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Abstract

Reported herein are the two new series of diruthenium aryl compounds: Ru2(DiMeOap)4(Ar) 

(1a–6a) (DiMeOap = 2-(3,5-dimethoxyanilino)pyridinate) and Ru2(m-iPrOap)4(Ar) (1b–5b) (m-
iPrOap = 2-(3-iso-propoxyanilino)pyridinate), prepared through the lithium-halogen exchange 

reaction with a variety of aryl halides (Ar = C6H4-4-NMe2 (1), C6H4-4-tBu (2), C6H4-4-OMe (3), 

C6H3-3,5-(OMe)2 (4), C6H4-4-CF3 (5), C6H5 (6)). The molecular structures of these compounds 

were established with X-ray diffraction studies. Additionally, these compounds were 

characterized using electronic absorption and voltammetric techniques. Compounds 1a–6a and 

1b–5b are all in the Ru2
5+ oxidation state, with a ground state configuration of σ2π4δ2(π*δ*)3 (S = 

3/2). Use of the modified ap ligands (ap') resulted in moderate increases of product yield when 

compared to the unsubstituted Ru2(ap)4(Ar) (ap = 2-anilinopyridinate) series. Comparisons of 

the electrochemical properties of 1a–6a and 1b–5b against the Ru2(ap')Cl starting material 

reveals the addition of the aryl ligand cathodically shifted the Ru2
6+/5+ oxidation and Ru2

5+/4+ 

reduction potentials. These oxidation and reductions potentials are also strongly dependent on 

the p-substituent of the axial aryl ligands. 

a Department of Chemistry, Purdue University, West Lafayette, Indiana 4790, USA

†Electronic supplementary information (ESI) available. CCDC 2123249-2123256. For ESI and 

crystallographic data in CIF or other electronic format see DOI: XXXXXXXXX
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Introduction

Chemistry of diruthenium paddlewheel compounds has prospered since the discovery and 

structural characterization of diruthenium(II,III) tetracarboxylates by the groups of Wilkinson1 

and Cotton,2 respectively. Besides carboxylates, a variety of N,O- and N,N’- bridging bidentate 

ligands have been employed to support diruthenium paddlewheel motifs.3, 4 Among the 

distinctive features of diruthenium compounds are the rich redox characteristics and a 

remarkable range of accessible oxidation states from Ru2(I,II) to Ru2(III,IV), which have been 

detailed in a comprehensive review by Kadish and co-workers.5 The closeness of the π* and δ* 

orbital energies in these compounds has resulted in interesting magnetic properties, and potential 

molecular magnets based on 1D, 2D and 3D extended structures have been explored by the 

groups of Handa6, 7 and Miller.8, 9 Diruthenium compounds supported by carboxylates, 

carbonates, and amidates are also capable of catalyzing homogeneous oxidation reactions.10-15

Chart 1. Diruthenium Alkynyl and Aryl Compounds.

In the realm of diruthenium organometallic compounds, alkynylation reactions were first 

explored by the groups of Cotton,16 and Bear and Kadish,17-19 basing on Ru2(ap)4 building block 

(ap = 2-anilinopyridinate). Inspired by these pioneering efforts, our laboratory has extensively 

explored both mono- and bis-alkynyl diruthenium compounds (type I in Chart 1) with three 

classes of bridging ligands, DArF (N,N’-diarylformamidinate), ap and DMBA (N,N’-

dimethylbenzamidinate).20, 21 The aforementioned rich and robust redox chemistry has rendered 

these Ru2 alkynyl compounds, primarily ap based, ideal candidates for the investigation of 

electron delocalization across oligoyn-diyls,22-25 and fabrication of molecular wires and 
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devices.26-29 Groups of Lehn,30 Kuhn,31 Peng,32 and Zuo33 also explored the chemistry of Ru2 

alkynyl compounds with outcomes complementary to ours. Most recently, Akita and co-workers 

demonstrated the enhancement of molecular conductance through proper alignment between the 

