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ABSTRACT: The importance of ion-pairing in different fields of chemistry is widely 

recognized. In this work we have synthesized a set of cationic p-cymene ruthenium complexes of 

general formula [(p-cym)Ru(L’)(κ2-O^N-L)]X (p-cym = p-cymene; L’ = N-methylimidazole 

(MeIm), N-ethylpiperidylimidazole (EpipIm), 1,3,5-triaza-7-phosphaadamantane (PTA); L = 2-

(1H-benzimidazol-2-yl)phenolato (L1), 2-(1,3-benzothiazol-2-yl)phenolato (L2); X = Cl−, BF4
−, 

OTf−, BPh4
−). X-ray diffraction studies on selected complexes revealed relatively strong anion-

cation interactions in the solid state mainly based on N−H…X (X = Cl, F, O) and C‒H···π 

interactions, also observed in the DFT-modelled complexes in the gas phase. Moreover, NMR 

studies showed that they exist as intimate ion-pairs in solution and remarkably, as head-to-tail 

quadruples in the particular case of the cation [(p-cym)Ru(RIm)(κ2-O^N-L1)]+ ([1]+) with Cl− 

and BPh4
− as counteranions. Furthermore, a value of ∆G = −2.9 kcal mol−1 at 299 K has been 

estimated for the equilibrium {[1]BPh4
…[1]BPh4}  2 {[1]+…BPh4

−}in concentrated CDCl3 

solutions. In addition, preliminary studies aimed to establish structure-activity relationships 

concerning the cytotoxic properties against HeLa cell lines of the derivatives suggested a clear 

positive effect derived from the presence of the lipophilic BPh4
− anion and also from the NH 

group of the benzimidazolyl fragment. 
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INTRODUCTION 

The importance of ion-pairing effects on properties of ionic compounds has been recognized in 

different disciplines of chemistry.1 When one or more of the ions is a transition metal 

coordination compound,2 such ion-pairs have practical importance in catalysis,2–5 stoichiometric 

reactions,2 supramolecular assembly,6–11 charge transfer in solution12,13 and chromatography,14 

among others. According to Macchioni,2 ion pairs are defined as pairs of oppositely charged 

ions, with a common solvation shell, held together prevalently by Coulombic forces with (a) 

lifetimes sufficiently longer than the correlation time of Brownian motion (kinetic stability) and 

(b) a binding energy higher than kT (thermodynamic stability). An ion pair in which no solvent 

molecules interposes between the two ions is called a “contact ion pair” (alternatively intimate or 

tight ion pair) (Chart 1). This is opposed to “loose” solvent separated ion pairs. Traditional 

techniques to study ion-pairing include X-ray crystallography,15 electrical conductivity, dielectric 

or ultrasonic relaxation,1,16 UV-visible17 and NMR spectroscopy. This later technique is being 

explored more intensely in recent years to study the formation of ion-pairs in solution and 

includes 2D correlation studies as 2D correlation studies based on nuclear Overhauser effect 

(NOESY or ROESY), Diffusion Ordered Spectroscopy (DOSY) and also the analysis of 

displacement in peak position that can render information about the sites involved in the ion-

pairing interactions.18–23 In the case of cations of transition-metal complexes, the interaction in a 

contact ion-pair takes place between the anion and the ligands.24 Besides the electrostatic 

attraction, other non-covalent interactions10,25 such as hydrogen bonds,9,26–30 stacking,31 

anion…π,32 X‒H…π interactions33–36 (also considered as improper hydrogen bonds),25 and 

hydrophobic contacts (in aqueous systems) may contribute to the anion-cation interaction. Some 

of these interactions may lead to a specific anion cation relative orientation. 
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Chart 1. Contact ion-pair (left) and proligands used in this work (right).  

  

 

In the research field of metal-based chemotherapy or diagnosis, ionic complexes are frequently 

used and their counterions are usually considered as merely spectators in their biological 

activity.37 Besides, the lipophilic nature of the biological membranes restricts the direct uptake of 

positively charged hydrophilic metal complexes. The inclusion of hydrophobic ligands38 or the 

conjugation to proteins has been addressed to overcome this problem.39 An easy alternative is the 

use of lipophilic counteranions that can form neutral entities through ion-pairing to facilitate 

transportation across the lipophilic membrane. An anion of high lipophilicity is BPh4
− 

(tetraphenylborate), which provides high solubility in non-polar solvents to its salts. Moreover, it 

has been described that this anion is able to improve drug uptake and toxicity of organic 

hydrophobic ammonium or pyridinium salts that inhibit the respiratory process of 

mitochondrias,40–42 while BPh4
− alone exhibited nearly no effect.43 In the field of metal-based 

chemotherapy, a work by Williams et al. has reported an increased cytotoxicity for Cp*Ru 

complexes containing the BPh4
− anion versus BF4

− or PF6
−44 and very recently, Castonguay has 

found improved antiproliferative effect in benzene-Ru complexes with this anion.45,46 Liu et al. 

also found a great influence of the counterion in the anticancer activity of Cp’Ir complexes, but 

in this case the hydrophobic anions BPh4
− or BArF− ([3,5-(CF3)2Ph]4B−) led to lower activity.47 

However, in the cases described of positive effect of the BPh4
− anion in the biological properties, 

+-
N

Z

OH

Z = NH, (HO^N-L1); S (HO^N-L2)
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the anion-cation interaction in solution has not been studied, with the exception of a ROESY 

spectra that reflected interaction of the phenyl groups of the anion and the benzene ring in an 

arene Ru complex.46  

When structures of BPh4
− salts have been determined by X-ray diffraction, X‒H…π interactions 

with the arene rings of the anion acting as hydrogen acceptors and H atoms of the ligands are 

very frequently found.48–52 The interaction is charge assisted due to the negative charge of the 

anions and the positive charge spread all over the ligands by coordination to the metal cation.48 

In this paper we report on the synthesis of several monocationic p-cymene ruthenium 

derivatives containing both a neutral monodentate ligand (some of them containing an imidazolyl 

ring) and a N^O anionic ligand 2-(1H-benzimidazol-2-yl)phenolato or 2-(1,3-benzothiazol-2-

yl)phenolato, see Chart 1 for the corresponding pro-ligands) and different counteranions (Cl−, 

