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Abstract 

Glycoconjugation is a powerful tool to improve the anticancer activity of metal complexes. Herein, we 

modified commercial arylphosphanes with carbohydrate-derived fragments for the preparation of novel 

glycoconjugated ruthenium(II) p-cymene complexes. Specifically, D-galactal and D-allal-derived vinyl 

epoxides (VEβ and VEα) were coupled with (2-hydroxyphenyl)diphenylphosphane, affording the 2,3-

unsaturated glycophosphanes 1β and 1α. Ligand exchange with [Ru(C2O4)(η
6-p-cymene)(H2O)] gave 

the glycoconjugated complexes Ru1β and Ru1α which were subsequently dihydroxylated with 

OsO4/N-methylmorpholine N-oxide to Ru2β and Ru2α containing O-benzyl D-mannose and D-gulose 

units respectively. Besides, aminoethyl tetra-O-acetyl-β-D-glucopyranoside was condensed with 

borane-protected (4-diphenylphosphanyl)benzoic acid by HATU/DIPEA under MW heating, to afford 

the amide 3∙BH3. Zemplén deacylation with MeONa/MeOH gave the deprotected D-glucopyranoside 

derivative 4∙BH3. The glycoconjugated phosphane complexes Ru3 and Ru4 were obtained by reaction 

of the phosphane-boranes 3∙BH3 and 4∙BH3 with [Ru(C2O4)(η
6-p-cymene)(H2O)]. The employed 

synthetic strategies were devised to circumvent unwanted phosphine oxidation. The compounds were 

purified by silica chromatography, isolated in high yield and purity and characterized by analytical and 

spectroscopic (IR and multinuclear NMR) techniques. The behaviour of the six glycoconjugated Ru 

complexes in aqueous solutions was assessed by NMR and MS measurements. All compounds were 

screened for their in vitro cytotoxicity against A2780/A2780R human ovarian and MCF7 breast cancer 

cell lines, revealing a significant cytotoxicity for complexes containing the 2,3-unsaturated glycosyl 

unit (Ru1β, Ru1α). Additional studies on five other human cancer cells, as well as time-dependent 

toxicity and cell-uptake analyses on ovarian cancer cells, confirmed the prominent activity of these two 

compounds – higher than cisplatin – and the better performance of the β anomer. However, Ru1β, 

Ru1α did not show preferential activity against cancer cells with respect to fetal lung fibroblast and 

human embryonic kidney cells as models of normal cells. The effects of the two ruthenium 

glycoconjugated compounds in A2780 ovarian cancer cells were further investigated by cell cycle 
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analysis, induction of apoptosis, intracellular ROS production, activation of caspases 3/7 and disruption 

of mitochondrial membrane potential. The latter is a relevant factor in the mechanism of action of the 

highly cytotoxic Ru1β, inducing cell death by apoptosis.  

 

Keywords: anticancer metal complexes; phosphane ligand; ruthenium(II) arene; glycoconjugation; 

carbohydrate complexes; cytotoxicity; cell-cycle; apoptosis; mitochondrial membrane potential. 

 

Introduction. 

Different types of ruthenium complexes have been intensively investigated as possible alternatives to 

platinum-based anticancer drugs;1 most notably Ru(III) derivatives NAMI-A ([ImH2][trans-RuCl4(κS-

DMSO)(κN-Im)]; ImH = 1H-imidazole) and KP1019/NKP-1339 ([trans-RuCl4(κN-Ind)2]
−, Na+ or 

IndH2
+ salt; IndH = 1H-indazole) underwent clinical trials.2 In recent years, ruthenium(II) arene 

complexes rose to prominence in the pharmacological setting, showing a diversity of biological effects 

depending on the nature of the co-ligands.3 The leading compound RAPTA-C ([RuCl2(η
6-p-

cymene)(PTA)]; Figure 1a), featuring 1,3,5-triaza-7-phosphaadamantane (PTA) as hydrophilic 

phosphane ligand, demonstrated considerable antimetastatic, antiangiogenic and antiinvasive 

properties, and is set to enter clinical trials.4 

In this framework, tethering bioactive molecules represents an appealing strategy to increase the 

versatility and the selectivity of anticancer metal complexes.5 Among these, carbohydrate ligands are 

excellent candidates, due to their biocompatibility and the possibility of modulating chemico-physical 

properties of the complex and minimizing its toxicity.6 Furthermore, the carbohydrate unit is a pivotal 

organic structure for selective interactions with cancer cells.7 Indeed, it is now widely known that 

carbohydrates play essential roles in intercellular and intracellular processes and also play key-roles in 

cancer diseases, characterized by a dysregulated glycosylation, where abnormal cell surface 

glycoconjugates contribute to tumour growth and metastasis.8 In addition, tumour cells exhibit 
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dysfunctional metabolism, known as the Warburg effect, which consists in an augmented glucose 

avidity and high rates of aerobic glycolysis in order to sustain their high proliferation rate. As a 

consequence, transport membrane proteins such as glucose transporters (GLUTs) are overexpressed in 

cancer compared to normal tissues. Therefore, a promising strategy for targeting dysregulated 

metabolism is glycoconjugation, by linking a metal complex to glucose or to another sugar portion for 

the synthesis of potential metal-based anticancer drugs or cancer diagnostic agents.6,9 

To date, a large number of metal-carbohydrate complexes have been tested on cancer cells and this 

strategy was successful in terms of enhanced biological activity in several cases.10 On the other hand, 

glycoconjugation of ruthenium(II) arene complexes has been only limitedly explored thus far, also 

because of the synthetic effort in realizing such compounds. More specifically, some 3,5,6-

bicyclophosphite-α-D-glucofuranoside derivatives11 were employed as monodentate P-donor ligands to 

produce a family of [RuX2{P(OR)3}(η6-arene)] and [RuCl(PPh3){P(OR)3}(η6-arene)]+ complexes, 

featuring various arenes and anionic co-ligands (Figure 1b).12 In this respect, halide complexes 

revealed a complex speciation in aqueous medium12a,d and their replacement with bidentate 1,2-

dicarboxylates (oxalate, malonate) resulted in superior stability.12c However, in vitro screening revealed 

an overall modest cytotoxicity, cellular uptake and cancer cell selectivity of these complexes.12 Later, 

some elaborated 2,3-diaminopyranosides were coordinated to Ru(η6-arene) scaffolds and exhibited 

moderate antiproliferative activity on some cancer cell lines (Figure 1c).13 The first ruthenium(II) arene 

half-sandwich complexes comprising a fully deprotected hexose, i.e. glucose or galactose, and their O-

acetylated or O-benzoylated derivatives, were only recently described (Figure 1d,e).14,15 The key 

triazole ring in the monodentate C-/N- or bidentate N,N- ligands was constructed via glycosyl azides, 

and some of these complexes manifested considerable antiproliferative activity on cancer cells (A2780, 

ovarian) associated with low toxicity on normal cells (fibroblasts).15 Interestingly, sandwich 

ruthenium(II) cyclopentadienyl complexes with a glucose-modified arene ligand were recently reported 

to be non-cytotoxic but very effective to impede cancer cell migration (Figure 1f).16 
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In the present work, we report the synthesis and characterization of new glycoconjugated ruthenium(II) 

p-cymene complexes and a study of their anticancer activity in vitro. Besides more notable 

monosaccharides (like glucose or mannose), our work also focused on 2,3-unsaturated hexoses, which 

are of particular appeal considering their use in medicinal chemistry.17 Moreover, 2,3-unsaturated 

glycosides confer higher lipophilicity to the system, by comparison with their fully hydroxylated 

counterpart, with consequent increased activity against cancer cell lines.18 

We decided to introduce the selected carbohydrate units via a phosphane ligand, providing a robust 

scaffold for the conjugation of bioactive molecules and other probes to anticancer metal complexes.19 

Specifically, we selected commercial (2-hydroxyphenyl)diphenylphosphane and (4-

diphenylphosphanyl)benzoic acid as building blocks and we developed suitable synthetic strategies to 

exploit their hydroxyl and carboxylic acid functions to link the carbohydrate moiety. 

 

Figure 1. Structure of the anticancer complex RAPTA-C (a) and Ru(II)-η6-arene complexes with various 

glycoconjugated ligands (published year in italics): 3,5,6-bicyclophosphite-α-D-glucofuranoside (2008-2013, b), 

2,3-diamino-4,6-O-benzylidene-2,3-dideoxy-α-D-pyranosides of mannose, talose, gulose, glucose (2015, c), 

glucose- and galactose-modified 1,2,3-triazolylidene (2019; d), glucose-modified 2-pyridyl/quinolyl 1,2,3-triazole 

(2021, e), sandwich complexes with a glucose-derivatized arene (2020, f). 
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Results and discussion. 

1. Synthesis and characterization of compounds. 

Glycosylated phosphanes 1β and 1α were obtained following a completely regio- and stereoselective 

glycosylation process that we previously reported.20 Glycosyl donors are represented by β- and α-vinyl 

epoxides VEβ and VEα, formally derived from D-galactal and D-allal.21 These systems are 

characterized by a peculiar property: in the presence of nucleophiles such as alcohols, they undergo a 

completely 1,4-regio- and stereoselective conjugate addition affording 2,3-unsaturated glycosides with 

the same configuration as the starting epoxide (i.e. from α-epoxide is obtained α-2,3-unsaturated 

glycoside). Thus (2-hydroxyphenyl)diphenylphosphane was added to an in situ prepared solution of 

vinyl epoxide, obtained by treatment of the corresponding trans-hydroxy mesylate with t-BuOK.22 The 

glyco-phosphanes 1β and 1α were purified by flash column chromatography and isolated in good yield 

(Scheme 1a). Subsequently, the double bond in 1β and 1α underwent dihydroxylation using OsO4/N-

methylmorpholine N-oxide (NMO), according to a previously-optimized protocol.23 However, such 

conditions caused unwanted phosphorous oxidation, affording 2βO and 2αO (Scheme 1b). 

Hydrogenation of 2βO with H2 (1 bar) was effective for benzylether removal but did not reduce the 

phosphane oxide. Other protocols24 for P=O reduction were tested (LiAlH4/CeCl3 in THF under reflux; 

LiAlH4/NaBH4/CeCl3 in THF at 0 °C) but were not successful. Therefore, an alternative synthetic 

strategy was devised. First, compounds Ru1β and Ru1α were obtained by the straightforward reaction 

of [Ru(C2O4)(p-cymene)(H2O)] (Ru-H2O) with phosphanes 1β and 1α in dichloromethane (Scheme 

1c). Next, OsO4/NMO dihydroxylation of Ru1β and Ru1α afforded the desired complexes Ru2β and 

Ru2α (Scheme 1d). The latter reaction proceeded smoothly with Ru2β but was considerably slower 

with the α-stereoisomer, probably also because of solubility issues. To the best of our knowledge, these 

dihydroxylations are among the few that have been carried out on a 4d or 5d metal complex,25 

highlighting the inertness of the Ru(II)-arene scaffold and the coordinated phosphorous atom towards 
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such oxidizing conditions. Attempts to deprotect the benzyl ether group in Ru2β and Ru2α and by Pd-

catalysed hydrogenation were unsuccessful.  

 

 

Scheme 1. Preparation of glycosylated phosphanes 1β, 1α starting from vinyl epoxides VEβ, VEα and (2-

hydroxyphenyl)diphenylphosphane (step a); subsequent reaction with [Ru(C2O4)(p-cymene)(H2O)] to give Ru1β, 

Ru1α (step c). Upjohn dihydroxylations, affording benzyl-protected D-mannose and D-gulose conjugated 

phosphane oxides 2βO, 2αO (step b) and Ru complexes Ru2β, Ru2α (step d). NMO = N-methylmorpholine N-

oxide. Isolated yields are given in parentheses.  

