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Halogen Exchange Reaction 
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Abstract: Reported herein are the first examples of the formation of Ru–Csp2 bond in paddlewheel 

diruthenium species. A series of six Ru2(ap)4(C6H4-4-X) type compounds (ap = 2-

aniliopyridinate; X = NMe2 (1); N,N-(C6H4-4-OMe)2 (2); tBu (3); H (4); Br (5); CF3 (6)) was 

synthesized by employing the lithium-halogen exchange reaction with a variety of para-

substituted haloaryl ligands. These compounds have been characterized via electronic absorption 

spectroscopy, cyclic voltammetry, mass spectrometry, magnetism studies, and their molecular 

structures established by single crystal X-ray diffraction studies. All compounds are in the Ru2
5+ 

oxidation state, with a ground state electronic configuration of σ2π4δ2(π*δ*)3. Crystal structures 

of 1–6 confirm this, indicating a Ru–Ru bond order of 2.5. Electrochemical data suggests that the 

σ-aryls are stronger donors than σ-alkynyls. A range of electronically different substituents 

allows for a closer inspection of the extent of electronic conjugation across the diruthenium 

paddlewheel core and the axial aryl ligand. 
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Introduction  

Diruthenium paddlewheel complexes have been extensively studied since the isolation of 

Ru2(acetate)4Cl in 1966 by Wilkinson.1,2 The earliest example of their organometallic congener 

came from the Cotton group in 1986, namely, Ru2(ap)4(C≡CPh) (where ap = 2-

anilinopyridinate).3 Since then, interest has burgeoned in the study of Ru2L4(C≡CR)n type 

complexes (n=1 or 2).4 Because of the extended conjugation along the Ru2-poly-alkynyl chains 

and the robust redox states of the Ru2
n+ (n = 4, 5 or 6) paddlewheel motif, the wire-like 

characteristics of these molecules, many of which are based on Ru2(ap)4, have been studied by 

several laboratories including ours.5-11 This has enabled incorporation of Ru2(ap)4-alkynyl 

molecules in non-volatile flash memory devices.12,13 The diverse utility of Ru2(ap)4 containing 

molecules in forming Ru-Ru-Oxo species and capturing the exotic anion AgF2
- has been 

demonstrated by Berry and co-workers.14-16 It is noteworthy that all structurally characterized 

organometallic diruthenium paddlewheel complexes feature either one or two alkynyl axial 

ligand(s),4 or smaller ligands like CN-17 or CO.18 Specifically, the Ru–Ru–Csp2 bond in a 

paddlewheel motif is a much sought-after target, since nothing is known about the bonding, 

structure and reactivity of these species. 

The existence of Rh–Rh–Csp2 bonds in paddlewheel compounds has indeed been 

documented by the laboratories of Doyle and Bear-Kadish. Doyle and co-workers first reported 

the synthesis and characterization of a bis(phenyl)dirhodium(III) compound formed via oxidation 

of a Rh2(II,III) species in the presence of NaBPh4.19 The compound is diamagnetic, as is 

expected from Rh2
6+. However, the disappearance of the Rh–Rh bond is unexpected, which 

denotes a change in the electronic structure of the Rh2 core. Since then, other reagents like 
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arylboronic acids have been employed to introduce a wider range of substituents in the axial sites 

of Rh2(III,III) caprolactamates.20-22 The electronic configuration of Rh2
6+ in these compounds has 

been established as π4δ2π*4δ*2.22 In 2009, Bear and Kadish reported the synthesis of mono-aryl 

and mono-alkyl compounds Rh2(ap)4(C6H5) and Rh2(ap)4(CH3) from Rh2(ap)4Cl using large 

excesses of phenyllithium and methyllithium, respectively.23 However, product isolation required 

a rigorously inert atmosphere and sequestration from any light source to avoid decomposition of 

the relatively unstable compounds. It is worth noting that rich chemistry related to the formation 

of Ru–Csp2 bond in Ru3 clusters, though not of paddlewheel motif, has been described by Cabeza 

and coworkers.24,25  

Despite the similarity between dirhodium and diruthenium paddlewheel complexes, it is 

noteworthy that there is no precedent in literature for diruthenium compounds bearing axial σ-

aryl ligands. The only example of a diruthenium aryl compound comes from the Cotton group. 

The compound with the formula Ru2Ph2(PhCONH)2[Ph2POC(Ph)N]2 was prepared from the 

reaction between Ru2(PhCONH)4Cl and PPh3, and the transfer of a Ph group from the axially 

coordinated PPh3 to Ru was accompanied by a structural rearrangement from a paddlewheel 

motif to an edge-sharing bioctahedral motif.26,27 It was of interest to us to synthesize diruthenium 

compounds containing aryl ligands in the axial positions, while leaving the paddlewheel motif 

unchanged. The classic technique used to forge Ru–C≡C bonds involves using LiC≡CR formed 

via lithiation of the corresponding alkyne, HC≡CR. Hence, the well-documented lithium-halogen 

exchange reaction is described herein for the introduction of an aryl ligand (Ar), which has 

resulted in a series of Ru2(ap)4(Ar) in relatively high yield (Scheme 1 below). 

