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Abstract 

New diruthenium complexes based on the scaffold Ru2Cp2(CO)2 (Cp = η5-C5H5) and containing a 

bridging vinyliminium ligand, [2a-d]CF3SO3, were synthesized through regioselective coupling of 

alkynes with an aminocarbyne precursor (85-90 % yields). The reaction involving phenylacetylene 

proceeded with the formation of a diruthenacyclobutene byproduct, [4]CF3SO3 (10% yield). 

Complexes [2a-d]+ undergo partial alkyne extrusion in contact with alumina or CDCl3. All products 

were characterized by elemental analysis, infrared and multinuclear NMR spectroscopy, and single 

crystal X-ray diffraction in two cases. Complexes [2a-d]+ revealed an outstanding stability in DMEM 

cell culture medium at 37 °C (< 1 % degradation over 72 h). These complexes exhibited cytotoxicity 

in human colon colorectal adenocarcinoma HT-29 cells in the low micromolar range, with lower IC50 

values than those obtained with the homologous diiron complexes previously reported. Evaluation of 

ROS (reactive oxygen species) production and O2 consumption rate (OCR) highlighted the higher 

potential of Ru2 complexes, compared to the Fe2 counterparts, to impact mitochondrial activity, with 

the heterometallic Ru2-ferrocenyl complex [2d]+ showing the best performance. 

 

Keywords: Bioorganometallic chemistry, cytotoxicity, reactive oxygen species, ruthenium 

complexes, vinyliminium ligand.  

 

1. Introduction 

Ruthenium complexes have undergone extensive exploration for their potential in anticancer 

applications,1,2,3,4 aiming to identify suitable alternatives to platinum-based drugs that are commonly 

used in hospital chemotherapy treatment. 5 , 6 , 7  With respect to platinum species, it is generally 

accepted that ruthenium offers the advantage of limited toxicity and satisfying tolerability in the 

human body. 8 , 9 , 10  A diversity of ruthenium compounds has been investigated, and a few 

ruthenium(III) complexes were evaluated, or are still under evaluation, in clinical trials.11,12,13 These 

compounds behave as pro-drugs, undergoing monoelectronic reduction of the metal center (from RuIII 



 

to RuII) within the tumor environments characterized by hypoxic conditions.14,15 Recognizing the 

potential of RuII derivatives, many organo-ruthenium(II) complexes have been examined,16,17,18 and 

particularly complexes belonging to the RAPTA family have shown a great promise.19,20,21,22 

Dinuclear organometallic complexes are featured by cooperative effects supplied by the proximity of 

two metal centers, working in concert to provide bridging ligands with expanded, uncommon 

reactivity compared to analogous mononuclear complexes.23,24,25,26,27 This unique reactivity enables 

the building of structural motifs with wide variability,28,29 offering opportunities in bioorganometallic 

chemistry to identify optimal groups for finely tuning physicochemical properties.30 The application 

of this concept extends to diruthenium complexes,31,32,33,34 and we contributed to this specific field 

by evaluating the in vitro antiproliferative activity of cationic derivatives of [Ru2Cp2(CO)4] with 

bridging allenyl-35 and vinyl-36 functionalized ligands. Besides, we uncovered the anticancer activity 

of diiron complexes derived from [Fe2Cp2(CO)4] and comprising bridging aminocarbyne, [1Fe]+ 37 or 

vinyliminium ligands, [2Fe]+.38,39,40,41,42 The latter class of compounds is obtained from the former 

through a wide-scope two-step process (> 150 reported examples of diiron vinyliminium 

complexes). 43  This process consists in the initial replacement of one CO ligand with a labile 

acetonitrile using the Me3NO strategy,44,45,46 followed by the insertion of a selected alkyne into iron-

carbyne bond (Scheme 1).  

The cytotoxicity of both aminocarbyne and vinyliminium diiron complexes varies according to the 

nature of the R, R' and R'' substituents. Mechanistic studies pointed out that the observed activity is 

predominantly associated with the ability of the complexes to disrupt mitochondrial redox 

homeostasis, through the slow disassembly of the organo-diiron scaffold occurring intracellularly. 

This disassembly results in the liberation of carbon monoxide and, presumably, redox-reactive iron(I) 

species which rapidly convert into iron(III) derivatives.  

Motivated by the parallel chemistry often exhibited by the commercially available, group 8 metal 

dimers [M2Cp2(CO)4] (M = Fe, Ru),47,48,49 we recently reported a systematic synthetic study to access 

a series of Ru2 homologues of [1Fe]+, and an evaluation of their in vitro cytotoxicity, revealing a 



 

notable profile.50 The chemistry of diruthenium μ-vinyliminium complexes has been substantially 

underdeveloped compared to their diiron homologues [2Fe]+, with only 15 examples reported,51 and 

their biological applications have not been explored so far.  

In this study, we present the straightforward synthesis of a set of diruthenium vinyliminium 

complexes, starting from the easily available N-cyclohexyl compound [Ru2Cp2(CO)2(μ-CO){μ-

CNMe(Cy)}]CF3SO3, [1]CF3SO3, and we discuss targeted experiments designed for a preliminary 

evaluation of their anticancer properties. Moreover, a parallel study has been conducted on 

corresponding diiron complexes, providing a rare literature example of comparative biological 

evaluation of homologous group 8 metal complexes.52 
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Scheme 1. Diiron μ-aminocarbyne complexes, [1Fe]+, and their two-step transformation into μ-vinyliminium 
complexes, [2Fe]+, through the coupling of aminocarbyne ligand (red) with alkynes (blue). R = alkyl or aryl; R′ 
= H, alkyl, aryl, thiophenyl, pyridyl, silyl, carboxylate; R′′ = H (most frequently), Me, Et, carboxylate. 
 

 

2. Results and discussion 

2.1 Synthesis and structural characterization of diruthenium complexes. 

Based on the wide-scope route to access diiron vinyliminium complexes (Scheme 1), 

[Ru2Cp2(CO)2(μ-CO){μ-CNMe(Cy)}]CF3SO3, [1]CF3SO3, was treated with trimethylamine N-oxide 

in acetonitrile, resulting in the formation of [Ru2Cp2(NCMe)(CO)(μ-CO){μ-CNMe(Cy)}]+, [1-

NCMe]+ (Scheme 2a). However, [1-NCMe]+ exhibited gradual decomposition in organic solvents 

yielding a mixture of unidentified products, and the subsequent reactions with a selection of alkynes 

in various conditions were unsatisfactory in terms of conversion and selectivity (Scheme 2b). 

Consequently, an optimized one-pot procedure was developed involving the treatment of [1]CF3SO3 



 

with an excess of trimethylamine N-oxide and the selected alkyne, working at room or reflux 

temperature depending on the volatility of the alkyne (Scheme 2c). Almost quantitative formation of 

the desired μ-vinyliminium species [Ru2Cp2(CO)(µ-CO){µ-κC:η3-C3(R')C2(R'')C1NMe(C6H11)}]+,53 

[2a-d]+, was achieved with propyne, 2-butyne, phenylacetylene and ethynylferrocene. Washing the 

crude reaction mixture with diethyl ether/hexane mixtures allowed to isolate the corresponding triflate 

salts as dark brown ([2a-b]+) or orange-red ([2c-d]+) air-stable solids in 85-90 % yield.  

Unlike the purification method used for the diiron counterparts,51 alumina chromatography is 

unsuitable for [2a-d]CF3SO3 as it induces partial conversion of the μ-vinyliminium products into the 

chlorido μ-aminocarbyne derivative [Ru2Cp2Cl(CO)(µ-CO){µ-CNMe(Cy)}], 3. Formation of 3 was 

also observed in CDCl3 solutions of [2a-d]CF3SO3 left at room temperature for hours. These reactions 

(Scheme 2d) involve the disassembly of the μ-vinyliminium ligand through alkyne de-insertion and 

the addition of chloride from either the chlorinated solvent or NaCl present in commercial alumina. 

Compound 3 was directly prepared from [1]CF3SO3 by treatment with excess LiCl in refluxing 

isopropanol and isolated as an orange solid in 87 % yield following alumina chromatography (Scheme 

2e). 

While [2a,b,d]CF3SO3 were selectively formed and isolated as pure compounds, we noticed that the 

reaction of [1]+ with phenylacetylene reproducibly afforded a minor (8-11 %) organometallic by-

product, [4]+, which could not be easily separated from [2c]+. Nevertheless, we successfully purified 

[4]+ from [2c]+, by taking advantage of the long-term instability of the latter on alumina (see above). 