 

Our next goal was to obtain a D-glucose-functionalized phosphane using (4-

diphenylphosphanyl)benzoic acid as starting material and 2-aminoethanol as short alkyl linker 

providing an amide group to join the two fragments. In this regard, we noticed that only a small number 

of phosphanes containing a fully deprotected monosaccharide unit (glucose, galactose) have been 
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described in the literature.26 The synthetic route we employed is based on a typical 

trichloroacetimidate-mediated glycosylation protocol.27 Specifically, the trichloroacetimidate 

derivative, synthesized from commercial D-glucose,28 was readily converted into 1-O-(2-azidoethyl)-

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside by reaction with a freshly prepared solution of 2-

azidoethanol.29 Subsequent Pd-catalysed hydrogenation30 of the terminal azido group gave the 

respective aminoethyl tetra-O-acetyl-β-D-glucopyranoside (Scheme 2a). Next, a HATU/DIPEA-

mediated condensation of (4-diphenylphosphanyl borane)benzoic acid31 with the amine was carried out 

in a microwave reactor, affording the glucophosphane borane 3∙BH3 (Scheme 2b). Finally, 3∙BH3 was 

fully deacetylated by treatment with a freshly prepared solution of MeONa in MeOH, in order to obtain 

1-O-[2-(4-diphenylphosphanyl borane)benzamide]-β-D-glucopyranoside 4∙BH3 (Scheme 2c).32 In this 

regard, the use of bench-stable phosphane-boranes was crucial to avoid irreversible oxidation at the 

phosphorous atom during workup.26,29g,33 Indeed, analogous reactions carried out directly with 4-

(diphenylphosphanyl)benzoic acid led to the isolation of the corresponding phosphane oxides 3O and 

4O (see ESI). Finally, glycoconjugated complexes Ru3 and Ru4 were synthesized from [Ru(C2O4)(p-

cymene)(H2O)] and the respective phosphane-boranes 3∙BH3 and 4∙BH3 (Scheme 2d), following 

optimization of the reaction conditions with Ph3PBH3 (see ESI). It is worth noting that only few 

phosphane metal complexes have been prepared directly from the respective borane adducts;34 more 

frequently, the BH3 group is removed in a preliminary step or in situ by adding suitable amines.35 A 

reference ruthenium compound devoid of the glucose moiety, Ru5, was prepared by EDCI/DMAP 

mediated coupling of 4-(diphenylphosphanyl)benzoic acid with 2-aminoethanol, followed by reaction 

of the phosphane 5 with [Ru(C2O4)(p-cymene)(H2O)] (Scheme 2e and ESI).  
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Scheme 2. Synthesis of glucose-modified phosphane-boranes 3-BH3 and 4-BH3 starting from D-glucose, 2-

azidoethanol and (4-diphenylphosphanyl)benzoic acid: preparation of the tetra-acetylated glucose with pendant 

amine group (path a), amide coupling (step b) and deacetylation (step c); preparation of the corresponding 

ruthenium(II) p-cymene complexes Ru3, Ru4 with B to Ru transfer of the phosphane unit (step d); preparation of 

the reference complex Ru5 devoid of the sugar fragment (path e). TMSOTf = trimethylsilyl triflate: EDCI = 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide; DMAP = 4-dimethylaminopyridine. Isolated yields are given in 

parentheses. 

 

Ruthenium complexes Ru1-4 were purified by silica gel chromatography and isolated in 64−91 % 

yield as air-stable yellow solids. The glycophosphanes and their derivatives (1β, 1α, 2βO, 2αO, 3∙BH3, 

4∙BH3) as well as ruthenium complexes Ru1-Ru5 are unprecedented and were characterized by 

analytical (CNH analyses, optical rotation) and spectroscopic (solid state attenuated total reflection IR, 

1H/13C/31P and 2D NMR in organic solvents) techniques. IR and NMR spectra are supplied in Figures 

S1-S53; selected 1H NMR data related to the pyranoside ring is given in Table 1. In addition, the 

crystal structure of the ruthenium precursor [Ru(C2O4)(p-cymene)(H2O)] (Ru-H2O) was ascertained by 

an X-ray diffraction study (see Figure S54 and Tables S2-S3).  

In 31P NMR spectra, ruthenium complexes display a sharp singlet in the 25-27 (Ru1β, Ru1α) or 31-34 

(Ru2-Ru5) ppm range, to be compared with – 15 ppm for the glycoconjugated phosphanes (1β, 1α), 
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31-33 ppm for the phosphane oxides (2βO, 2αO, 3O, 4O) and 21 ppm for the phosphane-boranes 

(3∙BH3, 4∙BH3). The phosphorous resonances undergoes an appreciable downfield shift (ca. + 11 ppm) 

due to the change in coordination from boron (3-4∙BH3) to ruthenium (Ru3-4), useful for reaction 

monitoring.36  

The anomeric proton was detected as a singlet ranging from 5.08 to 5.74 ppm in 1H NMR spectra of 

Ru1α/β and Ru2α/β (Table 1), whereas it appeared as doublet around 4.30-4.70 ppm for glucose-

functionalized Ru3 and Ru4. The 1H and 13C NMR resonances of CH groups of the p-cymene ring, of 

the two isopropyl CH3 groups and of the oxalate ligand in Ru1α/β and Ru2α/β are anisochronous, due 

to spatial proximity (and reduced overall symmetry) of the chiral glycosyl moiety on the phosphane 

ligand;37 in particular, the two isopropyl groups are diastereotopic and their presence represents the 

source of inequivalence for the arene resonances, which is magnetic in origin (by coupling criterion). 

This effect seemed to be less appreciable in Ru3 and Ru4, likely because of the increased distance 

(lower chiral perturbation) between the metal centre and the sugar moiety. For comparison, 1H NMR 

spectra of Cs-symmetric Ru-H2O and Ru5 show two doublets for the η6-arene protons. 

The dihydroxylation of the double bond of 1β, 1α and their Ru complexes is accompanied by a marked 

shielding of the related 1H and 13C NMR resonances, the latter moving from ca. 130 (C=C) to 70 (C-O) 

ppm. Notably, all 1H NMR signals of the pyranoside ring and the aromatic protons of the p-cymene 

ligand are considerably downfield-shifted in Ru2β with respect to Ru2α (Table 1). 

 

Table 1. Comparison of selected 1H and 13C NMR (in italics) chemical shifts for the pyranoside ring in 1β, 1α, 

2βO, 2αO and related Ru(II) p-cymene complexes.[a] 

Compound 
Pyranoside CHx NMR δ / ppm 

C atom numbering 
1 2 3 4 5 6 

1β 
5.51 

97.6 

6.04 

128.5 

5.31 

134.1 

3.81 

73.6 

3.70 

74.6 

3.95 

62.8 

 

Ru1β 
5.45 

95.5 

4.69 

128.1 

5.91 

131.3 

3.90–3.83 
3.64 

69.8 
62.2 74.9 

1α 5.48 93.4 5.28 5.88 133.7 4.19 70.8 3.77 3.6 
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128.4 73.7 65.3 

Ru1α 
5.38 

94.4 

4.45 

124.6 

5.65 

136.1 

3.86 

63.8 

3.10 

74.0 

3.65, 3.53 

70.6 

2βO 
5.06 

96.5 

4.21 

73.5 

3.93 

74.6 

3.77 

69.9 

4.12 

76.3 

3.83 

62.9 

Ru2β 
5.74 

98.0 

4.25 

67.9 

4.06 

73.6 

3.86 

71.2 

4.42 

74.0 

3.81–3.71 

71.1 

2αO 
5.31 

93.4 

3.77-3.76 3.51, 3.10 

65.2 72.3 73.7 70.3 75.7 

Ru2α 
5.08 

101.1 

2.57 

70.6 

2.44 

71.5 

3.35 

68.0 

3.13 

74.7 

3.69, 3.57 

71.1 

[a] NMR data (without multiplicity) in CDCl3 for 1β, 1α, 2βO, 2αO and Ru1β (13C); in CD3OD for Ru1α, Ru2β, 

Ru2α and 2αO (1H). 

 

2. Behaviour of Ru complexes in aqueous media 

With a view to the biological application, the behaviour of the ruthenium complexes in aqueous 

solution was studied by NMR. Therefore, solutions of Ru1-5 in D2O or D2O/DMSO-d6 mixtures38 (ca. 

5 mM) were maintained at 37 °C and monitored by 1H and 31P NMR (see Experimental). Under these 

conditions, Ru2β, Ru2α, Ru3 and Ru4 displayed an excellent inertness, with > 90% of starting 

material detected in solution after 72 h (Table S4). On the contrary, Ru1β and Ru1α underwent 

pronounced changes, even after comparatively shorter times (20 h). A common product formed in the 

solutions of Ru1α/β and Ru2α/β is [Ru(C2O4H){Ph2P(2-C6H4O)}(η6-p-cymene)], Ru6, resulting from 

hydrolysis of the glycosidic linkage (Scheme S2), as confirmed by independent synthesis of the 

compound from [Ru(C2O4)(p-cymene)(H2O)] and (2-hydroxyphenyl)diphenylphosphane (see ESI and 

ref.39). The much higher reactivity of Ru1α/β with respect to their hydroxylated derivatives Ru2α/β, 

under equal conditions, could be related to reactivity of the double bond on the pyranose ring or its 

allylic position (i.e. the anomeric carbon).  

Similar experiments with Ru2β, Ru2α, Ru3-Ru5 were then performed in the presence of cell culture 

medium (RPMI-1640) at 37 °C for 72 h (5 % DMSO). Compounds Ru2β and Ru2α once again 

demonstrated a remarkable inertness, as indicated by the 1H NMR spectra of the residues obtained from 
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CH2Cl2 extraction of the final solution (Figures S55-S56). Instead, progressive formation of phosphane 

oxides over time was observed in the solutions of Ru3-Ru5. Complex Ru3 also underwent 

deacetylation processes, as ascertained by ESI-MS (Figure S57). Thus, from a biological perspective, 

complex Ru3 can be viewed as a bioprecursor of Ru4, featuring a deprotected glucose unit.  

The behaviour of the more reactive complexes Ru1β and Ru1α at micromolar concentrations was 

assessed by using electrospray-ionization (ESI) mass spectrometry. Thus, 10 μM solutions of Ru1β and 

Ru1α in a water/MeOH mixture (1:1) were analyzed by ESI-MS; mass spectra are shown in Figures 

S58–S62. The spectra measured immediately after dissolution revealed signals at m/z = 843.22 

corresponding to the respective pseudomolecular ion [Ru1α/β+Na]+ and at m/z = 535.25 corresponding 

to the oxidized ligand [1α/βO+Na]+. Another signal at m/z = 513.15 formally corresponds to a {Ru(p-

cymene)}2+ unit bound to a 2-(diphenylphosphanyl)phenolate ligand. This fragment is likely generated 

by loss of oxalate from Ru6, the compound that was NMR-detected in DMSO/water solutions of Ru1β 

and Ru1α (see above). The MS spectra of both Ru1β and Ru1α measured after 24 h at room 

temperature include new less intense signals in the 1009-1061 m/z range that can be attributed to the 

formation of various dimeric products; for a detailed evaluation of possible compositions of 

pseudomolecular ions, see Figures S59 and S61. It is interesting to note that dimeric products were also 

MS-detected by studying the hydrolytic process of related [RuCl2(3,5,6-bicyclophosphite-α-D-

glucofuranoside)(η6-p-cymene)] complexes.12a Furthermore, solutions of Ru1β and Ru1α (10 µM in 

MeOH/water 1:1) were incubated with L-cysteine (L-Cys) or reduced glutathione (GSH) at normal 

physiological levels (290 and 6 µM, respectively) and monitored by ESI-MS (Figures S63-S68) over 

24 h. Very small differences in MS spectra can be noticed with respect to the previous experiments, 

indicating no preferential and kinetically relevant interactions of the ruthenium complexes with the 

sulphur-containing biomolecules employed. 

 

3. Biological studies 
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3.1. In vitro cytotoxicity on cancer and normal cells  

The cytotoxicity of all glycoconjugated ruthenium(II) arene complexes (Ru1-4) was firstly assessed on 

ovarian (A2780 and cisplatin-resistant A2780R) and breast (MCF7) cancer cell lines after 24 h 

incubation, together with selected compounds for comparative purposes (Table 2). MTT viability assay 

revealed that Ru1β and Ru1α, containing a 2,3-unsaturated glycosyl unit, are more cytotoxic than the 

benchmark anti-cancer drug cisplatin, especially on the cisplatin-resistant (A2780R) strain. The other 

ruthenium phosphane complexes, with (Ru2-4) or without (Ru5) carbohydrate functionalization and 

the corresponding glycophosphane oxides (2βO, 2αO, 3O, 4O; except for 2βO on A2780 cells), 

displayed a negligible cytotoxicity (IC50 > 50 µM in all cell lines). The substitutionally-labile 

complexes Ru-H2O, [RuCl2(η
6-p-cymene)]2 and RAPTA-C did not affect the viability of A2780 cancer 

cells in the investigated concentration range, in alignment with their poor activity on various normal 

and cancerous cell lines as described elsewhere.4a,40 

 

Table 2. Cell viability – MTT test of glycoconjugated ruthenium complexes, glycosylated phosphane oxides, 

RAPTA-C, [RuCl2(η6-p-cymene)]2, [Ru(C2O4)(η6-p-cymene)(H2O)] (Ru-H2O) and cisplatin on human ovarian 

(A2780, A2780R) and breast (MCF7) cancer cells. Cells were incubated with tested compounds for 24 h; results 

are expressed as mean IC50 values with standard deviations (SD) calculated from three consecutive cell 

passages.  