HOMO energy of trans-Ru2(DArF)4(C2Ar)2 species and the Fermi level of metal electrode.34 In 

parallel to alkynylation, our laboratory recently demonstrated that both Ru2(ap)4Cl and 

Ru2(DMBA)4Cl2 undergo arylation reactions when treated with LiAr to afford Ru2(ap)4(Ar)35 

and Ru2(DMBA)4(Ar)2,36 respectively  (type II in Chart 1). Ru2(ap)4(Ar) undergoes further 

reactions with small molecules (Z), namely CN-, C2H- and CO, at the vacant axial site to afford 

[Z-Ru2(ap)4(Ar)] products that are diverse in electronic and magnetic properties.37 The only 

other known aryl/alkyl species based on the bimetallic paddlewheel motif are 

bis(phenyl)dirhodium(III) species reported by Doyle and co-workers,38-41 and Rh2(ap)4(Ph) and 

Rh2(ap)4(Me) by Bear and Kadish.42 Both the paucity of bimetallic aryl compounds and 

interesting physical properties unveiled for Ru2(ap)4(Ar) and Ru2(DMBA)4(Ar)2 warrant further 

investigation of Ru2-aryl chemistry. Aiming at the improvement of organic solubility, we have 

explored the arylation reactions of Ru2(ap')4Cl (ap' = 2-(3-iso-propoxyanilino)pyridinate (m-

iPrOap) and 2-(3,5-dimethoxyanilino)pyridinate (DiMeOap)), and the details are reported here.

Scheme 1 Conditions: 6 - 10 equiv LiAr, THF, room temperature, N2, 1 - 3 h.

Experimental

General methods
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Ru2(DiMeOap)4Cl43 and Ru2(m-iPrOap)4Cl44 were prepared using literature methods. 

nBuLi (2.5 M in hexanes) was purchased from Sigma-Aldrich. All other halogenated ligands 

were purchased from commercial vendors and used without further purification. Tetrahydrofuran 

(THF) was freshly distilled over sodium/benzophenone. All reactions were performed under a 

dry nitrogen atmosphere implementing standard Schlenk procedures unless otherwise noted, with 

workups occurring in ambient conditions. The syntheses of 1a–6a and 1b–5b were performed 

using modified literature procedures.35 Synthetic examples with each type of Ru2(ap')4Cl starting 

material are provided below, while the rest are described in the ESI.

Physical methods

UV-vis-NIR spectra were obtained with a JASCO V-670 spectrophotometer in THF solutions. 

ESI-MS were analyzed on an Advion Mass Spectrometer. 1H NMR spectra were recorded on a 

Varian Inova 300 spectrometer operating at 300 MHz. Effective magnetic moments (at 20-22°C) 

were obtained using the Evans method45 with ferrocene as the standard. Cyclic and differential 

pulse voltammograms were recorded in 0.1 M (nBu4N)PF6 solution (4 mL THF, Ar-degassed) on 

a CHI620A voltammetric analyzer with a glassy-carbon working electrode (diameter 2 mm), a 

Pt-wire auxiliary electrode, and a Ag/AgCl reference electrode. The concentration of Ru2 species 

was always ca. 1.0 mM. Elemental analyses were performed by Atlantic Microlab, Inc. Single 

crystal X-ray diffraction data were collected on Nonius Kappa CCD and Bruker Quest 

Instruments as detailed in the ESI.

Synthesis

Ru2(DiMeOap)4(C6H4-4-tBu) (2a). 1-Bromo-4-(tert-butyl)-benzene (0.20 mL, 1.2 

mmol) was dissolved in 5 mL THF and was treated with 0.60 mL nBuLi (1.5 mmol) at 0 ºC. The 

aryllithium solution was then cannula-transferred to a 30 mL solution of Ru2(DiMeOap)4Cl in 
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THF (125 mg, 0.11 mmol). A color change from green to red-brown was observed. The reaction 

stirred for 1 h and upon exposure to air the color of the solution changed back to dark green. 