Thus, the crude reaction mixture was dissolved in a few milliliters of THF and applied to the top of 

an alumina column. After 9 days at room temperature, a red band was eluted from which [4]CF3SO3 

was obtained as a red solid in low yield (Scheme 2f). Based on spectroscopic and spectrometric 

evidence (vide infra), [4]+ differs from [2c]+ due to a bridging phenylethene-1,2-diyl ligand (μ-κC1: 

κC2-PhC=CH) in place of the bridging carbonyl. Related structures containing a 1,2-diruthena-3,4-

cyclobutene fragment were previously obtained from [Ru2CpX
2(CO)4] (CpX = C5H4−, [C5H4-C5H4]2-, 

[C5H4(CH2)C5H4]2- or [C5H3(SiMe2)2C5H3]2-) and alkynes under photolytic conditions.54,55,56,57,58 



 

Attempts to obtain [4]+ by reaction of [2c]+, phenylacetylene and various Lewis acids or bases were 

not successful (see ESI for details). Slow addition of PhCCH and Me3NO to a [1]+ solution in iPrOH 

at – 20 °C led to a mixture of products including [2c]+ but not [4]+. Instead, under harsher conditions 

(5.0 eq. of PhCCH and Me3NO, refluxing isopropanol, 16 h) the relative amount of [4]+ in the mixture 

increased ([2c]+/[4]+ ratio = 4.2). These results indicate that [4]+ is not a kinetic product of the 

[1]+/Me3NO/PhCCH interaction. 
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Scheme 2. Formation of the acetonitrile μ-aminocarbyne complex [1a-NCMe]+ from the tricarbonyl precursor 
[1]+ (a) and subsequent alkyne insertion (b). One-pot procedure for the preparation of diruthenium μ-
vinyliminium complexes [2a-d]+ from [1]+/alkyne/Me3NO (c). Incidental formation of the chlorido μ-
aminocarbyne complex 3 from the μ-vinyliminium complexes (d) and direct preparation of 3 from 
[1]+/LiCl/Me3NO (e). Isolation of the μ-vinyliminium μ-ethene-1,2-diyl complex [4]+, by-product in the synthesis 
of [2c]+ (f). Dashed lines indicate incomplete reactions / non-preparative routes. Triflate as counteranion for 
cationic complexes; isolated yield in parentheses. Cy = C6H11, cyclohexyl; Fc = η4-C5H4FeCp, ferrocenyl. 
Numbering refers to carbon atoms. 
 

The unprecedented compounds [2a-d]CF3SO3 and 3 were characterized by elemental (CHNS) 

analyses, IR and NMR spectroscopy (Figures S1-S18). The stereochemistry in solution was assigned 

based on previous studies on related complexes.51 Specifically, the orientation of the N-substituents 

around the iminium group and that of the cyclopentadienyl ligands with respect to the Fe2(μ-CO)(μ-



 

C) core may give rise to E/Z and cis/trans isomerism, respectively. Importantly, the insertion of 

terminal alkynes takes place in a fully regioselective mode, positioning the substituent R' far from the 

iminium moiety.  

The IR spectra of [2a-d]+ in dichloromethane exhibit diagnostic bands at 1984–1992 and 1816–1820 

cm−1 for the terminal and bridging carbonyls, respectively, and at 1651–1662 cm−1 for the iminium 

group. The carbonyl stretching vibrations are shifted to lower wavenumbers (− 15-20 cm-1) in the 

solid state. The 1H and 13C NMR spectra of [2a-d]CF3SO3 show two sets of resonances of comparable 

intensities (1.1 to 1.4 ratio), indicative of cis-E/Z isomers. The major isomer for [2a]+ and [2c]+ 

displays the cyclopentadienyl ligand and N-cyclohexyl group next to each other (Z stereochemistry) 

while the opposite situation (E stereochemistry for the major isomer) occurs for [2b]+ and [2d]+. The 

stereochemistry of [2c]+ was confirmed by 1H NOESY experiments, upon selective irradiation of a 

cyclopentadienyl ligand (Figure S11). The Z/E isomer ratios observed for the sub-zero or room 

temperature preparations of [2c]+, as well as that after 16 h under refluxing isopropanol (1.0, 1.3 and 

2.2, respectively), indicate that cis-Z-[2c]+ is thermodynamically more stable and that the E to Z 

isomerization process is accessible at ca. 80 °C. In addition, two minor sets of signals (5-10 %) are 

present for [2d]+, attributed to trans-E/Z isomers. The carbons of the bridging vinyliminium ligand 

resonate at 215, 60-72 and 182-188 ppm for C1, C2H/C2Me and C3, respectively (Scheme 2). 

Furthermore, the structure of cis-E-[2d]+ was ascertained by X-ray diffraction (Figure 1). Salient 

bonding parameters reveal the substantial double bond nature of C(1)-N(1), and a significant 

electronic delocalization within the C(1)-C(2)-C(3) chain.  



 

 

Figure 1. View of the X-ray structure of cis-E-[2d]+ (CF3SO3− salt). Displacement ellipsoids are at the 50% 
probability level. H-atoms have been omitted for clarity. Main bond distances (Å) and angles (°): Ru(1)-Ru(2) 
2.7394(6), Ru(1)-C(11) 1.882(5), Ru(1)-C(21) 2.005(5), Ru(2)-C(21), Ru(1)-C(3) 2.065(5), Ru(2)-C(3) 
2.169(5), Ru(2)-C(2) 2.188(5), Ru(2)-C(1) 1.961(5), C(11)-O(1) 1.127(6), C(21)-O(2) 1.174(6), C(1)-N(1) 
1.290(6), C(1)-C(2) 1.423(7), C(2)-C(3) 1.413(7), Ru(1)-C(11)-O(1) 176.5(5), Ru(1)-C(21)-Ru(2) 84.87(19), 
Ru(1)-C(3)-Ru(2) 80.58(16), C(1)-C(2)-C(3) 116.9(4), N(1)-C(1)-C(2) 135.2(4), C(1)-N(1)-C(6) 119.1(4), C(1)-
N(1)-C(7) 122.1(4), C(6)-N(1)-C(7) 118.5(4).  
 

Compound 3 is featured by two strong carbonyl stretching bands at 1972 and 1796 cm-1 (CH2Cl2) and 

a downfield-shifted 13C NMR resonance (CDCl3) at ca. 315 ppm for the carbyne carbon. Two sets of 

signals are present in the 1H and 13C NMR spectra, corresponding to cis-E and cis-Z isomers (1.3 

ratio). The major isomer in solution (E) places the bulky cyclohexyl group and the chloride ligand on 

opposite sides. The structure of 3 was confirmed by X-ray diffraction (Figure 2). 



 

 

 

Figure 2. View of the X-ray structure of cis-3. Displacement ellipsoids are at the 50% probability level. H-atoms 
have been omitted for clarity. The molecule is disordered and, likely, both E and Z isomers are present in the 
solid state. Main bond distances (Å) and angles (°): Ru(1)-Ru(1)#1 2.702(3), Ru(1)-C(1) 1.87(5), Ru(1)#1-
Cl(2)#1 2.444(13), Ru(1)-C(2) 1.88(4), Ru(1)#1-C(2) 2.20(4), Ru(1)-C(3) 2.08(4), Ru(1)#1-C(3) 1.82(3), C(1)-
O(1) 1.16(5), C(2)-O(2) 1.20(5), C(3)-N(1) 1.34(5) , Ru(1)-C(1)-O(1) 168(4), Ru(1)-C(2)-Ru(1)#1 83(4), Ru(1)-
C(3)-Ru(1)#1 87(3), C(3)-N(1)-C(4) 124(3), C(3)-N(1)-C(5) 118(3), C(4)-N(1)-C(5) 118(3). Symmetry 
transformation used to generate equivalent atoms: #1 -x+1/2, -y+3/2, z.  
 