Results and Discussion 
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Synthesis. Reaction between Ru2(ap)4Cl and LiAr resulted in the formation of 

Ru2(ap)4(Ar) and LiCl (Scheme 1).  The reactions were instantaneous and were accompanied by 

easily identifiable color changes. Work-up of the reaction mixtures and purification of the 

products were done under ambient conditions, using column chromatography or by simple 

recrystallization techniques; products were isolated in yields ranging from 30-95%. Since 

[Ru2(ap)4]-based compounds either decompose when exposed to the acidic surface of silica or 

become irretrievably adsorbed onto it, the silica used for thin-layer chromatography and column 

chromatography were deactivated with triethylamine prior to use. The synthesis of the analogous 

compound bearing 4-nitrophenyl axial ligand was attempted, but did not yield the desired 

product (see the supporting information). The isolated compounds 1–6 are stable both in solution 

(THF) and solid state under ambient conditions, with no noticeable decomposition over a few 

months. The effective magnetic moments of compounds 1–6 (determined using Evans method) 

range from 3.4 to 4.1 Bohr magneton, which are in agreement with a S = 3/2 ground state. 

Although their paramagnetism precluded characterization by NMR spectroscopy, compounds 1–

6 were analyzed using mass spectrometry (ESI-MS), electronic absorption spectroscopy, cyclic 

and differential pulse voltammetry, room temperature magnetism studies, density functional 

theory (DFT) calculations and single crystal X-ray diffraction studies.  
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Scheme 1. Synthesis of Ru2(ap)4(C6H4-4-R). NN′ = 2-anlinopyridinate; R = NMe2 (1); 

N,N-(C6H4-4-OMe)2 (2); tBu (3); H (4); Br (5); CF3 (6) 
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Molecular structures. The molecular structures of compounds 1–6 determined via single 

crystal X-ray diffraction studies are shown in Figures 1–6; selected bond lengths and angles are 

presented in Table 1. The bridging ap ligands retain the (4,0) arrangement seen in Ru2(ap)4Cl.28 

The most unique feature of the reported complexes is obviously the Ru–C bond. Compounds 1–6 

feature the very first examples of Ru2–Csp2 bonds among paddlewheel complexes. Whereas Ru2–

C bond lengths in mono- and bis-alkynyl complexes average between 1.85–2.1 Å,2 compounds 

1–6 all have bond lengths greater than 2.13 Å. A similar lengthening of the M–C bond is 

observed in the dirhodium paddlewheels Rh2(ap)4(C≡CH) (Rh–C = 2.021 Å) and Rh2(ap)4(Ph) 

(Rh–C = 2.108 Å).23  This increase in bond length is attributed to (i) the change in hybridization 

of the ipso carbon from sp (rcovalent = 69 pm) to sp2 (rcovalent = 73 pm)29 and (ii) the significant 

increase in sterics at the axial site from the linear C≡C to the two-dimensional aryl. Although 

there is a trend of decreasing electron-donating ability of the para substituent upon going from 

compound 1 to compound 6, there is no apparent manifestation of this in the Ru–C, or the Ru–

Ru bond lengths. 

Ru–Ru bond lengths for the compounds range from 2.3370(5) Å to 2.3423(5) Å, and are 

significantly elongated from Ru2(ap)4Cl (2.275(6) Å).28 But this is not unusual in Ru2
5+ 

compounds; σ-alkynyl complexes Ru2(ap)4((C≡C)nR) (n = 1,2) have Ru–Ru bond lengths of ca. 

2.32-2.33 Å.4 This is attributed to the stronger electron-donor effect of the axial alkynyl ligand 

compared to chloro. Furthermore, the fact that it increases from 2.319(2) Å in 

Ru2(ap)4(C≡CPh),3 to 2.3380(5) Å in Ru2(ap)4(Ph) (4) is indicative of the even stronger electron-

donating ability of the aryl ligand in comparison to alkynyl. Such an effect is also seen in the 

case of Rh2(ap)4(C≡CH) (Rh–Rh = 2.439 Å) vs. Rh2(ap)4(Ph) (Rh–Rh = 2.470 Å).23 
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Not unlike alkynyls, the aryl ligands retain conjugation between the diruthenium core and 

the axial ligand, and this is supported by the consistent linearity of the Ru–Ru–C angles and 

planarity of the aryl ligands (Table 1). Except in the case of compounds 3 and 6, the aryl ligands 

are approximately coplanar with the plane containing Nx–Ru2–Ny (Chart 1). The two-

dimensional nature of the aryl ligand is in stark contrast to the one-dimensional nature of the 

alkynyl ligand. This unique feature reduces the 4-fold axial symmetry observed in mono- and 

bis-alkynyl paddlewheel species to 2-fold, the effect of which can be seen in the electronic 

absorption spectra (see below). 