Compound 
IC50 (24 h) / μM 

A2780  A2780R MCF7 

Ru1β 3.7 ± 1.1 2.3 ± 0.4 7.8 ± 0.3 

Ru1 11.5 ± 1.6 10.0 ± 1.3 19.5 ± 3.1 

Ru2β > 50 > 50 > 50 

Ru2 > 50 > 50 > 50 

Ru3 > 50 > 50 > 50 

Ru4 > 50 > 50 > 50 

Ru5 > 50 > 50 > 50 

2O 45.4 ± 3.7 > 50 > 50 

2O > 50 > 50 > 50 

3O > 50 > 50 > 50 

4O > 50 > 50 > 50 

[RuCl2(η6-p-cymene)]2 > 50 - > 100 [a] 
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Ru-H2O > 50 - - 

RAPTA-C > 50 > 50 > 50 

cisplatin 14.9 ± 1.0 37.7 ± 0.8 20.9 ± 2.8 

[a] After 48 h incubation, taken from the literature.40b 

 

Next, we tested the in vitro cytotoxicity of the most active Ru(II) complexes Ru1β, Ru1α and cisplatin 

in human liver (HepG2) osteosarcoma (HOS) prostate (PC-3), lung (A549) and cervical (HeLa) cancer 

cells. Fetal lung fibroblast (MRC-5) and human embryonic kidney cells (HEK-293) were included as 

healthy cells. IC50 data are compiled in Table 3, whilst dose-response curves of complexes Ru1β and 

Ru1α regarding all the cell lines used are given in Figure S69. Both Ru1β and Ru1α displayed a 

cytotoxicity higher than cisplatin in all the tested cancer cell lines, besides, Ru1β is always more 

cytotoxic than its stereoisomer Ru1α (average IC50 5.6 and 16 μM, respectively). However, it should 

be noted that the toxicity of Ru1β and Ru1α on normal cells (MRC-5 and HEK-293) is comparable to 

that observed in cancer cells, implying no preferential activity against the latter.  

 

Table 3. Cell viability – MTT test of Ru1, Ru1 and cisplatin on human liver (HepG2) osteosarcoma (HOS) 

prostate (PC-3), lung (A549), cervical (HeLa) cancer cells, fetal lung fibroblast (MRC-5) embryonic kidney cells 

(HEK-293). Cells were incubated with tested compounds for 24 h; results are expressed as mean IC50 values 

with standard deviations (SD) calculated from three consecutive cell passages.  

Compound 
IC50 (24 h) / μM 

HepG2 HOS PC-3 A549 HeLa MRC-5 HEK-293 

Ru1 5.2 ± 0.6 6.4 ± 0.4 6.0 ± 0.5 7.7 ± 0.4 5.6 ± 0.2 3.7 ± 0.6 3.8 ± 0.6 

Ru1 18.3 ± 1.3 15.7 ± 1.8 16.8 ± 0.5 23.3 ± 0.8 13.2 ± 0.4 12.9 ± 0.7 12.8 ± 1.0 

cisplatin 20.8 ± 1.7 32.0 ± 5.9 > 50 38.4 ± 1.6 17.1 ± 0.7 > 80 > 80 

 

Subsequently, time-dependent effects (24, 48 and 72 h) of Ru1β, Ru1α and cisplatin on the viability of 

cancer (A2780) and normal (MRC-5 and HEK-293) cells were evaluated (Table 4). The cytotoxicity of 

cisplatin significantly increased with incubation time in all the cell lines tested; this behaviour is well 

documented in the literature.41 Similarly, Ru1α showed a moderate decrease in IC50 values between 24 

and 48 h incubation and very small changes in the following 24 h. On the other hand, the cytotoxicity 



 

 

15 

 

of Ru1β remained nearly constant in the studied time range (24 – 72 h). Notably, both Ru complexes 

are more toxic than cisplatin at each incubation time, but they lack a substantial cancer cell selectivity 

also after 24 and 48 h treatment.  

 

Table 4. Cell viability – MTT test on A2780, MRC-5 and HEK-293 cells incubated with Ru1, Ru1 or cisplatin 

for 24, 48 and 72 h. Results are expressed as mean IC50 values with standard deviations (SD) calculated from 

three consecutive cell passages. 

Compound 
IC50 / μM, A2780 IC50 / μM, MRC-5 IC50 / μM, HEK-293 

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h 

Ru1 5.6 ± 1.1 3.1 ± 0.5 3.6 ± 0.9 3.7 ± 0.6 3.0 ± 0.1 3.2 ± 0.5 3.8 ± 0.6 2.9 ± 0.7 2.7 ± 0.2 

Ru1 12.2 ± 1.7 4.0 ± 0.6 3.0 ± 0.1 12.9 ± 0.7 7.6 ± 1.6 8.2 ± 1.8 12.8 ± 1.0 4.4 ± 0.9 3.7 ± 0.4 

cisplatin 20.6 ± 2.9 11.6 ± 0.5 7.6 ± 2.7 > 80 19.9 ± 4.6 11.7 ± 2.2 > 80 19.6 ± 4.8 8.5 ± 3.1 

 

3.2. Cellular uptake on A2780 cells 

The A2780 cells were treated by equitoxic IC50 concentrations (for 24 h incubation time) of Ru1β or 

Ru1α, washed and isolated after different incubation times (2, 6, 12, 24 and 48 h) and ruthenium 

content in the cells was determined by ICP-MS. Similar experiments were performed with cisplatin for 

comparative purposes and the platinum content was determined by the same method in the same batch 

of samples. The results, representing the dynamics of cellular uptake of the complexes into the A2780 

cells, are displayed in Figure 2. The intracellular metal accumulation for cisplatin reached the 

maximum after 24 h and consequently decreased to 7.5 ng/106 cells after 48 h of incubation, a value 

comparable to that obtained after 2 h incubation. The downward trend can be related to "pre-target" 

inactivation, e.g. the inactivation with GSH or metallothioneins, and/or to exclusion processes,42 e.g. by 

plasma membrane copper transporters or membrane ATP-dependent drug efflux proteins. Conversely, 

the ruthenium content in A2780 cells increased with the incubation time for both Ru1β and Ru1α. The 

dynamics of the concentration increase is almost linear with Ru1α while is it much more pronounced 

for Ru1β. Specifically, the ruthenium cellular levels are higher for Ru1β than for Ru1α at each time 

(e.g. 43 and 13 ng/106 cells after 24 h, respectively), but Ru1α was applied in ca. 3-times higher 
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concentration than Ru1β, according to their IC50. Consequently, the cellular uptake of Ru1β proceeds 

much more effectively than for its stereoisomer Ru1α, and this result aligns with the time-dependent 

cytotoxicity discussed above. 

 

 

Figure 2. Time-dependent metal content profiles of Ru1β (red points), Ru1α (green points) and cisplatin (blue 

points) in A2780 cells as determined by ICP-MS (ng metal/106 cells) at various incubation times (0-48 h). The 

lines represent just a guide for eyes for better clarity of trends; the numbers represent the average values for the 

selected time period. 

 

3.3. Cell cycle modification and induction of cell death on A2780 cells 

Additional experiments were carried out on A2780 ovarian cancer cells in order to reveal cellular 

effects of the cytotoxic ruthenium complexes under investigation (Ru1β and Ru1α) and to gain 

insights on their mechanism of action.  

First, the ability of Ru1β, Ru1α and cisplatin (as a reference compound) to modify the cell cycle was 

studied. Compounds were incubated at 15 µM for 24 h; a concentration at which both Ru complexes 

exert a considerable cytotoxicity (see Table 4). Results, shown in Figure 3, reveal a different 

accumulation of cells in the G0/G1, S and G2/M phases of the cell cycle for the ruthenium complexes 

as compared to cisplatin, which is known to arrest cancer cells in S-phase of the cell cycle.43 Moreover, 
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the cell cycle profiles of Ru1β and Ru1α differ significantly from each other: Ru1α caused only 

marginal differences in comparison to the untreated control, whereas samples treated with Ru1β had 

significantly more cells accumulated in G2/M and S phase, with consequent lowering the portion of 

G0/G1 cells with respect to control. These findings indicate that the mechanism of action of Ru1α and 

Ru1β is completely different with respect to cisplatin and also between each other. 

 

Figure 3. Effect of Ru1β, Ru1α and cisplatin on the cell cycle of the A2780 cancer cells after 24 h incubation, 

showing the significant effect of the Ru1β complex on lowering the portion of cells in the G0/G1 cell phase, while 

the number of cells in the G2/M cell phase increased significantly. Different small letters (a, b, c) indicate 

statistically significant differences at p ≤ 0.05. 

 

Next, the induction of cell death was studied by means of the Annexin V/propidium iodide (PI) method 

using flow cytometry, under the same conditions as above (15 μM compounds, A2780 cells, 24 h 

incubation). Results are displayed in Figure 4; Annexin V - / PI - group represents surviving cells, 

Annexin V + / PI - group represents cells with disturbed membranes entering the early apoptosis, and 

Annexin V + / PI + group represents the cells in late stages of apoptosis with permeable cell and 

nuclear membranes. Treatment of the A2780 cells with Ru1α gave very similar results as untreated 

control. By contrast, Ru1β caused a significant increase in both Annexin V +/ PI – and Annexin V +/ 
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PI + cells, thus it effectively induced the apoptosis and necrosis in the A2780 cells. The samples treated 

with cisplatin manifested increase of Annexin V +/ PI – and Annexin V +/ PI + cells, indicating 

apoptosis and necrosis progression in the A2780 cells, but less pronounced when compared to Ru1β. 

These findings, jointly with the cell cycle analysis and the previously discussed data, remark the 

different profiles of biological activity between Ru1β, Ru1α and cisplatin. 

 

 

Figure 4. Effect of Ru1β, Ru1α and cisplatin on induction of different types of cell death in the A2780 cells after 

24 h incubation, established by the flow cytometric analysis using the Annexin V and propidium iodide staining. 

Different small letters (a, b, c) indicate statistically significant differences at p ≤ 0.05. 

 

 

3.4. Caspases 3/7 activation, mitochondrial membrane potential (MMP) and intracellular 

production of reactive oxygen species (ROS) on A2780 cells. 

In order to outline possible mechanism of action of the complexes leading to cell death, we evaluated 

the ability of Ru1β, Ru1α and cisplatin as reference compound, to activate the executioner caspases 

3/7 (Figure 5a) and to disrupt the mitochondrial membrane potential (MMP – Figure 5b). The 



 

 

19 

 

activation of executioner caspases 3/7 is connected with the destruction of intracellular cytoskeleton 

and other structural proteins of the cell in the process of apoptosis.44 Treatment with Ru1β and cisplatin 

caused significant activation of caspases 3/7, while Ru1α had negligible effect. For the MMP analysis, 

Ru1β produced a significantly higher effect then the rest of the samples, with over 80 % of cells having 

damaged mitochondrial membrane. By contrast, cisplatin showed significant but lower disruption of 

MMP (44 % of cells had damaged mitochondria) and Ru1α caused only a slight increase in MMP 

disruption, not significant when compared to control cells. Therefore, the depolarization of 

mitochondrial membranes appears to be a dominant factor in the mechanism of action of Ru1β, which 

is possibly responsible for its significant cytotoxicity against cancer cells, as compared to the far less 

effective Ru1α. 

 

Figure 5. Effects of Ru1β, Ru1α and cisplatin on activation of the executioner caspases 3/7 (a) and on 

disruption of mitochondrial membrane potential (b) in the A2780 cells after 24 h incubation. Different small letters 

(a, b, c) indicate statistically significant differences at p ≤ 0.05. 

 

Lastly we assessed the effects of the complexes on the overexpression of intracellular reactive oxygen 

species (ROS) and also, specifically, on the intracellular production of superoxide by means of a 

fluorometric method. In this respect, A2780 cells were incubated with Ru1β, Ru1α and cisplatin for 24 

h and the oxidative stress was induced by addition of the known prooxidative agent pyocyanin (PC).45 
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Results indicate that both Ru complexes slightly decreased the formation of oxidative stress in A2780 

cells (Figure S70). Such behaviour (antioxidant activity) was previously reported for other 

ruthenium(II) arene complexes, such as [RuCl(p-cymene)(LN)]BF4 compounds involving aromatic 

diimine ligands (LN)46
 and complexes of the [RuCl(p-cymene)(LNS)] type containing the 3-

methoxysalicylaldehyde-4(N)-substituted thiosemicarbazones (LNS).47 On the other hand, Ru(II) 

polypyridyl complexes, with general formula [Ru(LN)2(HMHPIP)](ClO4)2, where LN represents 

aromatic diimine ligands and HMHPIP denotes {[2-(2-hydroxyl-3-methyl-5-hydroxylmethyl)-4-

pyridyl]imidazo[4,5-f][1,10]-phenanthroline}48 and ruthenium(II) p-cymene complexes containing 

benzimidazole-based ligands49 showed, besides good antiproliferative effects, also the ability to 

promote the progression of oxidative stress in the cancer cells and thus induction of the cell death. 