Compound [4]CF3SO3 was characterized in solution by IR and NMR spectroscopy and by high 

resolution mass spectrometry (Figures S19-S23). Selected IR and NMR data for [4]+ and [2c]+ are 



 

compared in Figure 3. The IR spectrum of [4]+ in CH2Cl2 is featured by a strong absorption at 1996 

cm−1 for the carbonyl ligand and the lack of bands in the typical C=N range, suggesting a decreased 

carbon-nitrogen bond order. Accordingly, a single set of signals is present in the 1H and 13C NMR 

spectra. Therefore, it is likely that [4]+ exists as a single isomer in solution due to the combined cis 

orientation of the cyclopentadienyl rings, imposed by the C2 and C3 bridging ligands, and the absence 

of E/Z isomerism due to free rotation around the C-N moiety. On going from [2c]+ to [4]+, the 1H and 

13C NMR resonances for the CH group of the bridging C3 ligand become significantly deshielded (+ 

1.2 and + 9 ppm, respectively), while the 13C NMR signal of the RuCN group moves 14 ppm upfield. 

The bridging C2 ligand is characterized by diagnostic 13C NMR resonances around 100 and 110 ppm 

as well as by a singlet at 6.7 ppm in the 1H NMR spectrum, evidencing a significant alkenyl character. 
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Figure 3. Compared IR (green) absorptions (cm-1), 1H NMR (red) and 13C NMR (blue) chemical shifts (ppm) 
for [2c]+ and [4]+ (CF3SO3− salts). IR data in CH2Cl2; NMR data in CDCl3 for [2c]+ (major/minor isomer only 
when significantly different), in acetone-d6 for [4]+. 1H NMR data rounded to 0.1 ppm, 13C NMR data rounded 
to 1 ppm.  
 

2.2 Behavior in aqueous solutions. 

The solubility in water (D2O) and the octanol/water partition coefficient of [2a-d]CF3SO3 were 

assessed by 1H NMR and UV-vis spectroscopy, respectively, following established literature 

methods.38,37 Additionally, the stability of [2a-d]+ in deuterated aqueous solution and in cell culture 

medium (Dulbecco's Modified Eagle Medium, DMEM) at 37 °C was monitored over a 72 h period 

by 1H NMR. Methanol was used as a co-solvent for these experiments, with the percentage ratio 



 

determined by the aqueous solubility of the compounds. The results are summarized in Table 1, along 

with data for the corresponding diiron counterparts [2a-dFe]CF3SO3.  

The solubility and Log Pow values of [2a-d]CF3SO3 are affected by the substituents on the bridging 

vinyliminium ligand (R, R' in Scheme 1), as expected. Thus, [2a-b]CF3SO3, with millimolar solubility 

in D2O, exhibit a Log Pow of 1.2-1.3, while phenyl- and ferrocenyl-substituted [2c-d]CF3SO3 are less 

soluble and more lipophilic. Interestingly, the diruthenium complexes [2a-d]CF3SO3 are slightly less 

soluble in water but considerably more lipophilic than the corresponding diiron homologues. Another 

striking difference between Fe2 and Ru2 complexes is represented by the thermal stability under 

physiological-like conditions. In fact, [2a-d]+ (as well as [4]+ present together with [2c]+, vide supra) 

were totally unchanged after 72 h at 37 °C in both aqueous solution and cell culture medium (1H 

NMR spectra in Figures S24-S27). Conversely, the diiron complexes experienced a slow, partial (3-

22 %) disassembly over 72 h at 37 °C with the eventual formation of iron oxide(s).38,40,41 Similar 

trends were previously observed for diruthenium μ-aminocarbyne complexes.47 

The E/Z isomer ratios of [2a-d]+ remained constant throughout the experiment, consistent with 

previous findings.51 The fraction of trans isomers of [2d]+ in the water/methanol solutions is markedly 

reduced (≤ 1 % ) compared to CDCl3 or acetone-d6, reflecting their lower solubility in the aqueous 

medium. 

 
Table 1. Solubility in water (D2O), octanol/water partition coefficients (Log Pow) and thermal stability in aqueous 
and cell culture medium solution of diruthenium vinyliminium compounds [2a-d]CF3SO3 and their diiron 
counterparts [2a-2dFe]CF3SO3 (in italics). 

Compound [a] 
Solubility / mol∙L-1 

(D2O) 
Log10 Pow 

Residual starting material (37 °C, 
72 h) [b] 

D2O ± cosolvent DMEM-d ± cosolvent 

[2a]CF3SO3 3.0·10-3 1.28 ± 0.07 ≥ 99 % ≥ 99 % 

[2aFe]CF3SO3 3.5·10-3 [c] − 0.29 ± 0.03 [c] 93 %  

[2b]CF3SO3 2.0·10-3 1.2 ± 0.1 ≥ 99 % ≥ 99 % 

[2bFe]CF3SO3 2.6·10-3 [c] − 0.17 ± 0.01 [c] 92 %  

[2c]CF3SO3 [d] ≈ 3·10-4 ≈ 1.7  ≥ 99 % ≥ 99 % 

[2cFe]CF3SO3  1.5·10-3 [c] + 0.41 ± 0.02 [c] 97 %  



 

[2d]CF3SO3 < 3·10-4 [e] > 2 [e] ≥ 99 % ≥ 99 % 

[2dFe]CF3SO3  ≈ 3·10-4 [c] + 0.77 ± 0.06 [c] 78 % [c] 88 % [c] 

[a] Data is referred collectively to all isomers. [b] In CD3OD/D2O 2:1 V/V for [2d]+; D2O/CD3OD 1:1 V/V for [2c]+, 
[2dFe]+; D2O/CD3OD 2:1 V/V for [2b]+, [2cFe]+; D2O for [2a]+, [2a,bFe]+. [c] Data taken from the literature.39,40 [d] 
In admixture with ≈ 9 % [4]CF3SO3, which is also unaffected by the thermal treatment (≥ 99 % with respect to 
the starting material). [e] Beyond the quantitation range.  

 
 

2.3 Biological studies. 

The in vitro cytotoxicity of the novel diruthenium μ-vinyliminium compounds [2a-d]CF3SO3 was 

assessed on HT-29 (human colon colorectal adenocarcinoma) and MRC-5 (human embryonic lung) 

cell lines over a 48 h period. Additionally, the homologous diiron compounds [2a-dFe]CF3SO3 and 

cisplatin as a metal drug reference were included in the study for comparative purposes. The diiron 

complexes [2a-dFe]+ were previously demonstrated to exhibit strong antiproliferative activity towards 

A2780 and A2780cisR cancer cell lines, together with a considerable cancer cell selectivity with 

respect to murine embryonic fibroblast as models of noncancer cells (selectivity index = 6-52).39,40  

The half maximal inhibitory concentration (IC50) was determined using the resazurin assay and the 

results are presented in Table 2. Generally, the IC50 values for diruthenium compounds were 

significantly lower than those obtained with the corresponding diiron compounds and cisplatin. 

Unfortunately, the IC50 values of both diiron and diruthenium compounds were similar for noncancer 

cells (MRC-5) and tumor cells (HT-29), indicating a lack of selectivity of our compounds on the 

selected cell lines. Of high interest, the same trend is observed in the IC50 values with respect to the 

substituents on the vinyliminium ligand for both metal centers (d < c ≤ a < b ). Given that some triflate 

salts of various cationic metal complexes revealed lack of cytotoxicity in vivo and/or in vitro,38,59,60 

the activity of the examined diruthenium complexes should be attributed solely to the cationic 

component. 

  

Table 2. IC50 values (in μM) obtained after incubation of diiron and diruthenium compounds with HT-29 and 
MRC-5 cells for 48 h. Values are given as mean ± standard deviation. 



 

Complex HT-29 MRC-5 

[2aFe]CF3SO3 13.9 ± 2.8 11.4 ± 2.8 

[2a]CF3SO3 5.0 ± 3.2 2.0 ± 0.5 

[2bFe]CF3SO3 18.1 ± 3.3 14.5 ± 0.8 

[2b]CF3SO3 10.7 ± 4.0 4.4 ± 0.9 

[2cFe]CF3SO3 7.2 ± 3.5 7.2 ± 0.6 

[2c]CF3SO3 3.2 ± 1.9 2.0 ± 1.1 

[2dFe]CF3SO3 8.8 ± 1.1 2.3 ± 1.0 

[2d]CF3SO3 4.4 ± 1.1 0.3 ± 0.3 

cisplatin 13.6 ± 2.4  3.1 ± 0.7 
 

It is documented in the literature that metal complexes can interact with cellular redox systems, 

resulting in an elevation of oxidative stress levels, which may lead to cell damage and death.61 To 

investigate and compare the level of intracellular oxidative stress induced by Ru and Fe complexes, 

we measured the cellular ROS levels of selected compounds in both cancer cells (HT-29) and healthy 

cells (MRC-5). As shown in Figure 4a, the fluorescence intensity of ROS in HT-29 cells incubated 

with [2d]+ or [2dFe]+ was significantly higher compared to [2b]+ or [2bFe]+, apparently as a 

consequence of the contribution provided by the ferrocenyl group to ROS production. Moreover, it 

was observed that HT-29 cells incubated with diruthenium complexes, [2b]+ and [2d]+, generated a 

greater amount of ROS compared to cells treated with the diiron homologues, [2bFe]+ and [2dFe]+. 

