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 N-heterocyclic Carbene Ligand  

Vivienne Leigh,† Wadih Ghattas,† Ralte Lalrempuia,† Helge Müller-Bunz,† Mary T. Pryce,‡ and Martin 

Albrecht*,† 

† School of Chemistry & Chemical Biology, University College Dublin, Belfield, Dublin 4, Ireland 

‡ School of Chemical Sciences, Dublin City University, Glasnevin, Dublin 9, Ireland  

* martin.albrecht@ucd.ie; Fax: +353 17162501; Phone: +353 17162504.  

ABSTRACT. Analogues of [Ru(bpy)3]2+ were prepared in which one pyridine ligand site is substituted 

by a N-heterocyclic carbene (NHC) ligand, i.e. either by an imidazolylidene with a variable wingtip 

group R (R = Me, 3a; R = Et, 3b; R = iPr, 3c), or by a benzimidazolylidene (Me wingtip group, 3d) or 

by a 1,2,3-triazolylidene (Me wingtip group, 3e). All complexes were characterized spectroscopically, 

photophysically, and electrochemically. An increase of the size of the wingtip groups from Me to Et or 

iPr groups distorts the octahedral geometry (NMR spectroscopy) and curtails the reversibility of the 

ruthenium oxidation. NHC ligands with methyl wingtip groups display reversible ruthenium oxidation 

at a potential that reflects the donor properties of the NHC ligand (triazolylidene > imidazolylidene > 

benzimidazolylidene). The most attractive properties were measured for the triazolylidene ruthenium 

complex 3e, featuring the smallest HOMO-LUMO gap in the series (2.41 eV), a slightly red-shifted 

absorption profile, and reasonable excited-state lifetime (188 ns) when compared to [Ru(bpy)3]2+. These 

features demonstrate the potential utility of triazolylidene ruthenium complexes as photosensitizers for 
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solar energy conversion. 

Introduction 

Efficient harnessing of solar energy as a renewable fuel intrinsically depends on efficient 

photosensitizers for the harvesting of light.1 As an alternative to the vast range of organic 

photosensitizing materials,2 metal complexes have become increasingly attractive as their excited state 

often induces facile charge separation and consequently the generation of an electrical circuit. 

Complexes of iridium,3 copper,4 platinum,5 iron,6 rhenium,7 and osmium8 have been used as sensitizers, 

though the most abundant systems are undoubtedely those derived from [Ru(bpy)3]2+.9 In particular, 

these photoactive complexes have been used extensively and successfully in dye-sensitized solar cells 

(DSSCs).10 Different approaches have been proposed to refine and improve the photoactivity of 

ruthenium, including for example the introduction of metallacyclic motifs.11 Our interest in N-

heterocyclic carbene (NHC) chemistry12,13 and especially in their application for materials14 prompted 

us to explore the potential utility of carbene ligands as substitutes for pyridine to enhance the 

photosensitising ability of [Ru(bpy)3]2+ analogues.15 Specifically, the strong donor properties of NHCs12 

are expected to reduce the oxidation potential of the ruthenium center, which in turn should facilitate 

charge separation in the excited state, ie lowering the activation energy for the transition of Ru2+* to 

Ru3+ + e–.16 Preliminary studies using picolyl-substituted NHC complexes suggest that the 

electrochemical response is indeed beneficially altered by the presence of a coordinating NHC ligand, 

though photophysical measurements revealed no emission.17 Here we have refined our design to access 

useful excited states. Specifically, we have used pyridyl-substituted NHC ligands comprised of a direct 

bond between the pyridyl and the NHC ligands15 rather than a –CH2– spacer as in the picolyl systems 

studied originally. This modification yields luminescent ruthenium(II) complexes. Variation in the NHC 

unit indicates that the properties of the metal center can be efficiently tailored. 
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Results and Discussion 

Synthesis. A set of five pyridyl-carbene ruthenium complexes was prepared as depicted in Scheme 1. 

The synthetic strategy involved the preparation of chelating ruthenium p-cymene complexes via 

transmetalation followed by ligand substitution. Thus, the pyridyl-functionalized azolium salts 1a–e 

were treated with silver oxide in either CH3CN or CH2Cl2 in the absence of light to give the 

corresponding silver carbene complex,18 which was not isolated but transmetalated in situ by filtering 

the reaction mixture directly into a solution of [RuCl2(p-cymene)]2.19 Complexes 2a–e were obtained in 

moderate to good yields (46–70%) as air-stable orange solids. Ruthenation was confirmed by NMR 

spectroscopy and mass spectrometry. The most diagnostic feature is the loss of the acidic azolium 

proton, in the 1H NMR spectra and the appearance of the diagnostic AB doublet between 5.70 and 6.40 

ppm, which integrated for the four aryl protons of the cymene ligand. In the 13C NMR spectra, the 

resonances for the ruthenium-bound carbenic carbons appeared in the typical 180(±5) ppm range for the 

imidazolylidene complexes, slightly below 200 ppm for the benzimidazolylidene complex 2d, and at 

174 ppm for 2e.19c  As noted for related carbene complexes with iPr wingtip groups,19 rotation about the 

N–CiPr bond is slow on the NMR time scale and gives rise to two doublets in 2c (δH = 1.72 and 1.40 

ppm; δC 23.8 and 22.8 ppm). 
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Complex 2a was analysed by X-ray diffraction analysis. The molecular structure (Fig. 1) confirmed 

the expected ligand bonding and revealed the typical piano-stool geometry with a N,C-bidentate 

chelating pyridyl-carbene ligand. The ligand bite angle is 76.42(7)°, similar to the corresponding angle 

in related complexes, and essentially identical to the bite angle in 2e (76.53(4)°).19c The Ru–C and Ru–

N bonds are 2.009(2) and 2.092(18) Å, respectively, and both about 0.03 Å shorter than in 2e. The 

pyridyl and NHC heterocycles are essentially co-planar, with a torsion angle of –1.6°. 

 

 

Figure 1 ORTEP representation of complex 2a (50% probability level; hydrogen atoms and non-

coordinated PF6 anion omitted for clarity). Selected bond lengths and angles: Ru1–C16 2.009(2) Å, 

Ru1–N1 2.092(18) Å, Ru1–Cl 2.401(6) Å, Ru–Ccentroid 1.710(1) Å; C16–Ru1–N1 76.42(7)°. 