 

Conclusions. 

In this work, we prepared a rare series of glycoconjugated ruthenium(II) p-cymene complexes and 

investigated their biological effects on cancer cells. For this purpose, we derivatized two commercially-

available triarylphosphanes with various glycosyl units and six novel glycoconjugated Ru(II) p-cymene 

complexes were isolated in high yield and purity. The synthetic routes take advantage of highly regio- 

and stereoselective steps to modify the carbohydrate fragment and allow easier manipulation of the 

products by preventing undesired phosphorous oxidation. Compounds Ru2β and Ru2α, functionalized 

with a D-gulose and D-mannose group, respectively, as well as D-glucose-derivatized complexes Ru3 

and Ru4 revealed a remarkable inertness in aqueous and/or cell culture medium solution at 37 °C, 

nevertheless they resulted non-cytotoxic in ovarian and breast cancer cell lines. Conversely, complexes 

containing 2,3-unsaturated glycosides (Ru1β and Ru1α) showed cytotoxic effects on eight different 

cancer cell lines, superior to those exerted by the anticancer drug cisplatin. In particular, Ru1β 

prevailed over its anomer Ru1α in all cytotoxicity tests. The time-resolved toxicity and metal content 

in A2780 cells reflect the rapid and effective cellular uptake of Ru1β. The peculiar mechanism of 
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action of Ru1β, distinct from that of Ru1α and cisplatin, involves disruption of mitochondrial 

membrane potential and consequently the activation of executioner caspases 3/7, resulting in a 

significant increase of early and late apoptotic cells. These findings corroborates the importance of this 

class of complexes as antiproliferative agents and pave the way to design more effective compounds. In 

this respect, increasing the cancer cell selectivity represents the primary goal. Besides, the two 

glycoconjugation methodologies developed in this work may be extended to other transition metal 

scaffolds investigated for anticancer activity. 

 

Experimental. 

1. General experimental details.  

1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate 

(HATU), diisopropylethylamine, Me2S∙BH3, (2-diphenylphosphanyl)phenol, 4-

(diphenylphosphanyl)benzoic acid and ethyl(diisopropylamino)carboxydiimide hydrochloride 

(EDCI·HCl) were purchased from Merck and stored under N2. Anhydrous dimethylformamide (DMF), 

methanol, toluene, triethylamine (TEA) were used as received (Merck; “sure-seal” cap bottles); THF 

was distilled over Na/benzophenone, CH2Cl2 was distilled over P2O5. Other reactants and solvents were 

purchased from Alfa Aesar, Sigma Aldrich or TCI Europe. [RuCl2(η
6-p-cymene)]2 was prepared as 

described in the literature.50 The synthesis of 1β, 1α, 3·BH3, 4·BH3 and 4-(diphenylphosphanyl 

borane)benzoic acid was performed in flame-dried modified Schlenk (Kjeldahl shape) flasks fitted with 

a glass stopped or rubber septa under argon. Air and moisture-sensitive liquids and solutions were 

transferred via syringe. The synthesis of 3·BH3 was performed in a microwave reactor Biotage 

Initiator 4.1.4. Reactions were followed by thin-layer chromatography (TLC), performed on Merck 

silica gel (60 F254) sheets that were visualized under a UV lamp (254 nm) and detected by 0.5% 

phosphomolybdic acid solution in 95% EtOH or 10% H2SO4 solution in 90% EtOH. Purification on 

silica gel columns were performed by flash (Kieselgel 40, 0.040–0.063 mm; Merck) or regular (Merck, 
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70-230 mesh) chromatography, as indicated. Organic solutions were dried on Na2SO4 or MgSO4 and 

concentrated in vacuo by a rotary evaporator below 40°C. The synthesis of Ru1β, Ru1α, Ru3-Ru6, 

and [Ru(C2O4)(η
6-p-cymene)(PPh3)] was performed under N2 using standard Schlenk techniques. All 

the other operations were carried out in air with common laboratory glassware. Except where otherwise 

noted, compounds are air- and moisture-stable in the solid state for short time periods; they were 

maintained under N2 at 4°C for long-term storage as a precaution. NMR spectra were recorded at 25 °C 

on Bruker Avance II DRX400 or Bruker UltraShield 400 spectrometers. Chemical shifts (ppm) are 

referenced to the residual solvent peaks51 (1H, 13C) or to external standards52 (11B to 15% BF3∙OEt2 in 

CDCl3, 
31P to 85% H3PO4). 

1H and 13C spectral assignments were aided by 1H{31P}, 13C DEPT 135, 

1H-1H COSY, 1H-13C gs-HSQC and 1H-13C gs-HMBC and NOESY experiments. CDCl3 stored in the 

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

recorded on Perkin Elmer Spectrum One or Agilent Cary 600 FT-IR spectrometers, equipped with 

Attenuated Total Reflectance (ATR) sampling accessory. Optical rotations were measured with a 

ATAGO AP-300 Automatic Polarimeter at 20 °C. Carbon, hydrogen and nitrogen analyses were 

performed on a Vario MICRO cube instrument (Elementar). 

 

2. Synthesis of glycosylated triarylphosphanes. 

(1R,4R,5R)-5-(Benzyloxymethyl)-4-hydroxy-1-[2-(diphenylphosphanyl)phenoxy]-2H-2,3-

dihydropyran, 1β (Chart 1). 

Chart 1. Structure of 1β (refer to Chart S10 for C atom numbering).  
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A solution of 4-O-mesyl-6-O-(benzyl)-D-glucal prepared as reported in literature,53 (136.4 mg, 0.444 

mmol) in anhydrous THF (3.11 mL) was treated with t-BuOK (64 mg, 0.57 mmol) at room temperature 

in a Schlenk flask. After stirring for 30 minutes at the same temperature, the time necessary for the 

cyclization of 4-O-mesyl-6-O-(benzyl)-D-glucal to the corresponding vinyl epoxide VEβ, the (2-

diphenylphosphanyl)phenol derivative (247 mg, 0.887mmol) was added to the solution. The epoxide 

formation was verified by TLC (1:1 hexane/EtOAc). After 24 hours stirring at room temperature, 

dilution with Et2O and evaporation of the washed (saturated aqueous NaCl) organic solution afforded a 

crude mixture mostly consisting of 1β (342 mg) which was subjected to flash chromatography. Elution 

with 8:2 hexane/EtOAc afforded 1β as a white solid. Yield: 123 mg, 56 %. Rf = 0.13 (8:2 

hexane/EtOAc). IR: ῦ/cm-1 = 3396, 3054, 2920, 2855, 1585, 1573, 1468, 1435, 1223, 1092, 1044, 741, 

694. 1H NMR (CDCl3): δ (ppm) = 7.43-7.27 (m, 17H, Ph), 6.97 (t, 3JHH = 7.2 Hz, 1H, C15-H), 6.71 

(ddd, 3JHH = 7.5, 4.5, 1.4 Hz, 1H, C13-H), 6.04 (ddd, 3JHH = 10.1, 4.7, 1.2 Hz, 1H, C2-H), 5.51 (s, 1H, 

C1-H), 5.31 (d, 3JHH = 10.5 Hz, 1H, C3-H), 4.56 (s, 2H, C7-H + C7-H’), 3.99-3.90 (m, 2H, C6-H + C6-

H’), 3.81 (dd, 3JHH = 10.2, 5.0 Hz, 1H, C4-H), 3.70 (dd, 3JHH = 10.2, 6.7 Hz, 1H, C5-H). 13C{1H} NMR 

(CDCl3): δ (ppm) = 159.0 (C12), 138.2 (C8), 136.9 (C18 + C18’), 135.2 (C16), 134.5 (C19 + C19’), 

134.1 (C3), 133.8 (C14), 129.0 (C21 + C21’), 128.9 (C20 + C20’), 128.6 (C10), 128.5 (C2), 127.8 

(C11), 127.6 (C9), 127.4 (C17), 123.0 (C15), 115.3 (C13), 97.6 (C1), 74.6 (C5), 73.6 (C4), 69.9 (C7), 

62.8 (C6). 31P{1H} NMR (CDCl3): δ (ppm) = - 15.4. [α]D
20 = − 5.0° (c 1.26, CHCl3). 

 

(1S,4S,5R)-5-(Benzyloxymethyl)-4-hydroxy-1-[2-(diphenylphosphanyl)phenoxy]-2H-2,3-

dihydropyran, 1α (Chart 2). 

Chart 2. Structure of 1α (refer to Chart S10 for C atom numbering).  
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A solution of 4-O-mesyl-6-O-(benzyl)-D-gulal prepared as reported in literature,20a (87 mg, 0.28 mmol) 

in dry THF (3.0 mL) was treated with t-BuOK (41 mg, 0.36 mmol, 1.0 equiv) at room temperature in a 

Schlenk flask. After stirring for 30 minutes at the same temperature, the time necessary for the 

cyclization of 4-O-mesyl-6-O-(benzyl)-D-gulal to the corresponding vinyl epoxide VEα, the (2-

diphenylphosphanyl)phenol derivative (155 mg, 0.557 mmol) was added to the solution. After 24 hours 

stirring at room temperature, dilution with Et2O and evaporation of the washed (saturated aqueous 

NaCl) organic solution afforded a crude mixture mostly consisting of 1α (173 mg) which was subjected 

to flash chromatography. Elution with 8:2 hexane/EtOAc afforded pure 1α as a white solid. Yield: 91 

mg, 66 %. Rf = 0.20 (8:2 hexane/EtOAc). IR: ῦ/cm-1 = 3521, 3020, 2937, 2874, 1680, 1604, 1209, 

1104, 972, 748. 1H NMR (CDCl3): δ (ppm) = 7.34-7.27 (m, 17H, Ph), 6.97-6.91 (m, 1H, C15-H), 6.74-

6.69 (m, 1H, C13-H), 5.88 (d, 3JHH = 10.2 Hz, 1H, C3-H), 5.48 (s, 1H, C1-H), 5.31-5.25 (m, 1H, C2-

H), 4.59 (d, 3JHH = 12.0 Hz, 1H, C7-H), 4.52 (d, 3JHH = 12.0 Hz, 1H, C7-H’), 4.19 (d, 3JHH = 7.2 Hz, 

1H, C4-H), 3.71-3.48 (m, 3H, C5-H + C6-H + C6-H’). 13C{1H} NMR (CDCl3): δ (ppm) = 159.0 (C12), 

137.9 (C8), 136.8 (C18 + C18’), 134.5 (C16), 134.2 (C19 + C19’), 133.7 (C3), 133.3 (C14), 130.3 

(C21 + C21’), 128.8 (C20 + C20’), 128.6 (C10), 128.4 (C2), 127.9 (C11), 127.8 (C9), 125.0 (C17), 

122.6 (C15), 115.3 (C13), 93.4 (C1), 73.7 (C5), 70.8 (C4), 70.4 (C7), 65.3 (C6). 31P{1H} NMR 

(CDCl3): δ (ppm) = -14.5. [α]D
20 = − 18.6° (c 2.75, CHCl3). 

 

1-O-(2-azidoethyl)-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (Chart 3). 

Chart 3. Structure of 1-O-(2-azidoethyl)- 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (refer to Chart S10 for C 

atom numbering).  
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2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl trichloroacetimidate (150 mg, 0.304 mmol), prepared as 

reported in literature,54 was dissolved in anhydrous toluene and subjected to vacuum. After complete 

evaporation of toluene, in order to remove residual water, vacuum-argon cycles were carried out and 

anhydrous DCM (6.5 mL) was added to dissolve the compound. Molecular sieves 4Å, previously 

activated, and a solution ~1.3 M in anhydrous DCM of the glycosyl acceptor, 2-azido-1-ethanol29 (0.7 

mL, 0.912 mmol) were added. After cooling at -20°C, a freshly prepared solution of trimethylsilyl 

triflate 0.1 M (0.6 mL, 0.0608 mmol, d = 1.23 g/mL) was added dropwise and the reaction mixture is 

stirred for 3 hours (monitoring by analytical TLC 1:1 hexane/EtOAc), at room temperature. After 

dilution with DCM, the mixture was quenched with TEA and filtered through a celite pad, with 95:5 

DCM/MeOH as eluent. Purification by flash column chromatography, using a 6:4 hexane/EtOAc 

mixture as eluent, afforded pure product as a white foamy solid. Yield: 64 mg, 51 %. Rf = 0.16 (6:4 

hexane/EtOAc). 1H NMR (CDCl3): δ (ppm) = 5.21 (t, 3JHH = 9.6 Hz, 1H, C3-H), 5.10 (t, 3JHH = 9.6 Hz, 

1H, C2-H), 5.03 (t, 3JHH = 9.0 Hz, 1H, C4-H), 4.58 (d, 3JHH = 8.0 Hz, 1H, C1-H), 4.25 (dd, 3JHH = 12.0, 

4.4 Hz, 1H, C5-H), 4.16 (dd, 3JHH = 12.0, 2.4 Hz, 1H, C6-H), 3.99-4.04 (m, 1H, C6-H’), 3.64-3.71 (m, 

2H, C15-H + C15-H’), 3.45-3.51 (m, 1H, C16-H), 3.23-3.29 (m, 1H, C16-H’), 2.07 (s, 3H, Ac), 2.03 

(s, 3H, Ac), 2.01 (s, 3H, Ac), 1.98 (s, 3H, Ac). 13C{1H} NMR (CDCl3): δ (ppm) = 170.88, 170.50, 

169.62 (C7 + C9 + C11 + C13), 100.86 (C1), 72.97 (C5), 72.10 (C3), 71.22 (C2), 68.82 (C4), 68.46 

(C15), 61.70 (C6), 50.70 (C16), 20.97, 20.92, 20.83 (C8 + C10 + C12 + C14). 