Ru1

Ru2 Nx

N

C1
C6 C2

Ny
N

C1 C2C6

Nx
θ

 

Chart 1. Dihedral angle (θ), defined as the angle between the lines C1–C2 and Ru2–Nx.  

Table 1. Selected Bond Lengths (Å) and Angles (deg) for compounds 1–6. 

 1a 2 3 4b 5 6b 

Ru1–Ru2 2.3347(7) 2.338(1) 2.3423(5) 2.3380(5) 2.3375(4) 2.3373(5) 

Ru1–C1 2.214(3) 2.260(8) 2.190(4) 2.16(1) 2.216(5) 2.22(1) 

Ru2–Ru1–C1 179.3(1) 177.8(2) 175.51(9) 173.9(3) 176.3(4) 177.9(3) 

Ru1–N1 2.105(6) 2.103(8) 2.112(3) 2.104(4) 2.124(2) 2.132(4) 

Ru1–N3 2.102(5) 2.118(9) 2.135(3) 2.117(4) (Ru1–N2) 
2.107(2) 

2.158(9) 

Ru1–N5 2.106(5) 2.118(8) 2.138(3) 2.122(4)  2.128(4) 

Ru1–N7 2.109(5) 2.103(9) 2.098(3) 2.128(4)  2.106(3) 

Ru2–N2 2.041(5) 2.050(7) 2.043(3) 2.062(4) (Ru2–N3) 2.043(3) 
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2.0320(19) 

Ru2–N4 2.046(5) 2.019(9) 2.041(2) 2.055(4) 2.0485(18) 2.040(4) 

Ru2–N6 2.037(5) 2.045(7) 2.033(3) 2.024(4)  2.032(2) 

Ru2–N8 2.051(5) 2.034(9) 2.036(2) 2.018(4)  2.038(3) 

θc -1.60 +4.26 -11.7 -3.79 +3.77 +10.6 

a One of the two molecules present in the asymmetric unit was chosen (Molecule A). Molecule B is shown in Figure 
S7; b major moiety chosen from disordered axial ligands. c θ is defined per Chart 1. 

 

Figure 1. Structural plot of 1 at 30% probability level. One of the two molecules (A) present in 

the asymmetric unit was selected. Hydrogens omitted for clarity. 

 

Figure 2. Structural plot of 2 at 30% probability level. Solvent molecules and hydrogens omitted 

for clarity. 
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Figure 3. Structural plot of 3 at 30% probability level. Solvent molecules and hydrogens omitted 

for clarity. 

 

Figure 4. Structural plot of 4 at 30% probability level. Solvent molecules, disordered ligand and 

hydrogens omitted for clarity. 
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Figure 5. Structural plot of 5 at 30% probability level. Aryl ligand is disordered around the C2 

axis. 

 

Figure 6. Structural plot of 6 at 30% probability level. Solvent molecules, disordered ligands and 

hydrogens omitted for clarity. 

Electronic absorption spectra. All the reported compounds are intensely colored, a 

characteristic feature of diruthenium paddlewheels. The major features in the electronic 

absorption spectra of compounds 1–6 agree with those of reported Ru2
5+ alkynyl compounds. 

Figure 7 shows an overlay of the Vis-NIR absorption spectra of compounds 1–6, and Ru2(ap)4Cl. 
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Compounds 1–6 all undergo at least two major electronic transitions that are characteristic of 

Ru2
5+, one at ca. 460 nm and the other around 820 nm. Overall, the relative energies of the major 

absorptions are not very different from the ones seen in the starting material, Ru2(ap)4Cl (415 

nm, 754 nm),28 or in mono σ-alkynyl complexes for example, Ru2(ap)4(C≡CPh) (415 nm, 764 

nm)3  and Ru2(ap)4(C≡CH) (466 nm, 749 nm).30  The spectra of compounds 1–6 also display 

some subtle but unique features attributed to the axial aryl ligands.  

 

Figure 7. Vis-NIR absorption spectra of compounds 1–6 and Ru2(ap)4Cl recorded in THF. 

It is well established that the ground state configuration of Ru2(ap)4Lax is σ2δ2π4π*2δ*1,2 

and the open shell nature of this type molecules makes the assignment of transitions challenging. 