 

Subsequent displacement of the p-cymene and chloride ligands in 2a–e with 2,2’-bipyridine (bpy) was 

accomplished by heating a DMSO solution of the complexes in the presence of bpy and AgPF6 (2a–d) 

or AgOTf (2e).20 Under these conditions, the pyridyl-carbene ligand remained bound to the metal 

center.17 Coordination of bpy induced a color change of the complexes from orange to a dark 

fluorescent red. Complexes 3a–e are highly air and water stable for months, and neither the reaction nor 

the purifcation require anaerobic conditions. Generally, the complexes were purified by column 

chromatography using Al2O3 as stationary phase. While these complexes are chiral, no attempts were 

made to separate the Δ and Λ enantiomers. 
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Coordination of two bpy ligands was indicated in the 1 H NMR spectra by the loss of the p-cymene 

signals, and the emergence of 16 new proton signals in the aromatic region due to the non-equivalent 

pyridyl units. In the 13C NMR spectra, the carbene carbons shift slightly downfield upon bpy 

coordination, a trend that was also observed when preparing the corresponding picolyl-carbene 

ruthenium complexes.17 The carbene-linked pyridine moiety was assigned by nuclear Overhauser effects 

(NOEs) and by 2D NMR experiments. In all complexes 3a–e, the four pyridyl protons of the carbene-

bound pyridyl unit are shifted substantially upfield as compared with the corresponding protons of the 

bpy ligands. An enhanced shielding is presumably induced by the electron-rich properties of the N-

heterocyclic carbene. For example in complex 3a, the bpy protons bound to C3 appear as doublets in the 

8.81–8.72 ppm range, whereas the analogous C3-bound proton of the NHC-substituted pyridyl resonates 

as low as 8.28 ppm. Such trends were consistently observed for all pyridyl protons in complexes 3a–e. 

A substantial upfield shift was also noted for the NHC wingtip groups of all five complexes upon bpy 

coordination. For example, the CH3 group appeared at δH 4.11 ppm in the p-cymene complex 2a, yet 

more than one ppm lower in 3a (δH 3.03 ppm). Similarly, the CH3 resonance of the ethyl substituent 

shifts from δH 1.48 ppm in 2b to δH 0.72 ppm in the bpy complex 3b. An almost identical difference 

was observed for one of the terminal CH3 groups of the isopropyl wingtip substituent (δH 1.41 ppm in 

2c vs δH 0.68 ppm in 3c, Δδ = 0.73 ppm). The other CH3 unit experiences much less change (Δδ = 0.41 

ppm), suggesting a bpy ligand is in closer vicinity to one methyl group than to the other. 

Single crystals suitable for X-ray diffraction were obtained for 3a. Despite the good quality of the 

crystals, refinement consistently converged to a [Ru(bpy)3]2+ complex. This composition was 

confidently excluded by NMR and MS analysis of the single crystals, which unambiguously revealed 

the presence of the pyridyl-carbene ligand. Hence, a complete disorder of the carbene ligand over all six 

coordination sites of ruthenium was concluded, which is in agreement with the relatively poor R values 

of the refined structure and the relatively unsharp intensity pattern. This conclusion suggests that the 

steric demand of the carbene-pyridyl ligand is highly similar to that of a bpy ligand (Fig. S3), rendering 

the carbene an excellent structural substitute, though obviously with different electronic implications. 
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Attempts to grow single crystals of complexes with sterically more demanding carbenes (e.g. 3c, 3d) for 

X-ray diffraction analysis have failed thus far. 

Spectroscopic and electrochemical properties. The electronic impact of the pyridyl-carbene ligand 

was evaluated by comparing the spectroscopic and electrochemical properties of complexes 3a–e to 

those of [Ru(bpy)3]2+.21 All complexes 3a–e showed absorption bands in the UV-vis spectrum that are 

reminiscent of those of [Ru(bpy)3]2+, comprising a strong absorption in the high UV range (< 300 nm) 

and a less strong band in the visible region with a λmax in the 410–470 nm range (Table 1, Fig. S1). By 

comparison, these bands were attributed to ligand-centered π–π* transitions and to metal-to-ligand 

charge transfer bands, respectively. The absorption in the visible range featured in all cases two maxima 

in close proximity (Fig. 2). The extinction coefficient of the visible band is largest for [Ru(bpy)3]2+ (ε = 

10,300 and 11,500 M–1cm–1) and significantly smaller for the imidazolylidene-derived carbene 

complexes 3a–d (ε = 1,800–5,000 M–1cm–1). The triazole complex 3e displays the largest extinction 

coefficient of all the NHC complexes studied (ε = 8,160 and 7,900 M–1cm–1), only slightly smaller than 

that of [Ru(bpy)3]2+. In addition, the absorption band is broader and features a ca. 20 nm more 

bathochromic tail than [Ru(bpy)3]2+. This red shift is presumably induced by the stronger donation of 

the triazolylidene ligand,22 which enhances the backbonding to the bpy ligands in agreement with the 

MLCT assignment of this band. This broader absorption band further suggests a potential for capturing 

also lower-energy sunlight with 3e to access relevant excited states. 

 

Table 1. Spectroscopic and Electrochemical Data for complexes 3a–e 

Complex τ /ns a λmax /nm (ε / M–1cm–1) b E1/2 /V (ΔEp / mV) c 

3a 187 414 (2,300), 445 (2,280) +1.23 (69)  –1.36 (79) 

3b 334 442 (4,580), 445 (4,980) +1.01 d  –1.35 (30) 

3c 333 404 (5,600), 430 (5,900) +0.96 d  –1.34 (80) 

3d 50 414 (4,350), 430 (4,190) +1.32 (95)  –1.34 (96) 

3e 188 430 (8,160), 464 (7,900) +1.09 (63)  –1.32 (54) 
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[Ru(bpy)3]2+ 530 424 (10,300), 450 (11,500) +1.39 (55)  –1.27 (69) 
a excitation at 355 (±3) nm in MeCN; b in MeCN; c in MeCN, sweep rate 100 mV s–1,  referenced to Fc+/Fc, E1/2 = 0.41 V 

(ΔEp = 72 mV) with ΔEp = Epa – Epc), second reduction not always resolved; d anodic peak potential of irreversible oxidation.  

Room temperature emission studies were carried out in CH3CN using 355 nm excitation. All 

complexes are emissive at room temperature, with emission maxima in the range 610–620 nm. 

Complexes 3b and 3c with the most sterically demanding wingtip groups have the longest-lived 

lifetimes at 334 and 333 ns, respectively. Shorter excited state lifetimes were recorded for complex 3a 

and 3e, which have only a methyl substituent (187 and 188 ns, respectively). Complex 3d comprised of 

a benzimidazole-derived carbene ligand revealed the shortest lifetime (50 ns).23 Possibly, larger wingtip 

groups are important for extending the lifetime of these complexes. However, these bulky substituents 

were found to adversely affect red-ox properties and thus may not be beneficial (see below). Even 

though the excited state lifetimes of the carbene-modified complexes 3a–e are all shorter than that of 

[Ru(bpy)3]2+, the values are within the same order of magnitude, perhaps with the exception of 3d which 

displays a ten-fold shorter lifetime. In general, these lifetimes are thus long enough to allow for charge 

separation and electron injection into the conduction band of a semiconductor.24 

 

 