BF4
−, OTf−, BPh4

−). The main objective has been to analyse the influence of the type of 

counteranion and the presence of different functional groups in the anionic ligand (N-H or S) on 

the formation of ion-pairs in solution and in the cation-anion relative orientation. The analysis of 

a possible correlation between the ion-pairing in solution and solid state is another objective of 

the work. The evaluation of a possible positive effect of the tetraphenylborate anion in their 

cytotoxic properties has also been addressed. Because of that, the Ru metallic centre was chosen 

considering the promising results of Ru complexes in chemotherapy.53–61 The ligand L1 and 

imidazolyl derivatives were selected on the ground of previous anticancer activities in Ru 

complexes with these ligands62,56 and the substituents in the imidazolyl rings were introduced to 

have another hydrophobic point of interaction with the BPh4
− anion, apart from the arene 

fragment. The ligand PTA was used to evaluate the effect of increasing water solubility. Besides 

the information concerning the formation of the ion-pairs, we have found the formation of 
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quadruples and the work also demonstrates the increase in the cytotoxic activity of the BPh4
− 

derivatives in three different families of complexes. 

RESULTS AND DISCUSSION 

Synthesis of the complexes. The neutral chloride complexes I-II of general formula [(p-

cym)Ru(Cl)(κ2-O^N-L)] (p-cym = p-cymene; L = L1, L2) previously prepared by us,63 were 

found to be useful precursor for the synthesis of the new cationic complexes depicted in Scheme 

1. Thus, chloride replacement by the imidazole derivatives MeIm (N-methylimidazole) and 

EpipIm (N-ethylpiperidylimodazole) in the presence of a sodium salt (NaCl, NaBF4 or NaBPh4) 

yielded [(p-cym)Ru(κ2-O^N-L)(MeIm)]+ (L = L1 ([1]+), L2 ([2]+), and [(p-cym)Ru(κ2-O^N-L1) 

(EpipIm)]+ ([6]+), which were isolated as the corresponding Cl−, BF4
−, and BPh4

− salts. Reactions 

with EpipIm took place at room temperature whereas refluxing of methanol was required for 

those with MeIm. In a similar way, reaction of the benzene precursor [(bz)Ru(Cl)(κ2-O^N-L2)] 

(III) with MeIm and NaBF4 produced [(bz)Ru(κ2-O^N-L2)(MeIm)]BF4 ([3]BF4). 

The triflate derivatives having MeIm or water as ligands, [(p-cym)Ru(κ2-O^N-L1)(MeIm)]OTf 

([1]OTf) and [(p-cym)Ru(κ2-O^N-L1)(OH2)]OTf ([4]OTf) were synthesized from I and an 

excess of AgOTf in the presence of MeIm or using a mixture of ethanol/water (ratio 1/1), 

respectively. The phosphane compound [(p-cym)Ru(κ2-O^N-L1)(PTA)]Cl ([5]Cl) was obtained 

from the reaction of I with the water-soluble phosphane 1,3,5-triaza-7-phosphaadamantane 

(PTA) at room temperature. 

 

Scheme 1. Synthesis of the complexes. 
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All the complexes were isolated in good yields (from 73% to 95%) and fully characterized by 

analytical and spectroscopic methods including X-ray diffraction studies on complexes [1]BPh4, 

[3]BF4, [5]Cl, and [6]BPh4. The products were obtained as racemic mixtures of the two possible 

enantiomers as the result of chirality on the metal ion (RRu and SRu) due to the asymmetry of the 

bidentate ligand. 

The aqueous solubility of the complexes was measured. The results are gathered in Table 1. As 

expected, the highest solubility value is found for the PTA complex [5]Cl. The comparison of the 

values for [1]Cl and [2]Cl, on one side, and [1]BF4 and [2]BF4, on the other, reflects a higher 

solubility for the complexes with the O^N-L1 ligand than for those containing O^N-L2. The 

decrease in the solubility values when Cl− is replaced by OTf− or BF4
− is assigned to the high 

hydration energy of the Cl− anion.64 The presence of the less hydrophobic benzene ring in [3]BF4 
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compared to p-cymene in [2]BF4 leads to a higher solubility of the former.65 The solubility of 

complexes with the hydrophobic anion BPh4
− is below 0.2 mM. 

 

Table 1. Solubility data in water (mM) of the new complexes, at room temperature. 

[5]Cl [1]Cl [6]Cl [6]BF4 [3]BF4 [1]BF4 [2]Cl [2]BF4 [1]OTf 

22.0 10.9 5.3 3.1 2.5 2.4 1.7 1.3 1.1 

 

Plausible hydrolysis reactions leading to the extrusion of MeIm and PTA were evaluated 

analysing the evolution of solutions of complexes [1]OTf and [5]Cl in D2O by 1H NMR. Spectra 

were recorded for solutions (1.1 mM for [1]OTf and 3 mM for [5]Cl) of the complexes at 

different times (30 min and 24 h), and afterwards in the presence of NaCl, mimicking the 

physiological conditions as model concentrations for the intracellular (5 mM) and blood plasma 

conditions (100 mM) (see below).66 No changes in the 1H NMR spectra were observed with the 

exception of the expected disappearance of the NH resonance, reflecting robust MeIm‒Ru and 

PTA−Ru bonds against aquation under physiological conditions. Nonetheless, the Ha’ proton of 

the imidazolyl ring reduced its intensity after four weeks. This fact is attributed to a deuteration 

process, a fact that reflects its acidity, probably as a consequence of the coordination of the 

imidazole ring. 

 

 

Structural Characterization by X-ray diffraction methods. Figure 1 displays the molecular 

structures of the cations [1]+, [3]+, [5]+, and [6]+, whereas selected bond distances angles are 

shown in Table 2 (see Table S1 for crystal data). The four complexes crystalized in monoclinic 
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centrosymmetric space groups P21/n or P21/c, so that both enantiomers are in the crystal. Only 

one of them is shown in Figure 1.  

