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Abstract 

We conducted a systematic study on the reactivity of [Ru2Cp2(CO)4] (Cp = η5-C5H5) with isocyanides 

and the subsequent methylation reaction to produce [Ru2Cp2(CO)2(μ-CO){μ-CNMe(R)}]+ complexes as 

CF3SO3
− salts, [2a-h]+ [R = Me, cyclohexyl (Cy), 2,6-C6H3Me2 (Xyl), 1H-indol-5-yl, 2-naphthyl, 4-

C6H4OMe, (S)-CHMe(Ph), CH2Ph (Bn)]. The resulting products, including five novel ones, underwent 

structural characterization by IR and multinuclear NMR spectroscopy, with five of them further 

confirmed via single crystal X-ray diffraction. Compounds [2a-e,h]CF3SO3 exhibit appreciable water 
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solubility, substantial amphiphilic character and outstanding stability in physiological-like solutions 

(negligible degradation after 72 hours in DMEM cell culture medium at 37 °C). Representative 

complexes [2b]+ and [2c]+ were additionally characterized through cyclic voltammetry in CH2Cl2 and in 

aqueous phosphate buffer solution. 

Compounds [2a-d]CF3SO3 were assessed for in vitro cytotoxicity against A2780, A2080R and MCF-7 

human cancer cell lines, and [2a-c]CF3SO3 revealed significant-to-moderate cytotoxicity, outperforming 

cisplatin in several cases. The most favorable IC50 values were observed for [2d]CF3SO3, ranging from 

3.7 to 13.0 M. Experiments on the noncancerous human cell line MRC-5 highlighted a reasonable 

selectivity for [2b-d]CF3SO3, with the highest selectivity indexes (SI) calculated as 10.1 (ratio of IC50 on 

MRC-5/ IC50 on A2780) and 8.5 (ratio of IC50 on MRC-5/ IC50 on A2780R) for [2d]CF3SO3. 

Subsequently, [2d]CF3SO3 was tested across a panel of HOS, A549, PANC1, CaCo2, PC3 and HeLa 

cancer cells, showing variable cytotoxicity with IC50 values in the range of 9.7 to 20.3 M. The cellular 

effects of [2d]+ on A2780 cells were investigated using flow cytometry assays, focusing on the cell cycle 

modification, time-resolved cellular uptake, intracellular ROS production, mitochondrial membrane 

depolarization, induction of cell death through apoptosis, activation of caspases 3/7 and induction of 

autophagy. Overall, the results suggest a diphasic mechanism of action for [2d]+, inducing metabolic 

stress and arresting proliferation in the first/fast phase, followed by the induction of apoptosis and 

autophagy in the second/slower phase. 

 

Keywords: metallodrugs; diruthenium complexes; aminocarbyne ligand; cellular effects; cytotoxicity; 

flow cytometry. 
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Organometallic complexes based on transition elements offer an array of properties of potential 

usefulness for medicinal applications.1,2,3,4 These include the availability of various geometries and metal 

oxidation states, the possibility of tuning physicochemical properties by modifying the ligands, and the 

potential to function as pro-drugs that can be activated upon reaching the desired biological target.5 

Indeed, a considerable variety of transition metal complexes with hydrocarbyl (CxHy) ligands have been 

proposed for pharmaceutical development.1-5 Notable examples comprise ferroquine, a ferrocene 

derivative that has advanced to clinical trials as antimalarial drug,6,7 and several ruthenium 6-arene 

complexes, that have been extensively studied as promising anticancer agents.8,9 Ruthenium species are 

regarded as relatively nontoxic and tolerated by the human body;10,11 certain organo-ruthenium 

compounds exhibit potent antitumor potential in vivo, thus warranting consideration for clinical 

trials.12,13 Some crucial pre-requisites are essential for the successful development of a metal-based drug, 

including straightforward synthesis, sufficient water solubility for administration, and a substantial 

inertness in physiological solutions.14,15 Concerning the latter point, ligand dissociation (or ligand 

rearrangement) may serve as a preliminary functional step to favor the successive interaction of the metal 

centre with the biological target(s).16,17 Notwithstanding, this process could ultimately lead to an 

undefined speciation and, potentially, undesired side effects.18,19 In fact, a significant number of proposed 

anticancer ruthenium complexes undergo either rapid or progressive disruption of the coordination 

sphere in aqueous solutions.20,21 

There are some substantial reasons that make the shifting to dimetallic systems a promising advancement 

in metal medicinal chemistry. Indeed, dimetallic systems provide an increased number of coordination 

sites, and the cooperative effects arising from two adjacent metal centres may enable unique reactivity 

patterns otherwise unattainable (just as one hand is sufficient to eat an apple, but two hands are required 

to peel it).22,23,24,25,26 Together, these features enhance structural variability and diversity, allowing for 

the fine tuning of physicochemical properties.27 
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Recently, we have elucidated the biological properties of diiron complexes with a bridging aminocarbyne 

ligand, that can be synthesized from the commercial iron(I) dimer [Fe2Cp2(CO)4] (Cp = η5-C5H5) through 

a broad-scope two-step procedure (Scheme 1).28,29 The cytotoxicity of [2a-jFe]CF3SO3 is strictly 

dependent on the nature of the R substituent. Among this series, the most potent compounds, [2b,fFe]+, 

demonstrated superior activity in challenging 3D cancer cell models, surpassing the efficacy of the 

benchmark drug cisplatin, and a noticeable inclination to selectivity compared to noncancerous cell 

lines.30,31 The mechanism of action of diiron aminocarbyne complexes appears to be prevalently 

associated with the disruption of intracellular redox homeostasis,31 triggered by the disassembly of the 

organo-diiron structure. 

 

Scheme 1. Preparation of diiron bis-cyclopentadienyl isocyanide complexes by CO/CNR substitution on 

[Fe2Cp2(CO)4] (a)32 and subsequent N-alkylation (methylation) affording -aminocarbyne complexes (b). Only one 

form of the fluxional complexes [Fe2Cp2(CO)3(CE)], E = O, NR, is depicted for simplicity. 

 

We redirected our focus towards developing a similar biochemistry from the commercially available 

[Ru2Cp2(CO)4], which has not been explored hitherto. Note that the “diruthenium approach” has garnered 

increasing attention in medicinal chemistry,33,34,35,36,37,38,39,40 nevertheless investigations on the anticancer 

potential of compounds with a Ru-Ru bonded core remain quite limited. In contributing to this field, we 

have recently unveiled the activity of [Ru2Cp2(CO)4] derivatives containing bridging allenyl41 and vinyl 

ligands.42 
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In principle, the pathway illustrated in Scheme 1 can be extended to the homologous diruthenium 

compounds. However, there is limited information in the literature regarding the preparation of 

[Ru2Cp2(CO)3(CNR)], 1, and [Ru2Cp2(CO)2(μ-CO){μ-CN(Me)R}]+, [2]+ (Scheme 2). In fact, these 

systems were sparsely investigated in the 1980s and 1990s within the realm of pioneering organometallic 

chemistry, they were handled under inert atmosphere and no applicative studies were attempted. 

Specifically, [Ru2Cp2(CO)4] is known to react slowly with some alkyl isocyanides in refluxing xylene 

(boiling point ≈ 140 °C) to afford mono-substituted derivatives 1, which were isolated by alumina 

chromatography (with yields unspecified).43 Some unreacted [Ru2Cp2(CO)4] was recovered, indicating 

a partial conversion even in the presence of excess isocyanide. Under analogous conditions, 

[Ru2(Cp)2(CO)2(CNBn)] (1h)44 was obtained in < 10 % yield. Instead, the reaction of [Ru2Cp2(CO)4] 

with excess benzyl or xylyl isocyanide and Me3NO led to a mixture of mono- and di-substituted 

complexes [Ru2Cp2(CO)3-x(CNR)x] (x = 1,2) which were isolated in modest yield through alumina 

chromatography. Methylation of the benzyl isocyanide complexes with CF3SO3Me and subsequent 

recrystallization led to the respective μ-aminocarbyne derivatives [Ru2Cp2(CO)2(L){μ-

CNMe(CH2Ph)}]CF3SO3 (L = CO, [2h]+, or CNBn), in moderate yields.44,45,46 So far, the latter constitute 

the only examples for which spectroscopic (IR, 1H NMR) and X-ray crystallographic data have been 

provided. Related complexes bearing dimethyl- and (methyl)xylyl- substituted μ-aminocarbyne have 

been reported ([2a]+ and [2c]+, respectively), but details about their preparation and characterization were 

not given.47 
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Scheme 2. Overview of previously reported reactivity of [Ru2Cp2(CO)4] to obtain mono-isocyanide and 

aminocarbyne complexes. Isolated yields in parenthesis, when available. Isocyanide naming (a-h) is given in 

Scheme 1. 

 

2. Results and discussion 

2.1. Synthesis and characterization of diruthenium aminocarbyne complexes 

In the attempt to expand the recently-developed synthesis of diiron aminocarbyne complexes (Scheme 

1) to diruthenium homologues, the reactivity of [Ru2Cp2(CO)4] with a series of alkyl and aryl isocyanides 

was initially assessed in MeCN by IR spectroscopy (Scheme 3a). Reactions with equimolar amounts of 

methyl, cyclohexyl (Cy), xylyl (Xyl) or 1H-indol-5-yl (Ind) isocyanide at room temperature led to the 

slow formation of the expected mono-substituted products [Ru2Cp2(CO)3(CNR)] (R = Me, 1a; R = Cy, 

1b; R = Xyl, 1c; R = Ind, 1d). The yields are significantly affected by the nature of the isocyanide 

substituent (R), decreasing along the series Cy > Me > Xyl > Ind, as indicated by the relative intensities 

of the carbonyl bands due to 1a-d and [Ru2Cp2(CO)4] in the final reaction mixture (Figure S1). 

Conversely, [Ru2Cp2(CO)4] was unreactive towards other seven alkyl and aryl isocyanides (including 

benzyl isocyanide) in MeCN, both at room temperature and at reflux (see notes [48,49]). Besides, spectral 
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changes in the 2000-2700 cm-1 region were recognized, possibly related to some reactions involving the 

isocyanides. Overall, these results are in accordance with the literature in that [Ru2Cp2(CO)4] is sluggish 

to undergo thermal carbonyl/isocyanide substitution. Concurrent isocyanide decomposition may 

represent another limiting factor.43 Therefore, alternative conditions employing Me3NO as CO scavenger 

were explored, starting from the published preparations of 1c46 and 1h44 (Scheme 2). Thus, 

[Ru2Cp2(CO)3{CN(2-naphthyl)}], 1e, was prepared in a modest yield using a large excess (4 eq.) of 

Me3NO in refluxing THF (Scheme 3b). Comparatively lower amounts of [Ru2Cp2(CO)3(CNR)] (R = 4-

C6H4OMe, 1f; R = CH(Me)Ph, 1g) were afforded from 4-methoxyphenyl isocyanide and (S)-α-

methylbenzyl isocyanide (Figure S2). In general, increasing the temperature and the Me3NO/Ru molar 

ratio led to a higher conversion of [Ru2Cp2(CO)4], at the expense of selectivity. Note that a significant 

fraction of disubstituted products, [Ru2Cp2(CO)2(CNR)2] (R = Bn, Xyl), was previously isolated under 

the same experimental conditions, Scheme 2.46,44 

The crude mixtures containing 1a-b and 1d-h were treated with methyl triflate in CH2Cl2 solution, to 

access the cationic μ-aminocarbyne complexes [Ru2Cp2(CO)2(μ-CO){μ-CNMe(R)}]+, [2a-h]+ (Scheme 

3c). Differently, 1c was purified taking advantage of its poor solubility in MeCN (see Experimental) and 

then it was methylated in CH2Cl2. We noticed that using an excess of methyl triflate (≥ 1 eq. with respect 

to the [Ru2Cp2(CO)4] starting material) led to a drop in the yield of [2]+. Therefore, the methylating agent 

was added proportionally to the yield of the CO/isocyanide exchange in the first step (0.50-0.95 eq.). 

