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A mixed valence diruthenium (II, III) complex endowed with high 
stability: from experimental evidences to theoretical 
interpretation  
Elisabetta Barresi,†a Iogann Tolbatov,†b Alessandro Pratesi,c Valentina Notarstefano,d Emma Baglini,a 
Simona Daniele,a,e Sabrina Taliani,a,e Nazzareno Re,*b Elisabetta Giorgini,*d Claudia Martini,a,e 

Federico Da Settimo,a,e Tiziano Marzo *a,e and Diego La Mendolaa 

We report here on the synthesis and multi-technique characterization of [Ru2Cl((2-phenylindol-3-yl)glyoxyl-L-leucine-L-
phenylalanine)4] a novel diruthenium (II,III) complex obtained reacting [Ru2(μ-O2CCH3)4Cl] with a dual indolylglyoxylyl 
dipeptide anticancer agent. We soon realised that the compound is very stable in several different conditions including 
aqueous buffers or organic solvents. It is also completely unreactive toward proteins. The high stability is also suggested by 
cellular experiments in a glioblastoma cell line. Indeed, while the ligand exerts high cytotoxic effects in the low µM range, 
the complex is completely non-cytotoxic against the same line, most probably because of the lack of ligand release. To 
investigate the reasons of such high stability, we carried out DFT calculations that are fully consistent with the experimental 
findings. Results highlight that the stability of [Ru2Cl((2-phenylindol-3-yl)glyoxyl-L-leucine-L-phenylalanine)4] relies on the 
nature of the ligand, including its steric hindrance that prevents the reaction of any nucleophilic group with the Ru2 core. 
The ligand displacement is the key step to allow the reactivity with biological targets of metal-based prodrugs. Accordingly, 
we discuss the implications of some important aspects that should be considered when active molecules are chosen as 
ligand for the synthesis of paddle-wheels like complexes with medicinal applications. 

Introduction 
Forty years after its approval by FDA, cisplatin remains among the 
most used molecules in the treatment of cancer patients.1–3 Though 
it is effective to fight several kinds of tumour, resistance phenomena 
and heavy side effects may represent limiting aspects leading to 
treatment failure.4,5 To overcome these problems many cisplatin-
inspired platinum drugs with various ligands have been synthesised 
and explored for their anticancer activity and some of them i.e. 
oxaliplatin and carboplatin have been approved and to date are 
widely used in clinical practice worldwide.6–8 Also, in the last 
decades, a few platinum-based antineoplastic agents have received 

local approval. This is the case of nedaplatin, heptaplatin and 
lobaplatin that entered the clinic in Japan, Korea and China 
respectively.6,8 

Owing to the wide versatility of transition metals many non-platinum 
complexes have been also developed and tested.9–11 The use of 
metals different from platinum is attractive because various 
oxidation states, hard/soft properties, stability and coordination 
geometries as well as thermodynamic and kinetic features can be 
conveniently exploited to selectively bind biological targets 
triggering specific cell responses and the desired pharmacological 
effects.8,12–14 

Some notable results were obtained for a few ruthenium (II) and (III) 
compounds. Among several, NAMI-A and KP1019/KP1339 reached 
clinical trials for their promising properties as antimetastatic and 
cytotoxic agents respectively.15,16 The positive outcome from these 
ruthenium compounds further fueled the attention on this transition 
metal.17–19 A very attractive category of Ru-based compounds is that 
of diruthenium complexes bearing a direct metal-metal bond and a 
typical (II,III) mixed valence (Figure 1). 
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Fig. 1 General chemical structure of paddle-wheel Ru2 (II, III) 
complexes. 