 

Figure 1. Molecular structures (ORTEP at the 30% level) of the cations: a) [(p-cym)Ru(κ2-O^N-

L1)(MeIm)]+ [1]+, b) [(bz)Ru(κ2-O^N-L2)(MeIm)]+ [3]+, c) [(p-cym)Ru(κ2-O^N-L1)(PTA)] [5]+, 

and d) [(p-cym)Ru(κ2-O^N-L1)(EpipIm)]+ [6]+ in complexes [1]BPh4, [3]BF4, [5]Cl, and 

[6]BPh4 respectively. Anions, solvent molecules and hydrogen atoms except the NH protons 

have been omitted for clarity.  

a b

c d
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In the four cases, the ruthenium shows a three-legged piano-stool environment conformed by 

the η6-arene, and the chelate (N^O) and the monodentate ligands. The coordination bond 

distances lie in the expected range (close to 2 Å).67,68 The Ru−O (2.066‒2.081 Å) and Ru−N 

bond distances (2.068‒2.111 Å) of the chelate ligands are very similar in the different complexes 

with a longer distance for the Ru−N(benzothiazolyl) bond (complex ([3]BF4), as it has been 

previously observed in II (see Scheme 1).63 The Ru−N(RIm) distance (2.100-2.108 Å) is similar 

to those in related complexes reported in the literature.69,70 The Ru−C(average) and 

Ru−C(centroid) distances are very similar in the four complexes and are also standard.69,70 The 

bite angle N1−Ru−O1 is slightly higher for the complex with O^N-L2 (84.02(7) °) than for 

complexes with O^N-L1 ligand (82.1−82.9 °). 

 

Table 2. Selected bond distances (Å) and angles (°) for the cations in [1]BPh4, [3]BF4, [5]Cl, 

and [6]BPh4. 

Atom1-Atom2 [1]BPh4 [3]BF4 [5]Cl [6]BPh4 

Ru−N1 2.072(4) 2.111(2) 2.068(3) 2.068(3) 

Ru−O1 2.081(3) 2.066(2) 2.069(2) 2.072(2) 

Ru−N2/P1 2.106(4) 2.108(2) 2.304(1) 2.100(3)  

Ru−C (average) 2.190(5) 2.189(3) 2.205(4) 2.189(4) 

Ru−Ct(arene) 1.67 1.68 1.70 1.68 

N1−Ru−O1 82.1(1) 84.02(7) 82.4(1) 82.9(1) 

Ct = centroid of the arene ring 

 

In the four structures, the O^N chelate ring features a twisted envelope conformation. This is 

expected for six-membered metallacycles including at least one atom with sp3 hybridization (O 
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in this case). The phenolate and benzimidazolyl (or benzothiazolyl) fragments of O^N-L1 or 

O^N-L2 ligands are not coplanar and display dihedral angles ranging from 17 to 20 °. 

The 3D crystal packing of [1]BPh4 shows a N‒H4…π interaction between the anion and the 

benzimidazolyl unit and several C‒H…π interactions involving the BPh4
− anion that participates 

both as CH donor and π acceptor (see Table S2 and Figure 2, left). Noteworthy, a C‒H…π 

interaction involves the imidazole ring of the O^N-L1 ligand as π-acceptor, whereas another 

contains a proton of the methyl group of the MeIm ring as H donor. In addition, there are also 

C−H…π interactions between the p-cymene ring and a second anion placed on the other side of 

the cation, alternating the roles of H donor and π-acceptor (see Figure S2). Moreover, the 

methanol crystallization molecules participate in the formation of hydrogen bonds. 

 
 

 

Figure 2. Anion-cation contacts and hydrogen interactions in [1]BPh4 (left) and [6]BPh4 (right).  

For the related complex with the tetraphenylborate anion, [6]BPh4, a C−H…π interaction 

involving the BPh4
− anion was also observed, in such a way that one phenyl group of the anion 

participates as π-acceptor and the H17A proton as donor (EpipIm ligand). There are also 

3.28

2.86
2.71

H17A

H4

H47
3.19

2.04
2.12

O1

N5

H17A



 12 

hydrogen interactions with the water molecule involving the O and N atoms of the phenoxy and 

piperidine rings, respectively (see Table S3 and Figure 2, right). 

In the case of [3]BF4, multiple C−H…F hydrogen bonding interactions are observed where the 

anion connects six cations (see Table S3). The crystallization solvent molecules also participate 

in the formation of hydrogen bonds and a F…S short contact is also observed with a distance of 

3.130(4) Å, lower than the sum of the van der Waals radii (Figure S3). 

In [5]Cl, the chloride anion stabilizes the crystal packing through the formation of hydrogen 

bonding interactions involving two different cations and the solvent molecules (Table S3). A 

short hydrogen bonding interaction is established with the NH group, whereas a weaker one is 

formed with the nearby H5 proton (Figure 3, right). A C‒H…π interaction between the proton 

H17B of the PTA ligand of one cation and the phenoxy ring of another cation is also observed 

(see Figure S4).  

 

Figure 3. Anion-cation contacts and hydrogen interactions in [3]BF4 (left) and [5]Cl (right).  

Complexes [3]BF4, and [5]Cl also feature a π…π stacking interaction between the six-

membered rings of the benzothiazolyl or benzimidazolyl fragments, respectively, of two adjacent 

cations with a head to tail orientation (see Table S4 and Figures 3, left and S5). 
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Computational Studies. Additional information on anion-cation interactions was gathered 

from DFT studies (B3LYP-D3, 6-311G(d,p)/LanL2TZ(f)) on selected complexes. The modeled 

complex [1]BPh4 reproduced very well the three main bonding interactions found in the solid 

state: N‒H…π(BPh4), (ImMe)C‒H…π(BPh4), and (BPh4)C−H…π(O^N-L1) (Figures S6 and S7, 

Table S5). The sole difference was that two protons of the methyl(Im) group (instead one) 

interact with one phenyl ring each one, which suggest a stronger (Me)CH…π interaction in gas 

phase than that found in the solid state. 