After filtering over Celite and removal of the solvent, the crude product mixture was purified by 

column chromatography on deactivated (with triethylamine) silica. The dark green band was 

eluted with 1:1 THF/hexanes (v/v), and a dark green solid was isolated from the filtrate. Single 

crystals suitable for X-ray diffraction were grown by layering hexanes over a concentrated 

solution of 2a in EtOAc. Yield: 102 mg (75% based on Ru). Elem. Anal. Found (Calcd) for 

C76H95N8O10Ru2 (2a·1.5THF·1C6H14): C, 61.95 (61.44); H, 6.14 (6.34); N, 7.58 (7.75). ESI-MS 

(m / z, based on 101Ru): [M+H]+ = 1253.9. UV−Vis (in THF) λ / nm (ε / M−1 cm−1): 472 (7000), 

642 (1700), 834 (3500). μeff (21°C) = 3.9 μB. Electrochemistry (THF, vs Fc+/0) E1/2 / V, ΔEp / mV, 

ibackward/iforward: –0.20, 65, 0.96; –1.60, 71, 0.96.

Ru2(m-iPrOap)4(C6H4-4-tBu) (2b). 1-Bromo-4-(tert-butyl)-benzene (0.10 mL, 0.87 

mmol) was dissolved in 5 mL THF and treated with 0.50 mL nBuLi (1.3 mmol) at 0°C. The 

aryllithium solution was cannula-transferred to a 70 mL THF solution of Ru2(m-iPrOap)4Cl (100 

mg, 0.087 mmol). An immediate color change from dark green to red-brown was observed. The 

reaction mixture stirred for 3 h at room temperature. Upon exposure to air, the solution changed 

from red-brown to dark green. After filtration over Celite and removal of solvent, the crude 

reaction mixture was purified via recrystallization from n-pentane at -20°C. The microcrystalline 

green precipitate was collected on a frit and rinsed with cold pentane, then dried under vacuum. 

Compound was later purified for EA using column chromatography on deactivated (w/ 

triethylamine) silica. The dark green band was eluted with 1:5 EtOAc/hexanes (v/v) from which 

a dark green solid was isolated. Single crystals suitable for X-ray diffraction were grown from 

slow evaporation of 2b in hexanes. Yield: 84 mg (78% based on Ru). Elem. Anal. Found (Calcd) 
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for C80H103N8O8Ru2 (2b·1C6H14·2EtOAc): C 64.14 (63.77); H 6.93 (6.89); N 7.16 (7.44). ESI-

MS (m / z, based on 101Ru): [M+] = 1244.2. UV-Vis (in THF) λ / nm (ε / M-1 cm-1): 470 (7500), 

650 (2000), 817 (3700). μeff (20°C) = 4.1 μB. Electrochemistry (THF, vs Fc+/0), E1/2 / V, ∆Ep / 

mV, ibackward/iforward: –0.21, 69, 0.91; –1.61, 76, 0.90.

Results and Discussion

Synthesis

As shown in Scheme 1, the reaction between Ru2(ap')4Cl and LiAr resulted in the 

generation of Ru2(ap')4(Ar) and LiCl. These reactions were usually complete within 2 h and the 

completion is accompanied with easily identifiable color changes. The Ru2(DiMeOap)4(Ar) 

series was isolated in with either purification over deactivated silica or simple recrystallization 

with yields ranging from 28-91%. Meanwhile, purification of the Ru2(m-iPrOap)4(Ar) 

compounds were only successfully using Et3N deactivated silica in yields ranging between 21–

68%. While both ap' series exhibited improved solubility in non-polar organic solvents compared 

to the ap series (see Table S4 for solubility comparison), the higher yields and easier purification 

for compounds 1a–6a points to the advantage of the DiMeOap ligand over the m-iPrOap 

ligand.44

While 3a/b undergo partial degradation over the course of a week resulting in low yields 

(3a: 28% and 3b: 21%), all other reported aryl compounds are stable in ambient conditions as 

both solutions and solids over a month. The effective magnetic moments (Evans method) for 

both Ru2(DiMeOap)4(Ar) and Ru2(m-iPrOap)4(Ar) series range from 3.4 to 4.3 μB, all in 

agreement with an S = 3/2 ground state. Compounds 1a–6a and 1b–5b were further 
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characterized using mass spectrometry (ESI-MS), electronic absorption spectra, cyclic and 

differential pulse voltammetry, and single crystal X-ray diffraction studies. 