Similar observations were noted in MRC-5 cells (Figure S28a). 

High levels of ROS can lead to oxidative damage within mitochondria, such as oxidative modification 

of mitochondrial DNA, membrane lipids and proteins, resulting in compromised mitochondrial 

function.62,63 To evaluate mitochondrial respiratory function, the oxygen consumption rate (OCR) 

was measured using a Seahorse XF96 analyzer. Oligomycin, an ATP inhibitor, was utilized to 

determine the dioxygen consumed for ATP synthesis. Carbonyl cyanide‐p‐

trifluoromethoxyphenylhydrazone (FCCP), a mitochondrial uncoupler, induced the highest level of 

cellular dioxygen consumption, allowing for the determination of the maximum attainable respiratory 

rate. Additionally, rotenone and antimycin A, electron transport inhibitors, were used to inhibit 



 

mitochondrial respiration, facilitating the assessment of spare respiratory capacity.64 For HT-29 cells, 

as shown in Figure 4b, the OCR values of HT-29 cells treated with [2d]+ or [2dFe]+ were significantly 

lower compared to those treated with [2b]+ or [2bFe]+. Moreover, Figure 4c shows that [2b]+ and 

[2d]+ exhibited a greater reduction in maximal respiration capacity and spare respiration capacity 

compared to [2bFe]+ and [2dFe]+, indicating a diminished cellular response to increased energy 

demands and stress. This underscores the higher detrimental impact of the ruthenium species on 

mitochondria. Similar observations are valid for MRC-5 cells (Figures S28b,c). These observations 

align with the results obtained from reactive oxygen species (ROS) analysis.  

 

Figure 4. (a) DCFH-DA detection of ROS in HT-29 cells after incubation with compounds for 6 h. λex/λem = 
488/505-530 nm. Scale bars represent 50 μm. (b) Cellular oxygen consumption in HT-29 cells was detected 
at 24 h after treatment with diruthenium and diiron vinyliminium complexes by Seahorse analyzer (n = 4, mean 
± SD). (c) Quantitative comparison of the basal respiration, the maximal respiration and the spare respiratory 
capacity from (b). 

 



 

3. Conclusions 

Ruthenium complexes have been intensively investigated for their anticancer potential, and most 

studies have focused on mononuclear RuII and RuIII species. Here, we report a straightforward one-

pot procedure for synthesizing dinuclear ruthenium(I)65,66 complexes through the incorporation of 

alkynes within a bridging vinyliminium ligand. The resulting complexes exhibit an exceptional 

stability in physiological-like solutions and exert a potent antiproliferative activity against the HT-29 

cancer cell line, albeit lacking selectivity compared to the MRC-5 non-cancerous cell line. The in 

vitro activity surpasses that of homologous diiron complexes and is associated with increased ROS 

production and disruption of mitochondrial metabolism. These features are enhanced by the presence 

of a ferrocenyl moiety on the vinyliminium ligand, presumably due to the unique redox activity 

associated with this fragment,67 consistent with the observed ability of the related complex to disrupt 

cellular redox homeostasis. Overall, our findings underscore the promising potential of diruthenium 

bis-cyclopentadienyl complexes in anticancer drug development. Specifically, the construction of 

vinyliminium ligands provides a convenient platform for incorporating a diversity of organic moieties 

allowing for the modulation of physicochemical properties and biological activity. Remarkably, the 

bridging vinyliminium ligand offers broader structural variability, higher robustness and more potent 

cytotoxicity, compare to related complexes based on the Ru2Cp2(CO)3 core featuring different 

bridging hydrocarbyl ligands.35,36 Ongoing efforts are devoted to a comprehensive structure-activity 

investigation, aimed at identifying the best vinyliminium substituent groups. 

 

4. Experimental. 

4.1 General experimental details.  

Organic reactants and solvents were obtained from TCI Chemicals, Merck, Carlo Erba. Compounds 

[1]CF3SO3
47 and [2a-dFe]CF3SO3

39,40 were prepared according to the literature. Reactions were 

carried out under a nitrogen atmosphere using standard Schlenk techniques and solvents deaerated by 

bubbling argon for 30 minutes. The conversion was monitored by IR spectroscopy. Chromatographic 



 

separations were carried out in air on columns of deactivated neutral alumina (Merck, 4 % w/w water). 

The products were isolated as air- and moisture-stable powders. IR spectra of solids (650-4000 cm-1) 

were carried out on a Perkin Elmer spectrum One instrument equipped with a U-ATR accessory 

(ZnSe crystal). IR spectra of solutions were recorded on a Perkin Elmer Spectrum 100 FT-IR 

spectrometer with a CaF2 liquid transmission cell (1500-2300 cm-1). UV-Vis spectra (250-800 nm) 

were recorded on an Ultraspec 2000 spectrophotometer using 10 mm PMMA cuvettes. IR and UV-

Vis spectra were processed with Spectragryph.68 NMR spectra were recorded on a Jeol JNM-ECZ 

400 MHz instrument equipped with Royal HFX Broadband probes. Chemical shifts (ppm) are 

referenced to the residual solvent peaks69 (1H, 13C) or to external standards (19F to CFCl3).70 1H and 

13C spectra were assigned with the support of 1H NOESY (mix time 750 ms, relaxation time 1 sec, 

linewidth 15 Hz) and/or 1H-13C gs-HSQC experiments. NMR signals due to minor diastereoisomers 

are italicized. Elemental (CNHS) analyses were performed on a Vario MICRO cube instrument 

(Elementar). ESI-Q/ToF flow injection analyses (FIA) were carried out using a 1200 Infinity HPLC 

(Agilent Technologies, USA) coupled to a Jet Stream ESI interface (Agilent) with a Quadrupole-

Time of Flight tandem mass spectrometer 6530 Infinity Q-TOF (Agilent Technologies). Ca. 1 mg of 

sample was weighted and dissolved in 1 mL acetonitrile (LC-MS grade, Carlo Erba, Italy) and then 

further diluted to obtain a 10 ppm solution. Injection volume: 0.1 µL. The flow rate was 0.2 mL/min 

(total run time 3 min). The ESI operating conditions were: drying gas (N2, purity >98%): 350 °C and 

10 L/min; capillary voltage 4.5 KV; nozzle voltage: 1 KV; nebuliser gas 35 psig; sheath gas (N2, 

purity >98%): 375 °C and 11 L/min. The fragmentor was kept at 50 V, the skimmer at 65 V and the 

OCT 1 RF at 750 V. High resolution MS spectra were achieved in positive mode in the range 100-

1700 m/z; the mass axis was calibrated daily using the Agilent tuning mix HP0321 (Agilent 

Technologies) prepared in acetonitrile and water. No uncommon hazards are noted. 

 

[Ru2Cp2(CO)(MeCN)(µ-CO){µ-CNMe(C6H11)}]CF3SO3, [1-NCMe]CF3SO3 (Chart 1). 

Chart 1. Structure of [1-NCMe]+ (wavy bonds represent E/Z isomerism). 
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A solution of [1]CF3SO3 (70 mg, 0.10 mmol), Me3NO·2H2O (13 mg, 0.12 mmol) in MeCN (5 mL) 

was stirred at room temperature for 1 h. The resulting yellow solution was taken to dryness under 

vacuum, affording a yellow-brown solid, containing [1-NCMe]CF3SO3. IR (CH2Cl2 or MeCN): ῦ/cm-

1 = 1977s (CO), 1811s (μ-CO), 1571m, 1552m (μ-CN). 1H NMR (CDCl3): δ/ppm = 5.44, 5.35 (s, 5H, 

Cp); 5.26, 5.21 (s, 5H, Cp’); 4.80, 4.56 (tt, 3JHH = 12.0, 3.6 Hz, NCHCy); 3.96, 3.83 (s, 3H, NCH3); 

2.15, 2.13 (s, 3H, CCH3); 2.06 (d, J = 13.5 Hz), 1.99–1.81 (m), 1.81–1.74 (m), 1.55–1.33 (m), 1.31–

1.19 (m) (10H, CH2
Cy); cis-E/cis-Z ratio = 2.0. Solutions of [1-NCMe]CF3SO3 in MeCN, THF or 

MeOH progressively darkened on exposure to ambient air, with formation of a black solid and the 

appearance of 1770 cm-1 absorption in the IR spectrum of the solution (CH2Cl2). 