In complexes [1]Cl, [1]OTf, and [1]BF4, a relatively strong N−H…X (X = Cl, O, F) hydrogen 

bonding interaction71 was found in the three complexes, whereas those involving the adjacent H3’ 

proton (in [1]Cl) or the Ha’ proton (in [1]OTf and [1]BF4) was quite weak (Figure 4 and Table 

S6). 

 

Figure 4. Anion-cation hydrogen interactions in the DFT-calculated (B3LYP-D3, 6-

311G(d,p)/LanL2TZ(f)) structures of [1]Cl (a), [1]OTf (b), [1]BF4 (c), and [2]Cl (d). 

In the particular case of complex [2]Cl, which contains the O^N-L2 ligand the chloride anion 

was found to be interacting with the Ha’ proton of the MeIm ring. Indeed, after coordination of 

the MeIm ligand to the ruthenium centre this proton is thought to become quite acid, a fact that 

should favour the formation of the mentioned hydrogen bond interaction. 

a b c d
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NMR studies. In general terms, the cationic nature of the complexes agrees with the shift to 

low-field of almost all the proton resonances of the O^N-L1, O^N-L2, and p-cymene ligands 

relative to the neutral precursors I-III63 (see Tables S7−S11 for a better comparison). In addition, 

the lack of symmetry of the complexes results in the display of two and four signals for the 

methyl groups of iPr and the four aromatic protons, respectively, of the p-cymene ligand in the 

1H NMR spectra. An exception to this general trend was the aquo-complex [4]OTf, for which an 

apparent symmetry plane bisecting the p-cymene ligand was deduced from the observance of one 

singlet for the two methyl groups and only two signals for the aromatic protons in the 1H NMR 

spectrum. An enantiomer’s interconversion involving water decoordination, inversion at the 

ruthenium centre, and water re-coordination on the other side, along with the free rotation of the 

p-cymene ligand is proposed to account for these observations72 (Scheme 2). 

 

Scheme 2. Plausible epimerization process in solution undergone by complex [4]OTf. 
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Because this process is not observed for the other complexes, it can be concluded that 

dissociation of the imidazole ligands in [1]+−[3]+, and [6]+ or the phosphane PTA in [5]+ does not 

occur, indicating relatively strong Ru−N(RIm) and Ru−P(PTA) bonds in the complexes (see 

below for hydrolysis studies). 
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Particular attention was devoted to the elucidation of the anion-cation interactions in solution 

described above through the analysis of selected resonances in the 1H NMR spectra. 

i) NH proton. The participation of this proton in N−H…X (X = Cl, O, F) bond interactions can 

be established from its chemical shift, since such interactions usually lead to a decrease of its 

electron density that results in a low-field shifting in the 1H NMR spectra.12,26,28,29,65,66 As shown 

in Table 3, a low-field shifting relative to the neutral complex I (δ = 10.67 ppm)63 is observed in 

all the cases, with the chloride complexes showing the more deshielded NH protons. This 

observation is in full agreement with the stronger ability of Cl− as a hydrogen bonding acceptor 

relative to the other counter-anions.17,73  

 
Table 3. Chemical shiftsa for selected 1H NMR resonances of [1]+, [2]+, [3]+, [5]+, and [6]+. 
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 [5]Cl [1]Clb [6]Clb [1]BF4
b [1]OTf [6]BF4

b [2]Clb [3]BF4 [2]BF4 

NH 14.81 14.43 14.70 12.17 12.16 11.40 --- --- --- 

H3’ 8.43 8.35 8.28 7.88 7.88 7.81 7.56 7.59 7.57 

Ha’ --- 7.97 8.21 7.78 7.70 8.03 9.95 8.97 8.75 
a CDCl3, in ppm. b 30 mM. 

 

ii) H3’ proton. As deduced from the afore-mentioned DFT-studies, the formation of N−H…X 

(X = Cl, O, F) interactions in complexes with the O^N-L1 ligand is accompanied by one 

additional interaction of the close H3’ proton with the counter-anion. This is also observed in the 
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X-ray structure of [5]Cl (Figure 3 right). Such interaction is again reflected in a low-field shifting 

of this proton, which accordingly, follows a similar trend than that observed for the NH proton 

(Table 3). Conversely, in complexes that lack the NH group, as those containing the chelating 

O^N-L2 ligand, this H3’ proton remains at ca. 7.58 ppm. Therefore, the N−H…X interaction 

remains in solution (at least in some extension) for complexes in Table 3. 

iii) Ha’ proton. For complexes with the S-ligand, O^N-L2, the expected C−Ha’…X interaction 

(X = Cl, F, Figure 4) is associated to a low-field shift of this proton (Table 3). This shift is 

noticeable for [2]Cl, which agrees with the presence of a relatively tight ion-pair in CDCl3 

solutions. This interaction was observed for complexes [1]BF4, [1]OTf and [2]Cl according to 

the DFT-modelled complexes (Figure 4). Interestingly, in the particular case of the chloride 

complexes having the NH-ligand, O^N-L1, ([1]Cl and [6]Cl) the low-field shifting of this proton 

could well reflect the presence of at least trinuclear entities of the type ‘cation…anion…cation’ (as 

found for [5]Cl in the solid state, Figure 3 right), since after the formation of the N−H…Cl 

interaction with the first cation, the C−Ha’/a…Cl interaction should take place with a second 

cation placed on the other side of the chloride. This additional interaction was found to be 

slightly stronger in [6]Cl, which shows the more deshielded Ha’ proton. 

iv) BPh4
− anion. The interactions of the cations [1]+, [2]+, and [6]+ with the BPh4

− anion were 

nicely detected by the high-field shifting of the involved protons of the cations, and agree with 

those observed in the DFT-modelled structure for [1]BPh4 (Figure S6). ∆δ chemical shifts for 

selected protons, calculated as the difference between the chemical shift in complexes with BF4
− 

and BPh4
−counter-anions, are shown in Figure 5. The three main anion-cation interactions in 

these complexes (see above) are clearly evidenced by the high-field shift of: 

• the NH proton (involved in a relatively strong NH…π(BPh4) interaction), 
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• the Hd’/Me protons as well as the Ha’ proton located in the shielding cone of the phenyl 

groups (because of the ImR−H…π(BPh4) interaction), and 

• the H2/H3 protons of the p-cymene ligand that point at a second anion placed on the 

other side of the cation and involved in C−H…π(BPh4) interactions. 
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Figure 5. ∆δ  1H NMR chemical shifts, calculated as the difference between the chemical shift in 

complexes with BF4
− and BPh4

− counter-anions, for selected resonances of complexes [1]BPh4, 

[2]BPh4, and [6]BPh4.  