Products [2a-g]CF3SO3 were purified by careful alumina chromatography, operating in air using 

common (wet) solvents. Unreacted [Ru2Cp2(CO)4] was eluted with CH2Cl2 and recovered (see ESI). 

Elution with THF or CH2Cl2/THF mixtures allowed the collection of an orange band, containing mainly 

[RuCpCl(CO)2], according to the characteristic infrared carbonyl bands.50 This half-sandwich 

ruthenium(II) compound is likely formed via oxidative cleavage of [Ru2Cp2(CO)3(CE)] (E = O, NR).50,51 

Yellow bands containing [2b-g]CF3SO3 were collected with MeCN while a MeOH/THF mixture was 

used to separate [2a]CF3SO3. In fact, alumina-catalysed carbonyl/acetonitrile exchange occurred during 
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the elution of [2a]+ with MeCN, affording [Ru2Cp2(CO)(CNMe)(μ-CO)(μ-CNMe2)]
+, [3a]+, as checked 

by its independent preparation from [2a]+ and Me3NO∙2H2O in MeCN (Scheme 4). Notably, the diiron 

analogue [2aFe]+ withstand alumina chromatography with MeCN29 and no MeCN/CO exchange was 

observed in a MeCN solution of [2a]CF3SO3 at room temperature. 

 

Scheme 3. Synthesis of diruthenium isocyanide complexes 1a-h from [Ru2Cp2(CO)4] by direct (a) or Me3NO-

assisted (b) CO/CNR replacement (only one form of the fluxional complexes [Ru2Cp2(CO)3(CE)], E = O, NR, is 

depicted for simplicity). Synthesis of diruthenium μ-aminocarbyne complexes [2a-h]+ as triflate salts by methylation 

of the isocyanide ligand in 1a-h. Wavy bonds represent cis/trans isomerism. RT = room temperature.  

 

 

Scheme 4. Formation of [Ru2Cp2(CO)(NCMe)(μ-CO){μ-CNMe2}]+, [3a]+, by CO/MeCN replacement promoted by 

neutral alumina (a) or by Me3NO (b). Complexes isolated as CF3SO3
− salts. RT = room temperature. 

 

Compounds [2a-g]CF3SO3 were isolated as air-stable yellow (a-d) or yellow-brown (e-g) solids, the 

latter containing some impurities. The overall yield, with respect to [Ru2Cp2(CO)4], is heavily influenced 

by the CO/CNR replacement in the first stage, decreasing in the series: [2b]+ (86 %) > [2a]+ (66 %) > 

[2c]+  (50 %) > [2d-e]+ (≈ 23 %) > [2f]+ ≈ [2g]+. Multiple preparations of [2b]CF3SO3 on a 1-gram scale 

gave a consistent 86 % yield of the pure product.  
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Compounds [2a-g]CF3SO3 were characterized by elemental (CHNS) analyses, IR (solid state, CH2Cl2 

and MeCN solutions) and NMR (acetone-d6 or CDCl3 solutions) spectroscopy.52 IR and NMR spectra 

are displayed in Figures S3-S26 and selected IR and NMR data are compared with those of the diiron 

homologues [2Fe]+ in Tables S1-S2. As assessed by 1H NMR spectroscopy, the diruthenium μ-

aminocarbyne complexes [2a-e]+ were obtained as mixtures of cis- and trans- isomers. This kind of 

isomerism arises from the relative orientation of the cyclopentadienyl ligands around the M2(μ-C)2 unit 

(M = Fe, Ru) and is relatively rare for iron complexes.53 The cis stereochemistry of the major isomer of 

[2b-d]+ was assessed by 1H NOESY measurements. Trans isomers eluted first during alumina 

chromatography and possess a higher solubility in diethyl ether (and in water - vide infra) used in the last 

stage of the workup, resulting in a rather low amount (2-7 %) in the final products. Trans to cis 

isomerization in [2a,b,e]+ was achieved in refluxing isopropanol.  

The IR spectra in CH2Cl2 or MeCN solutions of [2a-g]+ show IR bands around 2025 (s), 1992 (w) and 

1842 (s) cm-1 due to the carbonyl ligands and a medium-intensity absorption in the 1540-1614 cm-1 range 

related to the C(carbyne)-N stretching. The three carbonyl bands appear of similar intensity and shifted 

to lower wavenumbers in the solid state. The change from iron to ruthenium in [M2Cp2(CO)2(μ-CO){μ-

CNMe(R)}]+ complexes (M = Fe, [2a-hFe]+; Ru, [2a-h]+) determines a shift of carbonyl and C(carbyne)-

N stretching vibrations to higher wavenumbers (+ 2-6 and 6-12 cm-1, respectively), reflecting a slight 

decrease in backdonation from the metal centre.46 This is coherent with the general observation of a 

higher degree of -backdonation from 3d metals in low oxidation states to -acceptor ligands, compared 

to the homologous 4d metal based systems.54,55,56  

The 13C{1H} NMR spectra of [2a-d]+ show resonances around 295-300, 228-231 and 196-198 ppm for 

the bridging carbyne, the bridging carbonyl and the terminal carbonyls, respectively. These 

unprecedented 13C{1H} NMR data allow to observe a peculiar upfield shift of the resonances of the 

[M2(CO)2(μ-CO){μ-CN}] core on going from Fe to Ru (μ-CO and μ-CN: − 22/26 ppm, t-CO: − 12 

ppm).31,57 The structures of [2a-d]CF3SO3 and [2g]CF3SO3 were ascertained by X-ray diffraction on 
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single crystals (Figure 1 and Table 1). All these cationic complexes display a cis-[Ru2Cp2(CO)2(-CO)] 

core bonded to a bridging -CN(Me)(R) aminocarbyne ligand. The structures of [2a-d,g]+ are very 

similar to that of [2h]+, which was the only [Ru2Cp2(CO)2(-CO){-CN(Me)(R)}]+ complex structurally 

characterized prior to this work.46 Both bridging ligands, that is, -CO and -CN(Me)(R), are 

symmetrically bonded to the two Ru centres, and the C(4)-N(1) distances (Table 1) fall in the typical 

range for an iminium bond.58 

 

[2a]+ 

 

[2b]+ 
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[2c]+ [2d]+ 

 

 

 

[2g]+ 

Figure 1. Molecular structures of [2a-d]+ and [2g]+ (triflate salts). Displacement ellipsoids are at the 30% probability 

level. Hydrogen atoms have been omitted for clarity. 
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Table 1. Selected bond lengths (Å) and angles (°) for [2a-d]+ and [2g]+. 

 [2a]+ [2b]+ [2c]+ [2d]+ [2g]+ 

Ru(1)-Ru(2) 2.7186(3) 2.7197(2) 2.72416(19) 2.681(3) 2.7129(15) 

Ru(1)-C(1) 1.873(3) 1.8825(19) 1.8896(16) 1.87(3) 1.891(7) 

Ru(2)-C(2) 1.878(3) 1.8814(19) 1.8855(17) 1.86(3) 1.888(7) 

Ru(1)-C(3) 2.066(2) 2.0469(18) 2.0554(15) 2.07(3) 2.030(7) 

Ru(2)-C(3) 2.043(2) 2.0585(17) 2.0572(15) 2.05(3) 2.054(8) 

Ru(1)-C(4) 1.995(2) 1.9984(17) 1.9894(15) 1.96(2) 1.993(7) 

Ru(2)-C(4) 1.992(3) 1.9973(17) 1.9943(15) 1.98(2) 1.996(7) 

C(1)-O(1) 1.142(3) 1.141(2) 1.137(2) 1.09(3) 1.132(10) 

C(2)-O(2) 1.138(3) 1.139(2) 1.137(2) 1.14(3) 1.128(9) 

C(3)-O(3) 1.163(3) 1.167(2) 1.163(2) 1.14(3) 1.191(10) 

C(4)-N(1) 1.285(3) 1.286(2) 1.2956(19) 1.28(3) 1.304(10) 

Ru(1)-C(1)-O(1) 178.4(3) 174.61(16) 179.47(15) 178(3) 178.5(8) 

Ru(2)-C(2)-O(2) 179.6(3) 178.69(16) 176.91(15) 175(3) 175.8(7) 

Ru(1)-C(3)-Ru(2) 82.85(9) 82.98(7) 82.97(6) 81.2(10) 83.3(3) 

Ru(1)-C(4)-Ru(2) 85.95(9) 85.79(7) 86.29(6) 85.6(10) 85.7(3) 

C(4)-N(1)-C(5) 123.0(2) 121.42(15) 123.46(13) 122(2) 121.1(6) 

C(4)-N(1)-C(6) 122.2(3) 121.64(15) 120.57(13) 123(2) 119.7(6) 

C(5)-N(1)-C(6) 114.8(2) 116.85(14) 115.95(12) 115(2) 119.2(6) 

 

2.2. Solubility and stability in aqueous solutions, and octanol-water partition coefficients 

The solubility and octanol-water partition coefficient (Log Pow) of [2a-e,h]CF3SO3 were assessed by 1H 

NMR and UV-vis methods (see Table 2, and Experimental for details). All the salts are soluble in water 

in the low millimolar range (0.1-2.0∙10−3 mol/L). Saturated solutions of [2a-d]CF3SO3 in D2O are 

enriched in the trans-isomers with respect to what is observed in acetone-d6 and CDCl3, where the 

compounds are highly soluble, suggesting that the trans-isomers are more soluble in water.59 Notably, 

20 % of trans-[2a]+ and 30 % of trans-[2b]+ were detected in D2O (Figures S27-S29). The dimethyl-

substituted aminocarbyne [2a]CF3SO3 features the highest water solubility and the lowest Log Pow, while 

the presence of 2-naphthyl as N-substituent results in the least soluble and most lipophilic compound of 

the series. Nevertheless, all the compounds can be considered as amphiphilic (− 1 ≤ Log Pow ≤ 1). As a 

general remark, [2a-e,h]CF3SO3 are less water soluble and slightly more lipophilic if compared to their 
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diiron counterparts (Table S3). A striking difference in solubility trends between Fe and Ru analogues 

on varying the nitrogen substituent is represented by the cyclohexyl derivatives (order of decreasing 

solubility, Fe: Cy > Me ≈ Bn > Xyl > Ind > Naph; Ru: Me > Xyl ≈ Bn > Cy > Ind > Naph). 