 

Synthesis of diruthenium vinyliminium complexes.  

1) Two step procedure via [1-NCMe]+. A solution of [1-NCMe]CF3SO3 (≈ 0.1 mmol), freshly 

prepared from [1] CF3SO3, Me3NO·2H2O and MeCN, in CH2Cl2, THF or MeOH (6-10 mL) was 

treated with phenylacetylene (2.0 eq) and stirred at room or reflux temperature for ca. 6 hours. 

Volatiles were removed under vacuum and the residue was moved on top of an alumina column. An 

orange-brown band was eluted with THF then an orange band was eluted with MeCN. Volatiles were 

removed under vacuum and the residues were analyzed by IR (CH2Cl2) and 1H NMR analyses 

(CDCl3). Brown solid: 3 + other impurities. Orange solid: [2c]CF3SO3 + [1-NCMe]CF3SO3 (THF, 

room T: 12 %, reflux T: 41 %; CH2Cl2, room T: 15 %; MeOH, room T: 19 %) + minor impurities. 

Related reactions were carried out with propyne or 2-butyne (5.0 eq) in CH2Cl2 at room temperature 

for 12-24 h. An orange band, containing 3, was eluted with THF. Next, a MeCN/THF 1:2 V/V mixture 



 

during alumina chromatography allowed to collect a brown band. Propyne: [2a]CF3SO3 + [1-

NCMe]CF3SO3 (15 %); 2-butyne: [2b]CF3SO3 + [1-NCMe]CF3SO3 (52 %). 

2) One-pot method from [1]+. A solution of [1]CF3SO3 (70 or 300 mg) and Me3NO·2H2O (2.0 eq.) 

in iPrOH (5 or 8 mL, depending on the amount of [1]+) was treated with the appropriate alkyne {2.0 

eq. for MeCCH, MeCCMe, PhCCH; 1.2 eq. for FcCCH, Fc = (η5-C5H5)Fe(η5-C5H4))} and stirred at 

room temperature for 5 h ([2a-b]+) or at reflux temperature for 2 h ([2c-d]+). Next, volatiles were 

removed under vacuum and the residue was triturated in a diethyl ether/hexane 1:1 V/V mixture. The 

suspension was filtered (G3 sintered glass filter) and the resulting solid ([2a-d]CF3SO3) was washed 

with hexane and dried under vacuum (room temperature). 

 

[Ru2Cp2(CO)(µ-CO){µ-kC,k3C-C3(Me)C2HC1NMe(C6H11)}]CF3SO3, [2a]CF3SO3 (Chart 2). 

Chart 2. Structure of [2a]+ (wavy bonds represent E/Z isomerism; numbering refers to C atoms). 
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Prepared from [1]CF3SO3 (70 mg, 0.102 mmol), Me3NO∙2H2O (23 mg, 0.203 mmol) and propyne (≈ 

1 mol/L in THF; 0.20 mL, ≈ 0.20 mmol), according to the one-pot procedure. Dark brown solid;  

yield: 65 mg, 91 %. Soluble in CH2Cl2, MeOH, acetone, less soluble in water, insoluble in diethyl 

ether. Anal. calcd. for C24H28F3NO5Ru2S: C, 41.08; H, 4.02; N, 2.00; S, 4.57. Found: C, 40.9; H, 

3.94; N, 2.01; S, 4.42. IR (solid state): ῦ/cm-1 = 3102w, 2932w, 2857w, 1966s (CO), 1801s (μ-CO); 

1663m, 1656m (C1N); 1560-1540w, 1449w, 1430w, 1410w, 1364w, 1352w, 1272s-sh, 1258s (SO3), 

1222s-sh (SO3), 1148s (SO3), 1107w-sh, 1028s, 1013m-sh, 893w, 837m, 826m, 753w, 715w, 692w. 

IR (CH2Cl2): ῦ/cm-1 = 1987s (CO), 1816s (μ-CO), 1662m (C1N), 1552m. 1H NMR (acetone-d6): 

δ/ppm = 5.85, 5.84 (s, 5H, Cp); 5.53, 5.51 (s, 5H, Cp’); 5.38, 5.29 (s, 1H, C2H); 4.45, 3.76 (tt, 3JHH = 



 

11.9, 4.0 Hz, NCHCy); 3.69, 3.34 (s, 3H, NCH3); 3.59, 3.58 (s, 3H, C3CH3); 1.92–1.56, 1.51–1.36, 

1.32–1.07 (m, 10H, CH2
Cy); cis-Z/cis-E ratio = 1.1. 13C{1H} NMR (acetone-d6): δ/ppm = 232.5, 231.6 

(μ-CO); 216.61, 216.56 (C1); 199.9, 199.6 (CO); 187.8, 187.5 (C3); 122.4 (q, 1JCF = 322 Hz, CF3); 

93.23, 93.21 (Cp); 89.6, 89.5 (Cp’); 75.1, 69.9 (NCHCy); 59.4, 59.0 (C2); 43.3, 40.3 (NCH3); 42.1, 

41.9 (C3CH3); 31.2, 30.53, 30.51 (CH2
Cy); 26.0, 25.6, 25.52, 25.47, 25.4 (CH2

Cy). 19F NMR (acetone-

d6): δ/ppm = − 78.7. 1H NMR (CDCl3): δ/ppm = 5.57, 5.55 (s, 5H, Cp); 5.45, 5.32* (s, 1H, C2H); 

5.37, 5.32 (s, 5H, Cp’); 4.28, 3.58 (tt, 1H, 3JHH = 12.0, 3.4 Hz, NCHCy); 3.56** (s, 3H, C3CH3); 3.53, 

3.25 (s, 3H, NCH3); 2.21–2.13, 2.10–2.00 (m, 2H, CH2
Cy); 1.86 (m), 1.75 (d, J = 13.3 Hz), 1.68–1.55 

(m), 1.51–1.35 (m) (8H, CH2
Cy); cis-Z/cis-E ratio = 1.1. *Hidden by Cp’, ** major + minor isomer. 

Partial (7-15 %) formation of 3 was observed by 1H NMR in the CDCl3 solution stored at room 

temperature for several hours. A solution of [2a]CF3SO3 in isopropanol was heated at reflux 

temperature for 15 h: no change in the isomer ratio of [2a]+ was detected by 1H NMR (CDCl3).   

 

[Ru2Cp2(CO)(µ-CO){µ-κC:η3-C3(Me)C2(Me)C1NMe(C6H11)}]CF3SO3, [2b]CF3SO3 (Chart 3). 

Chart 3. Structure of [2b]+ (wavy bonds represent E/Z isomerism; numbering refers to C atoms). 
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Prepared from [1]CF3SO3 (70 mg, 0.102 mmol), Me3NO∙2H2O (23 mg, 0.203 mmol) and 2-butyne 

(16 μL, ≈ 0.205 mmol), according to the one-pot procedure. Dark brown solid; yield: 62 mg, 85 %. 