 

The stronger shielding of the Me/Hd’ protons in [1]+ and [6]+ compared to [2]+ suggest that the 

former interact in a stronger way with the anion placed on this part of the molecules, which can 

be attributed to the additional NH…π(BPh4) interaction with this BPh4
− anion (see Figure 2). 

Conversely, the Ha’, H2 and H3 protons are more shielded in [2]+ than in [1]+ and [6]+, showing 

that the cation [2]+, which lacks the NH proton, interacts stronger with the anion placed on the 

other side as compared to [1]+ and [6]+. 
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In full agreement with these proposals, the 1H,1H-NOESY spectrum of [1]BPh4 showed the 

close proximity of the methyl protons of both, the MeIm and p-cymene ligands, to the Ho and Hm 

protons of the anion (Figure 6). Moreover, from the intensity of the signals, the methyl group in 

the MeIm seems to be closer to the anion than the methyl in the p-cymene ligand. These 

preferences for the relative cation-anion orientation are in contrast with the results reported for 

nitride chromium complexes where a lack of specificity in the interaction with BPh4
− was 

found.23 

 

Figure 6. Selected region of the 1H,1H-NOESY spectrum of [1]BPh4 in CDCl3. 

 

Furthermore, the evident effect of the anion on the position of some resonances of the cation 

was also verified recording the 1H NMR spectrum of an equimolar mixture of [1]Cl and [1]BPh4 

in CDCl3. Intermediate values for the chemical shifts between those observed for the separate 

complexes were observed, reflecting a situation of rapid interchange with respect the NMR time 

scale (see Figures S9 and S10). 

The above mentioned data relative to the chemical shifts of selected protons strongly support 

the presence of intimate ion-pairs {[Ru]+…A−} in CDCl3 solutions in all the cases, which were 

found to be stronger for those containing Cl− and BPh4
− as counter-anions. Moreover, for these 
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anions aggregates of even higher nuclearity were detected. In the chloride complexes, the anion 

interacts with two cations in a ‘cation…anion…cation’ sequence {[Ru]…Cl…[Ru]}+. In the BPh4
− 

counterparts, the observed sequence was found to be ‘anion…cation…anion’ {A…[Ru]…A}−, since 

one part of the cation (NH, Me(Im)) interacts with one BPh4
− anion while the opposite part (p-

cymene) interacts with a different anion. In this regard, quadruple species such as 

[Ru]Cl…[Ru]Cl and [Ru]BPh4
…[Ru]BPh4, in which two tight ion pairs aggregate in a head to 

tail fashion, could well be the origin of the observed data. 

Additional information supporting this picture was gathered from dilution experiments for the 

model complexes [1]Cl and [1]BPh4 in CDCl3. Such type of studies allowed to detect intimate 

ion-pairs, and even the existence of aggregates (n cations and n anions) as reported by Dupont et 

al,74 Ammer et al,73 and Macchioni et al,75–79 for example. In both cases, several 1H NMR spectra 

were recorded from solutions 30 mM (whose 1H NMR have been described above) up to 0.4 mM 

(see Tables S12 and S13). For the chloride complex variations in the chemical shifts of the 

involved protons NH, H3’, Ha’ and H2 are shown in Figure 7. 

Dilution was accompanied by a high-field shifting of the Ha’ and H2 protons involved in the 

interaction [1]Cl…[1]Cl between two ion-pairs, a clear indication of the cleavage of this 

interaction, since they move towards their usual chemical shifts in the absence of hydrogen 

bonds. At the same time, the NH and H3’ protons, which participate in the single ionic-par 

{[1]+…A−} interaction, shift to the opposite sense (Table S12). These deshieldings can be easily 

understood because of the higher electronic density of the chloride when losing the interaction 

with the second cation. In other words, the disaggregation of [1]Cl…[1]Cl into the intimate ion-

pair {[1]+…Cl−} reinforces the intra anion-cation interaction in the later. Moreover, variations in 

the chemical shifts of the NH and Ha’ protons were found to be larger than those for the H3’ and 
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H2 protons. Clearly the more acidic NH and Ha’ protons form stronger interactions with the 

chloride anion than the H3’ and H2 protons.  

 

 

Figure 7. Equilibrium between quadruple species [1]Cl…[1]Cl and ion-pairs {[1]+…Cl−} (left) 

and variation (∆δ) of the 1H NMR chemical shifts for the NH, H3’, Ha’, and H2 protons for [1]Cl 

versus concentration (right) in CDCl3.  

 

A similar behavior was observed for the related [1]BPh4. As shown in Figure 8, protons of the 

p-cymene ligand shift towards low-field upon dilution according to the disaggregation of the 

quadruple assembly [1]BPh4
…[1]BPh4 into the tight ion-pair {[1]+…BPh4

−}. This low-field shift 

is more relevant for the H3 proton and the methyl group, which indeed are those involved in 

CH…π interactions with the BPh4
− anion (in green in Figure 8, see also Figure S12 and Table 

S13). 
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Figure 8. Plots of the variation of the 1H NMR chemical shifts of some resonances for [1]BPh4 

in CDCl3, versus concentration. Chemical shifts of the aromatic protons of the p-cymene ligand 

are shown on the left and those for the methyl groups in p-cymene and MeIm on the right. The 

inset shows the double (Me)CH…π interaction in the ionic-pair (H…Ct = 2.457 and 2.449 Å from 

DFT).  