Next, D2O/CD3OD solutions of [2a-e,h]CF3SO3 were maintained at 37 °C for 72 h and analysed by 1H 

NMR. Parallel experiments were conducted on [2a-d]CF3SO3 using a deuterated cell culture medium 

(DMEM-d), to simulate the conditions employed for the biological tests (vide infra). Remarkably, the 

compounds were totally inert in all the tested conditions (≥ 99 % starting material detected at the end of 

the experiment, Figure S30). No change was detected even when an aqueous (D2O) solution of 

[2b]CF3SO3 was heated at reflux temperature for 12 h. This behaviour is relatively uncommon in 

organometallic chemistry, and in particular when considering the metal-cyclopentadienyl60,61 and metal-

CO linkages,62 that may slowly decay in aqueous solutions. As a pertinent comparison, consider that the 

diiron complexes [2Fe]+ undergo a slow, progressive fragmentation at 37 °C in aqueous media, resulting 

in the elimination of CO and cyclopentadiene, along with the precipitation of iron(III) oxides.30,63 

The superior stability of the diruthenium framework [2]+ appears to result from a combination of the 

enhanced stability of the Ru2Cp2 core in comparison to Fe2Cp2
64,65 and the conjugation of the 

cyclopentadienyl ligands, acting as -donors, with three CO ligands and tightly bound aminocarbyne 

moiety, possessing significant -acceptor properties.28  

In conclusion, all the considered diruthenium μ-aminocarbyne complexes exhibit ideal characteristics for 

biological applications, including an outstanding stability. However, only those compounds that were 

obtained in high purity, i.e. [2a-d]CF3SO3, were selected for the cell studies (section 3). 

 

Table 2. Solubility and cis/trans ratio in water (D2O), and octanol/water partition coefficients (Log Pow) of 

diruthenium μ-aminocarbyne compounds. 

Compound 
Solubility / M 

(D2O) [a] 

cis/trans ratio 

(D2O) 
Log Pow [a] 

[2a]CF3SO3 2.3·10-3 4.5 – 1.07 ± 0.08 
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[2b]CF3SO3 7.8·10-4 2.5 0.06 ± 0.01 

[2c]CF3SO3 1.6·10-3 25 0.05 ± 0.03 

[2d]CF3SO3 ≈ 2·10-4 [b] 11 0.10 ± 0.02 

[2e]CF3SO3 ≈ 1·10-4 [b]  0.74 ± 0.03 

[2h]CF3SO3 1.1·10-3  0.11 ± 0.03 

[a] Referred collectively to the cis / trans mixture of isomers. [b] Below the lowest quantitation value (3·10-4 

mol/L). 

 

2.3. Electrochemistry 

We provide a rare electrochemical description of diruthenium bis-cyclopentadienyl compounds.41,42,66 

The redox properties of [2b]+ and [2c]+, as representative examples, were elucidated by cyclic 

voltammetry in CH2Cl2 and in aqueous phosphate buffer solution. Peak potentials for the observed 

electron transfers are compiled in Table 3, while CV profiles in CH2Cl2/[N
nBu4]PF6 are shown in Figures 

S31-S32. In the positive potential range, the two complexes show one irreversible oxidation that involves 

two electrons at almost identical potentials (+1.60 and +1.65 V for [2b]+ and [2c]+, respectively). In the 

negative potential range, one partially reversible monoelectronic reduction at the formal potential of ‒

1.35 V (ib/if = 0.5 at 0.2 V s‒1) is followed by a second irreversible reduction at ‒1.68 V for [2b]+. Instead, 

only one reduction (E = ‒ 1.37 V), complicated by very fast subsequent reactions (ib/if = 0.54 at 2.0 V s‒

1), is observed for [2c]+.  

On the other hand, in the aqueous solvent, the oxidation process of [2b]+ and [2c]+ is irreversible, 

multielectronic and shifted to lower potentials (about 300-400 mV) with respect to the organic solvent, 

whereas an irreversible reduction is observed at potential values comparable to those measured in 

CH2Cl2. Previous CV studies on diiron μ-aminocarbyne complexes [2aFe]CF3SO3 and [2cFe]CF3SO3 

were carried out in MeCN 67 and we recently investigated the redox behaviour of several diiron μ-

aminocarbyne complexes bearing different N-substituents both in CH2Cl2 and phosphate buffer;68 data 

for [2bFe]CF3SO3 are included in Table 3 for comparison. One oxidation process, which involves two 

electrons and is partially chemically reversible, is observed at +1.40 V, and is probably associated to the 
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oxidative cleavage of the iron(I)-iron(I) bond.69 In the negative potential range, a chemically reversible 

monoelectronic reduction was observed at the formal potential of ‒ 0.96 V. Hence, the replacement of 

the FeI centres by RuI, with the same N-substituent (cyclohexyl), makes the compound more stable 

towards both the reduction (about 400 mV) and the oxidation (about 200 mV). Anyway, the reduction 

and oxidation potentials of [2b]+ and [2c]+ are out of the biologically relevant range of potentials, that 

approximately cover the window ‒0.4 to +0.8 V vs. SHE (‒0.6 to +0.6 V vs. Ag/AgCl).70 Remarkably, 

the electrochemical properties of [2b]+ and [2c]+ are similar, indicating a minor influence of the 

aminocarbyne substituent (Cy or Xyl). Analogous conclusions may be traced for other members of this 

family of compounds, e.g. [2a]+ and [2d]+. 

 

Table 3. Formal electrode potentials (V, vs Ag/AgCl and, in brackets, vs FeCp2) and peak-to-peak separations 

(mV) for the redox changes exhibited in CH2Cl2/[NnBu4]PF6 0.2 M and in aqueous media by [2b,c]CF3SO3 and by 

the diiron analogue [2bFe]CF3SO3 for comparison. 

Compound Electrolyte [a] 
Oxidation process  Reduction process  

E°’1 E[b] E°’2 E[b] E°’3 

[2b]CF3SO3 
CH2Cl2/[Bu4N]PF6 +1.60[c] (+1.15)  ‒1.35 (‒1.80) 105 ‒1.68c (‒2.13) 

PB/H2O  +1.31[c] (+1.11)  ‒1.38[c] (‒1.58)   

[2c]CF3SO3 
CH2Cl2/[Bu4N]PF6 +1.65[c] (+1.20)  ‒1.37[c] (‒1.82)   

PB/H2O  +1.25[c] (+1.05)  ‒1.33[c] (‒1.53)   

[2bFe]CF3SO3 
CH2Cl2/[Bu4N]PF6 +1.40 (+0.95) 120 ‒0.96 (‒1.41) 84  

PB/H2O +1.10[c] (+0.90)  ‒0.99 (‒1.19) 100  

[a] PB = phosphate buffer (pH = 7.3). [b] Measured at 0.1 V∙s−1. [c] Peak potential value for irreversible processes. 

 

2.4. Biological studies 

2.4.1. Cytotoxicity 

The initial screening for in vitro cytotoxicity of [2a-d]CF3SO3 was conducted on A2780, A2780R, and 

MCF-7 human cancer cell lines (Table 4). Cisplatin and RAPTA-C71 served as positive and negative 

controls, respectively. Complex [2a]+ was inactive up to the tested 50 M concentration, similar to 



 

 

16 

 

previous findings for the related diiron complex [2aFe]+.31 This inactivity serves as indirect evidence for 

the non-toxicity of the triflate anion, as has been previously observed for various organometallic salts.72,73 

In contrast to [2a]+, [2b-d]+ exhibited substantial cytotoxicity, with [2d]+ emerging as the most potent 

species in this series. Specifically, [2d]+, containing an indolyl substituent on the aminocarbyne moiety, 

showed considerably higher activity than cisplatin across all investigated cancer cell lines. Both [2b]+ 

and [2d]+ proved to be much more effective than cisplatin against the cisplatin-resistant A2780R (ovarian 

cancer) cell line. Based on these preliminary results, [2d]CF3SO3 was selected for further experiments 

on additional human cancer cell lines (i.e., HOS, A549, PANC1, CaCo2, PC3 and HeLa). Notably, [2d]+ 

was found to be more effective than cisplatin against all the mentioned cancer cells (Table 4). 

Furthermore, the cytotoxicity of all diruthenium complexes was evaluated on normal MRC-5 cells, 

revealing a notable tendency to selectivity. Remarkably, the sensitivity index (SI), defined as the ratio 

between the IC50 value for the noncancerous MRC-5 cell line and a specific cancer cell line, respectively, 

reached the impressive values of 10.1 (A2780) and 8.5 (A2780R) in the case of [2d]CF3SO3. In other 

words, the superior antiproliferative activity of [2d]+ is associated with the highest propension for 

selectivity among the examined diruthenium compounds. It is important to note that the previously 

investigated diiron compound [2dFe]CF3SO3 possesses closely similar lipophilicity but much more 

modest in vitro anticancer potential compared to the diruthenium homolog [2d]CF3SO3.
31 The increased 

anticancer potential of [2d]CF3SO3, compared to the analogous compounds [2b-c]CF3SO3 with almost 

identical Log Pow values, is unlikely to be attributed to a higher cellular uptake of [2d]+. Instead, it is 

probable that the indolyl fragment within [2d]+ plays a significant role in its anticancer activity. This 

aligns with documented anticancer activity associated with the indole scaffold74,75,76 and indolyl-

decorated transition metal compounds in the literature.77,78 Comparable antiproliferative effects on MCF-

7, A549 and PC3 cell lines (Table 1) were recently identified for Ru(II)-arene iminophosphorane 

complex ([(η6-p-cymene)Ru(N,O-Ph3P=N-CO-2-N-C5H4)]Cl, denoted as Ru-IM)79 with GI50 values in 
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the range of 2.48 – 3.41 M after 48 h incubation. Another Ru(II)-arene complex ([(η6-p-cymene)(N-(4-

chlorophenyl)pyridine-2-carbothioamide)(triphenylphosphine)-ruthenium(II)] chloride triflate was 

identified as highly effective against human colorectal (HCT116), non-small cell lung (NCI-H460), 

cervical (SiHa) and colon (SW480) carcinoma cell lines investigated using the sulforhodamine B (SRB) 

assay with IC50 values in the range of 0.26 – 0.41 M after 72 h incubation.80 

 

Table 4. In vitro cytotoxicity of the diruthenium compounds and reference compounds (RAPTA-C, cisplatin) on 

ovarian (A2780 and cisplatin-resistant A2780R), breast (MCF-7), bone (HOS), lung (A549), pancreatic (PANC1), 

colorectal (CaCo2), prostate (PC3) and cervical (HeLa) human cancer cell lines, and fetal lung fibroblasts (MRC-

5) as normal cell line. Data are expressed as IC50 ± SD / μM (MTT method, 24 h incubation time). n.d. = not 

determined. 