The presence of three unpaired electrons delocalized on antibonding 
metal-metal orbitals, formally imparts a charge of +2.5 to each 
ruthenium atom.20 The parent complex of Ru2 (II,III) compounds is 
[Ru2(µ-O2CCH3)4Cl] namely (acetato)chloridodiruthenium (II,III), that 
was synthesized and characterized for the first time by Wilkinson and 
Stephenson.21 It has been widely investigated in the past and the 
crystal structure was solved for the first time in 1969 by Cotton and 
coworkers.21,22 In the solid state the two axial positions are occupied 
by chloride ligands that are responsible for bridging each other the 
bimetallic cores forming the typical polymeric structure. The 
polymeric structure can be broken in solution by the axial 
coordination of solvent molecules leading to the [Ru2(RCOO)4L2]n, 
where L is a neutral solvent molecule or an anionic ligand and n = −1, 
0 or +1. Also, Ru2 mixed valence complexes possess unique physical 
and chemical properties making them widely exploited for several 
applications in material science, magnetic materials, catalysis, 
synthesis of other paddle-wheel compounds as well as in 
medicine.20,23 

Recently, some of us obtained interesting results by reacting [Ru2(µ-
O2CCH3)4Cl] in presence of the model protein lysozyme. Upon 
incubation, an adduct was formed where two out four acetate 
ligands were displaced by two water molecules and an aspartate 
residue of the protein. Thus, the stable lysozyme-[Ru2(µ-
O2CCH3)2(H2O)2]3+ was obtained and characterized through high 
resolution ESI-MS and X-ray crystallography.24 Next, considering the 
catalytic properties of the Ru2 (II,III) center25,26 the isolated 
diruthenium–HEWL derivative (where HEWL is Hen Egg White 
Lysozyme) was investigated for its catalytic properties in the 
preparation of nitrones by means of aerobic oxidation of N,N-
disubstituted hydroxylamines. Remarkably, when compared with 
[Ru2(µ-O2CCH3)4Cl], the diruthenium–HEWL derivative, was not only 
found to preserve the catalytic features, but it was also capable to 
confer a complete chemoselectivity to the reaction, thus enhancing 
the catalytic properties of [Ru2(µ-O2CCH3)4Cl] and delineating 
diruthenium–HEWL as an artificial metalloenzyme.27 

For medicinal purposes, [Ru2(µ-O2CCH3)4Cl] can be used as starting 
material for the obtainment of analogues bearing different 
pharmacologically active ligands in place of the acetate ones. This 
strategy is fascinating because associates the medicinal properties of 
ruthenium centers with the activity of the R-COO- drug that acts as 
bidentate ligand through the carboxylic group. Moreover, any 

molecule of complex contains four active ligands that can be 
delivered. In this frame, de Oliveira Silva and coworkers have 
reported several Ru2 (II,III) compounds prepared from [Ru2(µ-
O2CCH3)4Cl]. Specifically, in their papers the acetate ligands were 
replaced by non-steroidal antinflammatory agents including 
naproxen and ibuprofen and tested against various cancer cell lines 
with some appreciable result. In fact, complex bearing four ibuprofen 
molecules was found active against glioma tumor models and 
effective in reducing gastric ulceration in in vivo models.28,29 

On the ground of these premises we recently started to consider the 
chance to synthesize a novel Ru2 (II,III) derivative where the four 
molecules coordinating the Ru2 core were the 
indolylglyoxylyldipeptide compound (EB106 hereafter) rationally 
designed as dually-active agent capable of simultaneous activation 
of TSPO and p53 (Figure 2).  

 

 

 

 

 

 

 

Fig. 2 Chemical structure of EB106. 

EB106 was previously synthesized and characterized for its biological 
effects in vitro in a glioblastoma multiforme model (GBM). The 
compound is able to bind TSPO and the MDM2 (Murine Double 
Minute 2) protein, the most relevant physiological inhibitor of p53, 
thus restoring its activity in a functional manner. This causes the 
mitochondrial permeability transition pore opening, eventually 
leading to transmembrane mitochondrial potential dissipation. In 
GBM model, EB106 induces a potent effect resulting in the inhibition 
of cell viability in the low µM range as result of the concomitant 
activation of TSPO and p53.30  

The novel complex [Ru2(EB106)4Cl] was obtained and fully 
characterized through independent chemico-physical methods. 
Quite soon we realized that it was very stable both in organic 
solvents and physiological-like conditions. At variance with the 
parent drugs, [Ru2(µ-O2CCH3)4Cl] it was unreactive toward protein 
targets and non-cytotoxic in a representative glioblastoma cell line 
where EB106 exerted a potent cytotoxic effect. Spurred by these 
experimental evidences we have theoretically investigated the 
reasons for such stability. Some notable results emerged and are 
here comprehensively analyzed and discussed. Importantly, the 
overall evaluation of our findings indicates that the chemical nature 
of the Ru2 bound active ligands may have a dramatic impact into the 
activation profile of the complex, and in specific cases, may result in 
a complete inactivation of the pharmacological properties of the 
ligand itself. Thus, relevant aspects to be considered in the choice of 
the ligands for the Ru (II, III) core are delineated. 
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Experimental 
All the chemicals were used without further purification. [Ru2(μ-
O2CCH3)4Cl] was synthesised following the reported procedure.24 2-
phenylindol-3-yl)glyoxyl-L-leucine-L-phenylalanine (EB106) was 
synthesised as previously described.30  