Simultaneously, the methyl group of the methylimidazole undergoes a major shielding upon 

dilution evidenced by the shift to high-field (from δ = 2.14 to 1.94 ppm, at 37.6 and 0.4 mM, 

respectively). This behaviour indicates that disaggregation of quadruple species through the 

equilibrium {[1]BPh4
…[1]BPh4}  2 {[1]+…BPh4

−} reinforces the (Me)CH…π interaction in the 

tight ion-pair (in orange in Figure 8). In this case, cleavage of the interaction between two ionic-

pairs (in green) allows to the BPh4
− anion a slight rotation approaching a second phenyl group to 
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a second proton of the methyl group in MeIm (as found by DFT), which accounts for the high-

field shifting of this methyl group upon dilution. 

In order to corroborate this picture, the translational diffusion coefficients of the anion (Dt
−) 

and the cation (Dt
+) of [1]BPh4 were estimated by performing pulsed-field gradient spin-echo 

(PGSE) NMR measurements at different concentrations (Table 4). The corresponding 

hydrodynamic radius (rH
− and rH

+) were then calculated using the modified Stokes-Einstein 

equation (𝐷𝐷𝑡𝑡 =  𝑘𝑘𝑘𝑘
(𝑓𝑓𝑠𝑠 𝑐𝑐) π η 𝑟𝑟𝐻𝐻

), where the appropriate c factor: c =  6
1+0.695𝑏𝑏2.234 (b = 𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑟𝑟𝐻𝐻
) was 

calculated by successive iterations.75 In general terms, a value of the parameter 𝑓𝑓𝑠𝑠 = 1 provides a 

good fitting, but because of the prolate-shape of the quadruple [1]BPh4
…[1]BPh4 species, a value 

of 1.1 according to Perrin’s equation,76 was taken for the more concentrated solution (37.6 mM). 

The corresponding hydrodynamic volumes (𝑉𝑉𝐻𝐻) were then obtained from the averaged 

hydrodynamic radii of the anion and cation assuming that they are spherical, and the aggregation 

number N = 𝑉𝑉𝐻𝐻
𝑉𝑉𝐻𝐻
0  was estimated with 𝑉𝑉𝐻𝐻0 = 985 Å3 corresponding to the hydrodynamic volume at 

2.24 mM, which contains the intimate ion-pair {[1]+…BPh4
−}. Indeed, this 𝑉𝑉𝐻𝐻0 value (985 Å3) 

agrees quite well with those derived from the X-ray data (1014 Å3) and DFT-studies (973 Å3) for 

[1]BPh4. This point has been corroborated by recording the 1H NMR spectra at lower 

concentrations, where the resonance corresponding to the methyl group of MeIm remained at δ = 

1.94 ppm up to 0.2 mM, the lowest concentration available in our hands, which ensures the 

presence of the tight ion-pair. 
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Table 4. Diffusion coefficients (1010 Dt m
2 s−1), hydrodynamic radii (rH Å), hydrodynamic 

volume (VH Å3) and aggregation number (N) for complex [1]BPh4 as a function of 

concentration (C, mM). 

Entry C Dt
− a rH

− Dt
+b rH

+ 𝑟𝑟𝐻𝐻  VH Nc 

1 37.6 4.851 7.93 4.861 8.05 7.99 2136 2.17 

2 18.7 5.702  7.55 5.685 7.73 7.64 1869 1.90 

3 9.22 6.128  7.10 6.127 7.26 7.18 1549 1.57 

4 4.49 6.455  6.79 6.535 6.89 6.84 1338 1.36 

5 2.24 7.376  6.07 7.337 6.28 6.17 985 1.00 
a From the resonance of the Hmeta protons of BPh4

−. b Averaged of 𝐷𝐷𝑡𝑡+ obtained for the methyl 
groups of p-cymene and MeIm. c Calculated as 𝑉𝑉𝐻𝐻

𝑉𝑉𝐻𝐻
0  where is 𝑉𝑉𝐻𝐻0 corresponds to the volume for 

the dilute solution, which contains the tight ion-pair [1]BPh4. 

 

Interestingly, at the highest concentration (entry 1) the aggregation number was found to be 

2.17, which mainly corresponds to quadruple [1]BPh4
…[1]BPh4 species, whereas the lowest 

concentration (entry 5) contains the tight ion-pair {[1]+…BPh4
−} as mentioned before. 

Remarkably, both cation and anion exhibit almost identical diffusion coefficients in all the 

available concentrations, so that we can conclude that they are diffusing through solution at the 

same rate. This represent an important point, since ensures that both, anion and cation, belong to 

the same aggregate and consequently, excludes the presence in the solution of odd ions (triples in 

this case) of the type {BPh4
…[1]…BPh4}−{[1]}+, which otherwise are also compatible with the 1H 

NMR spectra above described.  

For the intermediate concentrations (entries 2-4) the equilibrium {[1]BPh4
…[1]BPh4}  2 

{[1]+…BPh4
−} accounts for the changes in the aggregation number N. Moreover, from the 



 24 

volumes at 4.49 and 9.22 mM (entries 3-4), an averaged value for the KIQ
76 for this equilibrium 

of 132±36 was obtained. It corresponds to ∆G = −2.9 kcal mol−1 at 299 K and accordingly, that 

corresponding to the unobserved equilibrium: [1]+ + BPh4
−  {[1]+…BPh4

−} should be higher. 

The existence of quadruple species (or quadrupoles) in solution, although scarce, has been 

reported for some ruthenium complexes. As a matter of fact, they have been proposed for the 

octahedral complex [Ru(PMe3)2(CO)(COMe)(k2-Pz2-CH2)]BPh4 in a side by side (or head to 

head, {A[Ru]…[Ru]A}) arrangement from 1H,1H-NOESY data.77 In addition, the complexes [(p-

cym)Ru(H2N(CH2)2NH2)(Cl)]PF6
75 and [(p-cym)Ru(ArN=CMe−CMe=NAr)(Cl)]BF4.