Compound A2780 A2780R MCF-7 HOS A549 PANC1 CaCo2 PC3 HeLa MRC-5 

[2a]CF3SO3 > 50 > 50 > 50 n.d. n.d. n.d. n.d. n.d. n.d. > 50 

[2b]CF3SO3 7.4 ± 1.6 7.3 ± 0.1 30.2 ± 4.3 n.d. n.d. n.d. n.d. n.d. n.d. 48.2 ± 1.3 

[2c]CF3SO3 8.9 ± 0.7 19.3 ± 0.5 45.5 ± 3.8 n.d. n.d. n.d. n.d. n.d. n.d. > 50 

[2d]CF3SO3 3.7 ± 0.1 4.4 ± 1.0 13.0 ± 1.7 12.7 ± 2.6 16.3 ± 3.0 9.7 ± 2.5 20.3 ± 2.4 10.4 ± 2.6 10.4 ± 1.5 37.4 ± 3.8 

RAPTA-C > 50 n.d. n.d. > 50 > 50 > 50 > 50 > 50 > 50 n.d. 

Ru-IM* n.d. n.d. 2.48 n.d. 3.41 n.d. n.d. 2.66 n.d. n.d. 

cisplatin 15.2 ± 1.1 40.0 ± 3.9 28.4 ± 2.7 26.3 ± 3.3 39.2 ± 3.1 > 50 > 50 > 50 30.7 ± 0.6 > 50 

*The GI50 data (M) for the compound Ru-IM in sulforhodamine B assay after 48 h incubation were adopted from Ref. 79. 

 

The most cytotoxic compound [2d]CF3SO3, along with RAPTA-C and cisplatin for comparative 

purposes, was chosen to investigate the time-dependency (24, 48 and 72h incubation time) of in vitro 

cytotoxicity against A2780 cells. Results are summarized in Table 5, revealing that IC50 of [2d]CF3SO3 

remains substantially unvaried within the specified time window, whilst the IC50 related to cisplatin 

slightly decreases over time. This outcome outlines that [2d]CF3SO3 exerts its activity mainly within the 

initial 24 h of incubation, indicating significant differences in the targets and mechanisms of action 

between [2d]CF3SO3 and cisplatin, respectively. 
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Table 5. Time dependence of in vitro cytotoxicity of [2d]CF3SO3 and reference compounds (RAPTA-C, cisplatin) 

against A2780 cells (24h, 48h and 72h incubation time). Data are expressed as IC50 ± SD / μM (MTT method). 

Compound 24 h 48 h 72 h 

[2d]CF3SO3 4.9 ± 1.1 3.5 ± 0.5 3.0 ± 0.2 

RAPTA-C > 50 > 50 > 50 

cisplatin 15.2 ± 1.1 12.4 ± 1.8 5.8 ± 1.8 

 

 

2.4.2. Cellular ruthenium uptake 

The cellular uptake of ruthenium was evaluated in A2780 cells exposed to [2a]CF3SO3 and [2d]CF3SO3 

at their respective IC50 concentrations, during 72 h incubation (at 2, 6, 12, 24, 48, and 72 h time points) 

(Figure 2). The results reveal similar dynamics of internalization for both complexes, showing a steep 

increase in intracellular Ru content within the initial 24h, particularly for [2d]CF3SO3, which is applied 

at a 13.5-fold lower concentration. Subsequently, the ruthenium level remains relatively constant during 

the successive 24h, before experiencing further increase up to 72h. In contrast, the uptake of ruthenium 

from the reference compound RAPTA-C is rather slow and limited, consistent with existing literature.81 

It is noteworthy that [2a]CF3SO3 and [2d]CF3SO3 exhibit different lipophilicity (Table 2), which 

correlated with strikingly different antiproliferative activities (Table 4). Based on the Ru uptake results, 

it can be inferred that the intracellular localization and pathways of these compounds are likely to differ 

significantly.   
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Figure 2. Cellular ruthenium uptake of [2a]CF3SO3 and [2d]CF3SO3 and RAPTA-C in A2780 cells as determined 

by ICP-MS. The complexes were applied at the half-cytotoxic concentrations obtained for A2780 cells after 24h of 

incubation, i.e. at 50 µM concentration for [2a]CF3SO3 and RAPTA-C, and at 3.7 µM concentration for [2d]CF3SO3. 

The indicated values represent the mean intracellular concentration of ruthenium in ng/106 cells and were 

calculated from two parallel determinations. 

 

2.4.3. Interaction with reduced glutathione and bovine serum albumin 

Next, we studied the interaction of [2a]CF3SO3 and [2d]CF3SO3, with reduced glutathione and bovine 

serum albumin (BSA) using electrospray-ionization mass spectrometry in positive ionization mode. 

These experiments complement the cellular uptake data providing information on the affinity of the 

complexes towards one of the most important cellular antioxidants (reduced glutathione, GSH) and the 

most abundant protein in mammalian blood plasma. The potential formation of adducts with GSH was 

evaluated after 2h and 24h of incubation. Mass spectra of mixtures containing [2a]CF3SO3 and GSH 

(1:1000 molar ratio) revealed the partial formation of interaction products (Figures S33-S34), while no 

interaction between [2d]CF3SO3 and GSH was recognized after 24h incubation (Figure S35). The 
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observed difference in reactivity between [2a]+ and [2d]+ suggests that [2a]+ could be deactivated by the 

high intracellular level of GSH. 

We moved to examine the potential interaction of the chosen complexes, applied at a final concentration 

of 1 mM, with BSA (at a final concentration of 30 µM) over a 48h period, using MALDI-MS. The results 

(Figure S36) clearly show that no appreciable interaction occurred between either of the complexes and 

bovine serum albumin, even after 48h of incubation. 

 

2.4.4. Cell cycle analysis 

The analysis of the cellular cycle in A2780 cells co-incubated with half-cytotoxic concentrations of 

[2a]CF3SO3 and [2d]CF3SO3 for 24h (Figure 3) revealed that only [2d]CF3SO3, exhibiting a high 

antiproliferative effect, significantly impacted the cell cycle of A2780 cells. It induced the arrest of the 

majority of cells in the G0/G1 phase (resting phase) and significantly reduced the cell populations in both 

the S phase and the G2/M phase of the cell cycle. In contrast, the reference drug cisplatin arrested most 

cells in the synthetic S phase of the cycle by targeting newly replicated DNA.82 On the other hand, the 

non-cytotoxic [2a]CF3SO3 had virtually no effect on the cellular cycle of A2780 cells. 
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Figure 3. Effects of [2a]CF3SO3, [2d]CF3SO3 and cisplatin (applied at the IC50 levels 50 M, and 3.7 M, 

respectively) on the cell cycle in A2780 cells after 24h of incubation. Significance levels: * p<0.05, ** p<0.01, *** 

p<0.005. Negative control represents the untreated cells. 

 

2.4.5. Induction of cell death 

The selected complexes [2a]CF3SO3 and [2d]CF3SO3 showed no appreciable membrane damage, as 

indicated by the lack of reactivity towards Annexin V and/or DNA damage revealed by staining with 

propidium iodide (PI) during the 24h co-incubation with A2780 cells. This observation aligns with the 

G0/G1 phase arrest demonstrated in the cell cycle modification experiments. In contrast, cisplatin caused 

significant damage in over 30% of all cells. However, [2d]CF3SO3 was able to activate executioner 

caspases 3/7 in the A2780 cells, similar to cisplatin. These results suggest that [2d]CF3SO3 may act 

through multiple steps, eliciting different levels of damage to cancer cells. Clearly, the antiproliferative 

effect of [2d]CF3SO3, resulting from the suppression of cellular metabolism, is the fastest process. The 

subsequent phase involves actual damage to cellular structures, as indicated by the activation of Cas 3/7. 
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Figure 4. Effects of [2a]CF3SO3, [2d]CF3SO3 and cisplatin (24 h incubation, applied at the IC50 levels 50 M, and 

3.7 M, respectively) on the cell death induction in A2780 cells (left) and effector caspases 3/7 activation in A2780 

cells (right). Positive control represents heat damaged cells (60 C/10min.) and the negative control represents 

untreated cells. Significance levels: * p<0.05, ** p<0.01, *** p<0.005. 

 

2.4.6. Induction of autophagy 

Autophagy is usually associated with natural recycling processes in normal cells, as well as with 

metabolic and environmental stress leading to cell death in the initial stages of tumorigenesis. However, 

in advanced stages of tumorigenesis, autophagy may function as tumour-promoting mechanism by 

sustaining cancer cell survival in stressful microenvironments.83 Several mechanisms are linked to 

autophagy induction by cytotoxic agents, including the induction/promotion of intracellular oxidative 

stress and moderation of mTOR activity.84 Our results highlight a significant effect of [2d]CF3SO3 and 

cisplatin on the activation of autophagy in A2780 cells (Figure 5). These findings align with our working 

hypothesis that the mechanism of action of [2d]CF3SO3 is diphasic. This compound induced metabolic 

stress and halted the proliferation in the first (fast) stage, followed by the induction of apoptosis and 

autophagy in the second (slower) stage. 
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Figure 5. Effects of [2a]CF3SO3, [2d]CF3SO3 and cisplatin (24 h incubation, applied at the IC50 levels of 50 M, 

and 3.7 M, respectively) on the induction of autophagy in A2780 cells. Positive control: a mixture of chloroquine 

(10 µM) and rapamycin (0.5 µM). Significance levels: * p<0.05, ** p<0.01, *** p<0.005. 

 

2.4.7. ROS production and mitochondrial membrane potential 

Both [2a]CF3SO3 and [2d]CF3SO3 slightly increased the levels of reactive oxygen species (ROS) in 

A2780 cells after 24 hours of incubation. However, no noticeable effect on mitochondrial membrane 

potential was detected, in contrast to cisplatin, which led to significant depolarization of mitochondrial 

membranes and their subsequent destruction.85  

 

Figure 6. Effects of [2a]CF3SO3, [2d]CF3SO3 and cisplatin (24 h incubation, applied at the IC50 levels of 50 M, 

and 3.7 M, respectively) on the intracellular ROS levels (left, positive control: pyocyanin) and on mitochondrial 
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membrane potential (right, positive control: CCCP) in A2780 cells. Significance levels: * p<0.05, ** p<0.01, *** 

p<0.005. 

 

3. Concluding remarks 

Carbonyl/isocyanide substitution reactions were systematically investigated on [Ru2Cp2(CO)4], 

revealing substantial inertness compared to the d-block first-row analogue [Fe2Cp2(CO)4]. However, we 

present straightforward procedures for the preparation of four cationic aminocarbyne derivatives with a 

rare combination of desired pre-requisites for drug development, including: 1) presence of a relatively 

nontoxic metal; 2) appreciable water solubility; 3) balanced hydrophilic/lipophilic character enabling cell 

uptake; 4) exceptional stability in physiological-like solutions. Cytotoxicity studies, considering a panel 

of human cancer cell lines, evidenced the crucial effect of the varying aminocarbyne substituent, 

identifying [2d]CF3SO3 as the most performant. This complex displays IC50 values lower than those 

obtained with the reference drug cisplatin under the same conditions, along with remarkable selectivity 

recognized using a noncancerous cell line. The striking behaviour of [2d]+ may be ascribable to the 

favourable biological effects provided by the indolyl moiety, that were previously recognized in other 

anticancer metal structures. The intracellular Ru uptake data and the observed tendency to full chemical 

and electrochemical stability, including the absence of easy decomposition pathways upon contact with 

biomolecules, suggest that the cation [2d]+ exerts its activity inside the cells as an intact molecular entity. 