 

1-O-(2-aminoethyl)-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (Chart 4). 
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Chart 4. Structure of 1-O-(2-aminoethyl)- 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (refer to Chart S10 for C 

atom numbering).  

 

1-O-(2-azidoethyl)-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (400 mg, 0.96 mmol), was dissolved in 

70 mL of MeOH for HPLC and 10% palladium hydroxide on activated charcoal (400 mg) was added. 

The reaction mixture is hydrogenated (1 bar) at room temperature under hydrogen saturated 

atmosphere until complete reduction of azide group. Conversion was checked by TLC 1:1 

hexane/EtOAc. After 24 h the mixture was diluted with MeOH and filtered through a celite pad with 

9:1 EtOAc/MeOH as eluent. Evaporation of the solvent afforded a crude reaction product which was 

not subjected to further purification processes. Yield: 350 mg, 93 %. Rf = 0.04 (95:5 EtOAc/MeOH). 

1H NMR (CDCl3): δ (ppm) = 5.20 (t, 3JHH = 9.6 Hz, 1H, C3-H), 5.08 (dd, 3JHH = 9.6, 18.8 Hz, 1H, C2-

H), 4.96 (dd, 3JHH = 8.0, 9.6 Hz, 1H, C4-H), 4.57 (d, 3JHH = 8.0 H, 1H, C1-H), 4.34 (dd, 3JHH = 10.4, 

12.4, 1H, C5-H), 4.07-4.14 (m, 2H, C6-H + C6-H’), 3.97 (t, 3JHH = 4.8 Hz, 1H, C15-H), 3.72-3.77 (m, 

1H, C15-H’), 3.08-3.11 (m, 2H, C16-H + C16-H’), 2.08 (s, 3H, Ac), 2.05 (s, 3H, Ac), 2.03 (s, 3H, Ac), 

2.00 (s, 3H, Ac). 13C{1H} NMR (CDCl3): δ (ppm) = 170.81, 170.25, 169.94, 169.52 (C7 + C9 + C11 + 

C13), 101.32 (C1), 72.66 (C5), 72.61 (C3), 72.53 (C2), 72.38 (C4), 71.15 (C15), 70.32 (C6), 40.44 

(C16), 20.80, 20.78, 20.72, 20.70 (C8 + C10 + C12 + C14). 

 

4-(Diphenylphosphanyl borane)benzoic acid, Ph2P(BH3)(4-C6H4CO2H) (Chart 5). 

Chart 5. Structure of Ph2P(BH3)(4-C6H4CO2H) (refer to Chart S10 for C atom numbering).  
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According to the literature,55 commercial 4-(diphenylphosphanyl)benzoic acid (380 mg, 1.24 mmol) 

was dissolved in anhydrous THF under argon flow, and a solution of borane dimethyl sulfide (0.24 mL, 

2.52 mmol) was added dropwise. The reaction was monitored by TLC 1:1 hexane/EtOAc and after 4 h, 

the solvent was removed under vacuum. Crude product was obtained as a colourless oil and purified by 

flash column chromatography, using a 1:1 hexane/EtOAc mixture as eluent. Pure product appears as a 

white solid. Yield: 308 mg, 80 %. Rf = 0.46 (1:1 hexane/EtOAc). 1H NMR (CDCl3): δ (ppm) = 11.5 

(bs, 1H, COOH), 8.10 (d, 3JHH = 8.1 Hz, 2H, C3-H), 7.67-7.40 (m, 12H, Ph), 1.90-0.85 (bbs, 3H, BH3). 

13C{1H} NMR (CDCl3): δ (ppm) = 171.39 (C5), 136.20 (C1), 133.43 (C6 + C6’), 133.34 (C2) 131.80 

(C7 + C7’), 130.24 (C3 + C4), 120.19 (C8 + C8’ + C9 + C9’). 31P{1H} NMR (CDCl3): δ (ppm) = 21.4. 

 

1-O-[2-(4-diphenylphosphanyl borane)-benzamide]-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside, 

3∙BH3 (Chart 6). 

Chart 6. Structure of 3∙BH3 (refer to Chart S10 for C atom numbering). 

 

1-O-(2-aminoethyl)-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (32 mg, 0.082 mmol) was dissolved in 

anhydrous DMF (0.4 mL) and 4-(diphenylphosphanyl borane)benzoic acid (25.04 mg, 0.082 mmol), 

HATU (32.74 mg, 0.0861 mmol) and DIPEA (0.06 mL, 0.328 mmol) were added. The reaction was 

carried out in a microwave reactor at 60°C for 45 minutes and monitored by TLC 1:1 hexane/EtOAc. 
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Workup consisted in an extraction with EtOAc (30 mL), washing the organic layer with saturated 

aqueous NaCl (3x5mL). The organic phase was then dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. Crude product was purified by flash column chromatography 

using 8:2 DCM/EtOAc as eluent and the pure product was obtained as a white oil. Yield: 24 mg, 43 % 

yield. Rf = 0.06 (1:1 hexane/EtOAc). IR: ῦ/cm-1 = 3400, 3301, 3057, 2938, 2238, 1754, 1652, 1535, 

1486, 1226, 1039, 911, 846, 746, 698. 1H NMR (CDCl3): δ (ppm) = 7.83 (d, 3JHH = 7.6 Hz, 2H, C19-

H), 7.66-7.42 (m, 12H, Ph), 5.20 (t, 3JHH = 9.4, 1H, C2-H), 5.08-4.95 (m, 2H, C3-H + C4-H), 4.53 (d, 

3JHH = 7.9 Hz, 1H, C1-H), 4.22 (dd, 3JHH = 12.4, 4.8 Hz, 1H, C5-H), 4.11 (dd, 3JHH = 14.1, 7.18 Hz, 2H, 

C6-H + C6-H’), 3.96-3.91 (m, 1H, C15-H), 3.83-3.63 (m, 3H, C16-H + C16-H’ + C15-H’), 2.03 (s, 3H, 

Ac), 2.01 (s, 3H, Ac), 2.00 (s, 3H, Ac), 1.99 (s, 3H, Ac). 13C{1H} NMR (CDCl3): δ (ppm) = 171.1, 

170.5, 170.1, 169.5 (C7 + C9 + C11 + C13), 166.5 (C17), 136.8 (C21), 136.7 (C22 + C22’), 133.2 

(C20 + C23 + C23’) 133.1 (C18), 129.0 (C24 + C24’ + C25 + C25’), 127.2 (C19), 100.9 (C1), 72.7 

(C5), 72.1 (C3), 71.4 (C2), 68.8 (C4), 68.3 (C15), 60.4 (C6), 39.7 (C16), 20.5 (C8 + C10 + C12 + 

C14). 31P{1H} NMR (CDCl3): δ (ppm) = 21.00. [α]D
20 = − 13.3° (c 2.3, CHCl3). 

 

1-O-[2-(4-diphenylphosphanyl borane) benzamide]-β-D-glucopyranoside, 4∙BH3 (Chart 7). 

Chart 7. Structure of 4∙BH3 (refer to Chart S10 for C atom numbering). 

 

1-O-[2-(4-diphenylphosphanyl borane)benzamide]-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside (3∙BH3) 

(24 mg, 0.035 mmol) was dissolved in MeOH and a freshly prepared solution of MeONa in MeOH 

(0.33M) was added dropwise (0.64 mL, 0.21 mmol). This latter solution was prepared by dissolving Na 

metal in MeOH. The reaction mixture was stirred for 2 h at room temperature, monitoring by TLC 1:1 
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hexane/EtOAc. When conversion was complete, Amberlite® IR120 resin was added for quenching and 

the mixture was stirred until neutral pH value. Resin was then removed by filtration and, after 

evaporation of the solvent under reduced pressure, pure product was obtained as a colourless oil. Yield: 

17 mg, 90 %. The isolated product contains small impurities ascribable to the free phosphane (4) and 

its oxide (4O). Rf = 0.17 (9:1 DCM/MeOH). IR: ῦ/cm-1 = 3509, 3483, 3433, 3401, 3389, 3266, 3240, 

2901, 2848, 2795, 2242, 2075, 1621, 1556, 1425, 1337, 1102, 1082, 976, 824. 1H NMR (CD3OD): δ 

(ppm) = 7.90 (d, 3JHH = 7.8 Hz, 2H, C11-H), 7.67-7.47 (m, 12H, Ph), 4.31 (d, 3JHH = 7.6 Hz, 1H, C1-

H), 4.07-4.02 (m, 1H, C2-H), 3.85 (d, 3JHH = 11.4 Hz, 1H, C6-H), 3.80-3.73 (m, 1H, C7-H), 3.73-3.63 

(m, 1H, C6-H’), 3.63-3.49 (m, 2H, C8-H + C8-H’), 3.37-3.33 (m, 1H, C3-H), 3.33-3.28 (m, 2H, C5-H, 

C4-H), 3.28-3.20 (m, 1H, C7-H’). 13C{1H} NMR (CD3OD): δ (ppm) = 168.0 (C9), 137.1 (C13), 132.9 

(C14 + C14’), 132.8 (C12 + C15 + C15’), 131.3 (C10), 128.7 (C16 + C16’ + C17 + C17’), 128.6 

(C11), 103.2 (C1), 76.6 (C5), 76.6 (C3), 73.7 (C2), 70.2 (C4), 68.0 (C7), 61.3 (C6), 39.9 (C8). 31P{1H} 

NMR (CD3OD): δ (ppm) = 20.59 (4∙BH3, NMR purity = 95%), 31.47 (4O), -5.75 (4). [α]D
20 = − 10.9° 

(c 2.0, CH3OH). 

 

3. Synthesis and characterization of glycoconjugated ruthenium complexes. 

[Ru(C2O4)(η6-p-cymene)(H2O)] (Chart 8). 

Chart 8. Structure of [Ru(C2O4)(η6-p-cymene)(H2O)], Ru-H2O (refer to Chart S10 for C atom numbering).  

 

The title compound was prepared as described in the literature from AgNO3 (742 mg, 4.37 mmol), 

Na2C2O4 (292 mg, 2.18 mmol) and [RuCl2(η
6-p-cymene)]2 (222 mg, 0.725 mmol).56 Yield: 236 mg, 95 

%. Canary yellow solid, stored under N2 at 4 °C.57 Soluble in DMSO, water, MeOH, CH2Cl2 and 
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CHCl3, insoluble in acetone and Et2O. A single crystal of [Ru(C2O4)(η
6-p-cymene)(H2O)]∙2H2O 

suitable for X-ray diffraction was grown by slow evaporation of an aqueous solution at room 

temperature. 1H NMR (D2O): δ (ppm) = 5.84 (d, 3JHH = 6.2 Hz, 2H, C4-H), 5.60 (d, 3JHH = 6.2 Hz, 2H, 

C3-H), 2.86 (hept, 3JHH = 6.9 Hz, 1H, C6-H), 2.23 (s, 3H, C1-H), 1.32 (d, 3JHH = 6.9 Hz, 6H, C7-H). 1H 

NMR (CD3OD): δ (ppm) = 5.81 (d, 3JHH = 6.2 Hz, 2H, C4-H), 5.57 (d, 3JHH = 6.1 Hz, 2H, C3-H), 2.91 

(hept, 3JHH = 6.9 Hz, 1H, C6-H), 2.28 (s, 3H, C1-H), 1.39 (d, 3JHH = 6.9 Hz, 6H, C7-H). 1H NMR 

(CDCl3): δ (ppm) = 5.81, 5.46, 5.41, 5.18 (d, 3JHH = 5.7 Hz, 4H, C4-H + C3-H), 2.92–2.81 (m, 1H, C6-

H), 2.24 (s, 3H, C1-H), 1.23 (d, 3JHH = 6.9 Hz, 6H, C7-H). 