Synthesis of [Ru2(EB106)4Cl] 

Synthesis of [Ru2(EB106)4Cl] was performed with a slight 
modification of the reported procedures.20,31 Briefly, in a 100 mL 
flask, 50 mg (0.1 mol) of [Ru2(μ-O2CCH3)4Cl] were solubilised in 
hot water (10 mL). Next, 273 mg (0.5 mol) of EB106 were 
solubilised in ethanol (10 mL) and added dropwise to the water 
solution of [Ru2(μ-O2CCH3)4Cl]. The mixture was refluxed under 
vigorous magnetic stirring for 24 h. A sticky black product was 
obtained very soon (within few minutes). After 24 h the mixture 
was cooled to room temperature and rapidly decanted. 20 mL 
of a fresh water/ethanol mixture (1 : 1) were added again to the 
black product formed. Then, reflux was allowed for further 5 h. 
After this time, the reflux was stopped and the mixture filtered 
immediately. On cooling, the black product that turned 
solid/crystalline from sticky, was extensively washed with 1 : 1 
mixture ethanol : water and diethyl ether. Finally, the obtained 
compound was dried under reduced pressure and characterized 
through elemental analysis (EA), high-resolution mass 
spectrometry and IR spectroscopy. Yield: 37 %. EA [Ru2Cl((2-
phenylindol-3-yl)glyoxyl-L-leucine-L-phenylalanine)4]. 
Calculated for C124H120ClN12O20Ru2٠12 H2O: C = 58.36; H = 5.69; 
N = 6.59. Experimental: C = 58.08; H = 5.43; N = 6.45. HR-ESI-
MS: [Ru2Cl((2-phenylindol-3-yl)glyoxyl-L-leucine-L-
phenylalanine)4] m/z [M-Cl]+ = 2300.68256 (theoretical: 
2300.68233; error: 0.1 ppm, see supporting material for further 
details). IR (νmax/cm−1): 3063 and 3033  (C–H aromatic); 2959 
and 2870  (C-H aliphatic); 1666br  (C=O); 1525 coupling of  
(N-H) and  (C-N); 1452  (C-H); 1429  (C-N); 1194  (C-O); 751 
 (C-H aromatic), and 699  (O-C-O). 
 
HR-ESI-MS characterization 

[Ru2(EB106)4Cl] was dissolved in LC-MS grade ethanol to a final 
concentration of 10-5 M and the high-resolution ESI mass 
spectrum was recorded on this solution with 0.1 % v/v of formic 
acid added just before the analysis. The spectrum was recorded 
in positive polarity by direct injection at a 5 μL min−1 flow rate 
in a TripleTOF® 5600+ high-resolution mass spectrometer 
(Sciex, Framingham, MA, USA), equipped with a DuoSpray® 
interface operating with an ESI probe. The ESI source 
parameters were optimized and were as follows: Ionspray 
Voltage Floating 5500 V, Temperature 37 °C, Ion source Gas 1 
(GS1) 30; Ion source Gas 2 (GS2) 0; Curtain Gas (CUR) 20, 
Declustering Potential (DP) 100 V, Collision Energy (CE) 10 V. For 
acquisition, Analyst TF software 1.7.1 (Sciex) was used and the 
spectra was elaborated with PeakViewTM software v.2.2 
(Sciex). 
 