Soluble in CH2Cl2, MeOH, acetone, less soluble in water, insoluble in diethyl ether. Anal. calcd. for 

C25H30F3NO5Ru2S: C, 41.95; H, 4.23; N, 1.96; S, 4.48. Found: C, 42.1; H, 4.13; N, 1.97; S, 4.22. IR 

(solid state): ῦ/cm-1 = 3100w, 2932w, 2858w, 1963s (CO), 1798s (μ-CO); 1653m, 1648m (C1N); 

1637m-sh, 1560-1540w, 1449w, 1429w, 1411w, 1376w, 1363w, 1351w, 1272s-sh, 1259s (SO3), 



 

1222s-sh (SO3), 1149s (SO3), 1061m, 1028s, 1013m-sh, 998m-sh, 961w, 894w, 824m, 826m, 761w-

sh, 753w, 706w, 680w. IR (CH2Cl2): ῦ/cm-1 = 1984s (CO), 1815s (μ-CO), 1651m (C1N). 1H NMR 

(CDCl3): δ/ppm = 5.58, 5.57 (s, 5H, Cp); 5.34, 5.29 (s, 5H, Cp’); 4.33, 3.44 (tt, 3JHH = 11.9, 3.2 Hz, 

1H, NCHCy); 3.59, 3.14 (s, 3H, NCH3); 3.50, 3.48 (s, 3H, C3CH3); 2.08–2.00, 1.92-1.85 (m, 2H, 

CH2
Cy); 1.97, 1.95 (s, 3H, C2CH3); 1.80–1.61, 1.58–1.35, 1.33–1.07 (m, 8H, CH2

Cy); cis-E/cis-Z ratio 

= 1.1. 13C{1H} NMR (CDCl3): δ/ppm = 232.6, 231.9 (μ-CO); 217.0, 216.2 (C1); 199.0, 198.3 (CO); 

182.2 (C3); 121.0 (q, 1JCF = 321 Hz, CF3); 92.5, 92.4 (Cp); 89.5, 89.2 (Cp’); 73.6, 69.1 (NCHCy); 72.3 

(C2); 40.8, 39.4 (NCH3); 38.3, 37.9 (C3CH3); 31.3, 30.5, 30.1, 29.7 (CH2
Cy); 25.7, 25.4, 25.1, 25.0, 

24.9, 24.8 (CH2
Cy); 17.8, 17.2 (C2CH3). 19F NMR (CDCl3): δ/ppm = − 78.0. Partial (2-20 %) 

formation of 3 was observed by 1H NMR in the CDCl3 solution stored at room temperature for several 

hours. 

 

[Ru2Cp2(CO)(µ-CO){µ-κC:η3-C3(Ph)C2HC1NMe(C6H11)}]CF3SO3, [2c]CF3SO3 (Chart 4). 

Chart 4. Structure of [2c]+ (wavy bonds represent E/Z isomerism; numbering refers to C atoms). 
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Prepared from [1]CF3SO3 (70 mg, 0.102 mmol or 300 mg, 0.435 mmol), Me3NO∙2H2O (23 mg, 0.203 

mmol or 97 mg, 0.873 mmol) and phenylacetylene (23 μL, 0.209 mmol or 95 μL, 0.865 mmol), 

according to the one-pot procedure. Red-orange solid, contains ca. 9.5 % of [4]CF3SO3; yield: 70 mg 

(ca. 81 % of [3]CF3SO3 and 8 % of [4]CF3SO3) and 330 mg (ca. 89 % of [3]CF3SO3 and 9 % of 

[4]CF3SO3). The relative amount of [4]CF3SO3 in the isolated product of nine different preparations 

varied within a narrow range (8.3−11 %). The two compounds could not be separated by alumina 

chromatography. Soluble in DMSO, EtOH, CH2Cl2, acetone, THF sparingly soluble in diethyl ether, 



 

water. Anal. calcd. for (C29H30F3NO5Ru2S)0.905(C36H36F3NO4Ru2S)0.095: C, 46.11; H, 3.99; N, 1.81; 

S, 4.14. Found: C, 46.06; H, 3.92; N, 1.85; S, 3.95. IR (solid state): ῦ/cm-1 = 3100w, 3056w-sh, 

2931w, 2857w, 1974s (CO), 1805s (μ-CO); 1665m, 1656m (C1N); 1594w, 1486w, 1449w, 1440w, 

1411w, 1352w, 1259s (SO3), 1222m-sh (SO3), 1148s (SO3), 1109w-sh, 1045w-sh, 1028s, 992m-sh, 

925w, 893w, 836m, 826m, 765m, 753w-sh, 700m. IR (CH2Cl2): ῦ/cm-1 = 1992s (CO), 1820s (μ-CO), 

1667w-sh, 1660m (C1N). IR (THF): ῦ/cm-1 = 1979s (CO), 1813s (μ-CO), 1673m, 1661w-sh (C1N). 

1H NMR (acetone-d6): δ/ppm = 7.57 (t, J = 7.1 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.31 (t, J = 7.5 Hz, 

1H) (Ph); 5.74, 5.71 (s, 5H, Cp); 5.54, 5.53 (s, 5H, Cp’); 5.41 (s, 1H, C2H); 4.56, 3.97 (tt, J = 11.9, 

3.8 Hz, NCHCy); 3.79, 3.47 (s, 3H, NCH3); cis-Z/cis-E ratio = 1.2. 1H NMR (CDCl3): δ/ppm = 7.45–

7.29 (m, 5H, Ph); 5.57, 5.49 (s, 5H, Cp); 5.41, 5.20 (s, 1H, C2H); 5.30, 5.25 (s, 5H, Cp’); 4.37, 3.62 

(tt, 3JHH = 12.1, 3.8 Hz, NCHCy); 3.68, 3.36 (s, 3H, NCH3); 2.30 (d, J = 12.7 Hz), 2.12–1.99, 1.93–

1.63, 1.52–1.42, 1.35–1.15 (m) (10H, CH2
Cy); cis-Z/cis-E ratio = 1.3. 13C{1H} NMR (CDCl3): δ/ppm 

= 231.5, 230.0 (μ-CO); 214.8, 214.5 (C1); 198.1, 197.7 (CO); 187.6, 187.5 (C3); 154.2 (Ph, Cipso); 

128.5, 127.45, 127.39, 127.36 (Ph, Cpara + Cmeta + Cortho); 121.0 (q, 1JCF = 320 Hz, CF3); 93.20, 93.18 

(Cp); 89.6, 89.3 (Cp’); 75.0, 69.6 (NCHCy); 59.5, 59.3 (C2); 43.4, 40.4 (NCH3); 30.8, 30.3, 30.1, 29.8 

(CH2
Cy); 25.7, 25.2, 25.1, 25.0, 24.8 (CH2

Cy). 19F NMR (CDCl3): δ/ppm = − 78.0. Minor (2-3 %) 

formation of 3 was observed by 1H NMR in the CDCl3 solution stored at room temperature for several 

hours. A solution of [2c]CF3SO3 in isopropanol was heated at reflux temperature for 15 h: no change 

in the isomer ratio of [2c]+ was detected by 1H NMR (CDCl3).   

 

[Ru2Cp2(CO)(µ-CO){µ-κC:η3-C3{(η5-C5H4)FeCp}C2HC1NMe(C6H11)}]CF3SO3, [2d]CF3SO3 

(Chart 5). 

Chart 5. Structure of [2d]+ (wavy bonds represent E/Z and cis/trans isomerism; numbering refers to C atoms). 
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Prepared from [1]CF3SO3 (70 mg, 0.102 mmol), Me3NO∙2H2O (23 mg, 0.203 mmol) and 

ethynylferrocene (26 mg, 0.124 mmol), according to the one-pot procedure. Red solid; yield: 79 mg, 

89 %. Soluble in DMSO, EtOH, MeOH, acetone, CH2Cl2, scarcely soluble in water, insoluble in 

diethyl ether. X-ray quality crystals of the cis-E isomer were obtained from a CDCl3 solution of 

[2d]CF3SO3 layered with diethyl ether and settled aside at – 30 °C. Anal. Calcd. For 

C33H34F3FeNO5Ru2S: C, 45.47; H, 3.93; N, 1.61; S, 3.68. Found: C, 45.41; H, 3.87; N, 1.65; S, 3.42. 

IR (solid state): ῦ/cm-1 = 3095w, 2929w, 2856w, 1967s (CO), 1801s (μ-CO); 1662m, 1655m (C1N), 

1454w, 1449w, 1410w, 1384w, 1350w, 1271s-sh, 1258s (SO3), 1221m-sh (SO3), 1148s (SO3), 

1105m, 1208s, 999m-sh, 894w, 835m-sh, 820s, 798m-sh, 786w-sh, 753w, 712w, 683w, 657w. IR 

(CH2Cl2): ῦ/cm-1 = 1988s (CO), 1818s (μ-CO), 1658m (C1N). 1H NMR (acetone-d6): δ/ppm = 5.99, 

5.95 (s, 1H, C2H); 5.77, 5.74 (s, 5H, CpFeFe); 5.53, 5.49 (s, 5H, Cp’FeFe); 4.58, 3.90 (tt, 3JHH = 11.9, 

3.8 Hz, NCHCy); 4.51, 4.50, 4.47, 4.45, 4.43 (m, 4H, η5-C5H4); 4.28, 4.26 (s, 5H, CpFeII), 3.77, 3.44 

(s, 3H, NCH3); 2.20–2.15, 2.03–1.98, 1.92–1.60, 1.53–1.41, 1.32–1.18 (m, 10H, CH2
Cy) for cis-E/cis-

