), 965 (w), 928 (w), 893 (m),
870 (s), 804 (w), 779 (w), 741 (vs), 698 (w), 670 (w), 638 (w), 615 (m), 570 (w), 550 (w), 461 (w),
447 (m), 432 (m), 421 (m), 406 (w).
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3.2. Spectral Methods and Elemental Analysis

Elemental analyses were performed on a Vario MicroCube CHN(S) analyzer (Elemen-
tar Analysensysteme GmbH, Langenselbold, Germany). IR spectra for compounds 1–3
were recorded from 4000 to 400 cm−1 on a Scimitar FTS 2000 Spectrometer (Digilab LLC,
Randolph, MA, USA). IR spectra of the complexes 1–3 are shown in Figures S12–S14. 1H
and 13C NMR spectra were recorded on a Bruker Ascend 500 instrument (Bruker Corpora-
tion, Billerica, MA, USA) operating at room temperature (500 MHz for 1H and 125 MHz
for 13C); solvent residual peaks were used as internal standards.

3.3. X-ray Crystal Structure Determination

The diffraction data of 1 and 2–3 were measured at 300 K and 140 R, respectively, on
an automated Agilent Xcalibur four-circle diffractometer equipped with an area AtlasS2
detector. Graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) was used in all cases.
Absorption corrections were applied with the use of the SADABS program [29]. The crystal
structures were solved and refined by means of the SHELXT [30] and SHELXL [31] pro-
grams using OLEX2 GUI [32]. Atomic thermal displacement parameters for nonhydrogen
atoms—except some solvate molecules—were refined anisotropically. The positions of hy-
drogen atoms were calculated, corresponding to their geometrical conditions, and refined
using the riding model. The crystallographic data and details of the structure refinement
are summarized in Table 1. CCDC 2074083–2074085 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center at http://www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystallographic data of the compounds 1–3.

Compound 1 2 3

Empirical formula C16H22Cl2N4Ru C34H44Cl4N8Ru2 C17H20Cl2N2Ru
Formula weight 442.34 972.91 424.32
Temperature, K 300(5) 140(2) 140(2)
Crystal system monoclinic monoclinic orthorhombic

Space group P21/n P21/c Pna21
a, Å 9.3972(2) 11.7136(4) 6.8320(3)
b, Å 17.3629(3) 10.3400(3) 18.2051(8)
c, Å 12.9511(3) 17.0882(6) 13.6361(5)
α, ◦ 90 90 90
β, ◦ 97.019(2) 101.060(4) 90
γ, ◦ 90 90 90

Volume, Å3 2097.30(8) 2031.26(12) 1696.02(12)
Z 4 2 4

ρcalc, g/cm3 1.401 1.591 1.662
µ, mm−1 1.006 1.050 1.237

F(000) 896 992 856
Crystal size, mm3 0.23 × 0.08 × 0.05 0.21 × 0.19 × 0.05 0.15 × 0.10 × 0.07

2Θ range for data collection, ◦ 5.662 to 64.854 5.04 to 58.78 4.474 to 57.594

Index ranges
−14 ≤ h ≤ 13
−25 ≤ k ≤ 24
−19 ≤ l ≤ 12

−14 ≤ h ≤ 15,
−12 ≤ k ≤ 13,
−16 ≤ l ≤ 23

−8 ≤ h ≤ 7
−18 ≤ k ≤ 24
−17 ≤ l ≤ 13

Reflections collected 12806 10166 8203

Independent reflections 6659 (Rint = 0.0242,
Rsigma = 0.0372)

4548 (Rint = 0.0204,
Rsigma = 0.0305)

3157 (Rint = 0.0210,
Rsigma = 0.0258)