Figure 2 Absorption (blue solid line) and emission spectrum (red dashed line) upon excitation at 355 

nm and intensity decay (inset) for 3e in MeCN. 
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The impact of the carbene ligand was further investigated electrochemically by cyclic and differential 

pulse voltammetry. Complexes 3a, 3d and 3e showed a reversible, presumably ruthenium-centered 

oxidation at E1/2  = +1.23, +1.32 and +1.09V vs. SCE, respectively (Table 1, Fig. 3). All three potentials 

are lower than that of the parent [Ru(bpy)3]2+ complex, reflecting the stronger donor properties of a 

carbene as compared to a pyridine. Moreover, the donor properties of the different carbenes deduced by 

Tolman electronic parameters, pKa analyses, and other techniques are clearly reflected in these 

oxidation potentials,25 supporting the strongest donor properties for the triazolylidene and weakest for 

the benzimidazolylidene in this series.22 In contrast to these complexes featuring methyl wingtip groups 

on the NHC ligand, complexes 3b and 3c with larger wingtip substituents display an irreversible 

oxidation with anodic peak potentials at Epa = +1.01 V and +0.96 V, respectively (Table 1, Fig. S2). The 

trend in oxidation potentials correlates with the expected impact of the N-bound substituents. The 

irreversibility of the oxidation process is probably associated with the steric demand of the wingtip 

group and the ensuing congestion due to the proximity of one of the bpy heterocycles, which should 

induce a substantial distortion of the octahedral coordination geometry (cf NMR discussion). Complex 

3d does not show a significant improvement over [Ru(bpy)3]2+ in terms of redox properties. Considering 

the very short lifetime of its excited state and its poor absorption properties compared to the other 

carbene systems, the benzimidazolylidene motife appears to provide the least benefit for application in 

light to energy conversion devices. 

 

 

Figure 3 Cyclic voltammogram of [Ru(bpy)3](PF6)2 (red thin line) and complex 3e (blue bold line) in 
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MeCN with ferrocene as internal standard (E1/2 (Fc/Fc+) = 0.41 V vs. SCE). 

 

All complexes also display a reversible reduction at around –1.3 V, and a second reduction around –

1.5 V, albeit not always well-resolved. Similar values were observed with the tris(bipyridine) complex 

and have been ascribed to ligand-centered reductions.9,21 Accordingly, the bpy ligand in complexes 3a–e 

behaves as an electron acceptor ligand and is only marginally affected by the introduction of an NHC 

ligand, while the ruthenium(II) center as the electron donor site is modular and responds directly to the 

substitution of a pyridine by a carbene ligand. As a consequence, the HOMO–LUMO gap in the carbene 

complexes is substantially lowered upon introducing a carbene ligand. This effect is most pronounced in 

the triazolylidene ruthenium complex 3e with a HOMO–LUMO gap of 2.41 eV, corresponding to a 

10% reduction of the gap compared to [Ru(bpy)3]2+ (ΔE = 2.66 eV). This reduced energy gap is 

expected to be beneficial for photovoltaic applications, specifically in facilitating the charge separation 

process.26 

Due to the favorable electrochemical and photophysical properties of complex 3e, efforts have been 

directed towards the synthesis of a triazolylidine complex that would be suitable for immobilization on a 

photoanode as potential photosensitizer. Such immobilization has been achieved for example through 

the introduction of a carboxylate-functionalized bpy ligand, or by installing SCN– ligands on the 

ruthenium center. Complex 5 features two solvento ligands and hence provides this flexibility to 

introduce an adsorption-active ligand at a late stage (Scheme 2). Complex 5 was prepared from complex 

2e in a stepwise protocol, involving first the displacement of the cymene and chloride ligands with 

MeCN according to established protocols, followed by the introduction of one bpy ligand to complex 4 

in a hot DMSO solution. Complex 5 was fully characterized and featured less complex NMR spectra 

than complex 3e due to the presence of only one bpy ligand. Most diagnostic for the introduction of 

only one bpy ligand is a strongly deshielded bpy proton (δH = 10.05 ppm) and a carbenic 13C NMR 

resonance at rather high field (δC = 170.5 ppm). Unambiguous confirmation of the structure of complex 
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5 was obtained from a single crystal X-ray diffraction analysis. The molecular structure features a 

distorted octahedral geometry around the ruthenium center (Fig. 4). Both sulfur atoms are S-bound and 

are coordinated trans to pyridine units. The Ru–Ccarbene bond is 2.064(4) Å, slightly longer than in 

complex 2a (2.009(2) Å). Only slight differences in the Ru–Nbpy bonds are observed (Ru-N1 2.137(3) 

Å, Ru-N2 2.111(3) Å), despite the two distinctly different trans influencing ligands. 

 

Scheme 2 
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Figure 4 ORTEP representation of complex 5 (50% probability level, hydrogen atoms and the two non-

coordinated PF6
–

 anions omitted for clarity). Selected bond lengths and angles: Ru1-C17 2.064(4) Å, 

Ru1-N3 2.149(2) Å, Ru1-N2 2.111(3) Å, Ru1-N1 2.137(3) Å, Ru1-S1 2.262(6) Å, Ru1-S2 2.2684(9) Å, 

C17-Ru1-N3 77.99(13)°, N1-Ru1-N2 77.50(12)°, S1-Ru1-S2 89.14(3)°. 

 

Conclusions 

Five novel ruthenium (II) polypyridine complexes have been prepared. Electrochemical 
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measurements show that the presence of an NHC strongly assists oxidation processes. This may be 

beneficial over tris(bipyridine) ruthenium and its analogues in charge separation for use in DSSCs.12 UV 

vis measurements show that these altered complexes absorb less strongly than the parent compound 

Ru(bpy)3
2+, but within the same region. All of the complexes emit at room temperature with slightly 

shorter lifetimes compared to the parent compound, but promisingly were in the same range. The 

triazolylidene ruthenium system features the smallest HOMO-LUMO gap, with reasonable extinction 

coefficients and excited-state lifetimes that are attractive for photosensitization, thus warranting testing 

of these complexes for use as dyes in solar cells. This work may therefore provide guidelines for the 

fabrication of optimized DSSCs with higher efficacy. 

 

Experimental Section 

General comments. The synthesis of 1-ethylimidazole, the azolium salts 1a, 1c–e, and complexes 2e 

and 4 are reported elsewhere.19c,27 All other starting materials and reagents were obtained from 

commercial sources and used as received unless otherwise stated. NMR spectra were recorded on 

Varian spectrometers operating at 300–600 MHz. Chemical shifts δ are reported in ppm (J in Hz) 

relative to Me4Si or residual protio solvents. Signals were assigned with the aid of two-dimensional 

cross-coupling experiments. UV-vis spectra were recorded on a Varian 50 Spectrophotometer. 

Elemental analysis was performed on an Exeter Analytical CE440 elemental analyser. High-resolution 

mass spectrometry was carried out with a Micromass/Waters Corp. USA liquid chromatography time-

of-flight spectrometer equipped with an electrospray source.  