 

Solution behaviour and interaction with protein 

The solution behaviour of [Ru2(EB106)4Cl] as well as protein 
interaction studies were performed through 
spectrophotometric analysis using a Varian Cary 50 Bio UV-Vis 
spectrophotometer.24,32 The spectral profiles were recorded for 
72 h. Firstly, it was ascertained the stability of compound in 
organic solvents: DMSO, MeOH, EtOH, DMF. To assess 
[Ru2(EB106)4Cl] solution behavior at physiological-like pH, a 
stock solution of compound was prepared and added to a 10 
mM phosphate buffer to a final concentration of 10-5 M in 
presence of 40 % of DMSO. Protein interaction studies were 
conducted in the same buffer in presence of 15 % of DMSO with 
an excess of [Ru2(EB106)4Cl] (complex to protein ratio 3 : 1).32 
The absorbance was monitored in the range between 250 and 
800 nm at 25 °C. ESI-MS spectra were also recorded to study the 
interaction of [Ru2(EB106)4Cl] with proteins (See SI for 
experimental details) following a well-established protocol 
already used in our lab.32 
 
IR spectroscopy 

The IR measurements of EB106, [Ru2(EB106)4Cl] and [Ru2(µ-
O2CCH3)4Cl] were performed using an INVENIO FTIR 
Spectrometer (Bruker Optics, Ettlingen, Germany), coupled 
with a Platinum ATR (Attenuated Total Reflectance) accessory 
for the analysis of solid samples in reflectance mode and 
equipped with a DTGS (Deuterated Triglycine Sulphate) 
detector. For each compound, 5 spectra were acquired in the 
4000-400 cm-1 spectral range (128 scans, spectral resolution 4 
cm-1). Before each sample measurement, a background 
spectrum was acquired in the same experimental conditions on 
the clean diamond crystal. Raw IR spectra were then submitted 
to absorbance conversion, polynomial baseline correction (64 
baseline points) and vector normalization (OPUS 7.5, Bruker 
Optics, Ettlingen, Germany). Finally, for each compound, the 
average spectrum was calculated. 
 

Cell culture and proliferation assay 

U87MG cells were maintained in RPMI medium supplemented with 
10 % FBS, 2 mM-glutamine, 100 U/ml penicillin, 100 mg/ml 
streptomycin and 1 % nonessential amino acids at 37 °C in 5 % CO2.33 
The cells were plated at 5 x 103 cells/cm2. After 24 h, U87MG cells 
were challenged with fresh medium containing the tested 
compounds, EB106 and [Ru2(EB106)4Cl].30,33 Following incubation, 
cell proliferation was investigated by MTS assay according to 
manufacturer’s instruction. The absorbance of formazan at 490 nm 
was read in a colorimetric assay with an automated plate reader.34 
The nonlinear multipurpose curve-fitting program Graph-Pad Prism 
(GraphPad Software Inc., San Diego, CA) was used for data analysis 
and graphic presentations. The data are presented as the mean ± 
SEM. 
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Theoretical calculations 

Calculations on [Ru2(μ-O2CCH3)4L2] and [Ru2(μ-O2CCH3)3 (EB106)L2] 
model complexes were performed with density functional theory 
(DFT) using the B3LYP hybrid functional35,36 which is known to give a 
good description of geometries and reaction profiles for transition-
metal-containing compounds37–39 and employing the Jaguar 9.140 
quantum chemistry package. Optimizations were carried out in gas 
phase with the LACVP**basis set of polarized double-ζ 
quality.41Single point electronic energy calculations were performed 
on the gas-phase geometries with the triple-ζ quality basis set 6-
311++G** and the ECP LACV3P**++. Cartesian coordinates of 
optimized complexes [Ru2(µ-O2CCH3)4Cl], [Ru2(EB106)4Cl], and 
[Ru2(µ-O2CCH3)4(H2O)2]+ are included in Supporting Information. 

Frequency calculations were performed to verify the correct nature 
of the stationary points and to estimate zero-point energy (ZPE) and 
thermal corrections to thermodynamic properties. The Poisson–
Boltzmann (PB) continuum solvent method was used to describe the 
solvation.42 Solvation energies were calculated on gas-phase 
stationary points with the same basis set employed for single point 
calculations.  