Molecular Structures

The structures of compounds 1a, 2a/b, 3a/b, 4a/b and 5a were determined with single 

crystal X-ray diffraction, and those of 1a, 2a, 3b, 4b and 5a are shown in Figs. 1–5 with selected 

bond lengths and angles provided in Table 1. The structural plots of 2b, 3a and 4a are presented 

in Figs. S1–S3, and the selected bond lengths and angles are provided in Table S3. The structures 

for 2b, 3b and 4b represent the first crystal structures with the modified m-iPrOap ligand. The 

bridging ap' ligands adopt the (4,0) arrangement, where all pyridine N-centers coordinate to the 

Ru center bonded to Ar, and all anilino N-centers coordinate to the other Ru.20

The Ru–Ru bond lengths for the compounds range from 2.3277(4) (2a) to 2.3467(8) (4b) 

Å and are significantly lengthened compared to Ru2(DiMeOap)4Cl (2.2797(7) Å),43 highlighting 

the stronger electron-donating nature of the aryl ligand compared to that of the chloro ligand. 

These Ru–Ru bond lengths have a wider range than those observed in the Ru2(ap)4(Ar) series 

(2.3370(5) to 2.3423(5) Å),35 demonstrating that modification of the bridging ap' ligands does 

mildly impact the electronic structure of the Ru2 core. The Ru–Ru bond lengths in these 

Ru2(ap')4(Ar) compounds are also increased when compared to σ-alkynyl compounds 

Ru2(DiMeOap)4(C2nR) (n = 1,2), which have Ru–Ru bond lengths of ca. 2.322–2.328 Å.43 

The Ru–Csp2 bond lengths for all structures are greater than 2.16 Å, an increase of 0.05–

0.10 Å over Ru-Csp bond lengths in the Ru2(DiMeOap)4(C2nR) type compounds (2.05–2.1 Å).22, 

24, 43 While there is a large range in the donicity of aryl substituents, there is no discernible trend 

in the Ru-Csp2 bond lengths in both series. Additionally, an intriguing feature of 1a is the 

planarity of the -NMe2 substituent, which was not observed in Ru2(ap)4-C6H4-4-NMe2.35 The 
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bond lengths and angles (1a: C4-N9-C7 = 119.8(2)°; C4-N9 = 1.390(3) Å; Ru2(ap)4-C6H4-4-

NMe2: C4-N9-C7 = 116.3(10)°; C4-N9 = 1.408(8) Å) suggest conjugation of the -NMe2 moiety 

with the Ru2 core through the phenylene.

Fig. 1 ORTEP plot of 1a at 30% probability level. H atoms and solvent molecules removed for 

clarity.

Fig. 2 ORTEP plot of 2a at 30% probability level. H atoms and -tBu moiety disorder removed 

for clarity.
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Fig. 3 ORTEP plot of 3b at 30% probability level. H atoms omitted for clarity.

Fig. 4 ORTEP plot of 4b at 30% probability level. H atoms and solvent molecules omitted for 

clarity.

Fig. 5 ORTEP plot of 5a at 30% probability level. H atoms and -CF3 moiety disorder omitted for 

clarity.
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Table 1. Selected Bond Lengths (Å) and Angles (°) for Compounds 1a, 2a, 3b, 4b and 5a.