This activity appears to proceed through a diphasic mechanism, leading to metabolic stress, arresting of 

cellular proliferation in the first (fast) phase and induction of apoptosis and autophagy in the second 

(slower) phase. Notably, the physico-chemical properties and the anticancer profile of [2d]+ appear 

markedly different from those of leading organo-ruthenium drug candidates, that are activated through 

ligand dissociation and primarily exert their activity outside of cells by inhibiting key biomolecules.17,86,87 

 

4. Experimental 
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4.1. General experimental details 

[Ru2Cp2(CO)4] was purchased from Merck and stored under N2. Other reactants and solvents were 

obtained from Alfa Aesar, Merck, Apollo Scientific or TCI Chemicals and used as received. Methyl 

isocyanide88 and [Ru2Cp2(CO)2(μ-CO){μ-CNMe(Bn)}]CF3SO3, [2h]CF3SO3,
44 were prepared according 

to the literature. 1H-indol-5-yl isocyanide was prepared from the commercially available 5-amino-

indole,89 the optimized procedure is reported in the ESI. Isocyanides were stored at 4 °C or – 20 °C; 

contaminated labware was treated with EtOH/HCl. Methyl triflate (≈ 9.1 mol/L) was stored at 4 °C; a 

diluted solution (≈ 1.8 mol/L) was prepared with anhydrous CH2Cl2 and stored under N2 at 4 °C. All 

reactions were carried out under N2 using standard Schlenk techniques. Except for the preparation of 

[3a]CF3SO3 (deaerated MeCN), anhydrous solvents stored on 3 Å MS were employed: MeCN was 

distilled over CaH2, dry THF and CH2Cl2 were obtained from SPS 6 MBRAUN Solvent purifier. All the 

other operations were conducted under air with common laboratory glassware. Column chromatography 

was carried out with neutral alumina (Merck). All isolated Ru compounds are air- and moisture- stable 

in the solid state. NMR spectra were recorded on a Bruker Avance II DRX400 instrument equipped with 

a BBFO broadband probe. Chemical shifts are referenced to the residual solvent peaks90 (1H, 13C) or to 

external standards91 (19F to CFCl3). 
1H and 13C{1H} spectra were assigned with the assistance of 1H 

NOESY (mix time 750 ms, relaxation time 1 sec) and 1H-13C gs-HSQC experiments. CDCl3 stored in 

the dark over Na2CO3 was used for NMR analysis. IR spectra of solid samples (650-4000 cm-1) were 

recorded on a Perkin Elmer Spectrum One FT-IR spectrometer, equipped with a UATR sampling 

accessory. IR spectra of solutions were recorded using a CaF2 liquid transmission cell (1400-2700 cm-1) 

on a Perkin Elmer Spectrum 100 FT-IR spectrometer. UV-Vis spectra (250-800 nm) were recorded on a 

Ultraspec 2100 Pro spectrophotometer using PMMA cuvettes (1 cm path length). IR and UV-Vis spectra 

were processed with Spectragryph.92 Carbon, hydrogen, nitrogen, and sulfur analyses were performed on 

a Vario MICRO cube instrument (Elementar). 
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4.2. Synthesis and characterization of compounds 

[Ru2Cp2(CO)2(μ-CO){μ-CNMe2}]CF3SO3, [2a]CF3SO3 (Chart 1). 

Chart 1. Structure of [2a]+. 

 

The title compound was previously reported but the synthetic procedure and IR/NMR data were not 

provided.93 A yellow solution of [Ru2Cp2(CO)4] (200 mg, 0.45 mmol) in MeCN (8 mL) was treated with 

freshly-prepared methyl isocyanide (0.08 mL, 0.45 mmol) and stirred at room temperature for 24 h.94 

The formation of [Ru2Cp2(CO)3(CNMe)], 1a, was checked by IR of the yellow solution (see ESI), and 

then volatiles were removed under vacuum. The residue was dissolved in CH2Cl2 (5 mL) and methyl 

triflate (1.8 M in CH2Cl2; 0.24 mL, 0.43 mmol, 0.95 eq. vs. [Ru2Cp2(CO)4])95 was added dropwise, under 

vigorous stirring. The yellow solution was stirred at room temperature for 3 h, with progressive formation 

of a yellow precipitate. The suspension was moved on top of an alumina column (h 4, d 3.4 cm). A yellow 

band containing unreacted [Ru2Cp2(CO)4] was eluted with CH2Cl2 and a yellow-orange band containing 

[RuCpCl(CO)2]
50 was eluted with THF. Therefore, a bright yellow band containing [2a]+ was eluted with 

THF/MeOH 95:5 V/V and taken to dryness under vacuum. The residue was triturated in Et2O and the 

suspension was filtered. The resulting yellow solid was washed with Et2O and dried under vacuum (40 

°C). Yield: 136 mg, 66 %. Acetonitrile should not be used as eluent for chromatography since it promotes 

the formation of [3a]+ (see below) via CO/MeCN exchange. Soluble in EtOH, DMSO, acetone; poorly 

soluble in CH2Cl2, CHCl3, insoluble in Et2O. X-ray quality crystals of [2a]CF3SO3 were obtained from 

slow evaporation of an EtOH solution at room temperature. Anal. calcd. for C17H16F3NO6Ru2S: C, 32.85; 

H, 2.59; N, 2.25; S, 5.16. Found: C, 32.72; H, 2.63; N, 2.23; S, 5.12. IR (solid state): ῦ/cm-1 = 3102w, 



 

 

27 

 

2941w, 2011s (CO), 1987s (CO), 1950w-sh, 1834vs (µ-CO), 1794w-sh, 1612m (μ-CN), 1450w, 1430w, 

1416w, 1403m, 1274s-sh, 1259s (SO3), 1226m-sh (SO3), 1195m, 1154s (SO3), 1110w, 1062w, 1030s, 

1000m-sh, 932w, 846m-sh, 840m, 830m-sh, 767s. IR (CH2Cl2): ῦ/cm-1 = 2026s (CO), 1993w-sh (CO), 

1840m (µ-CO), 1614m (μ-CN). IR (MeCN): ῦ/cm-1 = 2026s (CO), 1992w-sh (CO), 1839m (µ-CO), 

1616m (μ-CN). No changes in the IR spectrum (e.g. related to CO/MeCN substitution) were observed 

after 44 h at room temperature. 1H NMR (acetone-d6): δ/ppm = 5.88, 5.83 (s, 10H, Cp); 4.19, 4.15 (s, 

6H, NCH3); isomer (cis/trans) ratio ≈ 20; ca. 5% trans isomer in the final product, ca. 9 % before the final 

Et2O washing. 13C{1H} NMR (acetone-d6): δ/ppm = 295.4 (µ-CN); 231.0 (µ-CO); 197.6 (CO); 94.0, 92.8 

(Cp); 54.6 (NCH3). 
1H NMR (CDCl3): δ/ppm = 5.68, 5.59 (s, 10H, Cp); 4.13, 4.06 (s, 6H, CH3); isomer 

(cis/trans) ratio = 2.6 (incomplete dissolution, trans isomer is more soluble). 

 

[Ru2Cp2(CO)2(μ-CO){μ-CNMe(Cy)}]CF3SO3, [2b]CF3SO3 (Chart 2). 

Chart 2. Structure of [2b]+ (numbering refers to C atoms). 

 

A yellow solution of [Ru2Cp2(CO)4] (1.00 g, 2.25 mmol) in MeCN96 (30 mL) was treated with cyclohexyl 

isocyanide (CNCy; 0.28 mL, 2.25 mmol) and stirred at room temperature for 69 h. The formation of 

[Ru2Cp2(CO)3(CNCy)], 1b, was checked by IR of the yellow solution (see ESI), then volatiles were 

removed under vacuum. The yellow residue was dissolved in CH2Cl2 (20 mL) and methyl triflate (1.8 

mol/L in CH2Cl2; 1.12 mL, 2.02 mmol, 0.90 eq. vs. [Ru2Cp2(CO)4]) was added dropwise, under vigorous 

stirring. The yellow solution was stirred at room temperature for 3 h, then moved on top of an alumina 
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column (h 4, d 5.4 cm). A yellow band containing unreacted [Ru2Cp2(CO)4] was eluted with CH2Cl2 then 

a yellow-orange band containing [RuCpCl(CO)2]
50 was eluted with CH2Cl2/THF 4:1 V/V. Therefore, a 

bright yellow band containing [2b]+ was eluted with MeCN and taken to dryness under vacuum. The 

residue was triturated in Et2O/toluene 10:1 V/V and the suspension was filtered. The resulting yellow 

solid was washed with Et2O and dried under vacuum (40 °C). Yield: 1.251 g, 86 %. The preparation was 

repeated four times on a 1-gram scale, always affording an 86 % yield of isolated product. Reduction of 

the reaction time of the first step to 24 h caused a slight lowering in the final yield. Soluble in EtOH, 

DMSO, CH2Cl2, less soluble in iPrOH, insoluble in Et2O. X-ray quality crystals of [2b]CF3SO3 were 

obtained from a CH2Cl2 solution layered with Et2O and settled aside at − 20 °C. Anal. calcd. for 

C22H24F3NO6Ru2S: C, 38.32; H, 3.51; N, 2.03; S, 4.65. Found: C, 38.5; H, 3.63; N, 1.99; S, 4.60. IR 

(solid state): ῦ/cm−1 = 3110w, 2943w, 2931w-sh, 2098w, 2860w, 2010s (CO), 1983s (CO), 1951w-sh, 

1823s (µ-CO), 1817w-sh, 1602w, 1573m (μ-CN), 1549w-sh, 1450w, 1430w, 1413w, 1403w, 1350w, 

1321w, 1265s, 1257s (SO3), 1225m-sh (SO3), 1179w, 1147s (SO3), 1057m, 1028s, 1012m, 997m, 992w, 

893w, 876w, 850m, 837m, 830m, 824m, 798s, 749s. IR (CH2Cl2): ῦ/cm−1 = 2024s (CO), 1990w-sh (CO), 

1841m (µ-CO), 1578w (μ-CN), 1552w. IR (MeCN): ῦ/cm−1 = 2024s (CO), 1989w-sh (CO), 1840m (µ-

CO), 1580w (μ-CN). 
1H NMR (CDCl3): δ/ppm = 5.71, 5.56 (s, 5H, Cp); 5.64, 5.49 (s, 5H, Cp’); 4.53-

4.32 (m, 1H, C1H); 4.01, 3.84 (s, 3H, CH3); 2.59, 2.10, 1.97 (d, J ≈ 12 Hz, 3H, C2H + C2H); 1.90–1.73 

(m, 4H, C2’H + C4H + C3H), 1.44–1.24 (m, 3H, C3H + C3’H); isomer (cis/trans) ratio = 15, 6.3 % trans 

isomer. No changes were observed in the 1H NMR spectrum after 14 h at room temperature. 13C{1H} 

NMR (CDCl3): δ/ppm = 294.3 (µ-CN); 229.8 (µ-CO); 196.4, 195.7 (CO); 121.0 (d, 1JCF = 320 Hz, CF3); 

93.5, 92.7, 92.1, 91.8 (Cp + Cp’); 80.0 (C1); 53.6, 47.3 (CH3); 31.3 (C4), 30.4 (C2), 26.1 (C3), 26.0 (C2’), 

25.1 (C3’). 19F NMR (CDCl3): δ/ppm =  –78.2. 