Calculations on the [(H2O)Ru2(EB106)4(H2O)]+ complex have been 
performed with the hybrid QM/MM approach which is known to 
provide the accurate geometries for large molecules with transition 
metal centers,43,44 using the Qsite 5.8 software package.45 The QM 
region included 2 ruthenium atoms, 2 water molecules, and the first 
8 non-H atoms with all H atoms bonded to them on each EB106 tail 
(4 tails were included) and was treated at DFT level of theory with 
the LACVP** basis set and the B3LYP functional, whereas the MM 
system consisting of the remaining protein atoms was described with 
the OPLSA_2001 force field.46  

The surfaces featured in Figure 6 were produced by means of 
Maestro (Schrödinger Release 2020-2: Maestro, Schrödinger, LLC, 
New York, NY, 2020). The solvent-accessible surfaces were calculated 
for the acetone solvent (its probe radius was calculated to be 2.44 A 
by Maestro). The van der Waals surfaces have been calculated with 
the exclusion of the carboxylate oxygens. 

Results and discussion 
Synthesis, characterization and solution chemistry of 
[Ru2(EB106)4Cl]  

The synthesis of the compound was performed as reported in the 
experimental section. The characterization was straightforwardly 
carried out through a multi-technique approach including ESI-MS and 
IR spectroscopy. The ESI mass spectrum (Fig. 3) confirms the 
obtainment of the compound being the signal at 2300.68256 m/z 
assignable to the monocationic fragment [Ru2(EB106)4]+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 High-resolution ESI mass spectrum of [Ru2(EB106)4Cl], 10-5 M, 
EtOH. 

 

A further confirmation is provided by the comparison of the IR 
spectra recorded on EB106, [Ru2(EB106)4Cl] and [Ru2(µ-O2CCH3)4Cl], 
considered as parent complex (Fig. 4). The comparative inspection of 
the IR spectral profiles of EB106 and [Ru2(EB106)4Cl] is indicative of 
complex formation. In fact, in the [Ru2(EB106)4Cl] IR spectrum, all the 
bands attributable to EB106, were found, with the only exception of 
the band centered at 1730 cm-1, assigned to the C=O stretching of 
the carboxylic group. The lack of this band strongly indicates the 
occurrence of a coordination between EB106 and the Ru2 core. 
Moreover, a different spectral profile was found between 
[Ru2(EB106)4Cl] and [Ru2(µ-O2CCH3)4Cl], which only shared the bands 
at: 2959 cm-1 and 2870 cm-1 (assigned to the stretching of aliphatic 
C-H and shifted in [Ru2(µ-O2CCH3)4Cl] at 2940 cm-1 and 2850 cm-1, 
respectively) 1452 cm-1 (assigned to the bending of aliphatic C-H), 
and 699 cm-1 (assigned to the bending of O-C-O).47 
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Fig. 4 IR spectra of (a) EB106, (b) [Ru2(EB106)4Cl] and (c) [Ru2(µ-
O2CCH3)4Cl]. 

Next, we explored the solution behaviour of the complex 
spectrophotometrically. It is soluble and very stable in DMSO as well 
as in ethanol and methanol or DMF even for long incubation times. 
Similarly, it is stable in presence of aqueous phosphate buffer at 
physiological-like pH (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Time dependent UV-Vis analysis of [Ru2(EB106)4Cl], 10-5 M in 
10 mM phosphate buffer in presence of 40 % DMSO (pH = 7.4) 
followed for 72 h. 

 

In this latter case we used 40 % of DMSO to avoid precipitation of the 
complex. Despite of this, the slight drift of the baseline indicates the 
occurrence of precipitation. However, over 72 h the shape of the two 
bands falling at about 260 and 340 nm and assignable to π  π* 

electronic transitions of the peptide bonds and aromatic moieties, 
remained unaltered and no new bands appeared in the range 250-
800 nm.48 Worth to mention, also the charge-transfer σ (axial ligand) 
σ*(Ru2) transition bands could fall in the range 340-350 nm thus 
determining possible overlaps.49 Altogether, these UV-Vis evidences 
point out the stability of the complex also in these experimental 
conditions. 