78 have 

also been reported as suitable to form ion-quadruples in head to head configuration. Conversely, 

a less coordinating anion such as BPh4
− favors head to tail arrangements {A[Ru]…A[Ru]} as 

observed in [(p-cym)Ru(ArN=CMe−CMe=NAr)(Cl)]BPh4, the single precedent for fully 

characterized ion-quadruples in ruthenium chemistry.79  

 
Cytotoxicity. Preliminary studies of the cytotoxicity of some of the complexes were 

performed in HeLa (cervical carcinoma cell line) by means of an MTT cell viability assay. The 

values of IC50 (μM) are expressed in Table S14 (see also Figures S13-15). 

The three precursors I‒III were not active, nor the complexes containing ligand O^N-L2 or 

the complex with PTA as neutral ligand. Thus, in this series of complexes the presence of ligand 

O^N-L1, and perhaps more specifically the NH group, is necessary for the cytotoxic activity, at 

least against HeLa cell lines. The presence of the monodentate MeIm ligand exerted a positive 

effect. It was observed an effect of the anion present, as for example, with the better results 

obtained for [1]Cl than for [1]OTf but the most important conclusion is that in both [1]+ and [6]+, 

the presence of the BPh4
− anion increased notably the anticancer activity. In fact, complex 

[1]BPh4 was the most cytotoxic, with a value of IC50 even better than that of cisplatin both after 
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24 h (IC50 = 16.3 μM) and 48 h (IC50 = 14.9 μM). Complex [6]BPh4 also exhibited relatively 

high antiproliferative effect.. As stated, this effect of the BPh4
− anion in the cytotoxicity has 

already been reported in the literature in some ruthenium complexes.44,45,46 

Conclusions 

Along this work we have showcased that semi-sandwich cationic ruthenium complexes of 

general formula [(p-cym)Ru(L’)(κ2-O^N-L)]X show a great tendency to form tight ion-pairs in 

both, solid-state and solution. Complexes with Cl−, OTf−, and BF4
− as counter-anions, feature 

strong N−H…X (X = Cl, O, F) bond interactions, whereas those having the lipophilic BPh4
− 

counter-anion mainly showed N‒H···π and C‒H···π bond interactions. These preferences 

suggest that the sites of ion-pairing can be controlled, at least, up to a certain extent. Moreover, a 

full agreement between X-ray and DFT-modelled structures was observed, which in addition 

showed a good correlation with the NMR studies concerning the chemical shift of the selected 

protons as well as dilution experiments. Interestingly, rare head-to-tail quadruple species were 

observed for complexes [1]Cl and [1]BPh4 in concentrated CDCl3 solutions. Furthermore, a 

value of ∆G = −2.9 kcal mol−1 at 299 K has been estimated for the equilibrium 

{[1]BPh4
…[1]BPh4}  2 {[1]+…BPh4

−}. 

Preliminary studies aimed to stablish structure-activity relationships concerning the cytotoxic 

properties of the derivatives pointed out the existence of a clear positive effect of the presence of 

the lipophilic BPh4
− anion and also of the NH group of the benzimidazolyl fragment. The 

complex containing the PTA ligand was not active. An interesting aspect of the effect of the 

BPh4
− anion on the antiproliferative activity of metal complexes is that this simple approach 
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could be applicable to a range of cationic cytotoxic species and to the development of new 

formulations for metallo-drugs. 

 

EXPERIMENTAL SECTION 

General comments. All synthetic manipulations were carried out under nitrogen atmosphere 

(water- and oxygen free) using Schlenk techniques. The solvents, with the exceptions of water 

and ethanol, were distilled under nitrogen in the presence of the respective drying agents before 

its use or purified in a MBraun SPS MB-SPS-800 from commercial HPLC solvents. Deuterated 

solvents were deoxygenated by applying freezing-vacuum cycles and introducing a dry nitrogen 

atmosphere. Occasionally, some of them were also dried with molecular sieve (MS). The 

elemental analyses were performed in a LECO CHNS-932 or Thermo Quest FlashEA 1112 

microanalyzers. Medium infrared spectra were recorded in a Nicolet Impact 410, in a Jasco 

FT/IR-4200 and in a Shimadzu IR Prestige-21 infrared spectrometer equipped with a Pike 

Technologies ATR. Samples were prepared either in KBr pellets (refraction) or with an ATR 

accessory (reflexion) and spectra were recorded with 32 or 64 scans, respectively, and a 

resolution of 4.0 cm-1. Data were treated with Spectra Manager v.2.10.01 (Build 1). The FAB+ 

mass spectrometry measurements were obtained with a Thermo MAT95XP mass 

spectrophotometer with a magnetic sector. NMR spectra were registered with a VARIAN 

UNITY INOVA, VARIAN INOVA and Bruker Advance operating at 400, 500 and 500 MHz, 

respectively. Both monodimensional (1H, 31P, 19F and 13C) and bidimensional (1H,1H gCOSY, 

1H,1H ROESY, 1H,13C gHSQC and 1H,13C gHMBC) experiments were recorded using standard 

sequences. A combined analysis of them allowed the accurate assignation of all protons and 
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carbons in the complexes. Chemical shifts, in ppm, are related to TMS (for 1H and 13C), CFCl3 

(for 19F) and H3PO4 (for 31P). The spectra were usually recorded at 25 °C and with 32 scans (for 

1H) and processed with MestReNova v10.0.2-15465. In the NMR analysis s, d, t, sept, m, and br 

denote singlet, doublet, triplet, septuplet, multiplet, and broad signal, respectively and o, m, p and 

i stands for ortho, meta, para and ipso positions of the phenyl rings. DOSY experiments were 

carried out using the PFGSE (Pulsed-Field Gradient Spin-Echo) NMR Diffusion methods and 

analysed with the software implemented by Bruker on a NMR AV500 spectrometer. The 

variation of the intensity of one selected signal in the 1H NMR spectrum (I) is related to the 

strength of the gradient (G) by the following equation: Ln(I/I0) = − γ2 δ2 Gi2 (∆−δ/3) D, where γ = 

gyromagnetic ratio of the proton, δ = length of the gradient pulse, Gi = gradient strength, Δ = 

delay between the midpoints of the gradients, and D = diffusion coefficient.80 Before recording 

the DOSY experiment, the values of δ (small delta) and ∆ (big delta) were optimized for each 

complex by using the 1D sequence for diffusion measurements (stebpgp1s1d, δ (2 x P30) and ∆ 

(d20), Bruker’s software). The selected values provided a considerable reduction of the intensity 

of the signal, but it remained strong enough to be integrated. Next, the bidimensional DOSY 

experiment (stebpgp1s sequence) was recorded with the optimized δ and ∆ values, varying G 

along 32 spectra. The data were analyzed with the Bruker’s software, which provided directly the 

diffusion coefficient (D). The quality of the data were tested by representation Ln(I/I0) versus G2, 

which gave an excellent fit to a straight line in all the cases. Hydrodynamic radii (rH) were 

calculated from the modified Stokes–Einstein equation according bibliography.75 Temperature 

was previously calibrated by using a reference tube with ethylene glycol (80%) in dmso-d6. 