A recent study by Berry and coworkers based on both magnetic circular dichroism (MCD) 

spectroscopy and DFT calculations suggested that the peaks at 770 and 430 nm for Ru2(ap)4Cl 

should be assigned as δ → π* and δ → δ* transitions, respectively.15 It is believed that the same 

assignment holds true for Ru2(ap)4Ar compounds reported here, namely, the peak at ca. 460 nm 

being δ → δ*, and the broad peak around 820 nm being δ → π*. Furthermore, the latter 
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assignment is also consistent with the broad and even double humped (compounds 1 and 2) 

feature. The attachment of aryl reduces the 4-fold axial symmetry of the Ru2(ap)4 core to 2-fold, 

which removes the degeneracy of π∗(Ru2), resulting in two energetically distinctive δ → π* 

transitions. Conversely, the 4-fold axial symmetry is preserved in the Ru2(ap)4(C2R) type 

compounds, where a single low energy absorption has been consistently observed. 

Compounds 1 and 2 display an additional intense absorption at 579 nm and 607 nm, 

respectively, which is the primary source of the vastly different colors of 1 (gray) and 2 (blue-

green) in comparison to those of compounds 3–6 (olive-green). This particular transition has its 

origin in the amino-substituent of the aryl ligand, considering that it is absent in those aryl 

ligands lacking an electron-donor. This is supported by the DFT calculation of 1 (see discussion 

below), which reveals a high-energy π(Ar) orbital that is extensively mixed with π(Ru2) in 

SOMO-3. Therefore, the assignment for this transition is the dipole-allowed 

π(Ru2/Ar)→π∗(Ru2/Ar). On the contrary, for compound 6, SOMO-3 is completely localized on 

the [Ru2(ap)4] core, because the corresponding π(Ar) orbital is likely buried at a much lower 

energy. 

 

Chart 2. Representation of SOMO-3 in 1 and 2, π(Ru2)/π∗(Ar). 

Electrochemical studies. The redox properties of compounds 1–6 were analyzed using 

cyclic (CV) and differential pulse voltammetry (DPV); results are plotted in Figure 8 and 
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tabulated in Table 2. All compounds exhibit a reversible one-electron oxidation (B), 

corresponding to Ru2
+6/+5, between -0.24 and -0.38 V (potentials are reported against Fc+1/0) and 

a reversible one-electron reduction (A) corresponding to Ru2
+5/+4, between -1.47 and -1.62 V. 

Compounds 1 and 2 exhibit three additional reversible one-electron oxidation events (C, D and 

E), and the oxidation at ca. 0.13 V (C) is attributed to the amine functionality. Two reversible 

one-electron oxidations at more positive potentials (D and E) occur within 0.14 V of each other, 

and are likely Ru2-centered in analogy to those described for Ru2(ap)4(C2R).30  For compounds 

3–6, both the one-electron reduction A and the first one-electron oxidation B are reversible. 

However, oxidation events beyond couple B (D and E) are either quasi-reversible or irreversible. 

While the cause of the diverse behavior of compounds 3–6 at more positive potentials is not 

straightforward, it is noteworthy that 1 and 2 are electrochemically robust even at higher 

potentials. The redox robustness of compounds 1 and 2 may be attributed to the ability of -NR2 

groups in stabilizing Ru2(ap)4 core at higher oxidation states through the extensive conjugation.  
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Figure 8. Cyclic (black) and differential pulse (red) voltammograms of compounds 1–6 (1.0 

mM) recorded in a 0.10 M CH2Cl2 solution of Bu4NPF6 at a scan rate of 0.10 V/s. 

Table 2. Electrochemical data from DPV (in V vs. Fc+1/0) 

 A B C D E 

1 -1.62 -0.38 0.12 0.59 0.73 

2 -1.58 -0.34 0.15 0.59 0.71 

3 -1.57 -0.31 - 0.57 - 

4 -1.56 -0.30 - 0.52 - 

5 -1.50 -0.29 - 0.53 - 
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6 -1.47 -0.24 - 0.59 0.87 

It is clear from Table 2 that the potentials for reversible couples A and B shift anodically 

in the order 1–6, following the trend of decreasing electron donating / increasing electron 

withdrawing character of the para substituent. The trend is further quantified through a linear fit 

of the first oxidation potential (E(B)) versus the Hammett constant of the substituents (Figure 

9),31-33 which yields a reactivity constant (ρ) of ca. 98 mV (Equation 1). Similar results were 

obtained from Hammett plots of E(A) (ρ ≈ 107 mV). Previously, the reactivity constants for the 

series Ru2(DMBA)4(C≡C–C6H4-4-X)2 (DMBA is N,Nꞌ-dimethylbenzamidinate)34 were 

determined to be 121 mV and 86 mV for the first oxidation and reduction couples, respectively. 

The values of ρ are comparable between the two series, reflecting a similar impact of the para 

aryl substituents.      