 

Protein interaction studies 

To shed light on the likely mechanisms of activation of 
[Ru2(EB106)4Cl], we performed bioinorganic studies to assess the 
reactivity in presence of protein targets. 8,50–53 

It is worth reminding that the parent complex [Ru2(µ-O2CCH3)4Cl] 
reacts quantitatively with the model protein lysozyme giving rise to 
a characteristic adduct where one acetate ligand is replaced by the 
Asp101 or Asp119 residues.24 However, when [Ru2(EB106)4Cl] was 
reacted with this model protein, no adducts formation occurred as 
observed with ESI-MS analysis. Thus, we hypothesized that 
[Ru2(EB106)4Cl] could interact with a panel of different proteins 
bearing various exposed coordination sites namely histidine, 
methionine, aspartate, cysteine residues, well known for their ability 
of ruthenium coordination.8 Therefore, further incubation 
experiments were performed with human ferritin, ubiquitin, 

carbonic anhydrase, holo transferrin, superoxide dismutase, human 
serum albumin and hemoglobin. However, in both UV-Vis 
spectrophotometric analysis and ESI-MS experiments, no changes in 
the bands shape or appearance of new bands nor mass peaks 
assignable to adducts formation were observed (see SI for UV-Vis 
spectra and ESI-MS experimental details). 

 

Antiproliferative effects 

[Ru2(EB106)4Cl] was then tested in comparison with EB106 in a 
representative glioblastoma cell line (i.e, U87MG cells). EB106 was 
highly effective in reducing U87MG cell proliferation, with a 
calculated IC50 of 3.12 ± 0.36 µM, consistent with previous data.30 In 
contrast, [Ru2(EB106)4Cl] did not significantly affect glioblastoma cell 
proliferation when administered up to 100 µM. The overall 
interpretation of the data obtained -in particular the lack of reactivity 
toward representative proteins bearing solvent exposed aminoacidic 
residues capable of coordinate ruthenium as well as the inhibition of 
the cytotoxic effects compared with EB106- may supports the 
mechanistic interpretation that the high stability of [Ru2(EB106)4Cl] 
doesn’t allow ligand displacement and thus the release of the 
pharmacologically active fragments. 

DFT calculations 

In order to verify the above hypothesis, we used computational 
methods. Firstly, theoretical calculations were carried out to assess 
the thermodynamics of the substitution of an acetate ion in [Ru2(μ-
O2CCH3)4L2] by EB106 species, and to elucidate the different 
reactivity patterns observed for [Ru2(µ-O2CCH3)4Cl] and 
[Ru2(EB106)4Cl]. To evaluate the accuracy of the employed level of 
theory we first carried out geometry optimization of the parent 
complex [Ru2(µ-O2CCH3)4Cl], whose X-ray structure is well known.54 
We found a good agreement between calculated and experimental 
geometries, with Ru-O and Ru-Cl distances within 0.04 Å, Ru-Ru 
distance within 0.1 Å and bond angles within 3°, see Table S1. We 
also calculated the reaction free energy for the axial anation reaction 
of the [Ru2(µ-O2CCH3)4(H2O)2]+, the predominant species observed in 
solution, with Cl–:    

[Ru2(µ-O2CCH3)4(H2O)2]+  + Cl–   [Ru2(µ-O2CCH3)4(H2O)Cl] + H2O 

for which a reaction free energy of 1.6 kcal mol-1 has been 
observed,55,56 obtaining a reaction free energy of 2.0 kcal mol-1 in 
excellent agreement with the experimental data. 

We then investigated the substitution of one acetate of [Ru2(µ-
O2CCH3)4(H2O)2]+ by the ionized carboxylate group of EB106, the first 
step in the expected process for the synthesis of [Ru2(EB106)4Cl] in 
water solution, to evaluate the thermodynamic feasibility of this 
reaction. The results show a barely endothermic reaction, H=2.8 
kcal mol-1 with a slightly larger reaction free energy of 4.4 kcal mol-1, 
probably due to the loss of entropy when EB106 binds to the Ru2 
metal core.  
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We finally optimized through a QM/MM approach the geometry of 
the [Ru2(EB106)4Cl]+ complex obtaining the structure reported in 
Figure 6b. Such a structure suggests that the reason behind the high 
stability of [Ru2(EB106)4Cl] could be due to the steric hindrance of 
the compact arrangement around the Ru2 core of the four large 
EB106 ligands whose arms prevent the approach of any nucleophilic 
group to the Ru bound carboxylate oxygens. Indeed, two phenyl rings 
with high steric hindrance and two propyl groups surround the Ru 
atoms and the carboxylate oxygens bound to them preventing the 
approach to the metal center of incoming nucleophiles. To better 