Electrochemical studies were carried out using a Metrohm Autolab Potentiostat Model PGSTAT101 

employing a gas-tight three electrode cell under an argon atmosphere. A platinum disk with 7.0 mm2 

surface area was used as the working electrode and polished before each measurement. The reference 

electrode was Ag/AgCl, the counter electrode was a Pt foil. In all experiments Bu4NPF6 (0.1 M in dry 

CH3CN) was used as supporting electrolyte with analyte concentrations of approximately 1 mM. The 
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ferrocenium/ferrocene redox couple was used as an internal reference (E1/2 = 0.46 V vs. SCE).28 

Emission spectra (accuracy ±3 nm) were recorded at 298 K using a LS50B luminescence 

spectrophotometer, equipped with a red sensitive Hamamatsu R928 PMT detector, interfaced with an 

Elonex PC466 employing Perkin-Elmer FL WinLab custom built software.  The laser flash photolysis 

apparatus has been described previously.29 For this work, the 355 nm line of a pulsed Nd:YAG laser was 

used (energy approximately 35 mJ per pulse; system response 10 ns). Solutions for analysis were placed 

in a fluorescence cuvette (d = 1 cm) and were degassed by purging with argon for 20 mins. The 

absorbance of the solution at the excitation wavelength was adjusted to lie in the range 0.18–0.2. The 

UV/Vis. spectrum of the sample solution was monitored throughout the experiments to monitor changes 

in absorbance. 

 

N-ethyl-N’-(2-pyridyl)-imidazolium hexafluoro phosphate (1b). 1-ethyl imidazole (0.98 g, 10 

mmol) and 2-bromopyridine (1.60 g, 10 mmol) were stirred at 160 °C for 24 h. MeOH was added and 

the salt was precipitated from Et2O. The salt was dissolved in a saturated solution of NH4PF6, and the 

product was extracted with CH2Cl2. The organics were dried over MgSO4, filtered and volatiles removed 

under vacuo. Repeated precipitation from CH3CN/Et2O gave the desired product as an off- white 

powder in 0.76g, 30% yield. 1H NMR (DMSO-D6, 500 MHz): δ = 10.09 (s, 1H, NCHN), 8.64 (d, 1H, 

3JHH = 4.8 Hz, Hpyr), 8.51 (d, 1H, 3JHH = 1.8 Hz, Him), 8.21 (t, 1H, 3JHH = 7.6 Hz, Hpyr), 8.07 (d, 1H, 3JHH = 

1.8 Hz, Him), 8.03 (d, 1H, 3JHH = 7.6 Hz, Hpyr), 7.63 (dd, 1H, 3JHH = 4.8 Hz, 3JHH = 7.6 Hz, Hpyr), 4.32 (q, 

2H, 3JHH = 7.3 Hz, CH2), 1.50 (t, 1H, 3JHH = 7.3 Hz, CH3). 13C{1H} NMR (DMSO-D6, 125 MHz): δ = 

149.2 (CpyrH), 146.1 (Cpyr), 140.6 (CpyrH), 133.8 (NCN), 125.65 (CpyrH), 123.21 (CimH), 120.15 (CimH), 

114.97 (CpyrH), 44.89 (NCH2), 14.82 (CH3). Elemental analysis calcd for C10H12F6N3 (319.06) × H2O: C 

39.22, H 4.61, N 13.72; found: C 39.70, H 4.54, N 13.66.  

 

κ2-C,N-(N-methyl-N’-(2-pyridyl)-imidazol-2-ylidene)ruthenium(p-cymene)chloride 
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hexafluorophosphate (2a). To a solution of 1a (152 mg, 0.50 mmol) in CH3CN (30 mL) was added 

Ag2O (60 mg, 0.26 mmol), and the mixture stirred under exclusion of light and for 72 h at 45 °C. The 

suspension was filtered through a pad of Celite and concentrated to 5 mL. A solution of [RuCl2(p-

cymene)]2 (153 mg, 0.25 mmol) in CH2Cl2 (20 mL) was added and the mixture was stirred for 4 h at 

room temperature. The formed white precipitate was removed by filtration over Celite. Addition of Et2O 

(200 mL) to the filtrate induced precipitation of the product, which was collected by centrifugation and 

purified by column chromatography (SiO2, CH3CN/H2O 9:1) to yield 2a as a yellow powder (241 mg, 

82%). Single crystals were grown from slow diffusion of pentane into a CH2Cl2 solution of 2a. 1HNMR 

(DMSO-D6, 600 MHz): δ = 9.33 (dd, 1H, 3JHH = 5.7 Hz, 4JHH = 1.0 Hz, Hpyr), 8.39 (d, 1H, 3JHH = 1.8 Hz, 

Him), 8.24 (td, 1H, 3JHH = 8.4 Hz, 4J HH = 1.0 Hz, Hpyr), 8.15 (d, 1H, 3JHH = 8.4 Hz, Hpyr), 7.79 (d, 1H, 3JHH 

= 1.8 Hz, Him), 7.51 (dd, 1H, 3J HH = 8.4 Hz, 3JHH = 5.7 Hz, Hpyr), 6.39, 6.35, 6.16, 5.74 (4 × d, 1H, 3JHH = 

6.3 Hz, Hcym), 4.11 (s, 3H, NCH3), 2.36 (septet, 1H, 3JHH = 6.9 Hz, CHMe2), 2.11 (s, 3H, cym-CH3), 

0.85, 0.83 (2 × d, 6H, 3JHH = 6.9 Hz, CHCH3). 13C{1H} NMR (DMSO-D6, 150 MHz): δ = 181.0 (C–Ru), 

155.7 (CpyrH), 151.3 (Cpyr), 141.5 (CpyrH), 126.3 (CimH), 122.8 (CpyrH), 116.5 (CimH), 112.1 (CpyrH), 

103.3, 98.1 (2 × Ccym), 90.8, 90.6, 86.4, 81.3 (4 × CcymH), 37.8 (NCH3), 30.35 (cym–CHMe2), 22.1, 21.7 

(2 × CHCH3), 18.5 (cym–CH3). Elemental analysis calcd for C19H23ClF6N3PRu (574.89): C 39.69, H 

4.02, N 7.30; found: C 39.68, H 4.04, N 7.33.  HR-MS (m/z): 430.0613, calcd for [M–PF6]+ 430.0623. 