 

[Ru(C2O4)(η6-p-cymene)(1β)], Ru1β (Chart 9). 

Chart 9. Structure of Ru1β (refer to Chart S10 for C atom numbering).  

 

In a 25-mL Schlenk tube under N2, a yellow solution of [Ru(C2O4)(η
6-p-cymene)(H2O)] (62 mg, 0.182 

mmol) and 1β (91 mg, 0.183 mmol) in anhydrous CH2Cl2 (10 mL) was stirred at room temperature for 

4 hours. The conversion was checked by 31P{1H} NMR then the solution was concentrated under 

vacuum and moved on top of a silica column (h 6, d 2.3 cm). Impurities were eluted with 

CH2Cl2:acetone 7:1 v/v then a yellow band was collected using CH2Cl2:EtOH 5:2 v/v. Volatiles were 

removed under vacuum and the residue was suspended in Et2O. The suspension was filtered and the 

resulting yellow solid was washed with Et2O and dried under vacuum. Yield: 122 mg, 82 %. Soluble in 

DMSO, CH2Cl2, CHCl3, MeOH, acetone, insoluble in Et2O and water. Anal. Calcd. for C43H43O8PRu: 

C, 63.00; H, 5.29. Found: C, 62.5; H, 5.20. IR: ῦ/cm-1 = 3340w-br (νOH), 3060w, 3023w, 2964w, 
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2923w, 2867w, 2164w, 1983w; 1693s, 1671s, 1648s-sh (νC=O); 1586m, 1575m-sh, 1471m, 1436s, 

1372s, 1324m, 1278m, 1233m, 1183m, 1094s, 1080m-sh, 1044s, 1001m, 898m, 853m, 803w, 783m, 

746s, 696s. 1H NMR (CDCl3): δ (ppm) = 7.75 (dd, 3JHP = 12.4 Hz, 3JHH = 7.7 Hz, 1H, C14-H), 7.55 (t, 

3JHH = 7.6 Hz, 1H, C16-H), 7.46 (dd, 3JHH = 8.3 Hz, 4JHP = 3.8 Hz, 1H, C17-H), 7.43–7.27 (m, 15H, 

Ph), 7.18 (t, 3JHH = 7.4 Hz, 1H, C15-H), 5.91 (dd, 3JHH = 9.8, 4.1 Hz, 1H, C21-H), 5.49 (d, 3JHH = 6.0 

Hz, 1H, C4’-H), 5.45 (s, 1H, C19-H), 5.41 (d, 3JHH = 5.7 Hz, 1H, C4-H), 5.16 (d, 3JHH = 5.7 Hz, 1H, 

C3-H), 4.91 (d, 3JHH = 6.0 Hz, 1H, C3’-H), 4.69 (d, 3JHH = 10.1 Hz, 1H, C20-H), 4.54 (pseudo-q, 1JHH 

= 12 Hz, 2H, C25-H + C25-H’), 3.90–3.83 (m, 2H, C22-H + C23-H), 3.68–3.61 (m, 2H, C24-H + C24-

H’), 2.67 (hept, 3JHH = 6.9 Hz, 1H, C6-H), 2.55 (s-br, 1H, OH), 1.91 (s, 3H, C1-H), 1.20 (d, 3JHH = 6.9 

Hz, 3H, C7-H), 1.11 (d, 3JHH = 6.8 Hz, 3H, C7’-H). 13C{1H} NMR (CDCl3): δ (ppm) = 165.3 (C8), 

164.8 (C8’), 158.4 (C18), 138.2 (C26), 136.9 (d, 2JCP = 13 Hz, C14), 134.2 (C16), 133.9 (d, 2JCP = 10 

Hz, C10), 133.1 (d, 2JCP = 10 Hz, C10’), 131.3 (C21), 130.8 (d, 4JCP = 2 Hz, C12), 130.7 (d, 1JCP = 48 

Hz, C9’), 130.6 (d, 4JCP = 2 Hz, C12’), 128.7 (d, 3JCP = 10 Hz, C11), 128.6 (C27), 128.5 (d, 3JCP= 11 

Hz, C11’), 128.1 (C20), 127.9 (C29), 127.7 (C28), 122.6 (d, 3JCP = 11 Hz, C15), 118.4 (d, 1JCP = 46 

Hz, C13), 115.5 (d, 3JCP = 4 Hz, C17), 108.1 (d, 2JCP = 3 Hz, C5), 97.5 (C2), 95.5 (C19), 88.5 (d, 2JCP = 

4 Hz, C3’), 87.7 (d, 2JCP = 4 Hz, C4’), 87.1 (d, 2JCP = 4 Hz, C4), 85.3 (C3), 74.9 (C23), 73.6 (C25), 

69.8 (C24), 62.2 (C22), 30.8 (C6), 22.9 (C7), 22.0 (C7’), 18.0 (C1). 31P{1H} NMR (CDCl3): δ (ppm) = 

27.5. [α]D
20 = − 67.4° (c 0.34, MeOH). 

 

[Ru(C2O4)(η6-p-cymene)(1α)], Ru1α (Chart 10). 

Chart 10. Structure of Ru1α (refer to Chart S10 for C atom numbering).  
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The compound was prepared as described for Ru1β, using [Ru(C2O4)(η
6-p-cymene)(H2O)] (32 mg, 

0.093 mmol) and 1α (52 mg, 0.10 mmol). Silica chromatography: impurities eluted with 

CH2Cl2:acetone 7:3 v/v then a yellow band eluted using CH2Cl2:EtOH 5:2 v/v. Yellow solid; Yield: 70 

mg, 91 %. Soluble in DMSO, CH2Cl2, CHCl3, MeOH, insoluble in acetone, Et2O and water. Anal. 

Calcd. for C43H43O8PRu: C, 63.0; H, 5.29. Found: C, 61.8; H, 5.15. IR: ῦ/cm-1 = 3301w-br (νOH), 

3064w, 2964w, 2913w, 2868w; 1694s, 1670s, 1641s (νC=O); 1586m, 1511w, 1498w, 1471m, 1441m, 

1435m, 1377s, 1338w, 1324w, 1281m, 1234m, 1185w, 1163w, 1156w, 1137w, 1117m, 1103m, 

1095m, 1088m, 1072m, 1054m, 1027m, 998w, 981m, 952s, 945s, 876w, 844w, 805w, 785m, 751m-sh, 

745s, 697s. 1H NMR (CD3OD): δ (ppm) = 8.05 (dd, 3JHH = 3JHP = 7.1 Hz, 1H, C14-H), 7.69 (t, 3JHH = 

7.7 Hz, 1H, C16-H), 7.51 (dd, 3JHH = 8.3 Hz, 4JHP = 3.5 Hz, 1H, C17-H), 7.49–7.19 (m, 16H, Ph + 

C15-H), 5.72 (d, 3JHH = 5.6 Hz, 1H, C4-H), 5.67–5.63 (m, 2H, C4’-H + C21-H), 5.38 (s, 1H, C19-H), 

5.34 (d, 3JHH = 5.2 Hz, 1H, C3’-H), 5.14 (d, 3JHH = 5.4 Hz, 1H, C3-H), 4.49–4.41 (m, 3H, C20-H + 

C25-H + C25-H’), 3.86 (d, 3JHH = 8.5 Hz, 1H, C22-H), 3.65 (dd, 2JHH = 11.1 Hz, 3JHH = 1.4 Hz, 1H, 

C24-H), 3.53 (d, 2JHH = 11.2 Hz, 1H, C24-H’), 3.14–3.06 (m, 1H C23-H), 2.61 (hept, 3JHH = 6.7 Hz, 

1H, C6-H), 1.92 (s, 3H, C1-H), 1.23 (d, 3JHH = 6.9 Hz, 3H, C7-H), 1.18 (d, 3JHH = 6.8 Hz, 3H, C7’-H). 

13C{1H} NMR (CD3OD): δ (ppm) = 167.1 (C8), 166.9 (C8’), 160.4 (d, 2JCP = 1 Hz, C18), 139.9 (d, 2JCP 

= 18 Hz, C14), 139.7 (C26), 136.1 (C21), 136.0 (d, 4JCP = 1 Hz, C16), 134.0 (d, 2JCP = 10 Hz, 

C10/C10’), 133.8 (d, 2JCP = 10 Hz, C10/C10’), 131.7 (d, 4JCP = 2 Hz, C12/C12’), 131.4 (d, 4JCP = 2 Hz, 

C12/C12’), 131.4 (d, 1JCP = 48 Hz, C9/C9’), 130.4 (d, 1JCP = 47 Hz, C9/C9’), 129.7 (d, 3JCP = 11 Hz, 

C11/C11’), 129.6 (d, 3JCP = 11 Hz, C11/C11’), 129.3 (C28), 128.6 (C27), 128.5 (C29), 124.6 (C20), 
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123.1 (d, 3JCP = 13 Hz, C15), 117.6 (d, 1JCP = 48 Hz, C13), 116.9 (d, 3JCP = 3 Hz, C17), 109.3 (d, 2JCP = 

3 Hz, C5), 99.3 (C2), 94.4 (C19), 89.2 (d, 2JCP = 4 Hz, C4), 88.9 (d, 2JCP = 3 Hz, C3/C4’), 88.7 (d, 2JCP 

= 4 Hz, C3/C4’), 86.6 (d, 2JCP = 1 Hz, C3’), 74.1 (C25), 74.0 (C23), 70.6 (C24), 63.8 (C22), 32.2 (C6), 

22.8 (C7), 22.2 (C7’), 18.1 (C1). 31P{1H} NMR (CD3OD): δ (ppm) = 29.7. 1H NMR (CDCl3): δ (ppm) 

= 7.90 (dd, 3JHP = 12.8 Hz, 3JHH = 7.7 Hz, 1H, C14-H), 7.58 (t, 3JHH = 7.2 Hz, 1H, C16-H), 7.52–7.19 

(m, 17H, Ph + C15-H + C17-H), 5.70 (d, 3JHH = 9.7 Hz, 1H, C21-H), 5.46 (m-br, 1H, C4-H/C4’-H), 

5.36 (s, 1H, C19-H), 5.33 (m-br, 1H, C4-H/C4’-H), 5.09 (m-br, 1H, C3-H/C3’-H), 4.88 (m-br, 1H, C3-

H/C3’-H), 4.56–4.47 (m, 3H, C20-H + C25-H + C25-H’), 3.99 (d, 3JHH = 8.6 Hz, 1H, C22-H), 3.78–

3.71 (m, 1H, C24-H/C24-H’), 3.66–3.51 (m, 2H, C24-H/C24-H’ + C23-H), 3.35 (br, 1H, OH), 2.62 (m, 

C6-H),* 1.80 (s, 3H, C1-H), 1.26–1.20 (m, 6H, C7-H + C7’-H). *Over H2O peak. 31P{1H} NMR 

(CDCl3): δ (ppm) = 25.2. [α]D
20 = − 12.5° (c 0.38, MeOH). 

 

[Ru(C2O4)(η6-p-cymene)(2β)], Ru2β (Chart 11). 

Chart 11. Structure of Ru2β (refer to Chart S10 for C atom numbering).  

 

In a 5-mL test tube, Ru1β (36 mg, 0.044 mmol) was dissolved in a mixture of tBuOH (0.25 mL) and 

acetone (0.25 mL). The golden yellow solution was cooled to 0°C then treated with N-

methylmorpholine-N-oxide (50% m/V solution in H2O, 40 μL, 0.17 mmol) and OsO4 (2.5 %wt. 

solution in tBuOH, 55 μL, 4.4 μmol). The solution was stirred at 0 °C in the dark for 8.5 h then moved 

on top of a silica column (h 6, d 2.3 cm). Impurities were eluted with CH2Cl2:EtOH 4:1 v/v then a 

yellow band was collected using MeOH. Volatiles were removed under vacuum; the residue was 
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dissolved in CH2Cl2 and filtered over celite. The filtrate was taken to dryness under vacuum and the 

residue was suspended in Et2O. The suspension was filtered and the resulting yellow solid was washed 

with Et2O and dried under vacuum. Yield: 28 mg, 75 %. Soluble in DMSO, CH2Cl2, CHCl3, MeOH, 

poorly soluble in water and insoluble in Et2O. Anal. Calcd. for C43H45O10PRu: C, 60.49; H, 5.31. 