Restraints/Parameters 0/211 0/241 1/202

Goodness-of-fit on F2 1.032 1.045 1.073

Final R indexes (I ≥ 2σ (I)) R1 = 0.0274,
wR2 = 0.0600

R1 = 0.0267,
wR2 = 0.0591

R1 = 0.0193,
wR2 = 0.0401

Final R indexes (all data) R1 = 0.0340,
wR2 = 0.0624

R1 = 0.0348,
wR2 = 0.0616

R1 = 0.0207,
wR2 = 0.0406

Largest diff. peak/hole,
e·Å−3 0.768/−0.440 1.081/−0.589 0.322/−0.302

The powder X-ray diffraction data were obtained on Shimadzu XRD 7000S powder
diffractometer (Cu Kα irradiation).

http://www.ccdc.cam.ac.uk/data_request/cif
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3.4. Cytotoxicity Study

Cell viability was evaluated by Hoechst/PI staining by the standard method as previ-
ously described [27]. Human breast adenocarcinoma (MCF-7) and human hepatocellular
carcinoma (HepG2) cell lines were seeded on 96-well plates at 6 × 103 cells per well
and cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, pH = 7.4) supplemented
with a 10% fetal bovine serum under a humidified atmosphere (5% CO2 and 95% air) at
37 ◦C. After 24 h, cells were treated with complexes 1–3. Complexes were dissolved in
ethanol, then serial dilutions were prepared in IMDM medium in the concentration range
of 5–100 µM (complex 1) and 1–50 µM (complexes 2 and 3). In the case of complexes 2 and
3, lower concentrations were used due to the limited solubility of the complexes in ethanol
and the need to limit the final percentage of the solvent (<1%). For the identification of live,
apoptotic, and dead cells, treated cells and control cells were stained after 48 h with a mix-
ture of fluorescent dyes Hoechst 33342 (Sigma-Aldrich, St Louis, MO, USA) and propidium
iodide (Invitrogen, Waltham, MA, USA) for 30 min at 37 ◦C. An IN Cell Analyzer 2200 (GE
Healthcare, Chalfont Saint Giles, UK) was used to perform the automatic imaging of four
fields per well under 200× magnification, in bright-field and fluorescence channels. IN
Cell Investigator image analysis software (GE Healthcare, Chalfont Saint Giles, UK) was
used to determine the live, apoptotic, and dead cells among the whole population. All data
shown are the mean of three wells. The quantitative data are expressed as the mean ±
standard deviation (SD). The half maximal inhibitory concentration (IC50) was defined as
the drug concentration that reduces the number of living cells by 50% and calculated from
curves constructed by plotting cell survival (%) versus drug concentration (µM).

3.5. General Procedure for Catalytic Transfer Hydrogenation

The catalyst (0.0005 mmol) and NaOH (0.02 mmol) were dissolved in 2-propanol
(0.4 mL). Acetophenone (0.1 mmol) was then added, and the reaction mixture was stirred
at 82 ◦C for 24 h. The solvent was evaporated, and the residue was dissolved in CDCl3
and analyzed by NMR. The NMR spectra of products obtained with compounds 1–3 as
catalysts are shown in the Supplementary Materials.

4. Conclusions

The reaction of bis(imidazol-1-yl)methane and [Ru(p-cym)Cl2]2 was investigated for
the first time. It was found that the solvent strongly influenced the type of ruthenium com-
plexes formed. Unusual C–N bond breaking in bis(imidazol-1-yl)methane was observed
in acetonitrile, leading to the formation of the complex with imidazole. In methanol, a
binuclear complex with two bridging bis(imidazol-1-yl)methane ligands was obtained; this
complex is the first example of a ruthenium coordination compound with bis(imidazole-1-
yl)methane.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/inorganics9050034/s1, Figure S1: Change in relative intensities of methylene signals of
L1 (CH2) and formaldehyde (CH2=O); Figures S2–S7: NMR 1H and 13C spectra of complexes 1–3;
Figures S8–S10: Experimental and calculated powder X-ray diffraction patterns of complexes 1–3;
Figure S11: Effect of complexes 1–3 on the viability of HepG2 and MCF-7 cells determined by dual
staining with Hoechst 33342/propidium iodide; Figures S12–S14: FT-IR spectra of complexes 1–3;
Crystallographic information files (CIF) and checkCIF report files for complexes 1–3.
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