1a 2a 3b 4b 5a

Ru1–Ru2 2.3414(2) 2.3277(4) 2.3326(2) 2.3467(8) 2.3341(3)

Ru1–C1 2.179(2) 2.207(4) 2.187(2) 2.174(6) 2.179(2)

Ru2–Ru1–C1 172.41(6) 180.0 177.82 180.0 177.38(6)

Ru1–N1 2.106(2) 2.112(2) 2.102(1) 2.118(3) 2.125(2)

Ru1–N3 2.117(2) – 2.144(1) 2.119(3) 2.115(2)

Ru1–N5 2.156(2) – 2.096(1) – 2.136(2)

Ru1–N7 2.098(2) – 2.113(1) – 2.0961(1)

Ru2–N2 2.035(2) 2.034(2) 2.049(1) 2.033(3) 2.003(2)

Ru2–N4 2.047(2) – 2.025(1) 2.038(3) 2.041(2)

Ru2–N6 2.020(2) – 2.049(1) – 2.022(2)

Ru2–N8 2.044(2) – 2.027(2) – 2.041(2)

Electronic Absorption Spectra

The vis-NIR absorption spectra of compounds 1a–6a and 1b–5b are shown in Fig. 7 and 

Fig. S4, respectively. These compounds are intensely colored, akin to other diruthenium 

paddlewheel compounds. Like the Ru2(ap)4(Ar) compounds,35 the Ru2(ap')4(Ar) compounds all 

display two major electronic transitions (ca. 470 and 800 nm) in the visible region that are 

characteristic of Ru2
5+ compounds. In Ru2(ap)4Cl, the transition at ~470 nm has previously been 

assigned as δδ* and the peak at ~800 nm as δπ*.46 However, as noted for the Ru2(ap)4(Ar) 

compounds, spectra for 1a–6a (Fig. 7) and 1b–5b (Fig. S4) exhibit two distinct δπ* transitions 

between 600 – 800 nm. The presence of two transitions was attributed to the removal of the 

degeneracy of π* orbitals upon introduction of the aryl ligand based on the DFT study of 
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Ru2(ap)4(Ar).35 This reduces the rotation symmetry about the Ru2(ap')4 core from four-fold (with 

chloro or mono-alkynyl ligands) to two-fold as demonstrated in Fig. 6 below.

Fig. 6 Qualitative MO diagram of Ru2(ap')4 core upon attachment of aryl ligand (energy levels 

not drawn to scale).

For 1b–5b these transitions are reminiscent of Ru2(ap)4(Ar), with a small, higher energy 

shoulder visible. However, this spectroscopic feature is more pronounced in the 

Ru2(DiMeOap)4(Ar) series (as shown in Fig. 7) where the shoulder present at ca. 650 nm in the 

Ru2(m-iPrOap)4(Ar) (Fig. S4) and Ru2(ap)4(Ar)35 series is blue-shifted to approximately 610 nm 

and has become a distinct transition. 

Fig. 7 Vis-NIR absorption spectra of compounds 1a–6a in THF.
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Compounds 1a/b (Y = 4-NMe2) display a unique peak centered at 580 nm, which gives 

these compounds their unique color (black) compared to the rest of the compounds (green). This 

unique peak has been assigned with DFT as a high-lying π(Ar/Ru2)  π*(Ar/Ru2) transition.35 

The lack of a corresponding peak in compounds 2a/b (Y = 4-tBu) and 3a/b (Y = 4-OMe) 

highlights the necessity of a strong electron-donating lone pair on the para-substituent to enable 

this unique transition. 

Electrochemical Studies

The redox properties of 1a–6a and 1b–5b were examined using cyclic (CV) and 

differential pulse voltammetry (DPV). The voltammograms for 1a–6a are displayed in Fig. 8 and 

the electrode potentials given in Table 2, while those for 1b–5b are in Fig. S5 and Table S5. All 

the Ru2(ap')(Ar) species exhibit one reversible oxidation B (Ru2
6+/5+) and one reversible 

reduction A (Ru2
5+/4+). Compounds 1a and 1b exhibit the second reversible one electron 

oxidation (C), which is attributed to the 4-NMe2 substituent. Additionally, compound 1b also 

displayed the third oxidation at 0.50 V (versus Fc, see Fig. S5), that is likely Ru2 based (Ru2
7+/6+), 

analogous to those observed in the Ru2(ap)4(Ar) series.35 Such a wave was not detected in 1a–6a 

and 2b–5b because they are shifted outside the potential window allowed by THF solvent.  