Z isomers; 6.40, 6.30 (s, 1H, C2H); 5.48, 5.44 (s, 5H, CpFeFe); 5.28, 5.27 (s, 5H, Cp’FeFe); 4.34, 

4.20 (s, 5H, CpFeII); 3.73, 3.60 (s, 3H, NCH3) for trans-E/Z isomers; cis/trans ratio = 19; cis-E/cis-Z 

ratio = 1.4. 1H NMR (CDCl3): δ/ppm = 5.92, 5.76 (s, 1H, C2H); 5.55, 5.50 (s, 5H, CpFeFe); 5.32, 

5.25 (s, 5H, Cp’FeFe); 4.44, 4.41, 4.36, 4.35, 4.33, 4.29 (m-br, 4H, η5-C5H4); 4.27, 4.21 (s, 5H, 

CpFeII); 3.66, 3.38 (s, 3H, NCH3); 3.59 (tt, 3JHH = 12.0, 3.4 Hz, NCHCy); 2.34, 2.10, 1.94, 1.86 (d, J 

= 13.4 Hz, 2H, CH2
Cy); 1.83–1.58, 1.55–1.34, 1.31–1.10 (m, 8H, CH2

Cy) for cis-E/cis-Z isomers; 6.40, 

6.35 (s, 1H, C2H); 5.20, 5.18 (s, 5H, CpFeFe); 5.19, 5.15 (s, 5H, Cp’FeFe); 4.25, 4.25 (s, 5H, CpFeII); 

3.55, 3.48 (s, 3H, NCH3) for trans-E/Z isomers; cis/trans ratio = 9; cis-E/cis-Z ratio = 1.4. 13C{1H} 



 

NMR (CDCl3): δ/ppm = 232.2, 230.7 (μ-CO); 214.4, 214.3 (C1); 198.6, 198.1 (CO); 182.5, 182.4 

(C3); 121.1 (q, 1JCF = 321 Hz, CF3); 105.6, 105.2 (C3CFc); 92.93, 92.91 (CpFeFe); 89.3, 88.9 

(Cp’FeFe); 74.8, 68.5 (NCHCy); 71.5, 71.4 (η5-C5H4); 69.8, 69.7 (CpFeII); 69.48, 69.46, 68.9, 68.8, 

68.4, 68.3 (η5-C5H4); 61.1, 60.6 (C2); 43.6, 40.4 (NCH3); 30.7, 30.3, 30.1, 30.0 (CH2
Cy); 25.8, 25.3, 

25.2, 25.1, 25.0, 24.9 (CH2
Cy) for cis-E/cis-Z isomers; 90.62, 90.57, 90.5, 90.4 (CpFeFe + Cp’FeFe); 

70.3, 70.2 (CpFeII); 59.3 (C2); 41.2, 39.7 (NCH3); 31.7, 30.8, 30.4 (CH2
Cy) for trans-E/Z isomers. 19F 

NMR (CDCl3): δ/ppm = − 78.0. Minor (2-3 %) formation of 3 was observed by 1H NMR in the CDCl3 

solution stored at room temperature for several hours. 

 

[Ru2Cp2Cl(CO)(μ-CO){μ-CNMe(C6H11)}], 3 (Chart 6). 

Chart 6. Structure of 3 (wavy bonds represent E/Z isomerism). 
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A yellow suspension of [1]CF3SO3 (70 mg, 0.10 mmol), Me3NO·2H2O (23 mg, 0.20 mmol) and LiCl 

(13 mg, 0.31 mmol) in iPrOH (5 mL) was refluxed under magnetic stirring for 2 h. The resulting red 

solution was allowed to cool to room temperature and taken to dryness under vacuum. The residue 

was suspended in a small volume of CH2Cl2 and filtered over celite to remove lithium salts. The 

filtrate was transferred on top of an alumina column (h = 4 cm, d = 3.2 cm). Impurities were eluted 

with CH2Cl2 then an orange band containing the title product was eluted with THF. The eluate was 

taken to dryness under vacuum and the resulting orange solid was washed with hexane and dried. 

Yield: 62 mg, 87 %. Soluble in CH2Cl2, acetone, insoluble in water and methanol. X-ray quality 

crystals of 3 were obtained from a CDCl3 solution layered with diethyl ether and settled aside at – 30 

°C. Anal. Calcd. for C20H24ClNO2Ru2: C, 43.84; H, 4.41; N, 2.56. Found: C, 43.65; H, 4.28; N, 2.49. 



 

IR (solid state): ῦ/cm-1 = 3095w, 3067w, 2924m, 2854w, 1929s (CO), 1783s (µ-CO), 1569w-sh, 

1542m (µ-CN), 1524m-sh, 1507m-sh, 1456w, 1445w, 1429w, 1411w, 1395w, 1347w, 1317w, 

1260w, 1250w, 1184w, 1153w, 1105w, 1061m, 1011w, 992w, 916w, 892w, 838m, 800s, 760s. IR 

(CH2Cl2): ῦ/cm-1 = 1972s (CO), 1796s (µ-CO), 1545m (µ-CN). 1H NMR (CDCl3): δ/ppm = 5.22, 

5.07 (s, 5H, Cp); 5.11–5.05 (m, hidden by Cp’), 4.68 (tt, J = 12.1, 3.4 Hz) (1H, NCHCy); 5.21, 5.04 

(s, 5H, CpCl); 3.90, 3.74 (s, 3H, NCH3); 2.16 (d, J = 10.8 Hz), 1.98–1.81 (m) (3H, CH2
Cy); 2.01 (dd, 

J = 15.5, 6.9 Hz, 2H), 1.76 (d, J = 12.9 Hz, 1H), 1.67 (qd, J = 12.3, 3.7 Hz, 1H), 1.55–1.33 (m, 2H), 

1.26–1.16 (m, 1H) (CH2
Cy); cis-E/cis-Z ratio = 1.3. 13C{1H} NMR (CDCl3) δ/ppm = 305.5, 305.3 (μ-

CN); 238.4, 237.9 (μ-CO); 201.2, 200.9 (CO); 88.6, 88.5 (Cp); 87.6, 87.5 (CpCl); 76.4, 75.0 (NCHCy); 

45.0, 43.2 (NCH3); 32.4, 33.0, 32.0, 30.7 (CH2
Cy); 26.2, 26.1, 25.9, 25.52, 25.48, 25.4 (CH2

Cy). 

 

[Ru2Cp2(CO){μ-κC1:κC2-CH=CPh}{µ-κC:η3-C3(Ph)C2HC1NMe(C6H11)}]CF3SO3, [4]CF3SO3 

(Chart 7). 

Chart 7. Structure of [4]+ (numbering refers to C atoms). 
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The reaction of [1]CF3SO3, Me3NO and phenylacetylene was carried out as described above. The 

crude reaction mixture, containing [3c]CF3SO3 and of [4]CF3SO3 (≈ 9.5:1 ratio) was dissolved in a 

small volume of THF and moved on top of a dry, solventless neutral alumina column (h 4 cm, d 3.2 

cm). The system was kept at room temperature for nine days, with progressive browning of the initial 

orange-red band. Next, a yellow band was eluted with THF and a bright red band, containing the title 

product, was eluted with MeCN. Volatiles were removed under vacuum, affording a bright red solid. 