E1/2(X) = ρσx + E1/2(H)    (1) 

 

Figure 9. Hammett plot of electrode potentials (E(Ru2
+6/+5)) versus σx for compounds 1–6. The 

circles are the measured potentials, the solid line is the least-squares fit.  
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Compared to Ru2(ap)4Cl30,35 the strongly nucleophilic Ar- axial ligand shifts both the 

E1/2(Ru2
+6/+5) and E1/2(Ru2

+5/+4) potentials cathodically by an average (of compounds 1–6) of 350 

mV and 300 mV, respectively. Further, the strong e--donor properties of the aryl ligands are 

reflected in the cathodic shift of the corresponding E1/2 values compared to alkynyls. For 

instance, compared to Ru2(ap)4(C2Ph)3, the E1/2(Ru2
+6/+5) of Ru2(ap)4(Ph) (4) is cathodically 

shifted by 87 mV, and E1/2(Ru2
+5/+4) by 130 mV (see Table S2). As expected, this cathodic shift 

increases as the para-substituent on the aryl ligand becomes increasingly more electron-

donating.  

Density Functional Theory (DFT) Calculations. In order to gain further insight into the 

electronic structure of these compounds, the molecular orbitals of compounds 1 and 6, two 

compounds at the opposite ends of the donicity of para-substituents, were computed using spin-

restricted DFT. The optimized geometries of 1 and 6 were based on their respective crystal 

structures. Calculations were performed using the B3LYP functional, and frequency analyses 

were done to ensure stationary points; resultant structures, namely 1' and 6', are shown in Figure 

S8, along with optimized metric parameters in Table S9. The bond lengths of the optimized 

structures are in good agreement with the respective crystal structures. The optimized Ru–Ru 

bond lengths (ca. 2.39 Å) are ca. 0.06 Å longer than the experimental bond lengths (ca. 2.33 Å). 

This is attributed to the underestimation of Ru–Ru interactions by the B3LYP functional.36 On 

the other hand, the optimized Ru–C bond lengths (ca. 2.17 Å for 1' and 2.19 Å for 6') are shorter 

than the experimental values (ca. 2.21 Å for 1 and 2.22 for 6). The optimized bond angles were 

also found to be in good agreement with experiment (Table S9). 
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The [Ru2(ap)4]+-based compounds generally have three unpaired electrons, and this was 

indeed confirmed experimentally in compounds 1–6 by room temperature magnetism studies 

(Evans method, see Experimental Section). This result is also reflected in our computational 

analyses, which suggests the electronic configuration σ2π4δ2π*2δ*1. Figure 10 clearly shows that 

the three singly occupied MOs of 1' and 6' (SOMO, SOMO-1, and SOMO-2) have δ*, π* and π* 

and character, respectively. The introduction of the aryl ring, as previously described, causes the 

π*(Ru2) orbitals to lose their degeneracy, giving rise to the double humped feature seen in the 

electronic absorption spectra. Whereas SOMO-1 has contributions from both the diruthenium 

core and the aryl ligand, SOMO-2 has no contribution from the latter, owing to the coplanarity of 

the dyz orbitals and aryl ligand. DFT calculations support this argument; there is a small but 

significant difference between the energies of SOMO-1 and SOMO-2 (80 meV for 1 and 30 meV 

for 6), both of which have π*(Ru2) character. Both SOMO and LUMO are completely localized 

on [Ru2(ap)4], hence the constant SOMO-LUMO energy gap of 1.74 eV. The crucial difference 

between 1 and 6 is reflected in their respective SOMO-3 orbitals. As mentioned previously, due 

to the presence of an electron-donating nitrogen in the para position of the aryl ring in 1 (and 2), 

SOMO-3 is of π(Ru2)/π(Ar) character. On the contrary, SOMO-3 in the case of 6 is localized on 

[Ru2(ap)4].  
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Figure 10. Molecular orbital diagrams for 1' and 6' from DFT calculations. 
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CONCLUSION 

Reported here are the first examples of diruthenium paddlewheel complexes with σ-aryl 

ligands in the axial sites. The paddlewheel compounds are in the Ru2
5+ oxidation state, and 

support up to four electrochemically reversible oxidations, and one reversible reduction, thereby 

attesting to the remarkable redox stability of such species. Such a quality is highly desired for 

compounds as the active species in molecular wires / devices.37,38 Additionally, electrochemical 

studies show that it is possible to tune the reduction potentials of the complexes by altering the 

substituent on the axial ligand. Overall, the significant cathodic shift in reduction potentials in 

comparison to their σ-alkynyl counterparts establishes the stronger electron-donor character of 

the aryl ligand. Further studies of these fundamentally exciting molecules are ongoing. 