 

κ2-C,N-(N-ethyl-N’-(2-pyridyl)-imidazol-2-ylidene)ruthenium(p-cymene)chloride 

hexafluorophosphate of (2b). Complex 2b was prepared according to the method described for 2a, 

starting from compound 1b (100 mg, 0.39 mmol), Ag2O (90 mg, 0.39 mmol), [RuCl2(p-cymene)]2 (119 

mg, 0.19 mmol) in CH2Cl2 (20 mL) and was obtained as a red powder (100 mg, 60%). Analytically pure 

material was obtained by recrystallization from MeCN and Et2O. 1H NMR (DMSO-D6, 400 MHz): δ = 

9.31 (d, 1H, 3JHH = 6.2 Hz, Hpyr), 8.43 (d, 1H, 3JHH = 1.9 Hz, Him), 8.23 (dd, 1H, 3JHH = 8.7 Hz, 3JHH = 7.0 

Hz, Hpyr), 8.14 (d, 1H, 3JHH = 8.7 Hz, Hpyr), 7.87 (d, 1H, 3JHH = 1.9 Hz, Him), 7.49 (dd, 1H, 3JHH = 6.2 Hz, 
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3JHH = 8.7 Hz, Hpyr), 6.31 (2 × d, 2H, 3JHH = 6.0 Hz, Hcym), 6.17 (d, 1H, 3JHH = 6.0 Hz, Hcym), 5.70 (d, 1H, 

3JHH = 5.1 Hz, Hcym), 4.44 (q, 2H, 3JHH = 6.8 Hz, NCH2), 2.30 (septet, 1H, 3JHH = 6.8 Hz, cym-CHMe2), 

2.09 (s, 3H, cym-CH3), 1.48 (t, 3H, 3JHH = 6.8 Hz, NCH2CH3), 0.83, 0.80 (2 × d, 6H, 3JHH = 6.8 Hz, cym-

CHCH3). 13C{1H} NMR (DMSO-D6, 125MHz): δ = 195.2 (C-Ru), 156.1 (CpyrH), 151.7 (Cpyr), 142.0 

(CpyrH), 125.0 (CimH), 123.4 (CpyrH), 117.4 (CimH), 112.7 (CpyrH), 109.3, 101.1 (2 × Ccym), 91.4, 86.5, 

82.3 (4 × CcymH), 46.4 (NCH2), 30.8 (cym–CHMe2), 22.7, 22.1 (2 × cym–CHCH3), 19.0 (cym–CH3), 

16.3 (NCH2CH3). Elemental analysis calcd for C20H25ClF6N3PRu (589.04) × 2 CH3CN: C 42.89, H 4.80, 

N 10.42; found: C 43.10, H 5.29, N 10.38. HR-MS (m/z): 444.0762, calculated for [M–PF6]+ 444.0781. 

 

κ2-C,N-(N-isopropyl-N’-(2-pyridyl)-imidazol-2-ylidene)ruthenium(p-cymene)chloride 

hexafluorophosphate (2c). Complex 2c was prepared by the method described for 2a starting from 1c 

(78 mg, 0.29 mmol) and Ag2O (67 mg, 0.29 mmol) in CH2Cl2 (10 mL) and using [RuCl2(p-cymene)]2 

(89 mg, 0.14 mmol), affording the title product as a red powder (0.13 g, 46%). An analytically pure 

sample was obtained by slow diffusion of Et2O into a solution of 2a in CH2Cl2. 1H NMR (DMSO-D6, 

500 MHz): δ = 9.32 (d, 1H, 3JHH = 5.8 Hz, Hpyr), 8.49 (d, 1H, 3JHH = 2.2 Hz, Him), 8.24 (t, 1H, 3JHH = 8.2 

Hz, Hpyr), 8.15 (d, 1H, 3JHH = 8.2 Hz, Hpyr), 8.03 (d, 1H, 3JHH = 2.2 Hz, Him), 7.50 (dd, 1H, 3JHH = 5.8 Hz, 

3JHH = 8.2 Hz, Hpyr), 6.32, 6.23, 6.13, 5.71 (4 × d, 1H, JHH = 5.0 Hz, Hcym), 4.96 (septet, 1H, 3JHH = 6.6 

Hz, NCHMe2), 2.33 (septet, 1H, 3JHH = 6.9 Hz, cym-CHMe2), 2.12 (s, cym-CH3), 1.72, 1.40 (2 × d, 3H, 

3JHH = 6.6 Hz, NCHCH3), 0.86, 0.84 (2 × d, 6H, 3JHH = 6.9 Hz, cym-CHCH3 ). 13C{1H} NMR (DMSO-

D6, 125MHz): δ = 182.3 (C-Ru), 155.7 (CpyrH), 151.2 (Cpyr), 141.5, 122.8 (2 × CpyrH),  121.4, 117.6 (2 × 

CimH), 112.1 (CpyrH), 108.5, 104.1 (2 × Ccym), 91.0, 86.5, 85.2 (4 × CcymH), 53.8 (NCHMe2), 30.8 (cym–

CHMe2), 23.8, 22.8 (2 × NCHCH3), 21.3 (cym-CHMe2), 18.3 (cym-CH3). Elemental analysis calcd for 

C21H27ClF6N3PRu (603.06) × Et2O: C 43.54, H 5.18, N 6.35; found: C 43.69, H 4.74, N 6.63. HR-MS 

(m/z): 458.0923, calculated for M–PF6]+ 458.0937. 
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κ2-C,N-(N-methyl-N’-(2-pyridyl)-benzimidazol-2-ylidene)ruthenium(p-cymene)chloride 

hexafluorophosphate (2d). Compound 1d (250 mg, 0.70 mmol) and Ag2O (81.6 mg, 0.35 mmol) were 

dissolved in CH3CN (20 mL) and stirred at 60 °C for 48 h in the absence of light. This solution was 

filtered through a pad of Celite. Solid [RuCl2(p-cymene)]2 (214 mg, 0.35 mmol) was added to the filtrate 

and the mixture was stirred at 60 °C for a further 24 h in the absence of light. The resulting suspension 

was filtered through a pad of Celite and the filtrate evaporated to dryness. The residue was purified by 

precipitation from CH2Cl2/Et2O (30 mL/200 mL) and subsequently by column chromatography (SiO2, 

CH3CN/H2O 9:1) to give 2d as a red powder (0.20 g, 60%). Analytical pure 2d was obtained by 

recrystallization from MeOH and Et2O. 1H NMR (DMSO-D6, 500 MHz): δ = 9.44 (d, 1H, 3JHH = 6.5 Hz, 

Hpyr), 8.53 (d, 1H, 3JHH = 9.0 Hz, Hbenz), 8.43 (m, 2H, Hpyr), 8.29 (d, 1H, 3JHH = 8.5 Hz, Hbenz), 8.01 (m, 

2H, Hbenz), 7.64 (t, 1H, 3JHH = 6.5 Hz, Hpyr), 6.50 (2 x d, 2H, 3JHH 5.0 Hz Hcym), 6.29 , 5.91 (2 × d, 1H, 

3JHH = 5.0 Hz, Hcym), 4.35 (s, 3H, NCH3), 2.40 (septet, 1H, 3JHH =4.5 Hz, cym–CHMe2), 2.16 (s, 3H, 

cym–CH3), 0.97, 0.95 (2 × d, 6H, 3JHH = 4.5 Hz, CHCH3). 13C{1H} NMR (DMSO-D6, 125 MHz): δ = 