 

[Ru2Cp2(CO)2(μ-CO){μ-CNMe(Xyl)}]CF3SO3, [2c]CF3SO3 (Chart 3). 
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Chart 3. Structure of [2c]+ (numbering refers to C atoms). 

 

The title compound was previously reported but the synthetic procedure and IR/NMR data were not 

provided.47 A yellow solution of [Ru2Cp2(CO)4] (200 mg, 0.45 mmol) in MeCN (12 mL) was treated 

with xylyl isocyanide (XylNC; 58 mg, 0.45 mmol) and stirred at room temperature (ca. 21 °C). After ca. 

5 h, the formation of [Ru2Cp2(CO)3(CNXyl)], 1c, was checked by IR of the yellow opalescent solution 

(ESI). After 24 h, a mixture of a yellow solution and a yellow solid was obtained. Note: IR analysis 

allowed to identify unreacted [Ru2Cp2(CO)4] in solution, while 1c is undetectable due to massive 

precipitation. However, deceptive precipitation of yellow [Ru2Cp2(CO)4] occurred when operating with 

less solvent and/or at lower temperatures, resulting in zero CO/CNXyl exchange, even after prolonged 

times. The suspension was allowed to settle and the yellow solution, containing traces of 

[Ru2Cp2(CO)2(CNXyl)2], was removed.97 The yellow solid was washed once with MeCN (10 mL) and 

dried under vacuum. Next, the yellow residue was dissolved in CH2Cl2 (7 mL) and methyl triflate (1.8 

mol/L in CH2Cl2; 0.15 mL, 0.27 mmol, 0.60 eq. vs. [Ru2Cp2(CO)4])95 was added dropwise, under 

vigorous stirring. The resulting yellow solution was stirred at room temperature for 3 h, then moved on 

top of an alumina column (h 4, d 3.4 cm). A yellow band containing unreacted [Ru2Cp2(CO)4] was eluted 

with CH2Cl2 then a yellow-orange band containing [RuCpCl(CO)2]
50 was eluted with THF. A bright 

yellow band containing [2c]+ was eluted with MeCN and taken to dryness under vacuum. The residue 

was triturated in Et2O and the suspension was filtered. The resulting yellow solid was washed with Et2O 

and dried under vacuum (40 °C). Yield: 161 mg, 50 %. Soluble in EtOH, DMSO, CH2Cl2, MeCN; 
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insoluble in Et2O. X-ray quality crystals of [2c]CF3SO3 were obtained from a CH2Cl2 solution layered 

with Et2O and settled aside at − 20 °C. Anal. calcd. for C24H22F3NO6Ru2S: C, 40.51; H, 3.12; N, 1.97; S, 

4.51. Found: 40.29; H, 3.18; N, 1.98; S, 4.47. IR (solid state): ῦ/cm−1 = 3108w, 2017s (CO), 1988s-sh 

(CO), 1841s (µ-CO), 1591w, 1556m-sh, 1538m (μ-CN), 1469w, 1430w, 1414w, 1395w, 1386w, 1275s-

sh, 1260s (SO3), 1223m-sh (SO3), 1149s (SO3), 1115m, 1085w, 1061w, 1030s, 1014m-sh, 892w, 847m, 

827m, 807m, 785s-sh, 774s, 755w-sh, 733m, 662m. IR (CH2Cl2): ῦ/cm−1 = 2027s (CO), 1994w-sh (CO), 

1846m (µ-CO), 1593w, 1558w, 1540w (µ-CN). IR (MeCN): ῦ/cm−1 = 2026s (CO), 1993w-sh (CO), 

1843m (µ-CO), 1594w, 1558w, 1543w (µ-CN). 1H NMR (CDCl3): δ/ppm = 7.34−7.19 (m, 3H*, C3H + 

C4H); 5.82, 5.30 (s, 5H, Cp); 5.23, 5.00 (s, 5H, Cp’); 4.37, 4.21 (s, 3H, NCH3); 2.53, 2.36, 2.32, 2.19 (s, 

6H, C5H3); isomer (cis/trans) ratio ≈ 55, ca. 2% trans isomer. *Over CHCl3 peak. 13C{1H} NMR 

(CDCl3): δ/ppm = 305.7 (µ-CN); 227.6 (µ-CO); 196.4, 195.9 (CO); 148.0 (C1); 133.4, 131.5 (C2); 129.9, 

129.7, 129.5 (C3 + C4); 121.0 (d, 1JCF = 320 Hz, CF3); 92.3, 91.6 (Cp + Cp’); 55.4 (NCH3); 18.8, 17.7 

(C5). 19F NMR (CDCl3): δ/ppm = −78.2.  

[Ru2Cp2(CO)(CNXyl)(μ-CO){μ-CNMe(Xyl)}]CF3SO3. Isolated by alumina chromatography; by-

product of the synthesis of [2c]CF3SO3. IR (CH2Cl2): ῦ/cm−1 = 2113s (t-CN), 1988s (CO), 1824s (-CO), 

1530m (µ-CN). 

  

[Ru2Cp2(CO)2(μ-CO){μ-CNMe(1H-indol-5-yl)}]CF3SO3, [2d]CF3SO3 (Chart 4). 

Chart 4. Structure of [2d]+ (numbering refers to C atoms). 
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A yellow solution of [Ru2Cp2(CO)4] (150 mg, 0.34 mmol) in MeCN (12 mL) was treated with 1H-indol-

5-yl isocyanide (IndNC; 53 mg, 0.37 mmol) and stirred at room temperature for 6 h, affording a yellow 

solution and a yellow solid. The formation of [Ru2Cp2(CO)3(CNInd)], 1d, was checked by IR (ESI), then 

volatiles were removed under vacuum. The residue was dissolved in CH2Cl2 (8 mL) and methyl triflate 

(1.8 mol/L in CH2Cl2; 95 μL, 0.17 mmol, 0.50 eq. vs. [Ru2Cp2(CO)4]) was added dropwise, under 

vigorous stirring. The yellow solution was stirred at room temperature for 3 h. The resulting suspension 

(yellow solution + yellow solid) was moved on top of an alumina column (h 4, d 3.4 cm). A yellow band 

containing unreacted [Ru2Cp2(CO)4] was eluted with CH2Cl2 then a yellow-orange band containing 

[RuCpCl(CO)2]
50 was eluted with THF. A bright yellow band containing [2d]+ was eluted with MeCN 

and taken to dryness under vacuum. The residue was triturated in Et2O/toluene 10:1 V/V and the 

suspension was filtered. The resulting yellow solid was washed with Et2O and dried under vacuum (40 

°C). Yield: 53 mg, 23 %. Increasing reaction time (> 20 h) or temperature (reflux) during the first step 

causes darkening of the reaction mixture and a significant drop in aminocarbyne yield. Soluble in EtOH, 

DMSO, acetone, less soluble in CH2Cl2, CHCl3, insoluble in Et2O. X-ray quality crystals of [2d]CF3SO3 

were obtained from a CH2Cl2 solution layered with toluene and settled aside at − 20 °C. Anal. calcd. for 

C24H19F3N2O6Ru2S: C, 39.89; H, 2.65; N, 3.88; S, 4.44. Found: C, 40.28; H, 2.63; N, 4.05; S, 4.26. IR 

(solid state): ῦ/cm−1 = 3226w, 3106w, 2011s (CO), 1990s-sh (CO), 1840s (µ-CO), 1587w, 1562m, 

1548m-sh (µ-CN), 1477w, 1460w, 1430w, 1415w, 1399w, 1346w, 1324w, 1280s, 1269s, 1246s (SO3), 

1224s-sh (SO3), 1157s (SO3), 1108m, 1066w, 1029s, 999w-sh, 895w, 874w, 844m, 835m, 814m, 799m, 

773s, 742m, 730m. IR (CH2Cl2): ῦ/cm−1 =  2025s (CO), 1995m-sh (CO), 1841m (µ-CO), 1584w, 1561w, 

1548w (µ-CN). IR (MeCN): ῦ/cm−1 = 2026s (CO), 1992w-sh (CO), 1840m (µ-CO). 
1H NMR (acetone-

d6): δ/ppm = 10.8 (s, 1H, NH); 7.95, 7.91 (d, 4JHH ≈ 1 Hz, C8H); 7.71 (d, 3JHH = 8.6 Hz, C3H); 7.62–7.54 

(m, C5H); 7.44, 7.41 (dd, 3JHH = 8.6 Hz, 4JHH ≈ 1 Hz, 1H, C2H); 6.66–6.61, 6.58–6.56 (m, 1H, C6H); 

5.99, 5.96 (s, 5H, Cp); 5.28, 5.18 (s, 5H, Cp’); 4.62, 4.53 (s, 3H, CH3); isomer (cis/trans) ratio ≈ 13; ca. 
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7% trans isomer. 
13C{1H} NMR (acetone-d6): δ/ppm = 302.0 (μ-CN); 230.4 (μ-CN); 198.3, 197.7 (CO); 

144.3 (C1); 136.5 (C4); 129.1 (C7); 128.7 (C5); 118.7 (C2); 117.3 (C8); 113.5 (C3); 103.3 (C6); 94.1, 93.1 

(Cp); 93.8, 92.7 (Cp’); 58.1 (CH3). 
19F NMR (acetone-d6): δ/ppm = − 78.7. 

 

Alternative procedure: Me3NO-assisted isocyanide coordination.   

Preliminary note: the [Ru2Cp2(CO)4]/isocyanide/Me3NO system revealed highly sensitive to the reaction 

conditions (solvent/temperature, reactant excess and addition order). The following procedure was 

optimized based on the reactivity with 2-naphthyl isocyanide and benzyl isocyanide.  