EXPERIMENTAL SECTION 

General. Ru2(ap)4Cl28,30 and TPA(OMe)2Br (4-bromo-N,N-bis(4-

methoxyphenyl)aniline)39 were prepared using literature methods. nBuLi (2.5 M in hexanes) was 

purchased from Sigma-Aldrich. All other halogenated ligands were purchased from commercial 

sources. Tetrahydrofuran was freshly distilled over sodium/benzophenone, while 

dichloromethane was freshly distilled over CaH2 prior to use. All reactions were performed 

under dry N2 atmosphere implementing standard Schlenk procedures unless otherwise noted. 

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

1H NMR spectra were recorded on a Varian Inova 300 spectrometer operating at 300 MHz. 

Effective magnetic moments (at 25°C) were calculated by Evans method,40 using ferrocene as 

the standard. Cyclic and differential pulse voltammograms were recorded in 0.1 M [nBu4N][PF6] 

solution (CH2Cl2, N2-degassed) on a CHI620A voltammetric analyzer with a glassy carbon 
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working electrode (diameter = 2 mm), a Pt-wire auxiliary electrode, and a Ag/AgCl quasi-

reference electrode. The concentration of Ru2-species is always ca. 1.0 mM. The Fc+1/0 couple 

was observed at ca. 0.417 ± 0.017 V (vs Ag/AgCl) at the noted experimental conditions. 

Elemental analyses were performed by Atlantic Microlab, Inc. 

Synthesis of Ru2(ap)4(C6H4-4-NMe2) (1). 4-Bromo-N,N-dimethylanilne (220 mg, 1.1 

mmol) was dissolved in 10 mL THF and treated with 0.44 mL of 2.5 M nBuLi (1.1 mmol) at 0°C 

for 15 min. The aryllithium solution was cannula transferred to a 15 mL THF solution of 

Ru2(ap)4Cl (100 mg, 0.11 mmol). Immediate color change from dark green to black was 

observed. The reaction mixture was stirred at room temperature for 2h. After removal of 

solvents, the residue was re-dissolved in a mixture of benzene and ethyl acetate, and the resulting 

solution as filtered through a deactivated (w/ triethylamine) silica gel pad. The filtrate was 

collected, solvents were removed, and product was recrystallized from a 1:20 (v:v) 

CH2Cl2:hexanes mixture at -20°C, as a black microcrystalline solid. Yield: 90 mg, 82%. Crystals 

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

solution of 1 in benzene/toluene = 1/1 (v/v). Data for 1. Anal. Found (Calcd.) for C52H48N9ORu2 

(1∙H2O): C, 61.02 (61.40); H, 4.63 (4.76); N, 12.07 (12.39). ESI-MS (m/z, based on 101Ru): [M+] 

= 999.7. UV-Vis (in THF) λ, nm, (ε, M-1cm-1): 464 (5900), 579 (5500), 754 (3500), 831 (3600). 

Rf (1/5 THF/hexanes (v/v); silica gel deactivated with NEt3) = 0.32. µeff (25°C) (Evans method) 

= 3.9 BM. Electrochemistry (CH2Cl2, vs. Fc+/0), E1/2/V, ∆Ep/mV, iforward/ibackward: -0.38, 56, 1.09; 

0.12, 57, 1.018; 0.59, 60, ; 0.73, 56, ; -1.62, 63, 1.2. 

Synthesis of Ru2(ap)4(C6H4-4-N,N-(C6H4-4-OMe)2) (2). 4-Bromo-N,N-bis(4-

methoxyphenyl)aniline (1.35 g, 3.5 mmol) was dissolved in 15 mL THF and treated with 1.4 mL 
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of 2.5 M nBuLi (3.5 mmol) at -78°C for 15 min. The temperature was subsequently raised to 

0°C, and at this point, a 100 mL THF solution of Ru2(ap)4Cl (400 mg, 0.44 mmol) was cannula 

transferred over to the aryllithium solution. Immediate color change to deep blue-green was 

observed. The reaction mixture was stirred at room temperature for 2h. After removal of solvent, 

a blue-green solid was recrystallized from a 1:15 (v:v) THF:hexanes mixture at -20°C. The 

precipitate was collected on a frit, and rinsed first with hexanes, then cold methanol until the 

filtrate ran clear. The green residual solid was dried under vacuum. Yield: 491 mg, 95%. Crystals 

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

solution of 2 in EtOAc/benzene = 1/1 (v/v). Data for 2. Anal. Found (Calcd.) for C64H56N9O3Ru2 

(2∙H2O): C, 63.97 (63.97); H, 4.75 (4.69); N, 10.26 (10.49). ESI-MS (m/z, based on 101Ru): [M+] 

= 1183.4. UV-Vis (in THF) λ, nm, (ε, M-1cm-1): 464 (6500), 607 (6400), 753 (4200), 822 (4100). 