197.5 (C–Ru), 156.1 (CpyrH), 151.1 (Cpyr), 141.6 (CpyrH), 135.7 (Cbenz), 129.2, (Cbenz), 125.8, 125.2, 125.0 

(3 × CbenzH), 122.4 (Cbenz), 112.8 (CpyrH), 112.4 (CbenzH), 112.0 (CpyrH), 92.6, 92.0, 88.4, 82.9 (4 × 

CcymH), 35.4 (NCH3), 30.3 (cym–CHMe2), 21.8, 21.7 (2 × CHCH3), 18.1 (cym–CH3). Elemental analysis 

calcd for C23H25ClF6N3PRu (624.95) × 0.5 H2O: C 43.57, H 4.13, N 6.63; found: C 43.57, H 4.77, N 

6.92. HR-MS (m/z): 480.0797, calculated for [M–PF6]+ 480.0781. 

 

General procedure for the synthesis of complexes 3a–e. Ruthenium complex 2, 2,2’-bipyridine (2 

equiv), and AgPF6 (2 equiv) were stirred in DMSO (6 mL) at 120 °C for 15 h in the absence of light. 

After cooling to room temperature, the solution was filtered through a pad of Celite. A red precipitate 

formed upon addition of CH2Cl2 (30 mL) and Et2O (200 mL), which was collected and purified by 

column chromatography (neutral Al2O3, CH3CN/H2O 9:1). Analytically pure samples were obtained by 
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recrystallization from CH2Cl2 or MeCN and Et2O. 

 

κ2-C,N-(N-methyl-N’-(2-pyridyl)-imidazol-2-ylidene)bis(2,2’-bipyridine)ruthenium 

bis(hexafluorophosphate) (3a). The general procedure starting from complex 2a (100 mg, 0.17 mmol), 

2,2’-bipyridine (54.2 mg, 0.34 mmol) and AgPF6 (85.6 mg, 0.34 mmol) afforded 3a as a red powder 

(129 mg, 88%). 1H NMR (DMSO-D6, 600 MHz): δ = 8.81, 8.76, 8.72 (4 x d, 4H, 3JHH 8.2 Hz, H3
bpy), 

8.56 (d, 1H, 3JHH 2.3 Hz, Him), 8.28 (d, 1H, 3JHH 8.3 Hz, H3
pyr), 8.22, 8.17, 8.12 (4 x td, 4H, 3JHH 8.2 Hz,  

4JHH 1.3 Hz, H4
bpy), 8.08 (td, 1H, 3JHH 8.2 Hz,  4JHH 1.3 Hz, H4

pyr),7.97, 7.78, 7.65 (3 x d, 3H, 3JHH 5.6 Hz, 

H6
bpy), 7.62 (ddd, 1H, 3JHH 8.2 Hz, 3JHH 5.6 Hz, 4JHH 1.3 Hz H5

bpy), 7.58 (d, 1H, 3JHH 5.6 Hz, H6
pyr), 7.52, 

7.49, 7.44 (3 x ddd, 3H, 3JHH 8.2 Hz, 3JHH 5.6 Hz, 4JHH 1.3 Hz, H5
bpy), 7.28 (ddd, 1H, 3JHH 8.2 Hz, 3JHH 5.6 

Hz, 4JHH 1.3 Hz, H5
pyr), 3.03 (s, 3H, CH3). 13C{1H} NMR (DMSO-D6, 150 MHz): δ = 192.3 (C-Ru), 

156.4, 156.3, 156.1 (3 × C2
bpy), 155.5 (C6

pyr), 155.3 (C2
bpy), 153.7 (C2

pyr), 151.7 (C6
bpy), 151.4 (C6

bpy), 

151.4 (C6
bpy), 149.2 (C6

bpy), 140.1 (C4
bpy), 139.1 (C4

bpy), 138.0 (C4
pyr), 137.8 (C4

bpy), 137.7 (C4
bpy), 128.5 

(C5
bpy), 128.6 (C5

bpy), 128.3 (C5
bpy), 128.1 (C5

bpy), 127.8 (C5
bpy), 126.7 (CimH), 124.8 (C3

bpy), 124.7 (C3
bpy), 

124.6 (C3
bpy), 123.6 (C3

bpy), 117.8 (CimH), 112.7 (C3
pyr), 35.1 (CH3). Elemental analysis calcd for 

C29H25F12N7P2Ru (863.05): C 40.38, H 2.92, N 11.37; found: C 40.41, H 2.95, N 11.23. HR-MS (m/z): 

286.5610, calculated for [M–2PF6]2+ 286.5607. 

 

κ2-C,N-(N-ethyl-N’-(2-pyridyl)-imidazol-2-ylidene)bis(2,2’-bipyridine)ruthenium 

bis(hexafluorophosphate) (3b). The product was obtained from 2b (100 mg, 0.16 mmol), 2,2’-

bipyridine (50 mg, 0.32 mmol) and AgPF6 (80 mg, 0.32 mmol) as a red powder (79 mg, 56%). 1H NMR 

(DMSO-D6, 500 MHz): δ = 8.81- 8.84 (m, 2H, H3
bpy), 8.78, 8.75 (2 x d, 2H, 3JHH 8.2 Hz, H3

bpy), 8.65 (d, 

1H, 3JHH = 2.3 Hz, Him), 8.33 (d, 1H, 3JHH = 8.3 Hz, H3
pyr), 8.22 (td, 1H, 3JHH = 8.2Hz, 4JHH = 1.5 Hz, 

H4
bpy), 8.16  (2 x td, 2H, 3JHH 8.2 Hz,  4JHH unresolved, H4

bpy), 8.12 (2 x td, 2H, 3JHH 8.2 Hz,  4JHH 1.5 Hz, 

H4
bpy, H4

pyr), 7.94, 7.78, 7.72 (3 x d, 3H, 3JHH = 5.8 Hz, H6
bpy), 7.68 (d, 1H, 3JHH = 2.3 Hz, Him), 7.67 (d, 
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1H, 3JHH = 5.8 Hz, H6
bpy), 7.61- 7.58 (m, 1H, H6

pyr), 7.53- 7.48 (m, 4H, H5
bpy), 7.44 (ddd, 1H, 3JHH = 8.2 

Hz, 3JHH = 5.8 Hz, 3JHH = 1.5 Hz, H5
pyr), 3.3 (q, 2H, 3JHH = 7.3 Hz, NCH2), 0.75 (t, 3H, 3JHH = 7.3 Hz, 

NCH2CH3). 13C{1H} NMR (DMSO-D6, 125MHz): δ = 205.7 (C-Ru), 156.6, 156.3, 156.1 (3 x C2
bpy), 

156.0 (C6
pyr), 154.8 (C2

bpy), 152.8 (C2
pyr), 152.4 (C6

bpy), 150.9 (C6
bpy), 150.2 (C6

bpy), 148.2 (C6
boy), 139.8 

(C4
bpy), 137.7 (C4

bpy), 136.5 (CbpyH), 128.6 (CbpyH), 128.3 (CbpyH), 128.1 (CpyrH), 128.0 (CbpyH), 127.6 

(CbpyH), 125.2 (CpyrH), 125.0 (CbpyH), 124.9 (CbpyH), 124.3 (CbpyH), 124.0 (CbpyH), 123.0 (CbpyH), 120.6 

(CimH), 117.9 (CimH), 109.4 (C3
pyr), 41.1 (NCH2), 23.0 (NCH2CH3). HR-MS (m/z): 293.5680, calculated 

for [M–2PF6]2+ 293.5685. 