Found: C, 60.1; H, 5.24. IR: ῦ/cm-1 = 3600-3200w-br (νOH), 3065w, 2966w, 2919w, 2874w; 1693m-sh, 

1651s, 1633s-sh (νC=O); 1586m, 1574w, 1472m-sh, 1435s, 1391m, 1318m, 1282m, 1233m, 1090s, 

1073s, 1051s, 999m-sh, 909w, 823w, 792w, 749m, 697s. 1H NMR (CD3OD): δ (ppm) = 7.70–7.50 (m, 

7H, Ph), 7.37–7.31 (m, 1H, C16-H), 7.31–7.14 (m, 9H, Ph), 6.94 (app. t, J = 8.6 Hz, 2H, C10-H), 6.31 

(d, 3JHH = 5.8 Hz, 1H, C4-H), 6.03 (d, 3JHH = 5.4 Hz, 1H, C4’-H), 5.74 (d, 3JHH = 8.1 Hz, 1H, C19-H), 

5.60 (s-br, 1H, C3’-H), 4.61 (d, 2JHH = 12.0 Hz, 1H, C25-H), 4.51 (d, 2JHH = 12.0 Hz, 1H, C25-H’), 

4.46–4.38 (m, 2H, C3-H + C23-H), 4.29–4.24 (m, 1H, C20-H), 4.08–4.04 (m, 1H, C21-H), 3.86 (d, J = 

2.7 Hz, 1H, C22-H), 3.81–3.71 (m, 2H, C24-H + C24-H’), 2.93 (hept, 3JHH = 6.5 Hz, 1H, C6-H), 1.74 

(s, 3H, C1-H), 1.24 (d, 3JHH = 6.9 Hz, 3H, C7-H), 1.20 (d, 3JHH = 6.7 Hz, 3H, C7-H’). 13C{1H} NMR 

(CD3OD): δ (ppm) = 167.9, 167.7 (C8 + C8’); 159.6 (d, 2JCP = 6 Hz, C18), 139.7 (C26), 138.3 (d, 2JCP 

= 12 Hz, C14), 135.2, 134.9 (d, 2JCP = 10 Hz, C10 + C10’); 134.7 (d, 4JCP = 1 Hz, C16), 132.9, 131.3 

(C12 + C12’); 130.0 (d, 1JCP = 47 Hz, C9/C9’); 130.0, 129.6 (d, 3JCP = 10 Hz, C11 + C11’); 129.3 

(C28), 129.2 (d, 1JCP = 49 Hz, C9/C9’), 128.7 (C27), 128.6 (C29), 122.9 (d, 3JCP = 8 Hz, C15), 120.8 

(d, 1JCP = 47 Hz, C13), 116.2 (d, 3JCP = 9 Hz, C16), 116.0 (d, 2JCP = 5 Hz, C5), 99.2 (C2), 98.0 (C19), 

91.6 (s-br, C4’), 87.7 (C3), 87.0 (C4), 81.9 (s-br, C3’), 74.2 (C25), 74.0 (C23), 73.6 (C21), 71.2, 71.1 

(C22 + C24); 67.9 (C20), 32.0 (C6), 23.6 (C7), 20.8 (C7’), 18.5 (C1). 31P{1H} NMR (CD3OD): δ 

(ppm) = 33.6. [α]D
20 = − 71.8° (c 0.17, MeOH). 

 

[Ru(C2O4)(η6-p-cymene)(2α)], Ru2α (Chart 12). 

Chart 12. Structure of Ru2α (refer to Chart S10 for C atom numbering).  
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In a 5-mL test tube, Ru1α (35 mg, 0.042 mmol) was dissolved in the minimum amount of CH2Cl2 then 

diluted with tBuOH (0.25 mL) and acetone (0.20 mL). The yellow suspension was cooled to 0°C then 

treated with N-methylmorpholine-N-oxide (50% m/V solution in H2O, 40 μL, 0.17 mmol) and OsO4 

(2.5 %wt. solution in tBuOH, 55 μL, 4.4 μmol). The solution was stirred at 0 °C in the dark for 14 h 

then moved on top of a silica column (h 6, d 2.3 cm). Impurities were eluted with CH2Cl2:EtOH 6:1 v/v 

then a yellow band was collected using MeOH/EtOH mixtures. Volatiles were removed under vacuum; 

the residue was dissolved in CH2Cl2 and filtered over celite. The filtrate was taken to dryness under 

vacuum and the residue was suspended in Et2O. The suspension was filtered and the resulting yellow 

solid was washed with Et2O and dried under vacuum. Yield: 23 mg, 64 %. Soluble in DMSO, CH2Cl2, 

CHCl3, MeOH, appreciably soluble in water and insoluble in Et2O. Anal. Calcd. for C43H45O10PRu: C, 

60.49; H, 5.31. Found: C, 59.8; H 5.22. IR: ῦ/cm-1 = 3600-3200w-br (νOH), 3062w, 2964w, 2924w, 

2868w; 1692m-sh, 1652s, 1634s-sh (νC=O); 1586m, 1572m, 1470m, 1436s, 1392s-br, 1318s, 1280m, 

1233m, 1142m-sh, 1121m-sh, 1092s, 1071s, 1056m, 1027m, 996m, 965s, 880w, 841w, 826w, 792m, 

748m, 697s. 1H NMR (CD3OD): δ (ppm) = 8.10 (dd, 3JHP = 15.6 Hz, 3JHH = 7.1 Hz, 1H, C14-H), 7.69 

(t, 3JHH = 7.8 Hz, 1H, C16-H), 7.54 (dd, 3JHH = 8.4 Hz, 4JHP = 3.2 Hz, 1H, C15-H), 7.52–7.34 (m, 11H, 

C15-H + Ph), 7.32–7.25 (m, 5H, Ph), 5.71–5.65 (m, 2H, C4-H + C4’-H), 5.26 (d, 3JHH = 5.7 Hz, 1H, 

C3-H), 5.18 (d, 3JHH = 5.3 Hz, 1H, C3’-H), 5.08 (s, 1H, C19-H), 4.54–4.44 (m, 2H, C25-H + C25-H’), 

3.69 (d, 2JHH = 11.0 Hz, 3JHH = 1.7 Hz, 1H, C24-H’), 3.57 (dd, 2JHH = 11.1 Hz, 3JHH = 6.6 Hz, 1H, C24-

H), 3.37–3.33 (m, 1H, C22-H), 3.17–3.09 (m, 1H, C23-H), 2.65–2.59 (m, 1H, C6-H), 2.59–2.55 (m, 

1H, C20-H), 2.44 (dd, 3JHH = 9.5, 3.2 Hz, 1H, C21-H), 1.91 (s, 3H, C1-H), 1.29–1.24 (m, 6H, C7-H + 
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C7’-H). 13C{1H} NMR (CD3OD): δ (ppm) = 167.2, 167.1 (C8 + C8’); 160.0 (C18), 141.9 (d, 2JCP = 20 

Hz, C14), 139.7 (C26), 136.5 (C16), 133.5, 133.1 (d, 2JCP = 10 Hz, C10 + C10’); 132.1, 131.7 (C12 + 

C12’), 131.1 (d, 1JCP = 48 Hz, C9/C9’), 130.1 (app. t, 3JCP = 11 Hz, C11 + C11’), 129.3 (C28), 128.8 

(C27), 128.6 (C29), 123.4 (d, 3JCP = 14 Hz, C15), 117.0 (d, 3JCP = 3 Hz, C17), 116.9 (d, 1JCP = 49 Hz, 

C13), 110.3 (d, 2JCP = 3 Hz, C5), 101.1 (C19), 99.5 (C2), 88.7, 88.4 (d, 2JCP = 3 Hz, C4 + C4’); 88.2 

(C3’), 87.5 (C3), 74.7 (C23), 74.2 (C25), 71.5 (C21), 71.1 (C24), 70.6 (C20), 68.0 (C22), 32.3 (C6); 

22.6, 22.4 (C7 + C7’), 18.1 (C1). 31P{1H} NMR (CD3OD): δ (ppm) = 30.7. [α]D
20 = − 101.6° (c 0.06, 

MeOH). 

 

[Ru(C2O4)(η6-p-cymene)(3)], Ru3 (Chart 13). 

Chart 13. Structure of Ru3 (refer to Chart S10 for C atom numbering).  

 

In a 25-mL Schlenk tube under N2, a yellow solution of [Ru(C2O4)(η
6-p-cymene)(H2O)] (16 mg, 0.045 

mmol) and 3∙BH3 (26 mg, 0.039 mmol) in deaerated MeOH (10 mL) was stirred at 50 °C. After 17 

hours, conversion was checked by 31P{1H} NMR and volatiles were removed under vacuum. The 

residue was dissolved in CH2Cl2 and moved on top of a silica column (h 6, d 1.2 cm). Impurities were 

eluted with CH2Cl2:acetone 7:1 v/v then a yellow band was collected using MeOH. Volatiles were 

removed under vacuum; the residue was dissolved in CH2Cl2 and extracted with H2O (x 3). The 

organic phase was filtered over celite and taken to dryness under vacuum. The residue was suspended 

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

under vacuum. Yield: 24 mg, 62 % (with respect to 3∙BH3). Soluble in DMSO, CH2Cl2, CHCl3, 

MeOH, sparingly soluble in water and insoluble in Et2O. Anal. Calcd. for C47H52NO15PRu: C: 52.28, 
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H, 5.22; N, 1.40. Found: C: 53.7, H, 5.55; N, 1.26. IR: ῦ/cm-1 = 3600-3200w-br (νNH), 3059w, 2964w, 

2934w-sh, 2877w, 1748s (νC=O,ester); 1693s, 1671s, 1652-1646s (νC8=O + νC17=O); 1601w-sh, 1552w, 

1435m, 1368s, 1310w, 1218s, 1169m-sh, 1120m, 1094m-sh, 1061m-sh, 1034s, 1001m-sh, 982m-sh, 

907w, 834w, 784m, 752w, 722w. 1H NMR (CD3OD): δ (ppm) = 7.81 (dd, 3JHH = 8.2 Hz, 4JHP = 1.6 Hz, 

2H, C15-H), 7.64–7.53 (m, 10H, Ph), 7.46 (dd, 3JHP = 10.1 Hz, 4JHP = 8.6 Hz, 2H, C14-H), 5.76 (d, 

3JHH = 6.1 Hz, 2H, C4-H), 5.46 (d, 3JHH = 6.1 Hz, 2H, C3-H), 5.24 (t, 3JHH = 9.5 Hz, 1H, C22-H), 5.00 

(t, 3JHH = 9.7 Hz, 1H, C27-H), 4.92–4.87 (m, 1H, C21-H), 4.72 (d, 3JHH = 8.0 Hz, 1H, C20-H), 4.22 

(dd, 2JHH = 12.3 Hz, 3JHH = 4.8 Hz, 1H, C25-H), 4.07 (dd, 2JHH = 12.2 Hz, 3JHH = 1.9 Hz, 1H, C25-H’), 

3.99–3.92 (m, 1H, C19-H’), 3.90–3.85 (m, 1H, C24-H), 3.84–3.77 (m, 1H, C19-H), 3.57–3.50 (m, 1H, 

C18-H), 2.59 (hept, 3JHH = 6.8 Hz, 1H, C6-H); 2.00 (s, 3H), 1.98 (s, 3H), 1.95 (m-br, 6H) (C27-H + 

C29-H + C31-H + C33-H); 1.91 (s, 3H, C1-H), 1.23 (d, 3JHH = 6.9 Hz, 6H, C7-H). 13C{1H} NMR 

(CD3OD): δ (ppm) = 172.2, 171.6, 171.3, 171.2 (C26 + C28 + C30 + C32); 169.2 (C17), 167.0 (C8), 

138.2 (C16), 135.5 (d, 2JCP = 10 Hz, C10), 135.3 (d, 2JCP = 10 Hz, C14), 134.3 (d, 1JCP = 44 Hz, C13), 

132.7 (C12), 130.6* (C8), 130.2 (d, 3JCP = 10 Hz, C11), 128.6 (d, 3JCP = 10 Hz, C15), 109.3 (C5), 

101.8 (C20), 99.5 (C2), 89.3 (C4), 88.1 (C3), 74.3 (C22), 72.9 (C21 + C24), 69.9 (C23), 69.2 (C19), 

63.2 (C25), 41.1 (C18), 32.3 (C6), 22.5 (C7); 20.6, 20.5 (C27 + C29 + C31 + C33), 18.1 (C1). 31P{1H} 

NMR (CD3OD): δ (ppm) = 32.3.  

 

[Ru(C2O4)(η6-p-cymene)(4)], Ru4 (Chart 14). 