show this effect, we calculated both the Van der Waals and the 
solvent-accessible surfaces for the acetone solvent (which has the 
same volume and form as an approaching carboxylate group), and 
compared them with the corresponding surfaces for the analogue 
tetraacetate complex, see figure 6. Both surfaces clearly show that, 
at variance with the smaller [Ru2(µ-O2CCH3)4Cl] complex, in the 
EB106 analogue the carboxylate oxygens are deeply buried into the 
molecular cavity formed by the scaffold of the four EB106 ligands 
making them hardly accessible to an attacking carboxylate group, 
especially if it comes from a more sterically demanding residue. 

  

 

Fig. 6. The solvent-accessible surfaces of complexes [(H2O)Ru2(µ-O2CCH3)4(H2O)] (a) and [(H2O)Ru2(EB106)4(H2O)]+ (b) and the corresponding 
van der Waals surfaces (c, d) produced with the exclusion of the carboxylate oxygens. 
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Overall, the newly synthesised compound [Ru2(EB106)4Cl] was 
extensively characterized. The solution behavior of this novel 
complex was also studied pointing out its high stability both in 
presence of organic solvent and buffer at physiological pH. We 
observed that [Ru2(EB106)4Cl], at variance of the parent complex 
bearing four acetate ligands24, was unreactive when incubated with 
a representative panel of proteins. Indeed, from the results obtained 
through the multi-technique investigation strategy, no adducts 
formation nor ligands release were found. While these evidences 
clearly show the stability of the complex, a further confirmation 
came from the comparative analysis of the cytotoxic potency of 
EB106 and [Ru2(EB106)4Cl] toward a glioblastoma cancer line. 
Experiments pointed out as [Ru2(EB106)4Cl] is unable to induce 
anticancer effects even when administered at a 100 µM 
concentrations. Altogether, results suggest that the remarkable 
stability of [Ru2(EB106)4Cl] is due to the nature of the EB106 ligand. 

Conclusions 

In this work we have reported the synthesis of a novel mixed valence 
(II, III) ruthenium complex i.e. [Ru2(EB106)4Cl], where EB106 is the 
anticancer agent 2-phenylindol-3-yl)glyoxyl-L-leucine-L-
phenylalanine. We designed [Ru2(EB106)4Cl] to couple the 
interesting anticancer properties of EB106 with the medicinal 
properties of ruthenium core accompanied by the chance of multiple 
delivery of the active ligand.15,16,28–30. In contrast with the 
expectations, [Ru2(EB106)4Cl] was unreactive toward protein targets 
and non-cytotoxic. We decided to investigate in more depth these 
features using an experimental and computational strategy. This 
approach allows to unveil as for ruthenium paddle-wheel shaped 
complexes the choice of the ligand with specific chemical properties 
is crucial and other aspects should be taken into account beyond the 
simple presence of the carboxylic group that is essential for the 
coordination to the Ru2 (II,III) core. Indeed, if on one hand the use of 
these systems for medicinal applications may allow treatment 
improvement, on the other hand the nature of the ligand may have 
a dramatic impact on the overall chemical profile, impairing the 
activation process i.e. the ligand release (including the axial ones 
whose replacement is involved in the overall pharmacological 
activity)57 and eventually the therapeutic effects. Our case is 
extremely instructive in this sense. In fact, it suggests that when 
approaching to the design of this family of prodrugs, one should 
carefully evaluate the chemical features of the active molecule to be 
coordinated to the Ru2 core. Preferentially, molecules with a proper 
steric hindrance should be considered in order to avoid the 
impairment of the reactivity. Specifically, increasing the ligands 
occupancy, a decreased (or absent) reactivity/medicinal properties 
might be expected. In this frame computational methods can turn 
very indicative for the suitability of the selected ligand helping in 
predict the reactivity/accessibility of the bimetallic center, and 
indirectly may provide insights for the possible medicinal application. 
Noteworthy, if this balance is carefully evaluated some important 
advantages can be gained to optimize drug delivery and the desired 
pharmacological effects. Furthermore, the coordination to the Ru2 

core may allow to finely tune the stability of the synthesized 
compounds avoiding unwanted off-target reactions, thus improving 
the treatment itself. 
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