 

κ2-C,N-(N-isopropyl-N’-(2-pyridyl)-imidazol-2-ylidene)bis(2,2’-bipyridine)ruthenium 

bis(hexafluorophosphate) (3c). The product was obtained from 2c (100 mg, 0.16 mmol), 2,2’-

bipyridine (50 mg, 0.32 mmol) and AgPF6 (80 mg, 0.32 mmol) as a red powder (93 mg, 65%). 1H NMR 

(DMSO-D6, 600 MHz): δ = 8.86, 8.83, 8.82, 8.79 (4 x d, 4H, 3JHH 8.1 Hz, H3
bpy), 8.75 (d, 1H, 3JHH  2.4 

Hz, Him), 8.36 (d, 1H, 3JHH 8.1 Hz, H3
pyr), 8.23, 8.19 (2 x td, 2H, 3JHH 8.1 Hz,  4JHH 1.4 Hz, H4

bpy),  8.14, 

8.13 (2 x td, 2H, not resolved, H4
bpy), 8.12 (td, 1H, 3JHH 8.1 Hz,  4JHH 1.4 Hz, H4

pyr), 7.96 (d, 1H, 3JHH 6.4 

Hz, H6
pyr), 7.77, 7.67 (2 x d, 2H, 3JHH 6.4 Hz, H6

bpy), 7.63, 7.62 (2 x d ddd, 2H, 3JHH 8.1 Hz, 3JHH 6.4 Hz, 

4JHH 1.4 Hz H5
bpy),  7.56- 7.53 (m, 2H, H5

bpy, H6
bpy), 7.51 (d, 1H, 3JHH 6.4 Hz, H6

bpy), 7.46 (ddd, 1H, 3JHH 8.1 

Hz, 3JHH 6.4 Hz, 4JHH 1.4 Hz H5
bpy), 7.28 (ddd, 1H, 3JHH 8.1 Hz, 3JHH 6.4 Hz, 4JHH 1.4 Hz H5

pyr), 3.28 

(septet, 1H, 3JHH = 6.7 Hz, NCHMe2), 1.31, 0.68 (2 × d, 3H, 3JHH = 6.7 Hz). 13C{1H} NMR (DMSO-D6, 

150MHz): δ = 190.9 (C-Ru), 157.3, 157.2, 157.1 (3 × C2
bpy), 156.7 (C6

pyr), 155.6 (C2
bpy), 155.4 (C2

pyr), 

154.4 (C6
bpy), 151.5 (C6

bpy), 150.9 (C6
bpy), 149.5 (C6

bpy), 140.5 (C4
bpy), 139.4 (C4

bpy), 138.5 (C4
pyr), 138.4 

(C4
bpy), 138.2 (C4

bpy), 128.8 (C5
bpy), 128.7 (C5

bpy), 128.5 (C5
bpy), 128.4 (C5

bpy), 128.2 (C5
bpy), 125.3 (C3

bpy), 

124.9 (C3
bpy), 124.8 (C3

bpy), 123.68 (C3
bpy), 121.9 (Cim), 119.4 (Cim), 113.1 (C3

pyr), 51.1 (NCHMe2), 23.5, 

22.3 (2 × NCHCH3). HR-MS (m/z): 300.5938, calculated for [M–2PF6]2+ 300.5764.No satisfactory 

elemental analysis was obtained for this complex; the best analyses were determined for an analogue of 
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3c containing BF4
– counterions: calcd for C31H29B2F8N7Ru (589.04): C 48.09, H 3.78, N 12.66; found: C 

47.95, H 4.63, N 12.94.  

 

κ2-C,N-(N-methyl-N’-(2-pyridyl)-benzimidazol-2-ylidene)bis(2,2’-bipyridine)ruthenium 

bis(hexafluorophosphate) (3d). The product was obtained from 2d (100 mg, 0.16 mmol), 2,2’-

bipyridine (50 mg, 0.32 mmol) and AgPF6 (80 mg, 0.32 mmol) as a red powder (100 mg, 35%). 1H 

NMR (DMSO-D6, 500 MHz): δ = 8.86 (d, 1H, 3JHH 8.4 Hz, H3
bpy), 8.78 (3 x d, 3H, unresolved, H3

bpy), 

8.68 (d, 1H, 3JHH 8.4 Hz, H3
pyr), 8.48 (m, 1H, Hbenz), 8.26 (td, 1H, 3JHH 8.4 Hz,  4JHH unresolved, H4

bpy), 

8.19-8.16 (m, 3H, 2 x H4
bpy + Hbenz), 8.13 (td, 1H, 3JHH 8.4 Hz,  4JHH unresolved, H4

pyr), 7.81 (d, 1H, 3JHH = 

5.5 Hz, H6
bpy), 7.71- 7.69 (m, 1H, Hbenz), 7.64 (2 x d, 2H, 3JHH = 5.5 Hz, H6

bpy), 7.61 (d, 1H, 3JHH = 5.5 Hz, 

H6
bpy), 7.55 (d, 1H, 3JHH = 5.5 Hz, H6

pyr), 7.52-7.50 (m, 2H, H5
bpy + Hbenz ), 7.49 (2 x d, ddd, 2H, 3JHH 

6.5Hz, unresolved, H5
bpy), 7.41 (ddd, 3JHH 6.5Hz, unresolved, H5

bpy), 7.31 (ddd, 3JHH 6.5Hz, unresolved, 

H5
pyr), 3.24 (s, 3H). 13C {1H} NMR (DMSO-D6, 125MHz): δ = 206.1 (C-Ru), 156.6 (C4

pyr), 155.9 (C2
bpy), 

154.9 (C2
bpy), 154.7, 151.9 (C6

bpy), 151.8 (C6
bpy), 151.4 (C6

pyr), 150.9 (Cbenz), 148.8 (C2
bpy), 140.4, 139.5 

(C4
bpy), 138.4 , 138.3 (C4

bpy, CHbenz), 138.2 (C4
pyr),131.4 (Cbenz),, 128.6 (C6

bpy), 128.4 (C5
bpy), 128.1 (C6

bpy), 

128.0 (C5
bpy),, 125.1 (C5

bpy), 125.0 (C3
bpy), 124.9 (C3

bpy), 124.8 (C3
bpy), 124.8 (C5

bpy), 124.6 (C3
bpy), 124.5 

(C5
bpy) (CHbenz), 123.2 (C3

pyr), 113.6 (C3
pyr), 112.4 (CHbenz), 112.1 (CHbenz), 32.39 (CH3). Elemental 

analysis calcd for C33H27F12N7P2Ru (913.07) × 0.5 CH2Cl2: C 42.43, H 2.96, N 10.25; found: C 42.47, H 

2.52, N 9.95. HR-MS (m/z): 311.5754, calculated for [M–2PF6]2+ 311.5685. 