General procedure: A solution of [Ru2Cp2(CO)4] (100 mg, 0.23 mmol) in THF (5 mL) was treated with 

the selected isocyanide (0.7 or 1.0 eq.) and Me3NO (2.3 or 4.0 eq.), in this order, and rapidly placed on 

a pre-heated oil bath. The mixture was heated at reflux temperature under stirring for 3 h. The resulting 

dark solution was analysed by IR (see ESI). Very poor or negligible formation of [Ru2Cp2(CO)3(CNR)] 

was observed with diethyl isocyanomethylphosphonate, 4-ethylphenyl isocyanide and p-

toluenesulfonylmethyl isocyanide, even after prolonged heating (up to 16 h). A modest yield of 

[Ru2Cp2(CO)3(CNR)] (1e-g) was observed with 2-naphthyl isocyanide, 4-methoxyphenyl isocyanide and 

α-(S)-methylbenzyl isocyanide, as checked by IR (ESI).98 In these cases, the mixture was allowed to cool 

to room temperature and volatiles were removed under vacuum. The residue was dissolved in CH2Cl2 (5 

mL) and methyl triflate (1.8 mol/L in CH2Cl2; 0.12 mL, 0.22 mmol) was added dropwise, under vigorous 

stirring. The solution was stirred at room temperature for 3 h, then moved on top of an alumina column 

(h 4, d 2.4 cm). A yellow band containing unreacted [Ru2Cp2(CO)4] was eluted with CH2Cl2 then a 

yellow-orange band containing [RuCpCl(CO)2]
50 and other impurities was eluted with CH2Cl2/THF 1:1 

V/V. A band containing the desired aminocarbyne complex [2e-g]+ was eluted with MeCN or THF/MeCN 

7:1 V/V and taken to dryness under vacuum. The resulting yellow-brown solid was washed with Et2O, 

hexane and dried under vacuum (40 °C). 
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[Ru2Cp2(CO)2(μ-CO){μ-CNMe(2-naphthyl)}]CF3SO3, [2e]CF3SO3 (Chart 5). 

Chart 5. Structure of [2e]+. 

 

Prepared using 2-naphthyl isocyanide (35 mg, 0.23 mmol) and Me3NO (68 mg, 0.90 mmol), according 

to the general procedure. Only minor signals ascribable to by-products are present in the isolated material 

(1H NMR). Yield: 41 mg, ca. 23 %. A comparable result was obtained when using Me3NO∙2H2O in place 

of anhydrous Me3NO. IR (CH2Cl2): ῦ/cm−1 = 2026s (CO), 1993m-sh (CO), 1842m (µ-CO), 1582w, 

1576w, 1554w, 1544w (µ-CN). 1H NMR (CDCl3): δ/ppm = 8.38 (s-br, 1H), 8.10–8.03 (m, 2H), 7.96–

7.88 (m, 1H), 7.70 (s-br, 1H), 7.67–7.59 (m, 2H), (C10H7); 5.82, 5.74 (s, 5H, Cp), 5.10, 4.95 (s, 5H, Cp’); 

4.61, 4.45 (s, 3H, CH3); isomer (cis/trans) ratio ≈ 25, ca. 4% trans isomer in the final product, ca. 8 % 

before the final Et2O washing. 

 

[Ru2Cp2(CO)2(μ-CO){μ-CNMe(4-C6H4OMe)}]CF3SO3, [2f]CF3SO3 (Chart 6). 

Chart 6. Structure of [2f]+. 
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Prepared using 4-methoxyphenyl isocyanide (20 mg, 0.15 mmol) and Me3NO (40 mg, 0.53 mmol), 

according to the general procedure. The solid contains minor {RuCp} by-products (ca. 25 % overall), as 

detected by 1H NMR, which prevent an unambiguous identification of signals ascribable to the trans 

isomer. IR (CH2Cl2): ῦ/cm−1 = 2025s (CO), 1991m-sh (CO), 1841m (µ-CO), 1607w, 1571w, 1550w (µ-

CN). 1H NMR (CDCl3): δ/ppm = 7.64 (d, 3JHH = 8.1 Hz, 2H, C6Hortho); 7.07 (d, 3JHH = 9.0 Hz, 2H, 

C6Hmeta); 5.78 (s, 5H, Cp); 5.21 (s, 5H, Cp’); 4.34 (s, 3H, NCH3); 3.89 (s, 3H, OCH3). 

 

[Ru2Cp2(CO)2(μ-CO){μ-(S)-CN(Me)CH(Me)Ph)}]CF3SO3, [2g]CF3SO3 (Chart 7). 

Chart 7. Structure of [2g]+. 

 

Prepared using (S)-α-methylbenzyl isocyanide (31 µL, 0.23 mmol) and Me3NO (68 mg, 0.90 mmol) 

according to the general procedure. The solid contains minor {RuCp} by-products (ca. 15 % overall), as 

detected by 1H NMR, which prevent an unambiguous identification of signals ascribable to the trans 

isomer. X-ray quality crystals of [2g]CF3SO3 were obtained from a CH2Cl2 solution layered with Et2O 

and settled aside at − 20 °C. IR (CH2Cl2): ῦ/cm−1 = 2025s (CO), 1992m-sh (CO), 1843m (µ-CO), 1573w, 

1563w (µ-CN). 1H NMR (CDCl3): δ/ppm = 7.68−7.30 (m, Ph); 5.99−5.89 (m, 1H, NCH); 5.76, 5.73 (s, 

5H, Cp); 5.70, 5.66 (s, 5H, Cp’); 3.66, 3.56 (s, 3H, NCH3); 2.12, 1.83 (d, 3JHH = 7.1 Hz, 3H, CCH3). 

 

4.2.1. Thermal isomerization studies 

In a round bottom flask, a yellow solution of the selected Ru compound (10 mg) in iPrOH (10 mL) was 

heated at reflux for 1.5-5 h. Volatiles were removed under vacuum and the residue was analysed by 1H 
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NMR to assess the % of trans isomer with respect to the starting material (s.m. in the following). [2a]+ 

(acetone-d6): 9 % (s.m.), ca. 5 % (1.5 h). [2b]+ (CDCl3): 6.3 % (s.m.), ca. 1 % (3 h). [2e]+ (CDCl3): 8 % 

(s.m.), ca. 4 % (5 h). 

 

4.3. X-ray crystallography 

Crystal data and collection details for [2a-d,g]CF3SO3 are reported in Tables S4-S5. Data were recorded 

on a Bruker APEX II diffractometer equipped with a PHOTON2 detector using Mo–K radiation. Data 

were corrected for Lorentz polarization and absorption effects (empirical absorption correction 

SADABS).99 The structures were solved by direct methods and refined by full-matrix least-squares based 

on all data using F2.100 Hydrogen atoms were fixed at calculated positions and refined by a riding model. 

All non-hydrogen atoms were refined with anisotropic displacement parameters. 

 

4.4. Solubility and stability in aqueous solutions, octanol-water partition coefficient 

Solubility in water (D2O). The selected compound was suspended in a D2O solution (0.7 mL) containing 

dimethyl sulfone (Me2SO2; 4.0·10-3 mol/L) and stirred at room temperature (ca. 21 °C) for 3 h. The 

saturated solution was filtered over celite and analysed by 1H NMR spectroscopy (delay time = 3 s, 

number of scans = 20). The concentration ( = solubility) was calculated by the relative integral with 

respect to Me2SO2 as internal standard [δ/ppm = 3.14 (s, 6H)] (Table 2). NMR data are reported in the 

Supporting Information.  

Octanol-water partition coefficient (Log Pow). Partition coefficients (Pow), defined as Pow = corg/caq, 

where corg and caq are the molar concentrations of the selected compound in the n-octanol and aqueous 

phases, respectively, were determined by the shake-flask method and UV-Vis measurements, according 

to a previously described procedure.30,101 All operations were carried out at room temperature (ca. 21 

°C). Stock solutions were prepared in water-saturated octanol for all compounds except [2a]CF3SO3 (in 
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octanol-saturated water). The wavelength corresponding to a well-defined maximum of shoulder 

absorption of each compound (320–400 nm range) was used for UV-Vis quantitation. The procedure was 

repeated three times for each sample (from the same stock solution); results are given as mean ± standard 

deviation (Table 2).  

Stability assessment in D2O/CD3OD at 37 °C. The selected compound was dissolved in CD3OD (0.3 

mL) then diluted with a D2O solution containing Me2SO2 (4.0·10-3 mol/L, 0.5 mL). The yellow solution 

(cRu2 ≈ 810-3 mol/L; D2O/CD3OD 5:3 V/V)102 was filtered over celite and analysed by 1H NMR (delay 

time = 3 s; number of scans = 20). Next, the solution was heated at 37 °C for 72 h and NMR analyses 

were repeated. The residual amount of starting material in the final solution, calculated by the relative 

integral with the internal standard (Me2SO2) with respect to the initial spectrum, resulted ≥ 99 % for all 

compound tested ([2a-e,h]CF3SO3). NMR data are reported in the ESI. 1H NMR chemical shifts in 

D2O/CD3OD mixtures are referenced to the Me2SO2 peak in pure D2O [δ/ppm = 3.14 (s, 6H)]. The % 

amount of trans isomers is in accordance with that observed in CDCl3 or acetone-d6 solutions; besides, 

no change in the cis/trans ratio was observed over the course of the experiment. 

Stability assessment in cell culture medium at 37 °C. Deuterated cell culture medium (DMEM-d) was 

prepared by dissolving powdered DMEM cell culture medium (1000 mg/L glucose and L-glutamine, 

without sodium bicarbonate and phenol red; D2902 - Sigma Aldrich) in D2O (10 mg/mL, according to 

the manufacturer’s instructions). The solution was treated with Me2SO2 (8.3·10-3 mol/L) and KH2PO4 / 

Na2HPO4 as pH buffer (0.10 mol/L total phosphate, pD = 7.4103), then stored at 4 °C under N2. Solutions 

of Ru compounds in DMEM-d/CD3OD 5:3 V/V were prepared, treated and analysed by 1H NMR as 

previously described. The residual amount of starting material in the final solution resulted ≥ 99 % for 

all compound tested ([2a-d]CF3SO3). No change in cis/trans ratios was observed. 

 

4.5. Electrochemistry 
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Cyclic voltammetry measurements were performed with a PalmSens4 instrument interfaced to a 

computer employing PSTrace5 electrochemical software. All potentials are reported vs. Ag/AgCl/KCl. 

Peak potentials for compounds [2b,c]CF3SO3 are compiled in Table 3, cyclic voltammograms are given 

in Figures S31-S32. 

Experiments in dichloromethane. HPLC grade dichloromethane (Sigma Aldrich) was stored under Ar 

over 3Å MS. [nBu4N][PF6] (Fluka, electrochemical grade) and Cp2Fe (Fluka) were used without further 

purification. CV measurements were carried out at room temperature under Ar using 0.2 mol/L 

[nBu4N][PF6] in CH2Cl2 as the supporting electrolyte. The working and the counter electrode consisted 

of a Pt disk and a Pt gauze, respectively. A leakless miniature Ag/AgCl/KCl electrode (eDAQ) was 

employed as a reference. The three-electrode home-built cell was pre-dried by heating under vacuum and 

filled with argon. The Schlenk-type construction of the cell maintained anhydrous and anaerobic 

conditions. The solution of supporting electrolyte, prepared under argon, was introduced into the cell and 

the CV of the solvent was recorded. The analyte was then introduced (c ≈ 1·10−3 mol/L) and 

voltammograms were repeated (scan rate: 0.1 V/s); then a small amount of ferrocene was added and the 

voltammograms repeated. Under the present experimental conditions, the one-electron reduction of 

ferrocene occurred at E° = +0.45 V vs. Ag/AgCl/KCl. 