Rf (1/5 THF/hexanes (v/v); silica gel deactivated with NEt3) = 0.2. µeff (25°C) (Evans method) = 

3.8 BM. Electrochemistry (CH2Cl2, vs. Fc+/0), E1/2/V, ∆Ep/mV, iforward/ibackward: -0.34, 55, 1.18; 

0.15, 59, 1.08; 0.59, 59, ; 0.71, 62, ; -1.58, 1.13. 

Synthesis of Ru2(ap)4(C6H4-4-tBu) (3). 1-Bromo-4-(tert-butyl)benzene (0.218 mL, 1.3 

mmol) was dissolved in ca. 15 mL THF and treated with 0.5 mL of 2.5 M nBuLi (1.3 mmol) at 

0°C for 15 min. At this point, a 30 mL THF solution of Ru2(ap)4Cl (115 mg, 0.13 mmol) was 

cannula transferred over to the aryllithium solution. Immediate color change from dark green to 

brown-green was observed. The reaction mixture was stirred at room temperature for 2h, during 

which the solution had acquired a red-brown color. Upon exposure to air, the color of the 

solution changed back to brown-green. After removal of solvent, a green solid was recrystallized 

from a 1:15 (v:v) THF:hexanes mixture at -20°C. The precipitate was collected on a frit, and 

rinsed first with n-pentane, then cold methanol until the filtrate ran clear. The olive-green 
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residual solid was dried under vacuum. Yield: 85 mg, 67%. Crystals suitable for X-ray 

diffraction analysis were grown by layering methanol over a concentrated solution of 3 in THF. 

Data for 3. Anal. Found (Calcd.) for C54H53N8O2Ru2∙(3∙2H2O): C, 61.94 (61.88); H, 4.80 (5.09); 

N, 10.63 (10.69). ESI-MS (m/z, based on 101Ru): [M+] = 1012.2. UV-Vis (in THF) λ, nm, (ε, M-

1cm-1): 468 (4900), 643 (1300, sh), 815 (2400). Rf (1/5 THF/hexanes (v/v); silica gel deactivated 

with NEt3) = 0.5. µeff (25°C) (Evans method) = 3.4 BM. Electrochemistry (CH2Cl2, vs. Fc+/0), 

E1/2/V, ∆Ep/mV, iforward/ibackward: -0.31, 57, 1.08; 0.57, irrev.; -1.58, 62, 0.960;  

Synthesis of Ru2(ap)4(Ph) (4). Bromobenzene (0.092 mL, 0.87 mmol) was dissolved in 

ca. 10 mL THF and treated with 0.35 mL of 2.5 M nBuLi (0.87 mmol) at 0°C for 15 min. The 

aryllithium solution was cannula transferred to a 20 mL THF solution of Ru2(ap)4Cl (100 mg, 

0.11 mmol). Immediate color change from dark green to red-brown was observed. The reaction 

mixture was stirred at room temperature for 2 h. Upon exposure to air, the color of the solution 

changed from red-brown to green-brown. After removal of solvent, the crude product mixture 

was subjected to purification by column chromatography on deactivated (w/ triethylamine) silica. 

The light green band was eluted (w/ EtOAc/hexanes), and an olive-green microcrystalline solid 

was isolated. Yield: 32 mg, 30%. Crystals suitable for X-ray diffraction analysis were grown by 

layering methanol over a concentrated solution of 4 in THF/benzene = 2/1 (v/v). Data for 4. 

Anal. Found (Calcd.) for C54H51N8O3Ru2 (4∙H2O∙EtOAc): C, 61.69 (60.06); H, 4.89 (4.84); N, 

10.51 (10.55). ESI-MS (m/z, based on 101Ru): [M+] = 956.1. UV-Vis (in THF) λ, nm (ε, M-1cm-

1): 471 (6100), 647 (1700, sh), 812 (3200). Rf (1/5 THF/hexanes (v/v); silica gel deactivated with 

NEt3) = 0.39. µeff (25°C) (Evans method) = 4.0 BM. Electrochemistry (CH2Cl2, vs. Fc+/0), E1/2/V, 

∆Ep/mV, iforward/ibackward: -0.30, 57, 1.08; 0.52, 117, 1.37; -1.56, 61, 1.09. 
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Synthesis of Ru2(ap)4(C6H4-4-Br) (5). 1-Bromo-4-iodobenzene (832 mg, 2.9 mmol) was 

dissolved in ca. 25 mL of THF was treated with 1.2 mL of 2.5 M nBuLi (1.4 mmol) at -78°C for 