 

Yield: 15 mg, 11 % (with respect to [1]+). Preliminary experiments were carried out to establish the 

change in the relative amount of [4]+ with the residence time on alumina: ≈ 10 % (0 h), ≈ 20 % (72 h 

/ 3 days), ≈ 50 % (144 h / 6 days), ≈ 100 % (216 h / 9 days). Attempts to increase the yield of [4]+ are 

described in the ESI. Soluble in CH2Cl2, acetone, Et2O. IR (CH2Cl2): ῦ/cm-1 = 1996s (CO), 1816w, 

1604w, 1480m. 1H NMR (CDCl3): δ/ppm = 7.46–7.37 (m, 7H), 7.33–7.27 (m, 3H) (Ph); 6.61 (s, 1H, 

C5H); 6.28 (s, 1H, C2H); 5.57 (s, 5H, Cp); 5.34 (s, 5H, Cp’); 4.17–4.06 (m, 1H, NCHCy); 3.09 (s, 3H, 

NCH3); 1.93 (d, J = 13.4 Hz), 1.85–1.64 (m), 1.53–1.22 (m) (CH2
Cy). 1H NMR (acetone-d6): δ/ppm 

= 7.71–7.66 (m, 2H), 7.52–7.42 (m, 7H), 7.34–7.28 (m, 1H) (Ph); 6.71 (s, 1H, C5H); 6.56 (s, 1H, 

C2H); 5.72 (s, 5H, Cp); 5.55 (s, 5H, Cp’); 4.41–4.30 (m, 1H, NCHCy); 3.25 (s, 3H, NCH3); 1.92–1.68, 

1.59–1.46, 1.34–1.20 (m, CH2
Cy). 13C{1H} NMR (acetone-d6): δ/ppm = 200.6 (C1), 193.7 (CO), 182.8 

(C3), 156.0 (C4), 140.7 (C7); 130.1, 127.3 (Ph, Cortho); 129.9, 129.8, 128.9, 128.5 (Ph, Cpara + Cmeta); 

122.5 (d, 1JCF = 322 Hz, CF3), 110.6 (C6), 99.7 (C5), 94.6 (Cp), 84.2 (Cp’), 73.4 (NCHCy), 68.9 (C2), 

40.9 (NCH3); 32.0, 26.6, 26.1 (CH2
Cy). 19F NMR (acetone-d6): δ/ppm = − 78.7. ESI-MS (MeCN): m/z 

= 690.0901 Da; calculated base peak for [4]+ (C35H36NORu2): 690.09487 Da. 

 

4.2 X-ray crystallography 

Crystal data and collection details for cis-E-[2d]CF3SO3 and cis-3 are reported in Table 3. Data were 

recorded on a Bruker APEX II diffractometer equipped with a PHOTON2 detector using Mo–Kα 

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

on all data using F2.71 Hydrogen atoms were fixed at calculated positions and refined using a riding 

model. The molecule of cis-3 is disordered and located on a 2-fold axis. Only half of molecule is 

present in the asymmetric unit of the unit cell and the disorder involves both the terminal CO/Cl 

ligands and the bridging µ-CO/µ-CNMe(Cy) groups, with 0.5 occupancy factor each. Thus, it is not 

possible to determine the E or Z configuration of cis-3. 

 

Table 3. Crystal data and measurement details for cis-E-[2d]CF3SO3 and cis-3. 



 

 cis-E-[2d]CF3SO3 cis-3 

Formula C33H34F3FeNO5Ru2S C20H24ClNO2Ru2 

FW 871.66 547.99 
T, K 100(2) 100(2) 
λ,  Å 0.71073 0.71073 
Crystal system Orthorhombic  Tetragonal 
Space group P212121 P42/n 
a, Å 12.7653(5) 11.3035(10) 
b, Å 12.8075(5) 11.3035(10) 
c, Å 19.2917(7) 14.9448(15) 
Cell Volume, Å3 3154.0(2) 1909.5(4) 
Z 4 4 
Dc, g∙cm-3 1.836 1.906 
µ, mm−1 1.527 1.736 
F(000) 1744 1088 
Crystal size, mm 0.16×0.15×0.12 0.21×0.11×0.10 
θ limits,° 1.909-25.999 2.259–25.046 
Reflections collected 45126 20681 
Independent reflections 6213 [Rint = 0.0400] 1689 [Rint = 0.0631] 
Data / restraints /parameters 6213 / 0 / 417 1689 / 247 / 160 
Goodness on fit on F2 1.140 1.428 
R1 (I > 2σ(I)) 0.0261 0.1266 
wR2 (all data) 0.0611 0.2724 
Largest diff. peak and hole, e Å-3 0.768 / –0.451 1.732 / –2.774 

 

 

4.3 Behavior of diruthenium complexes in aqueous media. 

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

containing dimethyl sulfone (Me2SO2; 1.0·10−3 mol∙L−1) and stirred at room temperature (ca. 21 °C) 

for 2 h. The saturated solution was filtered over celite and analyzed by 1H NMR spectroscopy (delay 

time = 10 s, number of scans = 20). The concentration ( = solubility) was calculated by the relative 

integral with respect to Me2SO2 as internal standard [δ/ppm = 3.12 (s, 6H)]. 

Octanol-water partition coefficient (Log Pow). Partition coefficients (Pow),72 were determined by 

the shake-flask method and UV-Vis measurements, according to a previously described procedure.30 

All operations were carried out at room temperature (ca. 21 °C). Stock solutions were prepared in 

water-saturated octanol for all compounds. The wavelength corresponding to a well-defined 

absorption of each compound (445-485 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.  

Stability assessment in D2O/CD3OD at 37 °C. Compounds [2a]CF3SO3 and [2a,bFe]CF3SO3 were 

dissolved in a D2O solution containing Me2SO2 (1.0·10−3 mol∙L−1; 0.8 mL). Compounds [2b-

d]CF3SO3 and [2cFe]CF3SO3 were first dissolved in CD3OD then diluted with the D2O/Me2SO2 

solution (0.8 mL total volume). Methanol was used as a co-solvent to prepare solutions suitable for 

1H NMR analysis (> 3 mM); the water/methanol volume ratio (2:1 V/V for [2b]+ and [2cFe]+ 1:1 V/V 

for [2c]+, 1:2 V/V for [2d]+) was selected with respect to the water solubility of the compound. The 

solution (cM2 ≈ 6⋅10−3 mol∙L−1; M = Fe, Ru) was filtered over celite and analyzed by 1H NMR (delay 

time = 10 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 was calculated by the 

relative integral with the internal standard (Me2SO2) with respect to the initial spectrum. The isomeric 

ratios of [2a-d]+ are in accordance with those observed in CDCl3 or acetone-d6 solutions (except the 

cis/trans ratio of [2d]+) and were unchanged at the end of the thermal treatment. 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 = 3.12 (s, 6H)]. 

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 (6.3·10−3 

mol∙L−1) and KH2PO4 / Na2HPO4 as buffer (25 mM total phosphate, pD = 7.473), then stored at 4 °C 

under N2. Solutions of Ru compounds in DMEM-d or DMEM-d/CD3OD were prepared, treated and 

analyzed by 1H NMR as previously described. The residual amount of starting material in the final 

solution resulted ≥ 99 % for all compound tested and no changes in isomeric ratios were detected. 

 

4.4 Biological studies 



 

Cell culture. HT-29 and MRC-5 cells were cultured in McCoy’S 5A and DMEMF-12(Gibco), 

supplemented with 10 % fetal calf serum (Gibco) and 1% PenStrep (Gibco). Cells were maintained 

in a humidified atmosphere at 37 °C and 5 % CO2. 

Cytotoxicity. Cells were seeded on 96-well plates at 4000 cells per well and incubated at 37°C for 

24 h. Test compounds were prepared in DMSO and sequentially diluted with fresh medium. The 

concentration of DMSO in the test compound (0.01 µm) was 0.02 %. The old medium was then 

replaced with fresh medium containing the test compound, after 48 h of incubation, the medium was 

replaced with 100 µl of fresh medium containing resazurin (0.2 mg/mL). After 4 h incubation, Plates 

were read with the SpectraMaxM2 Microplate Reader (λexc = 540 nm; λread = 590 nm). The 

concentration effect curves were obtained by GraphPad Prism 8 software. All experiments were 

performed on triplicate.  

ROS measurement. The ROS level was measured using the commercially available dye 2′,7′-

dichlorodihydrofluorescein (DCFH-DA). Cells were plated into 8-well plates with a density of 4∙103 

cells per well and allowed to adhere overnight. The medium was replaced by fresh medium containing 

the diruthenium and diiron vinyliminium complexes (concentration is IC50). After 6 h of incubation, 

the cells were washed with cold PBS, 20 µM of DCFH-DA are added and incubated in the dark for 

30 min. The cells were observed with a confocal microscopy (Ex: 488 nm; Em :505 nm-550 nm). 

Cell Mito Stress Test. MRC-5 and HT-29 cells were seeded in Seahorse XFe96 well plates at a 

density of 10,000 cells /well in 80 μL medium. After 24 h, the medium was replaced with fresh 

medium and the diruthenium and diiron vinyliminium complexes (concentration were their IC50 

values) were added. After 24 h of incubation, the regular medium was removed, cells were washed 

twice using Seahorse Base Media and incubated in a non-CO2 incubator at 37 °C for 1 h. The oxygen 

consumption rate (OCR) was measured after sequential addition of oligomycin 10 μM, carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) 10 μM, rotenone and antimycin A 10 μM). 

The data were analyzed using the Agilent Seahorse software. 
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