Experiments in aqueous media. Phosphate buffer (PB) solution (Na2HPO4/KH2PO4, Σc(PO4) = 25 

mmol/L, pH = 7.3) prepared in ultrapure H2O was used as supporting electrolyte. The three-electrode 

home-built cell was equipped with a Pt sheet counter electrode, teflon-encapsulated glassy-carbon (GC) 

working electrode (BASi, ø 3 mm) and the leak-free Ag/AgCl/KCl reference electrode (eDAQ). Prior to 

measurements, the working GC electrode was polished by the following procedure:104 manual rubbing 

with 0.3 μM Al2O3 slurry in water (eDAQ) for 2 min, then sonication in ultrapure water for 10 min, 

manual rubbing with 0.05 μM Al2O3 slurry in water (eDAQ) for 2 min, then sonication in ultrapure water 

for 10 min. The supporting electrolyte (5.0 mL) was introduced into the cell, deareated by Ar bubbling 
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for some minutes and the CV of the solvent was recorded. The analyte was then introduced (c ≈ 0.7-

1.0·10−3 mol/L) and voltammograms were recorded (scan rate: 0.1 V/s). 

 

4.6. Interactions with GSH and bovine serum albumin  

Methanol solutions of selected complexes, i.e. [2a]CF3SO3 and [2d]CF3SO3, were mixed with a solution 

of GSH in water to generate a system containing a 10 µM concentration of the complexes and a 10 mM 

concentration of GSH. Mass spectra of the reacting systems were acquired using a Shimadzu LC-MS 

8050 Liquid Chromatograph Mass Spectrometer with electrospray ionization source in positive 

ionization mode. The spectra of [2a]CF3SO3 and [2d]CF3SO3 in methanol were obtained using the Bruker 

amaZon SL mass spectrometer with the same electrospray ionization setup. The collected data were 

analysed using dedicated software (Bruker, Data Analysis 4.4; Shimadzu, LabSolutions Connect 

software). 

The interaction studies of [2a]CF3SO3 and [2d]CF3SO3 with bovine serum albumin were performed using 

the same method as reported previously.41 In brief, bovine serum albumin (BSA, 30 µM in 50 mM 

NH4HCO3) was incubated with the selected complexes ([2a]CF3SO3 and [2d]CF3SO3, 1 mM) at 37 °C 

for 48h. The resulting solutions underwent processing for MALDI-TOF MS analysis using the sinapinic 

acid matrix. Mass spectra were collected using a Microflex LRF20 MALDI-TOF mass spectrometer and 

analysed with flexAnalysis 3.4 software (Bruker Daltonik). 

 

4.7. Biological studies 

Cell viability assay (MTT test). For the evaluation of in vitro cytotoxicity, the human cancer cell lines 

A2780, A2780R, MCF-7, HOS, A549, PANC1, CaCo2, PC3 and HeLa, as well as normal fetal lung 

fibroblasts (MRC-5), were selected. The cells were plated in 96-well dishes, using culture media 

supplemented with 10% fetal calf serum, following the conditions recommended by the supplier. Stock 

solutions of the complexes were prepared immediately before cell treatment in DMF and further diluted 
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with culture media to achieve final concentrations of the tested complexes (at levels of 0.1, 1, 10, 25 and 

50 M containing 0.1% V/V DMF) for a 24h treatment. The negative control consisted of vehicle-treated 

cells (0.1% V/V DMF) and the positive control comprised Triton X-100 treated cells (1%; V/V in culture 

media) for 24 h. The MTT assay was conducted, and absorbance (A) was measured 

spectrophotometrically at 570 nm using an Infinite M200 instrument (Schoeller Instruments, Prague, 

Czech Republic). The data were expressed as the percentage of cell viability, where 100% and 0% 

represent treatments with the negative control (DMF) and positive control (Triton X-100), respectively. 

Half-maximal inhibitory concentrations (IC50) were calculated using GraphPad Prism 6 software 

(GraphPad Software, San Diego, USA). 

Cell culture. The human ovarian cancer cell line A2780 (Sigma, 93112519-1VL) was employed for 

further experiments investigating the cellular effects of the selected complexes, [2a]CF3SO3 (at 50 µM 

concentration) and [2d]CF3SO3 (at 3.7 µM concentration). In all experiments, the reference drug cisplatin 

(15 µM) and a vehicle (0.1 % DMF), serving as a negative control, were included. Cells were incubated 

at 37 °C under a 5% CO2 atmosphere in complete RPMI-1640 Medium (Merck, USA) with final 

concentrations of L-Glutamine (2 mM), fetal bovine serum (FBS, 10%), penicillin (5 U/mL) and 

streptomycin (50 µg/mL). 

Cell cycle analysis. To investigate changes in the cell cycle, 104 cells/well were seeded in a 96-well 

plate. The following day, cells were treated with 50 µM of [2a]CF3SO3 or 3.7 µM of [2d]CF3SO3 and 

incubated for 24h. Then, the supernatant was discarded, and samples were washed once with PBS (0.1M, 

pH 7.4). Flow cytometry analysis was performed using a BD FACSVerse flow cytometer (Becton 

Dickinson, USA) with the BD CycletestTM Plus DNA kit (Becton Dickinson, USA), following the 

manufacturer’s protocol. Measurements were conducted in duplicates and at least 5∙103 events were 

recorded for each sample. The reference drug cisplatin was also as a positive control for this assay.  

Apoptosis analysis. The impact of the selected complexes on the apoptosis of A2780 cells was 

investigated using two different assays: the Annexin V-FITC apoptosis detection kit (Enzo Life Sciences, 
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USA) and the CellEventTM Caspase-3/7 Green Flow Cytometry Assay Kit (Thermo Fisher Scientific, 

USA) for the assessment of caspase induction. The experiments were performed following the 

manufacturers’ protocols, with the CellEventTM Caspase-3/7 Green Detection Reagent used specifically 

for detecting Caspase-3/7 activation. Briefly, A2780 cells were seeded in 24-well plate at 50∙103 

cells/well and treated the next day with 50 µM of [2a]CF3SO3 and 3.7 µM of [2d]CF3SO3 for 24 h. After 

incubation, the supernatant was collected, cells were washed once with PBS (0.1M, pH 7.4), detached 

with trypsin (0.25% in ethylenediaminetetraacetic acid  - EDTA, Merck), resuspended in 500 µL of 

culture medium and collected into Eppendorf tubes. The samples were stained with specific dyes and 

incubated following the protocols (10 min in the dark at room temperature for Annexin V-FITC/PI and 

30 min in the incubator at 37 °C for the CellEventTM Caspase-3/7 Green Detection Reagent). Finally, 

measurements were performed with a BD FACSVerse flow cytometer (Becton Dickinson, USA) in 

duplicates, and at least 104 events were recorded for each sample. For positive controls, the reference 

drug cisplatin was used for Apoptosis, while heat-damaged cells (10 min at 60 °C) were used for caspase 

activation.  

Autophagy analysis. CYTO-ID® Autophagy Detection Kit 2.0 (Enzo Life Sciences, USA) was 

employed for assessing the potential autophagy induction in A2780 cells caused by the selected 

complexes. Briefly, cells were seeded in a 24-well plate (50∙103 cells/well) and treated the following day 

for 24 h with selected concentrations of [2a]CF3SO3 (50 µM) and [2d]CF3SO3 (3.7 µM). After incubation 

with the complexes, supernatants were collected, cells were washed with warm PBS, detached using 

0.25% trypsin-EDTA (Gibco™), resuspended in a cell culture medium and collected into Eppendorf 

tubes. Staining of the samples was performed using the specific dye (Diluted CYTO-ID® Green stain 

solution) according to the manufacturer’s protocol. Samples were incubated in the dark for 30 minutes 

at room temperature. Subsequently, after one washing with warm PBS, flow cytometry analysis was 

conducted using a BD FACSVerse flow cytometer (Becton Dickinson, USA). Samples were run in 
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duplicates, with at least 104 events recorded/sample. As a positive control, cells were treated with a 

mixture of chloroquine (10 µM) and rapamycin (0.5 µM) for 24 hours.  

Oxidative stress analysis. For the analysis of oxidative stress, the total ROS production in cells treated 

with 50 µM of [2a]CF3SO3 and 3.7 µM of [2d]CF3SO3 was determined using the ROS-ID® Total 

ROS/Superoxide detection kit (Enzo Life Sciences, US). The measurement was performed according to 

the manufacturer’s protocol, and a 100 µM solution of pyocyanin, a known oxidative-stress inducer, was 

used as a positive control. Briefly, after seeding the cells in a 96-well plate (104 cells/well), they were 

exposed to the tested compounds for 24 h. Then, supernatants were removed, cells were washed with 

wash buffer (1X) and staining was performed for 60 min at 37 °C in the dark, using the ROS/Superoxide 

Detection Solution (prepared according to the protocol). The fluorescence (Ex. 488 nm/Em. 520 nm) of 

samples was then analysed in triplicates with a microplate reader Infinite M200Pro (Tecan, Switzerland). 

Mitochondrial membrane potential (MMP) analysis. The effect on the mitochondrial membrane 

potential was studied using the MITO-ID® Membrane potential detection kit (Enzo Life Sciences, USA). 

After seeding A2780 cells (5×104 cells/well) in a 24-well plate, treatment with selected concentrations 

of [2a]CF3SO3 (50 µM) and of [2d]CF3SO3 (3.7 µM) was applied for 24 h. Then, following supernatant 

collection, cell washing with PBS, detachment of cells, and resuspension in the cell culture medium, 

samples were incubated for 15 min at room temperature with MITO-ID® MP Detection Reagent 

(according to the protocol). Finally, at least 104 events were recorded in duplicates for each sample using 

a BD FACSVerse flow cytometer (Becton Dickinson, USA). A positive control, 2 µM carbonyl cyanide 

3-chlorophenylhydrazone (CCCP), was utilized. 

Statistical analysis. Biological experiments were conducted in triplicate (three independent 

experiments) and the results are presented as the mean ± standard deviation (SD). One-way ANOVA 

was performed using Statistica software to assess the significance of difference between samples. 

Statistically significant differences at p ≤ 0.05 have been denoted by different letters. 
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Cellular uptake. Solutions of the selected complexes, [2a]CF3SO3 (final conc. 50 µM), [2d]CF3SO3 

(final conc. 3.7 µM), and RAPTA-C (final conc. 50 µM), were added to A2780 cells (between 6th and 

15th passage). The cells were then incubated at 37 °C under a 5% CO2 atmosphere in complete RPMI-

1640 Medium (Merck, USA). The medium was supplemented with L-Glutamine, fetal bovine serum, 5 

U/mL penicillin and 50 µg/mL streptomycin for different time points: 2, 6, 12, 24, 48, and 72 h. 

Following the respective incubation periods, adherent cells were detached, suspended, washed with PBS, 

and concentrated by centrifugation. Supernatants were discarded, and the resulting cell pellets were 

digested with 500 µL of nitric acid (for ICP-MS, 65%, overnight). Afterwards, solutions were diluted 

with 4.5 mL of ultrapure water for trace analysis, and the ruthenium (Ru) content was determined by 

ICP-MS (ICP-MS spectrometer 7700x, Agilent) using external calibration. The obtained values were 

corrected for adsorption effects. 
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supplementary crystallographic data for the X-ray studies reported in this paper. These data can be 

obtained free of charge at https://www.ccdc.cam.ac.uk/structures (or from the Cambridge 

Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (internat.) +44-1223/336-
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