15 min. The temperature was subsequently raised to 0°C, and at this point, a 100 mL THF 

solution of Ru2(ap)4Cl (400 mg, 0.44 mmol) was cannula transferred over to the aryllithium 

solution. Immediate color change to deep blue-green was observed. The reaction mixture was 

stirred at room temperature for 2 h. After removal of solvent, the residue was re-dissolved 

(partially) in hexanes and an olive green solid precipitated out at -20°C. The precipitate was 

collected on a frit, rinsed with hexanes and cold methanol, and dried under vacuum to afford an 

olive-green product. Yield: 180 mg, 80%. Crystals suitable for X-ray diffraction analysis were 

grown by layering hexanes over a concentrated solution of 5 in THF/benzene = 2/1 (v/v). Data 

for 5. Anal. Found (Calcd.) for C55H50BrCl2N8O2Ru2 (5∙2H2O∙MeOH): C, 55.41 (55.53); H, 3.99 

(4.39); N, 9.64 (10.16). ESI-MS (m/z, based on 101Ru): [M+] = 1034.9. UV-Vis (in THF) 

λ, nm, (ε, M-1cm-1): 467 (5700), 650 (1900, sh), 805 (3200). Rf (1/5 THF/hexanes (v/v); silica gel 

deactivated with NEt3) = 0.39. µeff (25°C) (Evans method) = 3.7 BM. Electrochemistry (CH2Cl2, 

vs. Fc+/0), E1/2/V, ∆Ep/mV, iforward/ibackward: -0.29, 68, 1.04; 0.53, 63, 1.27; -1.50, 64, 1.06. 

Synthesis of Ru2(ap)4(C6H4-4-CF3) (6). 4-Bromobenzotrifluoride (0.11 mL, 0.77 mmol) 

was taken in a Schlenk flask and degassed thrice via cycles of freeze/pump/thaw, dissolved in ca. 

10 mL THF and treated with 0.3 mL of 2.5 M nBuLi at -78°C for 15 min. The aryllithium 

solution was cannula transferred to a 15 mL THF solution of Ru2(ap)4Cl (100 mg, 0.11 mmol). 

Immediate color change from dark green to red-brown was observed. The reaction mixture was 

stirred at room temperature for 4 h. After 4 h, the color of the solution turned green-brown. After 

removal of solvent, the crude product mixture was subjected to purification by column 

chromatography on deactivated (w/ triethylamine) silica. The green band was eluted, and an 
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olive-green solid was isolated. Yield: 52 mg, 46%. Crystals suitable for X-ray diffraction 

analysis were grown by layering methanol over a concentrated solution of 6 in THF/benzene = 

2/1 (v/v). Data for 6. Anal. Found (Calcd.) for C55H48F3N8ORu2 (6∙THF): C, 60.76 (60.26); H, 

4.68 (4.41); N, 10.47 (10.22). ESI-MS (m/z, based on 101Ru): [M+] = 1024.8. UV-Vis (in THF) 

λ, nm, (ε, M-1cm-1): 470 (5600), 661 (2000, sh), 805 (3400). Rf (1/5 THF/hexanes (v/v); silica 

gel deactivated with NEt3) = 0.43. µeff (25°C) (Evans method) = 4.1 BM. Electrochemistry 

(CH2Cl2, vs. Fc+/0), E1/2/V, ∆Ep/mV, iforward/ibackward: -0.24, 62, 1.12; 0.59, 68, 0.90; 0.87, 93, 1.84; 

-1.47, 64, 1.02. 

X-ray Crystallographic Analysis. Single crystal X-ray diffraction data for compounds 

1–6 at 100 K were collected on a Bruker AXS D8 Quest CMOS diffractometer using Mo-Kα 

radiation (λ = 0.71073 Å). Data was collected and processed using APEX3,41 and the structures 

were solved using SHELXTL42,43 suite of programs and refined using Shelxl2016.44,45  

Computational Methods. Geometry optimizations of structures 1 and 6 based on the 

respective crystal structures were done using restricted open-shell density functional theory 

(DFT)46 in dichloromethane. The basis set DGDZVP47,48 was used for ruthenium, and 6-31G*49-

53 was used for all other atoms. Frequency analyses were carried out for both the optimized 

structures 1' and 6', and stationary points were confirmed.  All calculations were carried out with 

the Gaussian 16 suite.54 
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CCDC 1879472-1879477 contain the supplementary crystallographic data for this paper. These 
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SYNOPSIS 

The first examples of Ru–Csp2 bonds in paddlewheel complexes are reported. Employing the 

lithium-halogen exchange reaction, six new compounds of the form Ru2(ap)4(Ar) 

(ap=2-anlinipyridinate; Ar = aryl) have been synthesized, and characterized via mass 

spectrometry, electronic absorption spectroscopy, electrochemistry and magnetism studies. Their 

molecular structures have been confirmed using single crystal X-ray diffraction analysis. 
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