Chemical-shift separation (Δ) in ppm between CH2 and the OH peaks, determined from the 1H 

NMR, was found to be 1.49 ppm, which corresponds to 298.73 K. Averaged molecular radii for 
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complexes [1]Cl and [1]BPh4 were estimated from X-ray and DFT molecular structures. The 

calculated molecular volume is defined as the volume inside a contour of 0.001 electrons/Bohr3. 

Conductivity measurements were carried out with a CRISON 522 conductimeter, connected to 

a conductivity cell CRISON 52 92 with platinum electrodes. The solutions of the complexes 

(10−3 M, in acetonitrile) were prepared in 5 mL volumetric flasks and measured in test tubes. 

Mass spectra (FAB+) were recorded with a Thermo MAT95XP with a magnetic sector or a 

Micromass AutoSpec mass spectrometers. Mercury 3.0 (Build RC5) was used to calculate the 

characteristic parameters of the structures, such as distances, angles, planes, etc. Single crystals 

were grown by assorted methods. The ligands 2-(2′-hydroxyphenyl)-benzimidazole (HL1) and 2-

(2′-hydroxyphenyl)benzothiazole (HL2) and MeIm were purchased from Merck and used 

without further purification. EpipIm81 and the metal precursors [Ru(p-cym)Cl2]2
82,83 were 

prepared according to literature procedures.  

X-ray Diffraction studies. Crystals for [1]BPh4•MeOH, [3]BF4•H2O, [5]Cl•CDCl3•0.5 H2O 

and [6]BPh4•H2O were mounted on a glass fiber. Intensity measurements were collected at 100K 

with a Bruker Smart Apex diffractometer and with a Bruker X8 APEX II, with graphite-

monochromated MoKa radiation at 100 K ([1]BPh4), 173K ([3]BF4 and [5]Cl) and 290K 

([6]BPh4). A semi-empirical absorption correction was applied with the multi-scan84,85 methods. 

Selected crystallographic data can be found in Table S1. The structures were solved by direct 

methods86,87 and refined by full-matrix least-squares88 by means of the WINGX89 package. All 

non-hydrogen atoms were refined with anisotropic displacement parameters except those ones of 

the methanol solvent for compound [1]BPh4. Hydrogen atoms were geometrically calculated and 

refined by the riding mode, including the isotropic displacement parameters. The methanol 

solvent for [1]BPh4 was modelled as a three-fold disorder with restrained bond distance and two 
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common isotropic displacement parameters. For [3]BF4 and [5]Cl, the hydrogen atoms bonded to 

H2O molecules have been located in a Fourier synthesis and then fixed. CCDC deposition 

numbers for [1]BPh4, [3]BF4, [5]Cl and [6]BPh4 are 2012484-2012487. 

DFT studies on complexes [1]BPh4, [1]Cl, [1]OTf, [1]BF4, and [2]Cl. The DFT calculations 

were carried out with the Gaussian 0990 program package, using the B3LYP-D3 hybrid 

functional.91–94 Geometry optimizations were performed in the gas phase with the LanL2TZ(f) 

effective core potential basis set for the ruthenium atoms, and the 6-311G(d,p) basis set for the 

remaining ones  

Cell culture. HeLa cells, a human cervical carcinoma cell line, were grown in a humidified 

atmosphere of 95% air, 5% CO2 at 37 °C and maintained in Dulbecco’s minimal essential 

medium (Invitrogen, Spain) supplemented with 10% fetal bovine serum as previously 

described.95  

Cytotoxicity assays in HeLa cancer cells. Cells were seeded (104 cells/well) and grown in 96-

well tissue culture plate. After 24 h, cells were treated with different compounds (1 - 500 μM) for 

24 h and 48 h. After treatment, cells were incubated with 0.3 mg/ml XTT solution (sodium 3’-[1-

(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate) 

for 30 minutes at 37 °C in control or compound-treated conditions. The cleavage of XTT to form 

an orange formazan dye by viable cells was monitored by reading absorbance at 475 nm and 690 

nm according to the manufacturer’s protocol (Cell Proliferation Kit II, Roche, Mannheim, 

Germany). Three independent experiments carried out in triplicate. 

Statistical and data analysis. Non linear regression analysis for IC50 measurements were 

performed with GraphPad Prism 7.0 program (GraphPad Software, San Diego, CA, USA).  

Synthesis and characterization of the new complexes: see Supporting Information. 
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SYNOPSIS. We have synthesized a set of cationic p-cymene ruthenium complexes with a 

neutral monodentade and an anionic bidentate ligands and different anions. Based on X-ray 

diffraction studies, DFT calculations and solution NMR studies, it is demonstrated the existence 

of strong anion-cation interactions (N−H…X, X = Cl, F, O, and C‒H···π interactions) and the 

formation of intimate ion-pairs and quadruples in solution. The complexes with the BPh4
- anion 

are more cytotoxic against Hela cell lines. 

 

 

 

 

 
 


	INTRODUCTION
	RESULTS AND DISCUSSION
	Conclusions
	EXPERIMENTAL SECTION
	ASSOCIATED CONTENT
	AUTHOR INFORMATION
	ACKNOWLEDGMENT
	REFERENCES