The modification to the bridging ligands resulted in slight shifts in electrode potentials 

between two Ru2(ap')4(Ar) series, as evidenced in the data for the DMAP (C6H4-4-NMe2) 

derivatives (Table 2). Due to the mild electron withdrawing nature of meta-alkoxy group 

(Hammett constant σ ~ 0.10), compound 1a (eight methoxy substituents) is slightly more 

electron deficient than 1b (four isopropoxy substituents), and hence its electrode potentials are 

anodically shifted (70 – 100 mV) from those of 1b. Direct comparison between the current 

Ru2(ap')4(Ar) series and the original Ru2(ap)4(Ar) series is complicated by the fact that the 
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voltammograms of the latter were recorded in a different solvent (CH2Cl2).  Further comparison 

of the Ru2(DiMeOap)4(Ar) series to Ru2(DiMeOap)4Cl43 reveals that the averaged (of 

compounds 1a–6a) E1/2 (Ru2
6+/5+) and E1/2(Ru2

5+/4+) potentials are cathodically shifted by ca. 270 

mV and 340 mV, respectively (Table S6), a testament to the strong donicity of aryl ligands.

Fig. 8 Cyclic (black) and differential pulse (red) voltammograms of compounds 1a–6a (1.0 mM) 

recorded in 0.10 M THF solutions of Bu4NPF6 at a scan rate of 0.1 V/s.
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Table 2. Electrochemical Data from DPV (in V vs Fc+/0) for 1a–6a and other selected 

compounds

C B A

1a 0.09 –0.26 –1.63

2a – –0.20 –1.60

3a – –0.20 –1.59

6a – –0.18 –1.56

4a – –0.18 –1.56

5a – –0.12 –1.45

1b 0.00 – 0.37 – 1.70

Fig. 9 Hammett plot of 1a–6a oxidation potentials (E(Ru2
6+/5+)) versus σY. The squares are 

measured oxidation potentials and the solid line is the linear best-fit line.

As shown in Table 2 and Table S5, both the reversible reduction (A) and oxidation (B) 

potentials for the Ru2(ap')4(Ar) series vary significantly across each series. These variations 

depend on the electron donating / withdrawing nature of the aryl p-substituent as measured by its 

Hammett constant (σY). Linear fit plots of the Ru2
5+/6+ oxidation potentials of 
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Ru2(DiMeOap)4(Ar) (Fig. 9) and Ru2(m-iPrOap)4(Ar) (Fig. S6) against the σY of the aryl 

substituent support this correlation.47-49 For Ru2(DiMeOap)4(Ar), a reactivity constant (ρ, the 

slope of the fit) of ca. 93 mV (Eqn. 1) was obtained, which matches the ρ obtained from the 

Ru2(ap)4(Ar) series (ca. 98 mV) but is lower than that of  Ru2(m-iPrOap)4(Ar) (ρ = 167 mV).

(1)𝐸1/2(𝑋) =  𝜌𝜎Y +  𝐸1/2(𝐻)

The reactivity constants of the reduction couple (A) for Ru2(DiMeOap)4(Ar) (134 mV) and  

Ru2(m-iPrOap)4(Ar) (154 mV) agree with each other, but are significantly higher than that of 

Ru2(ap)4(Ar) (107 mV).35

Conclusions

Reported in this contribution are two new series of Ru2(ap')4(Ar) compounds with significantly 

improved solubility in organic solvents (1a–6a). All Ru2(ap')4(Ar) type compounds are of the 

Ru2
5+ oxidation state, and a ground state configuration of σ2π4δ2(π*δ*)3 (S = 3/2). All compounds 

display at least one reversible oxidation and one reversible reduction, both Ru2 centered, while 

those containing an amine functionality (1a/b) support a second reversible oxidation. Both the 

oxidation and reduction electrochemical potentials were tunable through varying the aryl 

substituent. The much enhanced solubility will enable further exploration of Ru2-aryls as both 

molecular wires and active species in devices similar to the efforts based on Ru2-alkynyls,20 

which is currently under investigation. 
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