 

κ2-C,N-(N,N’’-dimethyl-4-(2-pyridyl)-triazol-5-ylidene)bis(2,2’-bipyridine)ruthenium 

bis(triflate) (3e). Complex 2e (50 mg, 0.08 mmol), 2,2-bipyridine (25 mg, 0.16 mmol) and AgOTf (41 

mg, 0.16 mmol) in DMSO (3 mL) were heated in a closed vial at 150 °C for 16 h. After cooling, CH2Cl2 

(10 mL) and then Et2O (60 mL) were added and vigorously shaken. The red oily precipitate was 

collected by decantation and precipitated twice from CH2Cl2/Et2O, dried, and finally filtered as CH2Cl2 
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solution through celite. Solvent concentration and addition of pentane yielded 3e d as a dark red solid 

(35 mg, 45%). 1H NMR (CD2Cl2, 500 MHz): δ = 8.53 (d, 1H, 3JHH = 8.1 Hz, H3
bpy), 8.45–8.40 (m, 3H, 

H3
bpy), 8.27 (d, 1H, 3JHH = 5.4 Hz, H3

pyr), 8.12–8.06 (m, 2H, H4
bpy), 8.04 (td, 1H, 3JHH = 8.1 Hz, 4JHH =1.4 

Hz, H4
bpy), 7.97–7.92 (m, 3H, H4

bpy + H4
pyr + H6

bpy), 7.77 (d, 1H, 3JHH = 5.7 Hz, H6
pyr), 7.68, 7.62, 7.58 (3 

× d, 1H, 3JHH = 5.7 Hz, H6
bpy), 7.52–7.47 (m, 3H, H5

bpy), 7.44 (ddd, 1H, 3JHH = 8.1 Hz, 3JHH = 5.7 Hz , 
4JHH 

= 1.4 Hz, H5
bpy), 7.16 (ddd, 1H, 3JHH = 8.1 Hz, 3JHH = 5.7 Hz , 

4JHH = 1.4 Hz, H5
pyr), 4.62, 3.69 (2 × s, 3H, 

NCH3). 13C{1H} NMR (CD2Cl2, 125.5 MHz): δ 182.4 (C–Ru), 157.1, 156.5, 156.3 (C2
bpy), 156.1 (C6

bpy), 

155.7 (C2
bpy), 152.1 (C2

pyr), 151.6, 151.5 (C6
bpy), 151.2 (C6

bpy), 149.1 (C6
pyr), 146.0 (Ctrz–pyr), 138.2, 137.9 

(C4
bpy), 137.1 (C4

pyr), 136.9, 136.8 (C4
bpy), 128.1, 127.9, 127.8 (C5

bpy), 124.9 (C5
pyr), 124.0, 123.9, 123.8, 

123.7 (C3
bpy), 121.6 (C3

pyr), 39.0 (CH3), 38.9 (CH3). Elemental analysis calcd for C31H26F6N8O6RuS2 

(885.8): C 42.03, H 2.96, N 12.65; found: C 41.85, H 2.45, N 12.61. 

 

Complex 5. A mixture of complex 4 (90 mg, 0.12 mmol) and 2,2’-bipyridine (19 mg, 0.12 mmol) in 

DMSO (4 mL) was heated at 125 °C for 18 h. After cooling, CH2Cl2 (10 mL) and then Et2O (60 mL) 

were added and vigorously shaken. The red oily precipitate was collected by decantation and washed 

twice by adding CH2Cl2 followed by Et2O. The residue was washed with copious amounts of CH2Cl2 

until the organic phase was colorless, thus affording 5 as a yellow solid (50 mg, 47%). An analytically 

pure sample was obtained from diffusion of Et2O into a MeCN solution of 5. 1H NMR (CD3CN, 500 

MHz): δ 10.05 (d, 1H, 3JHH = 5.5 Hz, Hbpy), 8.62 (d, 1H, 3JHH = 8.3 Hz, Hbpy), 8.42–8.38 (m, 2H, Hbpy), 

8.07 (td, 1H, 3JHH = 8.3 Hz, 4JHH = 1.2 Hz, Hbpy), 8.03–8.00 (m, 3H, Hbpy + Hpyr), 7.98 (d, 1H, 3JHH = 5.6 

Hz, Hbpy), 7.41 (ddd, 1H, 3JHH = 8.3 Hz , 3JHH = 5.6 Hz , 4JHH = 1.2 Hz, Hbpy), 7.24–7.21 (m, 2H, Hpyr), 

4.76, 4.56 (2 × s, 3H, NCH3), 3.02, 2.70, 2.62, 2.45 (4 × s, 3H, CH3 DMSO). 13C{1H} NMR (CD3CN, 125.5 

MHz): δ 171.3 (C–Ru), 156.6 (pyr), 156.0 (Cbpy), 155.7 (Cbpy), 155.6 (CHbpy), 152.1 (CHpyr), 150.3 (CHpyr), 

146.4 (Ctrz–pyr), 141.5 (CHbpy), 141.3 (CHpyr), 141.0 (CHbpy), 139.1 (CHbpy), 129.2 (CHbpy), 127.1 

(CHbpy), 126.5 (CHbpy), 125.6 (CHbpy), 123.4 (CHpyr), 48.2, 46.3, 45.8, 41.5 (4 × CH3 DMSO), 41.4 (NCH3), 
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40.5 (NCH3). Elemental analysis calcd for C25H30F6N6O8RuS4 (885.9): C 33.90, H 3.41, N 9.49; found: 

C 33.51, H 3.37, N 9.31. 

 

Crystallographic details: Crystal data for 2a and 5 were collected using an Oxford Diffraction 

SuperNova A diffractometer fitted with an Atlas detector and using monochromated Mo–Kα radiation 

(0.71073 Å). An at least complete dataset was collected, assuming that the Friedel pairs are not 

equivalent. An analytical numeric absorption correction was performed30 for both crystals as 

implemented in PLATON.31 The structures were solved by direct methods using SHELXS-9732 and 

refined by full matrix least-squares on F2 for all data using SHELXL-97. Their isotropic thermal 

displacement parameters were fixed to 1.2 times (1.5 times for methyl groups) the equivalent one of the 

parent atom. Anisotropic thermal displacement parameters were used for all non-hydrogen atoms. 

Further crystallographic details are compiled in the supporting information. CCDC numbers 922584 

(2a) and 922585 (5) contain the supplementary crystallographic data for this paper. These data can be 

obtained free of charge from the Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 
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