Chart 14. Structure of Ru4 (refer to Chart S10 for C atom numbering).  
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In a 25-mL Schlenk tube under N2, a yellow solution of [Ru(C2O4)(η
6-p-cymene)(H2O)] (19 mg, 0.056 

mmol) and 4∙BH3 (30 mg, 0.057 mmol) in deaerated MeOH (10 mL) was stirred at 50 °C. After 21 

hours, conversion was checked by 31P{1H} NMR and volatiles were removed under vacuum. The 

residue was dissolved in CH2Cl2 and moved on top of a silica column (h 3, d 2.4 cm). Impurities were 

eluted with acetone/MeOH 3:1 v/v (+ 0.25 % Et3N) then a yellow band was collected using 

acetone/MeOH/Et3N 1:1 (+ 0.25 % Et3N). Volatiles were removed under vacuum; the residue was 

suspended in MeCN and filtered over celite. The filtrate was dried under vacuum and the residue was 

triturated in a small volume of cold acetone (-20 °C). The suspension was filtered; the resulting yellow 

solid was washed with Et2O and dried under vacuum. Yield: 33 mg, 70 % (with respect to 4∙BH3). 

Soluble in H2O, DMSO, CH2Cl2, MeOH, insoluble in EtOAc, Et2O. Anal. Calcd. for C39H44NO11PRu: 

C, 56.11; H, 5.31; N, 1.68. Found: 55.7; H, 5.26; N, 1.59. IR: ῦ/cm-1 = 3347m-br (νOH + νNH), 3063w, 

2960w, 2926m, 2880w, 2857w, 1692m-sh; 1667s, 1650-1640s (νC8=O + νC17=O), 1552m, 1436m, 

1392m, 1313m, 1164w, 1095m, 1078m, 1039m, 790w, 753w, 724w, 698m. 1H NMR (CD3OD): δ 

(ppm) = 7.83 (dd, 3JHH = 8.3 Hz, JHP = 1.8 Hz, 2H, C15-H), 7.64–7.51 (m, 10H, Ph), 7.47 (dd, JHP = 

10.2 Hz, 3JHH = 8.5 Hz, 2H, C14-H), 5.75 (d, 3JHH = 5.5 Hz, 2H, C4-H), 5.45–5.41 (m, 2H, C3-H), 4.31 

(d, 3JHH = 7.8 Hz, 1H, C20-H), 4.07–3.99 (m, 1H, C19-H), 3.85 (d, 2JHH = 11.9 Hz, 1H, C25-H), 3.81–

3.74 (m, 1H, C19-H’), 3.72–3.66 (m, 1H, C18-H), 3.63 (dd, 2JHH = 11.9 Hz, 3JHH = 5.1 Hz, 1H, C25-

H’), 3.58–3.50 (m, 1H, C18-H’), 3.36–3.33 (m, 1H, C22-H), 3.29–3.26 (m, 2H, C23-H + C24-H), 

3.23–3.17 (m, 1H, C21-H), 2.60 (hept, 3JHH = 6.5 Hz, 1H, C6-H), 1.94 (s, 3H, C1-H), 1.23 (d, 3JHH = 

6.9 Hz, 6H, C7-H). No changes were observed in the 1H NMR spectrum after 48 h at room 

temperature. 13C{1H} NMR (CD3OD): δ (ppm) = 169.4 (C17), 167.1 (C8), 138.2 (C16), 135.6 (d, 2JCP 

= 5 Hz, C10), 135.5 (d, 2JCP = 5 Hz, C10’), 135.2 (d, 2JCP = 10 Hz, C14), 134.1 (d, 1JCP = 43 Hz, C13), 

132.8 (C12), 130.2 (d, 3JCP = 10 Hz, C11), 128.6 (d, 3JCP = 10 Hz, C15), 109.3 (d, 2JCP = 3 Hz, C5), 

104.7 (C20), 99.4 (C2), 89.3 (t, 2JCP = 4 Hz, C4), 88.1 (t, 2JCP = 3 Hz, C3); 78.0, 77.9 (C22 + C23); 
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75.2 (C21), 71.6 (C24), 69.5 (C19), 62.7 (C25), 41.3 (C18), 32.3 (C6), 22.5 (C7), 18.1 (C1). 31P{1H} 

NMR (CD3OD): δ (ppm) = 32.4. 

 

4. X-Ray crystallography. 

Crystal data and collection details for [Ru(C2O4)(p-cymene)(H2O)]·2H2O are reported in Tables S2-S3. 

Data were recorded on a Bruker APEX II diffractometer equipped with a PHOTON100 detector using 

Mo–K radiation. Data were corrected for Lorentz polarization and absorption effects (empirical 

absorption correction SADABS).58 The structure was solved by direct methods and refined by full-

matrix least-squares based on all data using F2.59 Hydrogen atoms were fixed at calculated positions 

and refined by a riding model, except those of the H2O molecules, which were located on the Fourier 

map and refined isotropically. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. 

 

5. Behaviour of Ru complexes in aqueous media 

Preliminary stability assessment in water/DMSO solution (NMR). The selected Ru compound was 

dissolved a D2O solution containing Me2SO2 (3.5·10-3 mol∙L-1); alternatively it was dissolved in 

DMSO-d6 and diluted with D2O/Me2SO2. Appropriate D2O/DMSO-d6 v/v ratios were used,38 

depending on the water solubility (0.7 mL total volume). The resulting yellow solution (cRu ≈ 5·10-3 

mol∙L-1) was maintained at 37 °C for 72 hours while periodically analysed by 1H and 31P{1H} NMR. A 

single set of signals was observed in 1H and 31P{1H} NMR spectra of the freshly-prepared solution, 

attributed to the starting material. NMR data and other details are given in the Supporting Information. 

The % amount of starting material in solution with respect to the initial spectrum was calculated using 

Me2SO2 as internal standard (Table S4).  

Stability in cell culture medium (NMR, MS). The selected Ru compound was dissolved in DMSO 

(0.25 mL) then diluted with RPMI-1640 cell culture medium (5 mL; 5% DMSO). The resulting yellow 
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solution (cRu ≈ 1.5·10-3 mol∙L-1) was maintained at 37 °C for 72 hours and periodically sampled for 

31P{1H} NMR (sealed C6D6 capillary for locking). Besides phosphate (δ = 2.4 ppm), only one signal 

was observed in the 31P{1H} NMR spectrum of the freshly-prepared solution, attributed to the starting 

material. In the case of Ru2α and Ru2β, no other 31P NMR signal was clearly visible up to 72 h. 

Workup #1 (Ru2α, Ru2β). Water (15 mL) was added and the mixture was extracted with CH2Cl2 (3x10 

mL). The combined organic extracts were dried under vacuum (40 °C). The resulting yellow solid was 

analysed by 1H and 31P{1H} NMR (CD3OD) (Figures S55-S56). The % amount of starting Ru complex 

was calculated by 1H NMR with respect to other identified species. 

Workup #2 (Ru3, Ru4). Volatiles were removed under vacuum (40°C). The residue was suspended in 

MeCN (5 mL) and filtered over celite. The filtrate solution was taken to dryness under vacuum and the 

resulting yellow solid was analysed by 1H and 31P{1H} NMR and ESI-MS(+) in CD3OD. Mass 

spectrometry measurements in positive ion scan mode were performed with an API4000 instrument 

(SCIEX) equipped with an Ionspray/APCI source. In each case, the starting material was identified in 

the organic residue, together with other species. NMR, MS data and other details are given in the 

Supporting Information. 

Speciation in methanol/water and interactions with small sulphur-containing biomolecules (MS). 

Solutions of Ru1α and Ru1β (10 μM) in methanol/water 1:1 v/v were analysed immediately after the 

preparation and after 24 h by ESI+ mass spectrometry. The obtained ESI+MS spectra are given in 

Figures S58-S62. The interaction studies of the complexes with L-cysteine (cys) and glutathione (GSH) 

were performed in accordance with the previously published procedure60 using the hyphenated HPLC-

MS system composed of Agilent 1260 HPLC (Agilent Technologies) and Bruker amaZon SL ion trap 

spectrometer using the positive electrospray ionization (ESI+). MS spectra are given in Figures S63-

S68. 

 

6. Biological studies. 
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Cell viability assay using MTT test. Human cancer cell lines (A2780, A2780R, MCF7, HepG2, HOS, 

PC-3, A549, and HeLa), human fetal lung fibroblasts (MRC-5) and human embryonic kidney cells 

(HEK-293) were plated at 96-well dishes, using culture media supplemented with 10% of fetal calf 

serum and employing the conditions recommended by a supplier. Cells were incubated for 24 h with 

the tested compounds, vehicle (UT; 0.1% v/v DMF) and Triton X-100 (1%; v/v). Conventional MTT 

assay was performed and the absorbance (A) was measured spectrophotometrically at 570 nm on an 

Infinite M200 (Schoeller Instruments, Prague, Czech Republic). The data were expressed as the 

percentage of cell viability, where 100% and 0% represent the 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. For studying toxicity mechanism of Ru1α and Ru1β, the human ovarian cancer cell line 

A2780 (Sigma, 93112519-1VL) was cultured at 37 °C under a 5% CO2 atmosphere in RPMI-1640 

Medium (Sigma Aldrich, USA) supplemented with L-Glutamine (2 mM), fetal bovine serum (FBS, 

10%), 5 U/mL penicillin and 50 µg /mL streptomycin). 

Cell cycle analysis. The A2780 cells were treated with 15 µM of Ru1α, Ru1β or cisplatin for 24 h. 

After the incubation, the cells were washed with PBS (0.1 M, pH 7.4) and cell cycle analysis was 

performed according to the protocol of BD CycletestTM Plus DNA kit (Becton Dickinson, USA). The 

experiments were done in duplicates and at least 5*103 events were recorded for each sample using BD 

FACSVerse flow cytometer (Becton Dickinson, USA).  

Apoptosis analysis. Early/late stage of apoptosis was detected using Annexin V-FITC apoptosis 

detection kit (Enzo Life Sciences, USA). Caspase induction was determined by CellEventTM Caspase-

3/7 Green Flow Cytometry Assay Kit (Thermo Fisher Scientific, USA). Both methods were done 

according to the manufacturer protocol with one modification in caspase induction, which was the use 

of only CellEventTM Caspase-3/7 Green Detection Reagent for detection of Caspase-3/7 activation. 

50*103 cells/well were seeded in 24-well plate and treated with 15 µM of Ru1α, Ru1β or cisplatin for 
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24 h next day. After incubation, the cells were washed once with PBS (0.1M, pH 7.4), detached with 

trypsin (0.25% in ethylenediaminetetraacetic acid (EDTA), Sigma-Aldrich), resuspended in 500 µL of 

culture medium. After staining with appropriate dyes, the measurements were performed in duplicates 

and at least 10*103 events were recorded for each sample using BD FACSVerse flow cytometer 

(Becton Dickinson, USA). 

Oxidative stress analysis. The A2780 cells were treated with 15 µM of Ru1α, Ru1β or cisplatin for 

24 h. The oxidative stress analysis was performed using ROS-ID ® Total ROS/Superoxide detection 

kit (Enzo Life Sciences, USA) according to the manufacturer protocol. The samples were analyzed in 

triplicates on multimode microplate reader Infinite PRO M200 (Tecan, Switzerland). 

Mitochondrial membrane potential (MMP) analysis. The A2780 cells were incubated with 15 µM 

Ru1α, Ru1β or cisplatin for 24 h. The cells were washed with PBS (0.1 M, pH 7.4), detached with 

trypsin (0.25% EDTA, Sigma-Aldrich), and resuspended in 500 µL of culture medium. The cells were 

stained with MITO-ID® Membrane potential detection kit (Enzo Life Sciences, USA) according to the 

manufacturer protocol and samples were measured the in duplicates, while at least 10*103 events were 

recorded using BD FACSVerse flow cytometer (Becton Dickinson, USA). 

Statistical analysis. For cell cycle, apoptosis, MMP and oxidative stress analysis, we performed three 

independent experiments and the mean ± standard deviation (SD) was calculated. One-way ANOVA 

was performed using Statistica software44 and significant difference between samples was highlighted. 

Different letters indicate statistically significant differences at p ≤ 0.05. 

Cellular uptake. The A2780 cells were seeded in 6-well culture plates and incubated for 2, 6, 12, 24 

and 48 h with Ru1α, Ru1β or cisplatin in concentrations corresponding to their IC50 values obtained 

for the 24 h incubation using the MTT test and left to interact with them. The cells were harvested by 

the trypsinization, centrifugated and cell pellets were digested with 500 µL of concentrated nitric acid 

for ICP-MS (65%, at 70 °C, overnight). Before the analysis, the solutions were diluted with 4.5 mL of 

ultrapure water for ICP-MS and the Ru content was determined by ICP-MS (ICP-MS spectrometer 
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7700x, Agilent) using the external calibration. The obtained values were corrected for adsorption 

effects. 
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